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Abstract

Degradation in
Vertical Cavity Lasers
by

Robert Wallace Herrick

Vertical Cavity Lasers (VCLs) are rapidly being adopted as low-cost sources
in data communications links. It is thus important that we understand how VCLs
age, if we are to be able to extend their lifetime to meet the desired reliability
standards. We focus primarily on the widely-commercialized top-emitting, proton-
implanted design, with GaAs quantum wells, and emitting at 850 nm. We also
provide extensive characterization of 680 nm GalnP-quantum-well proton-implanted
VCLs. A brief discussion is provided regarding the degradation in 980 nm etched
pillar VCLs, and 980 and 850 nm oxide-aperture VCLs.

Surprisingly, a number of major differences are noted between the
degradation behavior of traditional stripe lasers (which lase in the plane of the active
region), and vertical cavity lasers (which lase perpendicular to the active region).
The primary degradation mechanism in VCLs appears to be related to passivation of
the dopants in the center of the lasers, which forces current out toward the device
edges, where it is not useful in the lasing process. In the final stages of device

! degradation, dislocations appear not only in the active regions, but also surprisingly
in the p-mirrors above the active region. The driving mechanism for this degradation

process is discussed in detail. Extensive characterization, including

X1
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cathodoluminescence (CL), transmission electron microscopy (TEM), photolumines-
cence (PL), electroluminescence (EL), electron beam induced current (EBIC), and
scanning probe techniques are used to shed light on the nature and causes of the
aging process. In spite of valid reasons for concern about the potential degradation
rates of VCLs, we do not observe dark-line defects in the proton-implanted lasers
which are our main research focus, and the lasers appear to be relatively insensitive
to damage to the die edges or facets, in contrast to stripe lasers. Further, the proton
implant appears not to participate in the aging process as had been expected. Ideas

for lengthening the lifetime of VCLs are also discussed.
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Chapter 1: Introduction
Professor Y.H. Lee was quoted as saying that “VCSELs are the most

complicated, but cheapest lasers.” My work in this thesis will show that the quote
appears to apply not only to the device physics of VCSELSs, but also to their large
and complex variety of causes of degradation, most of which are unique to
VCSELs. Before I launch into the introductory chapter, I would like to again thank
all the groups that contributed lasers for my study — without their help this thesis

would not have been possible.

1.1. Applications of vertical cavity lasers.

1.1.1 Fiber optic data communications.
The explosive growth of internet use and distributed computing has created a

rapid expansion in the demand for high-speed data communications. One reads of
the telephone company laying new fiber-optic cables and installing switches as
quickly as possible to accommodate modem connections (average connect time: I
hour) on a network built for voice calls (average connect time: 3 minutes). The
future only promises to bring more of the same, with consumers demanding
unlimited internet access, faster data connections, and greater use of large graphics
files. Much of this demand is addressed by existing telecommunications products,
where price-per-transmitter has historically not been a key consideration (since
thousands of voice calls could be sent by a single transmitter). By contrast, the
vertical cavity, surface emitting lasers (VCSELs) which are the subject of this thesis,
are primarily being used for lower-cost, and shorter-distance data communications
applications. Links using low-cost, multi-mode optical fiber are being sold by
several manufacturers now. Some links use several VCSELs in parallel across a
fiber-ribbon cable [1], while others use more elaborate circuitry to drive a single
VCSEL at a data rate of over | Gb/s [2, 3].

By and large, these low-cost VCSEL-based data links are being sold to
i larger companies to increase data transfer rates from servers to users, and as
backbones on the local area network and internal intranet connections at corporate or
campus sites. The requirement for fiber optic communications has historically been
one of being able to go at very high speeds (>1 GHz) for relatively long distances
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2 Section 1.1, Applications of VCSELs
(>1 km), something conventional electronics can’t do because of high parasitic
losses from coaxial cable [4]. However, there are a number of additional (and less
obvious) considerations which are just as important in driving the marketplace to
replace electronic data links with their VCSEL-based competitors. These include
problems with cross-talk or interference between coax cables, physical constraints
due to the bulkiness of having to jam large numbers of coax cables into a single
pipe, and ground-loop problems with electronics - none of these are issues with

fiber optics.

1.1.2 Future applications.

1.1.2.1 Free-Space Optical Interconnects
The microprocessors on even modestly-priced personal computers are

‘ rapidly being held back by limitations on the speed of the data busses that bring them
data from memory. As the processor continues to get faster (up to 500 MHz
consumer chips have been demonstrated), and the clock speed of the motherboard
remains limited to a fraction of the processor speed (usually 60-70 MHz) by high-
speed circuit-board design limitations, computers will fail to reach their full
potential. Furthermore, as address and data busses become wider, it becomes
increasingly difficult to package semiconductor chips with hundreds of output pins,
and to design printed circuit boards which allow the signals from those hundreds of
pins to be distributed.

One solution which has been proposed to these problems is the use of “Free-
Space Optical Interconnects.” (FSOI). Such interconnects could be used to send
data from one board to another, avoiding transfer-rate limitations which current
architectures impose. Many FSOI designs also allow substantial scale-up to permit
more parallel channels to be sent, eliminating the packaging problems limiting
present designs. VCSEL arrays are an ideal transmitting element for such FSOI
designs, with their low-divergence, circular beams, with low dissipated power. The

reader is referred to excellent reviews for more details [4, 5].

1.1.2.2 Optical Computing
Certain image processing applications (e.g., edge enhancement or motion

detection) can be done more than a million times faster using Fourier imaging
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Chapter 1: Introduction 3
techniques and two dimensional image processing [6]. VCSEL arrays are well
suited for use in such applications .

1.2. Advantages of vertical cavity lasers over
conventional semiconductor lasers.
While we have discussed some advantages which optical data

communications and data processing have over more conventional electronic
solutions, we have not yet addressed why the well-established, and low-cost
semiconductor lasers already available have not been used to meet those needs.
After all, compact disk (CD) lasers are being produced at rates of over 5 million per
month by one company (Sharp) alone [7], and cost only $0.50 each. Because of the
low cost, CD lasers have been used in most of the first-generation of laser-based
data communications links, where well over a million lasers have been sold for this
purpose [3]. However, the reliability of CD lasers has generally fallen short
(~7x10* hr) of the desired lifetimes (10°~10° hr), and special screening procedures
have had to be developed to pick CD lasers with above-average reliability, and then
perform a proprietary screening to get above-average reliability (~2.24x10° hr) [3].
This has increased the drive for VCSEL based data links, which have routinely
demonstrated lifetimes in excess of 1,000 khr, as we shall show in section |.4.
Until the first practical VCSEL was demonstrated in 1989, (8, 9] all semiconductor
lasers lased in the plane of the active region, and lased along the length of a stripe
which had been lithographically defined perpendicular to its lasing facets. We shall
refer to this traditional geometry as either “stripe laser” or “in-plane laser” design.
Comparison between laser degradation in these traditional designs, versus the way
degradation occurs in the VCSEL, will be a major theme of this dissertation. In
spite of their low cost and other positive features, stripe lasers also have some
shortcomings which VCSELSs have been able to overcome.
1.2.1 Low threshold

VCSELSs are able to operate with a much smaller active area than an in-plane

laser. Gains in semiconductor laser performance have long been primarily due to

L T AT e

reductions in the lasing volume. A certain "overhead” in current is required just to

bring the active region to transparency due to spontaneous recombination, and the
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4 Section 1.2: Advantages of VCSELs

lower the volume used, the smaller that overhead current is. The VCSELs studied in
this work (with a lasing disc roughly 20pum in diameter) have an active area about

300pum?, while stripe lasers are usually at least 5x300 pm (i.e., >1500um2). Stripe
lasers are limited from being made much smaller, since they cannot be cleaved much
shorter than 200 um on a production basis, and so shorter cavities require etched
facets, and the performance, cost, and reliability penalties that go with them.

Fig. 1- 1: The active regions of VCSELSs are generally considerably smaller than those of stripe
lasers. as shown in black on this scale drawing. From left to right, a 300x4 um stripe laser; a 20
pm-diameter proton-implanted VCSEL; and a 2x2 pm oxide aperture VCSEL. The VCSELSs also
produce low divergence, circular beams, unlike the stripe laser.

Even smaller active areas are being used in ultra-low threshold VCSELSs - as
little a 2x2 pm. These very small active areas have allowed thresholds below 40pA
to be obtained [10], and predictions are for thresholds of only 10UA to be reached
with further design enhancements [11]. By contrast, the best results obtained with
in-plane lasers have been of roughly 145 pA thresholds, although this geometry has
not been pursued for commercial applications [12]. In commercial stripe-laser
devices a 4-10 mA threshold is generally considered excellent. A visual comparison
of active region areas can be seen in Fig. 1- 1. For VCSELs being used for data
communications, 4 mA is an average threshold; 40 mA is an average threshold for
the CD lasers being used [3].

The small pumped area is also advantageous in that the possibility of a
dislocation (e.g., from a growth defect or a scratch) being encompassed by the

device’s lasing area is one to two orders of magnitudes lower.

)
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1.2.2 Beam quality
One of the more important advantages is that VCSELs have a low

divergence, circular beam, which allows for 90% fiber coupling efficiency, versus
30% coupling efficiency for the in-plane laser [13]. Stripe lasers have an oblong
beam with very fast divergence in the transverse direction (e.g., f/ 0.7) which
require special aspheric or multi-element lenses to efficiently collect the light
produced. Circularizing the oblong beam is also challenging, and is usually done
with four lenses. CD read heads using VCSELSs are expected to be $7 each, versus
$8 for an edge emitting head, with virtually all of the reduced cost coming from
simpler beam collimation optics [14]. The VCSEL requires only a simple, one
element lens to collimate its circular beam.
1.2.3 Low temperature dependence

Stripe lasers, as mentioned earlier, generally have cavity lengths not less than
a few hundred microns, which gives them access to many longitudinal modes within
their gain spectrum. (The gain spectrum is usually over 50 nm, and mode spacing is
less than 1 nm.) By contrast, the very short (~2 um) cavity length in VCSELs
makes longitudinal mode spacing hundreds of nanometers apart, thereby forcing the
VCSEL to lase in a single longitudinal mode. Further, this longitudinal mode
changes at a rate different (0.06 nm/ °C) than the gain shifts (0.3 nm / °C) [15, 16].
By careful design, one can arrange for the gain to start out too short relative to the
resonant wavelength when at low temperatures (or operating currents), and shift to
wavelengths which are too long at high temperatures [17]. By so doing, the
VCSELSs can exhibit changes as little as 20% in output power across temperature
swings of over 50°C [18]. This is in stark contrast to conventional stripe lasers,
which typically suffer from large drops in output power as temperature rises.
Sonderstrom et al. cite a typical data communications VCSELs as having an I
temperature coefficient of 0.0%/°C, while the CD lasers tested had a 0.7%/°C
coefficient [3]. The V, temperature coefficients were -0.01 and -0.11%/°C,
respectively. The VCSEL’s ability to hold a steady output power may lead to
improvements in system performance, and even cost reductions due to the fact no

external temperature stabilizing hardware is needed.
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6 Section 1.2: Advantages of VCSELs

1.2.4 high modulation efficiency
One consequence of the low threshold has been that it is very easy to "fill

up" the active region (i.e., the device has a quick turn-on time), and the carrier
population also is quickly sapped by stimulated emission once current is turned off
(i.e., the device also has a quick turn-off time as well). Record high modulation

efficiency results (>14 GHz/NmA) have been obtained [19, 20]. The low threshold

also leads to a lower jitter time with no pre-bias [21]. Sonderstrom et al. cite the rise
and fall times of the typical data communications VCSEL as being 100 ps, while the
comparable figure for the CD laser is 400 ps [3].

1.2.5 Low packaging costs

Many companies which have used LED-based data communications products
in the past have found the transition to VCSELS to be fairly straightforward. Unlike
edge-emitting lasers, VCSELs don’t need to be mounted to a precision-manufactured
submount (which is particularly tricky for edge-emitters which are mounted p-
down). The standard top-emitting design requires no special equipment to mount on
a standard package, and is usually stuck down with silver epoxy. By contrast, most
edge emitters are mounted using solder preforms, which are somewhat more
difficult to work with.

VCSELSs are far easier to form in two dimensional arrays. Unlike the “rack-
and-stack” procedure used for edge-emitters, a costly procedure with difficult beam
collimation, VCSELSs naturally form good two-dimensional arrays. These arrays are
ideal for the sort of optical computing applications discussed earlier.

1.2.6 Wafer-scale production and testing
The majority of the cost of producing in-plane lasers (often more than 90%)

[22] comes after the laser has been grown and processed! While the cost of wafer
processing is spread across thousands of lasers produced per wafer, after the
devices are cleaved, they must be mounted in coating fixtures one at a time, coated,
mounted, and tested, all one at a time. If yield is low, it is generally not known until
after all the mounting steps are complete, raising the cost of rejected parts by more
than an order of magnitude.

By contrast, when VCSEL processing is complete, no further work is
necessary for the VCSELS to be fully tested. Wafer coatings are not needed on each
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individual die, since the VCSEL mirrors are established during the epitaxial growth.
Entire wafers, with thousands of VCSELs, can be tested by computerized test
equipment in just a few hours [23], and bad die or array can be eliminated before
any expensive piece handling is needed.

1.2.7 Device coherence properties

As mentioned earlier, VCSELs are inherently single longitudinal mode. By
carefully controlling lateral modes with index guiding, particularly using oxide-
aperture VCSELSs, a single lateral mode can be maintained across a wide range of
operating currents and temperatures, with 3.5 mW CW having been demonstrated in
a single mode [24]. While >100 mW can be reached with no longitudinal mode
hopping in select DFB lasers, DFB lasers generally cost >$1,000 each, as opposed
to costs expected to be <$10 each for VCSELs. The efficiencies for these single
mode VCSELs are also far better than for single mode DFB lasers. Single mode
lasers are particularly desirable for long-distance transmission (due to modal
dispersion problems with multi-mode lasers), and applications where a pure, low-
divergence beam is needed (e.g., laser printers, free-space optical interconnects,
etc.)

While it sounds like a disadvantage, broad-area, proton-implanted VCSEL
are multi-lateral mode, and fairly incoherent. Further, special VCSELs can be
produced with a very broad, 5 nm spectral width [23]. In both cases, many
interference effects which would normally be a problem using multi-mode fiber are
not a concern, since a small enough fraction of power is in any single mode for
interference to affect system performance.

1.2.8 High operating efficiency

The oxide aperture VCSELs are the most efficient lasers produced for low-
current operation (i.e., <10-20 mA operation). Power conversion efficiencies
(a.k.a. “wallplug efficiencies™) of over 50% have been obtained [25, 26]. Such an

efficiency at | mW has not been achieved for an in-plane laser.

e AT i e

1.2.9 Radiation hardness and space qualification
Radiation-hardness is an important property for space-based deployment of

electro-optic systems. Highly-energetic particles inject a trail of point defects
through the device, thereby adding a source of non-radiative recombination. The
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8 Section 1.2: Advantages of VCSELs
small pumped volume of the VCSEL, and high carrier densities, make a fixed non-
radiative loss less important. Relative to the stripe lasers and LEDs which have been
space-qualified [27], the VCSELs tested have shown at least two orders less

sensitivity to large doses of radiation damage [28, 29].

1.3. Potential difficulties with VCSELSs.

While VCSELSs have a number of promising characteristics, lifetime was not
expected to be promising at the time we entered into this research, for a number of
reasons.

1.3.1 Small active area

The small active region of the VCSEL relative to the stripe laser leads to
increased thermal resistance, and thus high junction temperatures. The layered
structure used in VCSELs also has higher thermal impedance by more than 2x
laterally and 4-5x vertically (i.e. higher thermal resistance per unit area) due to
phonon scattering at interfaces [30, 31]. This high thermal resistance of VCSELs is
not an insurmountable problem for data communications applications which require
litle output power, but will prove to be more of a challenge if VCSELs are to be
used for high-power lasers. Typical resistance for a stripe laser is <200 °C/W. 20-
um-diameter proton-implanted VCSELs have 800 °C/ W thermal resistance [16],
with the packaging used often contributing an additional 200-300 °C /W of
resistance. A VCSEL in a data communications application would be operated at 6-
10 mA over its lifetime, with 2V applied, and produce less than | mW of output
power. The 12-20 mW of input waste heat would result in a junction temperature
roughly 12-20 °C above the heatsink temperature. As we will show in the following
section, the activation energy has been shown to be on the order of 1 eV: in the
temperature range of 20-40°C, the degradation rate doubles each time the temperature
increases by ~17°C. In addition to the higher junction temperature of most VCSELs,
the operating current density is higher as well. Since degradation rate has been
empirically determined to be proportional to current density (as shall be discussed in
Chapter 2), the high current density also represents a problem.

For VCSEL applications requiring higher output power, more development
work will need to be done to enhance lifetime. For comparable output power,
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Chapter 1: Introduction 9

‘ junction temperatures and current densities are many times those seen in stripe
| lasers.
1.3.2 Hydrolysis of Al ,Ga, As with x>0.8.

Many details of the VCSEL structure are potential areas of concern to
reliability scientists. The AlAs (indeed any AlsGajxAs alloy with x>80%) is
known to have potential instability in the presence of atmospheric moisture: an
undesired hydrolysis reaction can take place, turning the alloy into Al;O3 over a
period of years, and resulting in delamination of the structure [32]. Hydrolysis has
been reported as a common failure mechanism in devices without adequate dielectric
encapsulation of the epitaxial layers [33, 34]. This presumably is the reason that
Motorola has chosen not to use more than 80% aluminum in its DBR layers [35].
However, the lower aluminum fraction is not without negative consequences of its
own, including increased thermal resistance due to alloy scattering (i.e., Al Ga,As
has thermal conductivity only about half that of AlAs [36]), and a required increase

in the number of mirror periods.

1.3.3 Point Defects due to oxygen incorporation, or proton

‘ implantation.
* In addition to concems about hydrolysis reactions, the high aluminum

fraction in the mirror layers also getters oxygen in the growth chamber [37], and the
high doping concentrations also create undesired point defect concentrations. The
proton implant, if made too deep, can create very high point defect concentrations
close to the quantum well, leading to a potential source of rapid degradation, as

demonstrated by Jiang et al. [35].

1.3.4 High fabrication and packaging stresses in some VCSEL

designs.
Some VCSELSs, such as oxide aperture and pillar VCSELs have posts with

very high local stresses near the active region. Epi-down mounting stresses can also
create problems, as the glues and solders often cool with high stress applied to the
device. As we shall see later, this did actually present a problem with earlier UCSB
! pillar VCSELs, which was solved by protecting the device structure from direct
contact with the solder. However, for the most part, the VCSELs tested have
proved to have reliability which far exceeded initial reliability estimates. For data
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10 Section 1.3: Challenges with VCSELs

communications (i.e., low power) applications, VCSELs have excellent reliability
which exceeds that of competing compact disc (CD) lasers [38, 39].
1.3.5 Tight growth tolerances for VCSELs

VCSELs also have a few disadvantages in areas not related to potential
reliability concerns, including the requirements for exceedingly tight (<1% thickness
control) tolerances on epitaxial growth. The majority of VCSEL producers have
dealt with this difficulty by performing frequent calibration runs. However, other
have responded by developing in-situ growth monitoring [40], improved reactor

design, and tighter control of growth rates.

1.4. Background on present VCSEL reliability estimates
! for 850 nm proton-implanted VCSELs.

We have not sought to estimate VCSEL lifetime ourselves at UCSB for two
reasons. First, we do not have appropriate lifetesting ovens. Second, we wish to
emphasize the diagnostic tools which we uniquely have, rather than the more tedious
job of continually testing and re-testing lasers which are being gradually aged.
Thus, we rely on industry for accurate lifetesting, and perform only brief (few hour)

tests at UCSB.

210’ = This havi aid, h
_210 —1,000% is having been said, how
> 105 100 2 we concentrate our efforts depends
2 s i Z in large part in how closely a
= =

210 -10 S VCSEL comes to meeting  its
g 10° |y T desired lifetime. The first lifetime
T100 I Lo § measurements made by Honeywell
& 0.1 1 5 10 20 30 50 =

Cumulative percentage with -2dB power change showed ~mean-time to failure

: MTTF) estima of ~5x106
Fig. |- 2: Estimate of percentage of VCSEL:s failing, ( ©s tes 2%

as a function of aging time, for four ambient hours, or roughly 500 years (8.76

temperatures (after ref. [41]). kh/yr.) that were approximately an

order of magnitude above those expected. This assumed a 40°C ambient
temperature, and a 52°C junction temperature. We can see that lifetime for the
Honeywell VCSELSs has a strong dependence on operating temperature. Before we
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Chapter 1: Introduction 11

discuss this relationship in more detail, we should note that for the entire rated
temperature range (0-70°C), MTTF exceeds the common mission lifetime of 10

years (8.8x10% h). Early failure rates (i.e., failure rate over the expected 10-year
mission lifetime) become a more useful benchmark than MTTF. This data can be
gathered from Fig. 1- 2.

To determine early failure rate from Fig. 1- 2, let us start with the example of
finding what percentage of the lasers will fail in ten years, when operated at 55°C
ambient. We follow the 55°C line across until it crosses 10 years on the y-axis, and
then read the percentage failures of the x-axis: in this case ~4%. While this early
failure rate appears surprisingly high given a >100 year MTTF, the failure rate is
actually lower than would be expected in LEDs or other devices with a similar
MTTF, since the failure distribution is more tightly clustered than for the LED’s

“exponential distribution,” as we shall discuss in Appendix D. What should be
clear, however, is that raising the

/ [ Standard Statistics
(6=1.288)

failures (within 10 years) have

0 10% 744 Statien 1005
£ (6_(‘)3312-“‘;‘)‘35 Both at 70°C 5 MTTF, by itself, would be of
fet) —\. —t
Z 10° 1o £ relatively litle value if it did not
l % E also lower early failure rates. In
]
n—j 104 1 % more recent work, the early
e g
2 2]
T 103 LY | I S N B ) o )
o 0.1 1 5 10 2030 50 L~ been essentially eliminated in the
Cumulative percentage with -2dB reduction improved designs for data-
Fig. 1- 3: Failures during the first [0 years are communications app[ications [42].

essentially eliminated in the improved Honeywell

VCSELs (after ref. [42]). as shown in Fig. 1- 3. However,

for many high-power and high-
temperature applications, device reliability remains an issue. The early failures
should be the focus of failure analysis, as we wish to eliminate the premature failure
mode, and not concentrate on making 500-year VCSELs last 800 years (for
example). The failure distributions used, and the difference between Weibull and

Exponential distributions, are discussed in greater detail in Appendix D.
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12 Section 1.4: Reliability estimates for 850 nm proton-implanted VCSELs
Fig. 1- 4 shows the

107 - 103
E . 10
f A=30mA Activation dependence of degradation
Aloé'g ‘gz %(5) $‘2 ?T‘S;g\);' - 102A rate on both drive current
§1 053 o= 10 mA £ and ambient temperature.
o -~ F ¥=5 -10 @ :
- > Note that by operating
= 101 || £ VCSELs at high drive
= 35 = currents, junction
10°% ~0.1  temperature quickly rises
102 \ . . A well above ambient
175 150 125 100 A >0 temperature. It has been

Junction Temperature (°C)

. o ST o shown many times in stripe
Fig. 1- 4: Variation in estimated device lifetime versus junction y P

temperature, for a variety of drive currents. (After ref. [41]) lasers that the degradation
rate is proportional to current density. (For a fixed laser size, as is the case for these
tests, degradation rate would thus be proportional to current.) Honeywell has
empirically determined that the degradation rate in their VCSELs is proportional to
the square of the current [41], after the junction temperature has been accounted for.
If we (more than) double the current from 7 to 15 mA, we thus quadruple the
degradation rate due to current. We also increase the junction temperature by
roughly 12°C by increasing the drive level. The latter increase also roughly
quadruples the degradation rate again, for a total 16-fold reduction in reliability by
doubling the current from 7 mA to 15 mA. Degradation rate increases even more
precipitously for currents above 30 mA [43]. Motorola, with a different structure,
has found a very strong (=<I*?) dependence of device lifetime on current for their
proton-implanted VCSEL, even after adjusting for junction temperature rise with

current [44].

[}
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107 3 The reason that high
E . Degradation inherent . 110
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@ F low-activation Ey proces >z di di detail i
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£ o 2 Chapter 2. Without some
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reduction in s .

* = 10°] lifetime) accelerate degradation, we
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10 extrapolate estimates much

2 1 L | 1
175 150 125 100 75 50 . }
Junction Temperature (°C) beyond the time the devices

Fig. 1- 5: “Reliability roof™ can provide an unanticipated had been tested (a few years

reduction in lifetime when not all failure mechanisms can be at best when a new
accelerated by thermal or current-stress acceleration alone. generation is released). The
fear of any reliability scientist is the presence of a failure mechanism which has not
been accelerated with temperature during pre-release qualification, and only becomes
noticed in actual operation. This is schematically depicted in Fig. I- 5. An example
of such a failure mechanism is the hydrolysis of high-aluminum layers, mentioned
earlier in Section 1.3.2, which has only weak dependence on temperature, and will
occur at room temperature with an incubation time of ~10 years [32]. Fortunately,
for hydrolysis in particular, high-humidity testing is available for accelerating the

oxidation process, and has been performed by most firms selling VCSELSs.

1.5. Dissertation overview

1.5.1 Goals of this work
Our goals in this research were to identify the primary failure mechanisms

for the VCSELSs studied, and if possible, to suggest design changes which might
improve device lifetime. As we will show, we believe we have identified a few
unexpected causes of failure, and have suggested design improvements which
seemed to have reduced the rate of early failures in preliminary testing. In the course

of doing many unusual types of characterization, we have also uncovered a better

s atAALA N e -
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14 Section 1.5: Organization of this dissertation

understanding of VCSEL operation which is relevant not only to VCSEL reliability,
but also to improving VCSEL performance generally.
1.5.2 Organization of the dissertation

The variety of different lasers tested, as well as the number of different
techniques used, made the choice of a particular organization a difficult one. The
effects responsible for laser degradation are separated into different chapters. Within
each chapter is the more familiar organization of “introduction, experimental
description, results, discussion, conclusions and suggestions for improvement.
Further conclusion and discussion is contained in Chapter 9.

In chapter 1, we have discussed background, including how VCSELs
compare to conventional stripe lasers, particularly in areas which would affect their

{ reliability. An overview of the reliability tests which have been performed to date

} was presented, which showed excellent MTTF, but room for improvement in early

" failure rates, particularly with high temperature or high output power. Due partly to
better understanding of the causes of VCSEL failure, the early failures have largely
been eliminated for data-communications applications in more recent work.

In chapter 2, the details of degradation physics are discussed, along with
what makes devices degrade. This will include descriptions of the types of dark-line
defects (DLDs) that cause device failure, the recombination-enhanced defect
reactions (REDRs) that cause the DLDs to grow as the device ages, and the ways
that traditional stripe lasers fail. Much of the substance is drawn from the field of
Material Science. and the cross-disciplinary nature of this work has been an
additional challenge.

The early stages of degradation in proton-implanted VCSELs appear to have
a very unusual failure mode, where the current is forced toward the periphery of the
laser, lowering its efficiency even before true “degradation” of the VCSEL layers
takes place. We present the evidence for this in Chapter 3, including various types
of plan-view examination, and cross-sectional electron beam induced current
(EBIC). The structure of the standard top-emitting, proton-implanted, 850 nm is
presented. The tool of spectrally-filtered electroluminescence is also introduced,
which is perhaps the most simple and useful method of VCSEL failure analysis we
have found. We also discuss the competition between multiple failure mechanisms,
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and the way aging conditions accelerate some degradation mechanisms more than
| others.

As aging progresses to the final stages, we find evidence for degradation of
the p-DBR. This was also an unexpected finding, and supporting
cathodoluminescence (CL) and transmission electron microscopy (TEM) results are
presented in chapter 4.

While the results of Chapter 3 and 4 show what happens in degraded
VCSELSs, the driving mechanism is not clear from those measurements alone. In
Chapter 5, the results of spectroscopic measurements are introduced. These
measurements have been our primary tool in identifying the cause of degradation,

and in suggesting changes which have reduced early failure rates in preliminary
testing.

Red InGaP-based VCSELs have historically had poor (<1 year) lifetimes.
Analysis, primarily by cathodoluminescence, shows that the primary failure
mechanism is the same for red VCSELs as the “current-shunting” mechanism
discussed in Chapter 3. However, additional findings, in terms of alloy ordering,
device microstructure, and bias-induced annealing are unique to the red VCSEL, and
g are also discussed in Chapter 6. In particular, we are able to improve device lifetime
, by more than an order of magnitude by bias-annealing before aging the VCSELSs.
| Chapter 7 shows the various types of degradation observed from a variety of
different pre-production proton-implanted VCSELs. Even devices with a structure
nominally identical to one another can show a surprisingly wide variety of different
failure modes, indicating that the details of the growth technique and subtle
variations in method of processing may be quite important to producing reliable
VCSELs.

Index-guided VCSELs, including both pillar and oxide-aperture VCSELs,
are briefly discussed in Chapter 8. The effects of strain, from packaging with the

CIORF RSP

pillar VCSEL, or from the oxide apertures themselves, appear to play an important
; role in the degradation process for these types of lasers

: In chapter 9, we conclude with a brief summary of our work, and
suggestions for future work.
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Appendix A deals with experiments which have been done with cross-
sectional samples I've prepared. While the reliability-related experiments originally
planned did not come out as hoped, the experiments yielded useful information
about VCSELs generally. Two types of scanning probe microscopy are covered:
Near-Field Scanning Optical Microscopy (NSOM) and Scanning Thermal
Microscopy (SThM).

Appendix B provides full details on sample preparation. While far more
detailed than other papers I've seen published, it still contains just enough detail to
allow experienced researchers to reproduce my resuits.

Appendix C discusses a topic which I believed would be the core of my
thesis going in: use of strained-layer quantum wells to extend device lifetime.
ended up being more involved in failure analysis, and focused more on the
3 unexpected p-DBR degradation. However, once the p-DBR degradation has been
; eliminated as a cause of early device failure, enhancement of active region lifetime

through strained-layer epitaxy may be a logical next step.

Appendix D gives details on the life testing which has been done on proton-
implanted GaAs-QW VCSELs. It also explains the difference between various
failure distributions, and points out the importance of choosing the correct model if
an accurate estimate of device lifetime is to be obtained.

Appendix E gives supporting information to allow the reader to interpret the
electron microscopy images. A number of microscopy artifacts, which could lead to
serious errors in data interpretation, are discussed, along with limitations of the
techniques and equipment used.

Fundamental materials data on the bandgap of AlGaAs and AlGalnP, to
support our interpretation of CL spectral peaks, is contained in Appendix F.

Appendix G contains a brief discussion of why spectrally-filtered
electroluminescence works, and how images at different wavelengths should be
interpreted.

Finally, Appendix H contains data on how L-I, I-V, and C-V characteristics
change with time. We also discuss methods for analyzing these characteristics.
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Chapter 2: Background information on semiconductor laser

degradation processes.
As lasers degrade, they often show so-called “dark-line defects” which grow

across the device. The “dark-line defects,” or DLDs, are so named because when
viewing the electroluminescence from the device, they emit no light. Typically,
these DLDs begin in the active region, either at a threading dislocation or at a nick in
the cleaved edge, or at a point of high stress. This will often be distant from the
electrically pumped area. The DLDs then grow inward toward the lasing region, and
travel faster as they get closer to the stripe [1]. When they finally reach inside the
stripe itself, they terminate lasing, and the device rapidly reaches its failure criterion.
Extensive TEM studies have shown that DLDs are generally caused by the
growth of dislocations [2]. Both glide and climb dislocations have been observed.
We are fortunate to have an extensive body of work published on the
degradation of stripe lasers. This work provides us a starting point for our studies
of VCSELs. We were surprised to see that VCSELs degrade in very fundamentally
different ways than stripe lasers, as we shall discuss in more detail in Chapter 3 and
4. Here, we discuss first the two types of DLDs: (100) DLDs (i.e., dislocation
climb) in section 2.1, and (110) DLDs (i.e., dislocation glide) in section 2.2. In
section 2.3, we discuss commonly-observed gradual degradation mechanisms in
stripe lasers and LEDs. Gradual degradation will be discussed in greater detail in
Chapter 3, where we will show that VCSELs degrade in a very different manner
than stripe lasers. Finally, in section 2.4, we discuss the electrical and optical

consequences of defects and dislocations in semiconductor lasers.

2.1. Dislocation climb, and (100) dark-line defects
While the reader can be forgiven for thinking the following discussion of

dislocation properties sounds rather dry and unnecessary, the origin of the
i dislocations has a direct bearing on how they are best eliminated, and thus on how to
i make longer-lived devices. I have sacrificed a full treatment of the complex
‘ character of the III-V dislocations in the interest of simplicity. In particular, the

simple drawings which follow depict crystals with only a single type of atom (rather
‘ than depicting the actual group III and group V sublattices), and do not discuss the
;. dissociation of simple dislocations into their associated partial dislocations. For a
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22 Section 2.1: Dislocation Climb and (100) DLDs
more complete discussion of dislocation properties in III-V semiconductors, the
reader is referred to Petroff’s most recent review article [2], or Swaminathan and
Macrander [3, 4], or other more general texts [5, 6]. It is hoped that the material that
follows is to explain the relevant features of how dislocations grow and affect device
degradation, and serve as a bridge to the more complex material for those interested

in the details.

2.1.1 Recombination-enhanced defect motion (REDM).
Recombination-enhanced dislocation motion (REDM) refers to the large

increase ( >10° x) in the mobility of dislocations due to carrier recombination. This
mechanism is also known as the “photoplastic effect.” Such an enhancement can be
provided in a number of ways: electron-beam pumping has provided perhaps the
quantitative measurements of defect growth enhancement [7]. Laser pumping has
also been used [8, 9]. Most relevant to the case of laser degradation, however, is

L r— e at” S

the observation of defect motion during normal forward-biased operation of the
device. The current-dependence of defect motion has been observed [10];
recombination of interstitials and vacancies (i.e., recombination-enhanced annealing)
in irradiated GaAs has also been studied [11]. The recombination-enhancement of
defect motion applies to both dislocation climb (REDC) and dislocation glide
(REDG), and the mechanisms are similar.

(c)

0 Distance a 0 Distance a 0 Distance a

Fig. 2- 1: Schematic of the recombination-enhanced defect motion (REDM) process. (a): The
barrier to defect motion is typically ~2 eV in GaAs, and is very unlikely to be overcome with
thermal energy alone. (b): A non-radiative event can bring the defect to an excited state (up to 1.4
eV above the ground level in GaAs). (c): Migration over the barrier only requires energy E,-E,
from the excited state. (After Petroff, ref. [12))

The activation energy (i.e. the temperature dependence) of the defect motion
is reduced in the presence of recombination. The reduction is usually a significant
fraction of the bandgap of the material. Presumably, the energy of recombination
(1.4 eV for GaAs) is able to contribute the majority of the energy (2.0 eV) needed to
overcome the Peierls barrier which blocks defect motion (Fig. 2- 1). Khait et al.

9

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 2: Background 23
 (a) } (D) le—AT — have explained dislocation

Ermas ‘ b growth in terms of short-lived

Ly E, // -\ energy fluctuations (SLEFs)

local "thermal”
energy

1 ) )
fe—AT—| Time Z local transient Time [13, 14]. Such fluctuations can

point defect be produced by a multi-phonon

Fig. 2- 2: (a): Local “thermal” (or elastic energy from event causing a large

lattice vibrations) rises well above normal during the . .
‘ short-lived energy fluctuation. (b): The “virtual vacancy” displacement of lattice atoms
created by the SLEF is capable of capturing carriers and from their normal position.

holes, and encouraging non-radiative recombination. (After .
Khait et al., ref. [13]) Once such a displacement has

occurred, it creates (for a short
time At) a virtual point defect, which includes a carrier well for both electrons and
holes (Fig. 2- 2). If the virtual point defects captures a carrier during its lifetime At,
non-radiative emission can occur. The energy from this recombination can further
extend the already-stretched atomic bonds, and push the atoms involved over the

Temperature (K) Peierls barrier.

10 600 500 400 300 DLD growth velocity is
: n-GaAs proportional to the injected current
' S a-dislocations- density, which has been shown both in
E /s 3 controlled studies with electron-
:;.. '?*900,4/ pumping (Fig. 2- 3) [7, 15], as well as
g 107F ,{,.\ '&%\ 22 1 observed empirically in laser

%: & R T~ degradation studies [16, 17].
2 108 /s q;‘ N 7 For a more detailed explanation
:_% ’b,qibe of recombination-enhanced annealing
A 10% { and degradation reactions, the reader is
in the dark referred to the work of Maeda [7, 15],
10710k . , , ; and excellent reviews by Kimerling

.5 20 25 30 35

1/,1.(10_3 K [18] and Lang [19].

EEE W S WIITTON DA

Fig. 2- 3: Arrhenius plot showing propagation
velocity of ({(110)-type) a glide dislocations in
GaAs, under electron-beam excitation.

Dislocation velocity is directly proportional to
pumping intensity (After Maeda et al., ref [7])
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24 Section 2.1: Dislocation Climb and {100) DLDs
2.1.2 Structural characteristics of (100) DLDs

Fig. 2- 4: A plan-view (i.e., top-view) TEM image of a {100) DLD network growing from a
threading dislocation labeled “D”. (After Petroff et al., Ref.[20].)

Extra half plane Dangling bond Perh?ps .the most . common
: cause of failure in early stripe lasers

/
/ > were the so-called (100) DLDs, which
/ / / ol /A - . .

7T N generally propagate in the active layer,

Crystal |7/ . o
- and appear in EL imaging to travel

planes

along the (100) direction, at a 45° angle
Fig. 2- 5: Simplified drawing of an interstitial to the cleaved facets (which are along
half-loop forming a climb-type dislocation. the (110) axes These DLD
Arrows on half plane show the direction of {110 ) {100 S
growth. have been shown by TEM analysis to

be made of edge dislocation dipoles formed by dislocation climb as shown in Fig. 2-
4. In its simplest form, one can think of these dislocations as being made of an extra
half-plane, which has unsaturated bonds at its edges acting as efficient
recombination centers. In addition, there is evidence to suggest that point defects
and traps are clustered in the vicinity of DLDs, and the traps and defects act as
additional recombination and absorption centers. A very simplified drawing of this
is, which ignores the complications of the compound semiconductor structure, is
shown in Fig. 2- 5. An extra half-plane must be inserted on both the group III and
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the group V sublattice to maintain charge balance. The reader is referred to ref. [2]
for a more detailed “atomic scale” drawing of the (100) DLD.

The (100) DLDs typically nucleate from either threading dislocations (as
shown in Fig. 2- 4), or from damage along the device edges, as will be shown later
in Section 2.1.6. Threading dislocations in GaAs-based devices are relatively
uncommon now that nearly defect-free substrates are widely available. However, in
the early days of high etch-pit density (high-EPD) substrates, nucleation of (100)
DLDs from threading dislocations (which grew from the numerous substrate
defects) was the primary cause of failure. It is still the primary cause of failure for
II-IV ZnSe lasers today. TEM characterization has been used to show that the (100)
DLDs are of interstitial character in the {110} planes, with Burgers vector b =
(a/2)011) or (/2)(101) inclined at 45 degrees to the (001) heterojunction plane {9,

20]. The dislocation periodically jogs up or down (in a “sawtooth™ manner) to stay

near the active region, since the {110} planes are 45° off the {100} junction plane,
and force the dislocation to ride up or down across the junction plane as the DLD
grows [21]. The dislocation extends by the expansion of the extra half plane shown
in Fig. 2- 5, which can happen either by attracting interstitials, or emitting vacancies,
as we shall discuss in more detail below. Growth of an interstitial plane by vacancy
emission, is depicted in Fig. 2- 6. Absorption of an interstitial is much more
straightforward: an extra atom would simply migrate to the “dislocation core™ site
and attach itself at the end.

Dislocation core

vacancy generated emission of vacancy

Fig. 2- 6: Simplified sequence showing the growth of the interstitial half plane through dislocation
climb. The original lattice is shown at the left, with the half-plane outlined in gray. In the center
image, a vacancy is generated at the dislocation core, with the original positions of the atoms
shown by the dotted lines, and atomic movement depicted by arrows. In the right image, the
vacancy is shown moving toward the right edge of the crystal, where it will be emitted. Note the
extension of the half-plane from 4 atoms to 5; this growth is at the root of dislocation climb, and
(100) DLD extension more generally.
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26 Section 2.1: Dislocation Climb and {100) DLDs
2.1.3 Nucleation of (100) (DLDs).

a) [sometric view
« . b) Top view
S et ’
underpeaih Lasing light
is emitted
from both
facets

nucleate DLDs {100) DLD starts

at nick on edge

Fig. 2- 7: Schematic view of (100) DLD originating from a microstep on the cleaved edge, and
traveling inward toward the lasing stripe. Basic details of oxide-stripe laser can also be seen.

(100) DLDs frequently originate from scratches on the surface (e.g. tweezer
marks) or nicks from cleaving [22] or sawing damage. This is depicted
schematically in Fig. 2- 7. The experimental observations can be seen in Fig. 2- 8,
which shows a series of electron-beam-induced current (EBIC) images of degraded
stripe lasers [1, 23]. These EBIC images are taken from the top, and show 400x600
um die, with 60x600 pum stripes where a 0.12-um-thick SiO, insulator layer has

been wet etched away to allow the p-metal to make contact. The wires with the
circular blobs on the end are gold wire bonds to make contact; the lasing stripes
appear brighter than the remainder of the die, since the stripes do not have the oxide
reducing the energy of the impinging injected carriers. In EBIC, electron-hole pairs
created in the depletion region of undegraded material are subsequently collected as a
current, which is then amplified for imaging. Electron-hole pairs created near
recombination centers or dark line defects recombine before they can be collected,
thus causing those areas to appear dark. Note that in all cases, the damage appears
to originate at the edges, and travel in toward the stripe. When the DLD crosses the
stripe, it terminates lasing. It has been empirically shown that by increasing die size,
the time it takes for this DLD propagation to take place from the sides can be greatly
extended, and thus the device reliability improved [1]. In the lower right image of
Fig. 2- 8, two interesting effects are noted: first, DLD propagation stops at the edge
of oxide, attributed to *dislocation pinning” by compressive strain as will be
mentioned in section 2.1.6.1, and discussed in greater depth in Appendix C.
Second, note the darkening at the device facets, which we will come back to later in
Section 2.3.
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9366 106.8U OEC 25KV X136 0966 190.0U OEC

T Ty
25KV X150 0138 160.8U OEC 25KV X150 0786 108.60 OEC

Fig. 2- 8: EBIC images of various types of degraded stripe lasers. Note the dependence of
dislocation character on aluminum mole fraction and quantum well thickness. (Upper left: 4 nm
GaAs QW:; upper right: 10 nm GaAs QW; lower left, 12 nm Al ,,Ga, ;3As QW lower right, 12
nm Al,xGayg.As QW)

The difference in character of dislocations in the various device types is not
understood, and Waters et al. made no attempt to explain their intriguing
observations [1, 23]. While fractal theory could be used to model the growth of the
DLD networks, and understand their growth better, [ am unaware of any attempts to

do so to date.

2.1.4 Intrinsic versus extrinsic theory of dislocation climb in

DLD growth
Two competing theories have been used to explain the dislocation climb

responsible for the growth of (100) DLDs. The extrinsic theory postulates that large
numbers of gallium interstitials or interstitial complexes which are grown into the
crystal are absorbed by the dislocation, and arsenic vacancies are emitted [24]. This
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28 Section 2.1: Dislocation Climb and {100) DLDs

theory has the advantage of explaining why devices grown with low V-III ratios
(which would be expected to have a higher gallium interstitial concentration) have
relatively poor reliability [25, 26]. In addition, Petroff et al. have observed that
dislocation networks seemed concentrated at interfaces [21], where point defect
concentrations are measurably higher [27]. (However, concentration of dislocations
at interfaces could also be explained by many effects other than high point defect
concentrations, such as stress, carrier concentration due to band-bending effects,
etc.) Additional evidence for the extrinsic theory includes the absence of electron-
beam induced dislocation climb in clean material, versus strong climb motion in
material which had high point defect concentrations created by megavolt electron

irradiation [28].

: Point defects have number of dangling bonds 1 1
! dangling bonds reduced by clugter ng We show a greatly Slmphﬁed
Ji ’,‘\ _ }:\i'—k}— two-dimensional diagram of an
-@- i ol N .l . " . -
! —o‘_',_ — _(T_'.' °o— interstitial and an interstitial pair in
2 o | 240, ) . .
XS NS Fig. 2- 9. Less bending (elastic
> Elastic strai . . . . "
Point defects reduced by clustering energy) is required for an interstitial

strain. . .
pair than for two separate single

Fig. 2- 9: Interstitials (or vacancies) can reduce the
number of dangling bonds, as well as the strain
energy, by clustering together. interstitial can electronically bond to

interstitials. In addition, the

one another, reducing the number of dangling bonds. Therefore, we see that it is
energetically favorable for two point defects which come into contact to cluster

together.

(Group ¥ sublatiics omined for cim) This clustering action is

\G.M.lﬂlhl ‘wmuoacwu Small microloop . .
N believed to be how microloops
a Py form by dislocation climb, at least
according to the extrinsic theory. A

1. Point defects 2. When the 3. When ~10defects i i is 1
iy A 2, When they have gatherad, they simplified diagram of this is shown
crystal migrate. clump together. microloop. in Fig. 2- 10. When the poi nt
Fig. 2- 10: Three steps to microloop formation, defect clusters become large

according to extrinsic theory. A group-V half plane is
also created by vacancy emission, but is omitted from
this diagram for clarity. for them to flatten in a microloop.

enough, it is energetically favorable

This process has been extensively studied in metals, and is described in texts on
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Chapter 2: Background 29
dislocation theory [29, 30]. These microloops can be observed along the edges of
(100) DLD networks, and trailing behind (110} DLDs. They are also often
responsible for gradual degradation, as we shall discuss later.

The intrinsic theory, which posits that both gallium and arsenic vacancies are
emitted from the dislocation core, is supported primarily by the theoretical
calculations of Baraff [31] which claim that interstitials are energetically unfavorable,
thus favoring the vacancies-only nature of the intrinsic theory [32]. Some
researchers have found agreement with the general trends predicted by Baraff [33,
34}, while other more recent work has cast some doubt on the accuracy of these
calculations [35]. At any rate, while it is ignored by recent reviews of laser
reliability, arguments about the very large number of interstitials needed by the
extrinsic theory are just as important, and are easier to experimentally verify.

As even proponents of the extrinsic theory have noted (2], the very high
concentrations of interstitials required (>10'° cm™) seem somewhat unlikely in light
of the annealing and TEM measurements estimating their concentration at 2x10"
cm” [8). Furthermore, experiments have been done in material which has been
thoroughly annealed at 880 °C to allow all interstitials to anneal into microloops, and
such microloop formation was allowed to totally saturate. Presumably, dislocation
climb via interstitials could not take place once all interstitials had been precipitated
out if the extrinsic theory were strictly true. However, optical pumping was
observed to cause dislocation climb in such annealed samples, indicating that
perhaps interstitial absorption wasn’t a necessary part of dislocation climb [8].
Petroff et al. have shown using electron-beam-enhanced recombination that
vacancies are diffusing away from the dislocation core. Near the edge of recently-
formed (interstitial-type) dislocations, the recombination-enhanced defect motion
(REDM) due to the electron beam allows vacancies to coalesce into (vacancy-type)
microloops. (To clarify the physical picture, if the extra half plane is like a piece of
cheese being wedged into the lattice, the vacancies are like bubbles that can gather to
create a small “hole” where the extra half plane doesn’t exist. Then the electron-

PRI OIS FURL

beam-irradiated dislocation plane looks more like Swiss cheese!) Further from the
leading edge of the (100) DLD, no such microloops are observed, presumably
because the point defects have had more time to diffuse away from the dislocation,
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30 Section 2.1: Dislocation Climb and (100) DLDs
and are thus more dispersed [9, 24]. Woolhouse has discussed additional

mechanisms (e.g., electromigration and thermomigration) which further enhance
point defect migration [36].

; Having stated some of the weaknesses of the extrinsic theory, the intrinsic
theory leaves one to the rather hopeless (and false) conclusion that the speed of
dislocation growth, and thus degradation rate, cannot be improved by adjusting
growth parameters, since it is intrinsic to the material itself. This conclusion is at
odds with the general experience of most crystal growers, who have widely accepted
the importance of proper growth parameters in making reliable devices. Perhaps
some heretofore undescribed combination of the two theories could explain the
observed dependence of reliability on V-III ratios without requiring energetically

5 unfavorable numbers of grown-in defects in the original material. Although only
claiming to address dislocation climb in gradually-degraded structures, and not DLD

growth, Kondo et al. propose a model that differs from both the extrinsic and
intrinsic models. They call for the necessary point defects to be generated at deep
levels, creating interstitial-vacancy pairs [37]. The interstitials generated from these
deep levels could then coalesce to form either a (100) DLD (if there were enough of
them) or the small microloops which are observed in gradual degradation. Kondo’s
theory has the advantage of being strongly dependent on initial material quality,
without needed huge number of grown-in interstitials, since the interstitials are
generated at the deep-level centers [37].
2.1.5 Dependence of degradation on growth conditions

As mentioned earlier, growing with a low V-III ratio is a known cause of
poor device reliability [25, 26]. This variation of degradation rate as a function of
point defect concentrations appears to be inconsistent with the “intrinsic theory.”
Experiments using DLTS to monitor hole traps associated with point defects have
shown that in LPE-grown stoichiometric LEDs (i.e., ones with balanced V-III
ratios), the point defects are able to annihilate each other, and device performance
improves, perhaps in a manner similar to the improvement in performance from
annealing which we will describe in red VCSELs in Chapter 6. On the other hand,
devices which were arsenic deficient degraded quickly, and trap concentrations
increased, presumably due to point defect emission from dislocation growth [38].
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Hayakawa et al. experimented with the V-III flux in MBE, and found that the
degradation rate increased by more than an order of magnitude if the V-II flux ratio
were lowered to 2 from its optimum value of 3. Initial material quality, as monitored
by PL efficiency, was also affected by V-III ratio [25]. Chaly et al. have also found
that MBE growth in the “growth-forbidden-gap” (i.e. <700 °C for their conditions
and structure, using As, as a group V source) produced a 6-fold reduction in lifetime
when comparing a device grown at 660 °C with one grown at 700 °C, and a 3-fold
reduction in life for a device grown at 680 °C [39]. Low V-II ratios are used in
MOCVD to reduce the cost of gasses consumed in wafer growth, as well as to
maximize time between hazardous arsine (or phosphine) bottle changes. Dalby et al.
have shown the importance of growth temperature to lifetime in MOCVD-grown
InAlGaAs QW devices, which produced <200h lifetimes at the 675 °C growth
temperature which was optimum for InGaAs [40, 41]. The addition of aluminum
required considerably higher growth temperatures to prevent oxygen incorporation;
the best reliability devices (with many thousand hour lifetimes) had to be grown
within a 20 °C-wide window, which makes InAlGaAs one of the more difficult
types of epitaxy to grow reliably. This dependence of reliability on growth
conditions provides strong support for the extrinsic theory of degradation.

There is also a well-known correlation between impurity concentrations and
dislocation growth. Ishii et al. performed experiments where oxygen was
intentionally introduced into the flowing hydrogen of their LPE apparatus, raising it
from 0.03 parts-per-million (PPM) to 5 PPM. The addition of oxygen increased the
etch pit density more than three orders of magnitude, and reduced the lifetime from
10° h to <10 h [42]. Elaborate molecular sieves and filtration systems are used in
MOCVD to minimize the amount of oxygen and water vapor introduced; the source
materials used are without exception the purest available. The needs of crystal
growers have driven material purification technology for decades.

Even after steps have been taken to minimize the oxygen introduced into the
: system, gettering of the oxygen which then remains can be useful. A small amount
of aluminum in the active region (Al,,,Ga,4As) produced improved lifetime when
compared with devices having a pure GaAs active region [42]. Because of this,
1 most LPE-grown double-heterostructure (DH) lasers use at least a small amount of
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32 Section 2.1: Dislocation Climb and (100} DLDs
aluminum in their active region. Other gettering techniques can involve using
different dopants [43]. Using off-axis substrates can also minimize oxygen
incorporation [44].
2.1.6 Elimination of dislocation climb in InGaAs and InGaAsP
active regions
2.1.6.1 “Defect pinning” in compressively strained quantum wells
By growing compressively strained quantum wells it is possible to totally
eliminate the (100) DLDs, along with the early failures (i.e., “infant mortalities™) the
DLDs cause [16, 45]. While most authors cite the paper by Kirkby et al. as
explaining this “dislocation pinning” [46], it was written to explain effects observed
in liquid-phase epitaxy (LPE), and seems inappropriate for explaining “pinning” in
material which has been grown by abrupt-interface epitaxial techniques such as MBE
or MOCVD. Furthermore, true dislocation pinning applies not only to climb
dislocations, but also to glide dislocations — however, (110) glide dislocations are
not pinned in InGaAs QW material, and continue to grow [16]. More plausible
mechanisms for the elimination of (100) DLDs with indium have only recently been
proposed [47, 48], although there is a great deal of research which needs to be done
to more fully understand and take advantage of this important phenomenon. Maeda
et al. also propose that strained quantum wells may be able to inhibit not only
dislocation climb, but also dislocation glide [15]. However, it is not clear that (110)
dislocation glide is occurring any more slowly in InGaAs than it does in GaAs [16].
850 nm VCSELs with strained InAlGaAs quantum wells have only recently been
produced [49, 50], and may prove valuable in reducing infant mortality rates [45].
An additional benefit of the strained-layer quantum well is the reduction in heavy-
hole mass, which increases differential gain and thus the obtainable modulation
frequency [S1]. Appendix C of this thesis deals with the issue of strained quantum
wells in more detail.
2.1.6.2 Elimination of dislocation climb in long-wavelength InGaAsP
/ InP devices
, (100) DLDs are also not observed in long-wavelength (1.3-1.55 um)
InGaAsP semiconductor lasers grown on InP substrates. One explanation for this is
that recombination does not take place at the dislocation core, since it appears that
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unlike AlGaAs alloys, InGaAsP lattice matched to InP does not have mid-gap defect
states. Dow et al. [52] have found in theoretical modeling that the defect states at
dislocations are in the conduction band. Note that this does not necessarily apply to
the shorter wavelength (0.81 pum) InGaAsP lattice matched to GaAs substrates [52],
in which dislocations have been observed [53].

The fact dislocation climb does not take place in long-wavelength InGaAsP
lasers was dramatically demonstrated by Ueda in an experiment where such lasers
were intentionally grown on substrates with a high density of threading dislocations.
In GaAs / AlGaAs lasers, using low-quality substrates such as this would be
guaranteed to produce extremely low lifetime, and nucleate a large density of (100)
climb DLDs as discussed above. However, the lifetime of the InGaAsP lasers on
poor quality InP substrates was still excellent [53].

The hardiness of long-wavelength InGaAsP devices may help to explain
why even fused-wafer VCSELs which had not been optimized for reliability show
little degradation over thousands of hours of life testing at UCSB [54]. The reader
is referred elsewhere for reviews of degradation in InGaAsP devices, which we
shall not be dealing with further [53, 55-58].

2.2. Dislocation glide, and (110) dark-line defects
2.2.1 Structure and growth of (110) DLDs
We start this section by describing dislocation glide. Dislocation glide is
fundamentally different from dislocation climb, in that glide is classified as a
“conservative” process, meaning that the dislocation plane only shifts over, and
doesn’t absorb or emit material (i.e., it doesn’t grow or shrink) as it would with
dislocation climb. On a macroscopic scale, dislocation glide is the process
responsible for the plastic deformation observed in materials when their elastic limit
; is exceeded. The applied strain is crucial in such glide processes, and it plays an
i important role in the formation of (110} DLDs. While the control of (100) DLDs
primarily focuses on optimizing growth conditions, and eliminating mechanical
damage to the surface and edges, (110) DLD elimination focuses primarily on
eliminating stress inherent in the design (e.g., dielectrics, metals, mesa etches, etc.)

and packaging (e.g., soldering stresses). We observed (1 10) DLDs nucleating from
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34 Section 2.2: Dislocation Glide and (110) DLDs
both oxide aperture stress, and from stress due to indium solder, as we shall show
in Chapter 8.

Fig. 2- 11 shows how the glide process starts and propagates on an atornic
scale. First, a single atomic bond, under stress from the applied shear force, steps
over to the adjacent atomic plane. This formation of the “double kink™ is the most
difficult part of the process, since the line tension is pulling the dislocation back
from both sides. Next, the kinks can propagate away from each other, which
involves less elastic and electronic stress than the original double kink formation did:
on one side the plane is being pulled forward, and on the other it is being pulled
back. The applied shear (if large enough) is also encouraging propagation of the
double kink. (If the shear force is inadequate, on the other hand, the dislocation line
tension may cause the kinks to be attracted to each other, and for the plane to return

to its original position.) Extensive experimentation has shown that while the

formation of the double kink is aided by recombination enhancement, but that the
propagation of the kink is not affected by recombination effects [15].

‘ Applied shear:
rightward on top

‘ relative to glide plane

atomic
plane

Original First shear step: Plastic deformation:
configuration formation of propagation of
double kink double kink

Fig. 2- 11: Dislocation glide process for an undissociated dislocation. First, a single atomic bond
steps over to the next plane in response to the applied shear stress (center; adjacent planes hidden for
clarity). Then, propagation of the double kink allows the rest of the atomic plane to glide to the
right.

Fig. 2- 12 shows a (110) DLD originating at the high-stress comer of an
edge-emitting laser. The design depicted has an opening in a PECVD-deposited,
120-nm-thick layer of SiO,. An opening in the oxide layer is created using
photolithography, and a p-metal contact is then deposited uniformly on the wafer.
The resulting device receives current only under the oxide opening. The PECVD
oxide has significant compressive stress, which affects its operating characteristics
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Chapter 2: Background 35
(such as mode shape) via strain-related index changes [59]. The oxide stress also
affects the degradation rate [60].
e i et

underneath stri
blanket of , pe)

EL Image

half-loop

L N V457 a—
High-stress oxide corner Active region

provides nucleation center

{110) DLD

Fig. 2- 12: Propagation of {110) DLD in an oxide-stripe laser. A typical EL image would be as
seen at the left, with the DLD lengthening as the device degraded. Glide is along the 111 plane, and
starts at the facet. The (110) DLD then lengthens away from the facet and toward the center. The
Burger's vector can be along any one of the three axes depicted on the Thompson's Tetrahedron.

Note that the DLD grows across a 111 slip plane. Some point defects and
dislocation loops are left behind in the wake of the glide dislocation. These defects
will contribute to recombination. Edges of the dislocation may form climb networks
[53]. (100} (climb) DLD networks have been observed nucleating from (110) DLD
networks [10, 53]. A higher magnification picture of a glide dislocation is shown in
Fig. 2- 13.

(110 DLD
haif-loop

Fig. 2- 13: Microscopic view of the stacking-fault ribbon making up the bottom end of a glide
dislocation for the {110) DLD. Note the electrically-active kink sites, which act as non-radiative
centers.

The glide dislocation shown in Fig. 2- 13 is not a simple dislocation: rather,
it has (in most areas) broken into a pair of dislocations (*dissociated”), a process
. which is energetically favorable in II-V compounds [5, 61]. The resulting pair of
dislocations (“Shockley partials”) are separated by approximately 6 nm, with a
“stacking fault ribbon” in-between [2]. The resulting reconstruction of the
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dislocation core greatly reduces the detrimental electrical activity of the {110) DLD; it
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36 Section 2.2: Dislocation Glide and {110) DLDs

is clear from measurements that only a small fraction of the available sites are
electrically active [62]. The kink sites (which represent fewer than 1% of the sites
along the dislocation) are considered electrically active. Generally, though, the (110)
DLD:s are considered more benign, since they are both slower growing, and less
electrically active, than the (100) DLDs. The activation energy for dislocation glide
(i.e. {110y DLD growth) is at least 0.3 eV, versus the 0.1 eV dislocation climb ({100}
DLD growth) [21]. The microloops which are associated with gradual dislocation
are left in the wake of the (110) DLD as the glide process takes place; dislocation
climb (including (100) DLD formation) frequently nucleates from the ribbon.

2.2.2 Effects of stress on (110) DLD growth
Kamejima et al. have applied stresses at various axes to laser diodes to study

(110) dark-line defects. For the standard {100} substrate with {110} facets, they
have observed that the DLDs propagate perpendicular to the applied stresses [10]. A
threshold stress, below which dislocation glide was slow or non-existent, was also
observed. Maeda also studied the enhancement of dislocation glide with electron-
beam assisted recombination in the presence of external stresses and also found a

et s S —

strong relationship between applied stress and dislocation glide [7].

Controlling applied fabrication and packaging stresses is absolutely essential
to the control of glide dislocations. One of the main sources of device stress is from
surface dielectrics. Goodwin et al. were able to correlate dielectric stress (controlled
by varying the oxide thickness) and the degradation rate [60]. Others have found
that the stress from AlGaAs ridges accelerates degradation directly under the ridge
edges [63-66]. We shall show in Chapter 8 how packaging stresses in pillar
VCSELs with thick indium solder reduced the lifetime to nearly zero, and how
redesigning the packaging to protect the pillar from the indium eliminated the
problem.

2.2.3 Dependence of dislocation glide on doping
One of the more intriguing effects in dislocation glide is the enhancement of

crystal hardness using n-doping. Patel et al. have done theoretical modeling on
silicon to show how as the Fermi level increases (i.e., as the material becomes more
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n-type), kink motion and thus dislocation glide become more difficult {67]; Hirsch
has also presented a simple model with good agreement to the data [68]. A number
of researchers have observed that n-type GaAs is physically harder than undoped
GaAs, which in turn is harder than p-type material, using indentation tests[69]. For
example, Swaminathan found (Si) n-doped GaAs crystals to have a yield strength of
21 kgf/mm’ at 250 °C, while semi-insulating (Cr-doped) material had a yield
strength of 11.5 kgf/mm?, and (Zn-doped) p-type material had only a 9.5 kgf/mm*
yield strength [70]. Wang et al. have also done calculations showing that for
dislocation climb, n-doping lowers vacancy concentrations, and slows (100) DLD
growth as well [48].

The effects of doping on the velocity of glide dislocations is far more

dramatic, with Ninomiya et al. observing a 3x reduction in a-type glide dislocation
velocity in n-type GaAs with 2x10'® cm™” doping relative to velocity in p-type

samples. For B-type glide dislocations, the difference was even more pronounced,

with a 3,000 x reduction (!) [71]. This may be significant to the fact that, although

we observe dislocations in the p-DBR, we see no evidence of dislocations in the n-
‘ DBR. Kajimura et al. observed an order of magnitude increase in lifetime of LPE
i grown devices with a Te-doped active region [72] relative to devices with an

undoped active region.

2.3. Gradual degradation in LEDs and stripe lasers.

2.3.1 Microloop formation
If dark-line defect formation, and rapid degradation is avoided, the normal

failure mode involves the gradual reduction in active region efficiency, and an
increase in internal loss, through the introduction of microloops. The microloop
formation process starts when point defects cluster together, as described earlier in
section 2.1.4. Microloops grow to 15-50 nm in size [37] through the dislocation

climb process described in section 2.1. (However, a different Burger’'s vector,

C el iAo e e

namely (a/3)(111), was observed in the microloops [37], rather than the (a/2X01 1)
vector observed in the (100) DLDs.) TEM images of these microloops in the active
regions of gradually-degraded devices have been published by Petroff [21] and by
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38 Section 2.3: Gradual Degradation
Ueda [37, 58]. The concentration of carrier traps also increases as the device
degrades [37, 38]; these traps will also contribute to the degradation device even if
they don’t combine into larger, observable structures.

2.3.2 Gradual degradation on stripe lasers is concentrated
near facets.

It has long been realized that
degradation rates for in-plane lasers are
highest near the facets, and that effective
facet coating is a key to making long-lived
lasers [72]. Presumably, this has to do
with the fact that a) the surface at the facets
serves as an infinite source of point defects,
and b) surface recombination takes place at

’ Fig. 2- 14: EBIC image showing degradation the facets, which creates local heating,
concentrated near facet regions (after ref. [1]).  thereby accelerating the degradation process
[73]. Fritz et al. found that the gradual degradation was concentrated in the 15 pm
nearest to the facets [74]. This was determined through characterization of degraded
devices by EBIC, as shown in Fig. 2- 14 [1].

Experiments have been done to determine the amount of degradation in the
central portion of the device versus that near the facets. The facet regions were
cleaved off of devices which had been aged to failure, and the performance was then
compared to unaged devices cleaved to the same dimensions. Little difference was
found in performance, indicating that very little degradation had taken place in the
central portion of the device, and almost all of the degradation had been concentrated
near the facets [75].

For 980 nm erbium-pump lasers, which need 100-200 mW of single-mode
power from a 3-5 pum-wide stripe laser, excellent facet coating (or other method of
forming a “window laser” [76]) is essential to making a reliable device. The most
cost-effective way of preventing the facet degradation shown above in Fig. 2- 14 is a
proprietary process developed by IBM, called the “E2” facet coating process [77].
Gradual degradation near the facets appears to have been totally eliminated by this
method. The E2 process has been widely licensed, and the resulting lasers have
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shown outstanding reliability all the way up to 300 mW [78-80]. Using non-
absorbing facet coatings (e.g., replacing Si with non-absorbing TiO, at the back
facet’s high-reflectivity coating) has also been found to be important {78].

2.4. Effects of dark-line defects on devices

2.4.1 Optical Characteristics of DLDs
For a laser to function efficiently, it is obvious it can’t tolerate much

absorption within its lasing cavity, and still continue to lase. For in-plane lasers,
typical average internal cavity losses are on the order of 3 cm’', while gain might
average 30 cm’ (gain is 1000 cm’' within the quantum well, which only sees 3% of
the traveling mode at any given time). The disruption in the periodicity of the crystal
lattice from the dislocation creates mid-gap states which have significant photo-
absorption cross sections 81, 82]. In addition, the dislocation itself is surrounded
by traps and point defects which themselves have significant photo-absorption
cross-sections. Further, the electrical effects of the dislocation and accompanying
traps cause a shrinkage of the bandgap within one diffusion length of the dislocation
— thus even undamaged material close to the dislocation contributes to increased
laser loss, and a fall of in device performance. These effects are shown
schematically in Fig. 2- 15.

Optical measurements have been

Bands degenerately pumped
performed on degraded lasers, and

E_  comparison was made with the same devices
C

Lasing before degradation. Notable changes in the

M~
photons —_—
(absorbed) N\/’

absorption spectrum have been observed
[83]. In fact, while the changes in electrical

Ev characteristics were significant at small

currents, during the high-pumping conditions
carriers depleted in vicinity needed for lasing, the optical loss was found
of traps by electrical effects to be much more important to the reduction in

Fig. 2- 15: Band diagram (E, vs. x) for a device performance [84]. The presence of

degraded laser, showing how device sub-bandgap absorption can also be observed
degradation adds optical cavity loss through . .
trap photoabsorption. by the dramatic increase in the collected
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40 Section 2.4: Electrical and optical effects of DLDs
photocurrent collected at sub-bandgap photon energies in degraded devices [85, 86].
An analysis performed at IBM with estimated the changes in device threshold
and slope efficiency after initial device burn-in as being due to a 3000 cm’ loss in
the 15 um next to the facets [75]. This represented a low enough total overall
fraction of the cavity volume that it was accompanied by only a 10% drop in output
power. However, as the device degrades, the concentration of microloops and
defects in the near-facet region continues to increase, and with it, the internal loss of
the device and the heat generated increases, further driving the degradation process.

2.4.2 Electrical Characteristics of DLDs
In addition to the dark-line defects creating increased optical loss for lasers, they also

reduce carrier concentrations in their vicinity, and provide a non-productive parallel
recombination path which competes with the desired stimulated emission path. This

is shown schematically in Fig. 2- 16.

E.

P ‘e’e}) As many authors have remarked,
eve
band surprisingly little is known about the

E electrical properties of dislocations [87]. It
v is believed that the stress field from the
Fig. 2- 16: Unsaturated bonds from the dislocations attracts or creates an elevated
Glotion, = ming nples % concoration of trps_surowding e
vicinity of the dark line defect. dislocation. ~ These traps may be as
responsible for the properties of the DLD as
the dislocation itself. In fact, there is some evidence that “clean” dislocations (i.e.,
ones which were manufactured specifically to avoid impurity or trap generation) in
certain planes have little or no recombination associated with them [62]. A number
of difficulties prevent more accurate fundamental studies from being performed.
Most of the difficulties appear to stem from the extraordinarily small size
scale under study. The devices themselves are no larger than a grain of sand, and
the active areas are almost too small to be seen or studied. The dislocations are (at
least ideally) due to only one extra half-plane of atoms, located a large number of

atomic planes beneath the surface. Very few analytical techniques are suitable for

i
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Chapter 2: Background 41
measuring the properties of dislocations; none are suitable for in-situ or non-

destructive work.

Scanning DLTS was used in past work to identify impurities or traps in the
neighborhood of dislocations [88, 89]. In one report by Lang et al. a reduction in
the concentration of DX centers was observed in the vicinity of the dislocation,
implying that the DX centers may have been consumed by the defect formation
process [88, 89]. Others have also found changes in the trap concentrations in
degraded VCSELs [37, 38].
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The previous chapter discussed dark-line defects and microloops — coherent
structures of point defects which are easily observable, and have strong (and usually
very serious) consequences to laser lifetime. Because such DLD and *“dark-area
defect” structures are easy to observe, they have been studied for as long as lasers
and LEDs have been around (i.e., since the early 60’s). However, in many well-
made lasers such coherent defect structures are never observed. It is possible, and
perhaps even likely with some designs, that device may fail without the presence of
a single such DLD or microloop. In such a case, we must look to point defects and
carrier traps to explain the failure of the device. We have found substantial
evidence, at least for rapidly-degraded Honeywell VCSELs, that the devices never
suffer any measurable degradation of their active region during their aging process,
until well after they have already exceeded failure criteria. The mechanism we will
discuss for their failure, was originally proposed by scientists at Honeywell MICRO
SWITCH. We refer to this as the ““current shunting” failure mechanism, which calls
for passivation of the DBR mirror(s) near the device center to raise the resistivity of
the center, and push the current toward the outside of the device, where it is unable
to contribute usefully to the lasing process. This mechanism has never before been
described in the literature, and appears to apply uniquely to VCSELSs.

While not many papers on laser degradation have described failures which
are trap-mediated in a through manner. we focus on a few of the most valuable
results in this area in section 3.1. Next. in section 3.2 we describe the 850 nm top-
emitting VCSEL which was the primary focus of this thesis. In section 3.3 we
discuss two key assumptions which have been called into questions by the data
presented in this chapter; we also describe the aging conditions used for rapid device
degradation. Results for two methods of plan-view examination (CL and EL) which
would be expected to give similar results (but don’t) are presented in sections 3.6
and 3.5, along with supporting evidence from cross-sectional EBIC characterization
in section 3.4. We briefly mention C-V and I-V characterization in section 3.7. We
conclude with our discussion (section 3.8), where the proposed failure mechanism
is presented. This mechanism is consistent with our experimental observations, but

contradicts some of our previous assumptions about the nature of degradation.

o dnd
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48 Section 3.1: Background on traps and donor passivation during gradual degradation

3.1 Background on traps and donor passivation during gradual
degradation.

Madhava-Menon, Petroff, and Waters studied early GRIN-SCH SQW stripe
lasers grown at McDonnell Douglas, and found an anomalous temperature
dependence [1]. Degradation rates at 100 K were over 3 x higher than at room
temperature (') The mechanism proposed to explain this reverse temperature
dependence involved carrier traps in the GRIN-SCH confinement layers adjacent to
the quantum well. At low temperature, carriers in these traps recombined in non-
radiative processes, thereby driving degradation and (100) DLD growth. At high
temperatures, it was postulated that carriers were thermally re-emitted from the traps
before they had time to recombine non-radiatively, and were subsequently collected
by the quantum well, which had far fewer traps in it than the GRIN-SCH layers had
in them. The anomalous temperature dependence of degradation rate was not

subsequently observed on any other McDonnell Douglas wafers, but the results left
the designers of space-based laser systems with uncertainty about how to assure
reliability in a device without confidence in conventional accelerated-temperature
testing, so they swore off quantum well lasers for many years to come.

Martins et al. have used EBIC and CL profiling to study the passivation of
dopants during gradual degradation [2]. They describe a three-step process to
degradation. First, a defect complex (which they believe is Si;,—V,) results in
donor passivation in the GRIN-SCH confinement layers. This starts at the p-n
junction, which is generally nor exactly aligned at the quantum well in most devices.
For most devices, background doping places the p-n junction at the top or bottom
the confinement layers (at the top of the n-DBR or the bottom of the p-DBR in our
case). As the dopants become passivated, the band bending changes, with a “virtual
anode™ (i.e., a band-energy minimum) forming between the junction and the QW,
and moving toward the active region, and the *“passivation front” also moving closer
to it. The second stage of degradation starts when the virtual anode reaches the
active region, and defect complexes start to form within the QWs (not just in the
cladding layers), reducing the active region’s efficiency. Finally, in the third stage,
the local heating from the non-radiative recombination promotes dark-line defect
growth, which in tum cause device failure. The evidence from Martins et al.
suggests that DLDs are not generated until the late stages of degradation are reached,
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which is consistent with our observations. The dopant passivation model they
propose may be similar to the mechanism we believe is causing increased resistance
in the device center, and shunting current toward the edges of the device which act
as low-resistance parallel paths. This paper has many other valuable elements which
recommend it: one of the few plausible (and experimentally-verified) band diagrams
for a GRIN-SCH structure; some of the best EBIC modeling seen for a laser
structure; and a valuable concept: the “virtual anode,” which can act as a carrier-
trapping pocket which contributes to aging in the laser’s confinement layers.

Kondo et al. propose a similar three-step process [3]. First, the deep-levels
associated with point defects act as non-radiative centers. Second, vacancy-
interstitial pairs are generated by the energy of recombination at the non-radiative
centers. Third, more recombination centers are formed by the newly-created point
defects. In addition, the interstitials are able to cluster to create either (100) DLDs, or
the microloops observed in gradually-degraded devices. They provide substantial
DLTS and TEM data to back up their model [3].

Many others have used deep-level transient spectroscopy (DLTS)[4] to study
how trap populations vary (usually rise) as the device ages [5-10]. It is somewhat

§ surprising, given the amount of work which has taken place, that the authors
| involved have not been able to definitively identify whether the intrinsic or extrinsic
model (discussed in Chapter 2) is responsible for dislocation climb. Taken as a
whole, the work discussed above provides a more than adequate precedent for
carrier sites being passivated and the resulting current flow being modified, as we

propose in the discussion at the end of this chapter.

3.2 Description of VCSEL structure studied

The VCSELSs which were the primary focus of this work were provided by
Robert A. Morgan and Mary K. Hibbs-Brenner of the Honeywell Technology
Center, in Plymouth, Minnesota, as well as aged VCSELs which were provided by
James Guenter of Honeywell MICRO SWITCH of Richardson, Texas. I am deeply
) indebted to them, not only for these samples, but for the continuing support they

[P TSPEVTE

provided during my analysis. The growth and processing are consistent with the
proton-implanted, top-emitting, 850 nm multi-mode VCSEL design widely used for

ks we

data communication applications.

e
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50 Section 3.2: Description of VCSEL structure studied

The structure is grown in an unmodified Aixtron 200/4 MOCVD reactor, on
3"_diameter n* GaAs substrates oriented 2° off the 100 orientation toward the (110).
Growth pressure is 200 mBar, and growth temperature is 750°C. After a thin n-
GaAs buffer layer is grown, 30'/2 /4 DBR pairs of Al GagAs / AlAs are grown
for 2 99.9*% reflective bottom mirror. Doping in the layers is 1x10'® cm” of Te,
while the doping level rises to 2-3x10'® cm” in the 10-nm-wide graded transitions
between the Al  Gag,As and the AlAs, in order to minimize interface resistance.

Above the n-DBR, a [-A optical cavity is formed primarily of Al,,Ga, ,As.
At the center of this cavity are three 7-nm-thick GaAs quantum wells (QWs) which
provide the gain. The quantum wells are separated by 10-nm-thick Al,,Ga ;As
barrier layers which contain carriers from the quantum wells.

Finally, 22 p-DBR Al GagAs / AlAs pairs are grown for a 99.8%
reflective upper mirror, with doping levels and grading as indicated above for the n-
DBR. The p-dopant used is zinc. Further details of the growth of the structure have

been published elsewhere [11, 12].

cEdrE:n(:f- 15 jum aperture As detailed by Morgan
Edge of co?gnf:‘tt:nt it[:)g-.t:‘:gli:?lr et al. [13], the processing of
isolation P

implant this wafer includes: 1) the

formation of the 40-pum-square

p-ohmic contact with a 15 um

3x7nm  aperture through the middle
GaAs QW

N-DBR

for lasing emission; 2) a

shallow (“current-confining”)

, . . proton implant, with a 20 um
Fig. 3- 1: Schematic cross-section of the proton-

implanted. top-emitting VCSEL structure which was the ~aperture to force current flow
primary type of device studied in this thesis. Arrows through the device center: 3)
inside the structure show the direction of current flow. . ) . ’
dielectric deposition; 4) a deep
(“isolation™) proton implant through the active region to prevent leakage between
adjacent devices; 5) n-metallization; and 6) interconnect metallization of the contact
traces and wire bond pads. The devices are tested by a computerized probe station.
Good devices (with over 99.8% device yields and 94% array yields being observed

[12]) are separated by sawing, and then packaged. The resulting devices have
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Chapter 3: The early stages of degradation 51
threshold currents of 2.5 mA, and peak power > 5.5 mW, and very low threshold
voltages averaging 1.68V, which are indicative of the optimized low-resistance
DBRs [13]. A schematic view of the structure is shown in Fig. 3- 1.

The relative dimensions of the proton implants can be established by cleaving
(or polishing) a device down the center, and then stain etching. The stain etches
used included the “A-B etch,” [14] and a Nitric/Peroxide/Water etch. The resulting

image is seen in Fig. 3- 2.

1:1:10 HNO :H,0,:H,0, 15 sec.

R T
S L0k Dona S5 1o

Fig. 3- 2: SEM of the left side of a stain-etched VCSEL cross section. A drawing, showing the
features described earlier, is seen on the right.

Nominal operating current is in the range of 6-10 mA. The device is multi-
lateral mode, with little enough power in any given mode that modal interference
effects, and mode switching noise, are not problems in data communications
through multi-mode fiber. More details about the design and performance of these
VCSELs have been published elsewhere [13, 15]. They are also the first VCSELs
to be sold as individual components from a major manufacturer [16].

3.3 Key assumptions, and aging conditions

3.3.1 Inconsistencies in results may be explained by questioning
two key assumptions.

3.3.1.1 Assumption #!: The failure mechanisms in slightly aged VCSELSs can be

deduced by studying totally aged VCSELSs.
Two assumptions were made during the early part of this work, both of

———

O S

which have more recently been called into question. First, we assumed that we
could deduce the cause of failure (defined as where output power drops by 2 dB, or
37%, at 10 mA) by studying deeply or totally degraded VCSELs which had been
aged far beyond this small amount of degradation. The failure criterion only calls

e e T ST e
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52 Section 3.3: Assumptions and aging conditions
for an increase in the threshold of ~1.4x, or a small drop of the peak power of

~13%. By contrast, most devices studied were aged until the peak power fell by a
minimum of 50-70%, which is far beyond the point at which the system would have
failed. Many of the devices examined by Michael Cheng were aged until they no
longer lased at all (i.e., they suffered a 100% drop in peak power, and then were
even further aged beyond that point).

We assumed that if DLDs are observed in the totally degraded VCSELSs, that
the DLDs were simply shorter or less dense earlier in the degradation process, but
were nonetheless responsible for device failure. The course of failure, however,
may well be more complex than originally thought, as we have more recently
discovered through the multi-stage processes supported by the work of Martins et al.

[2]. This assumption is discussed in greater detail in the final section of this chapter.

3.3.1.2 Assumption #2: Rapidly-aged VCSEL:s fail due to the same causes as
: normally-aged VCSELs.

Dislocation grawth in p-DBR Our second assumption
(both glide and climb dislocations)

was that very rapid degradation,
Dopant passivation where the laser was operated at

a current past where lasing was

growth in active region

n the n-DBR extinguished (junction temp >

Fig. 3- 3: A number of failure mechanisms were observed 200°C), would cause the

to progress at similar speeds, making it difficult to assume Y CSELs to fail by the same
only a single mechanism mattered.

mechanism as gradual
degradation. As we shall see later, this rapid degradation may well under-emphasize
the actual degradation appearing in the mirror region and active layers, and
overemphasize the “current shunting” mechanism that is the focus of this chapter.
Nevertheless, work done independently at Honeywell on gradually-degraded
devices also supports the current-shunting mechanism, so it is not purely a product
of the high-current aging conditions used. The assumption that extremely rapid
aging is a valid method of degrading devices is acceptable, provided only a single
mechanism dominates the device failure at both the normal and accelerated
conditions. Howevcr, whcn multiple failure mechanisms are operating across the
same time scale, some failure mechanisms are likely to be accelerated more than
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Chapter 3: The early stages of degradation 53
others, as aging conditions are changed. We show the main failure mechanisms
observed in the normal Honeywell 850 nm VCSELs in Fig. 3- 3.

3.3.2 Rapid aging conditions used

3.3.2.1 Junction temperature dependence on drive current
300 . — . , r ' 35 Measurements

O 250 | 7N\ : .43 on similar VCSELs have
2 25 shown that the thermal
S 200} -
= — . .
5 ? £ resistance is
E1s50 | Z
3 . 5% ~0.8 °C/mW [17]. By
= - ~ .
E ! using the formula T =
g 50
2 0.5 T, + R, (IV-P_,), where
0 1 i 1 A B — 1 0 - . .
0o 10 20 30 40 50 60 70 80 TJ 1s the _]unCtlon
CurrenttmA) temperature, R, is the
Fig. 3- 4: Increase in junction temperature versus drive current. thermal resistance, I and

V are the applied current
and bias voltage, respectively, and P, is the output power, we are able to estimate
the junction temperature. The resulting curve of junction temperature rise versus
drive current is shown in Fig. 3- 4. The curve was taken at room temperature;
unless otherwise specified, ambient temperature for rapidly degraded VCSELs was
~25°C. Measurable amounts of degradation (we generally targeted a 1.3—4x increase
in threshold) could be obtained by aging at 60 mA (J=19 kA/cm’; T, = 170 °C) for
24 hr, at 70 mA (J=22 kA/cm? TJ = 210 °C) for 0.5-1 hr, or at 80 mA (J=25
kA/cm’; T, = 250 °C) for 1-2 minutes. By contrast the “gradually-degraded™ or
“normally-degraded” VCSELs analyzed in this thesis (which were obtained from
Honeywell MICRO SWITCH) were aged at currents usually 15-20 mA, and
temperatures of 80—125°C, for 2,000~-6000 hr. In this case, the current is only ~2x
the normal operating current, and the aging acceleration factor is 3-5 orders of

magnitude more gradual than for our rapid acceleration.

3.3.2.2 Degradation rate versus drive current.
The studies of degradation rate performed to date have found that

degradation rate varies <[’, above and beyond the acceleration expected due to
junction heating alone. We will discuss this in more detail in Appendix D [18].
Above 30 mA, degradation rates may be even higher than would be predicted. This

s AR I KA L =
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54 Section 3.3: Assumptions and aging conditions

is consistent with the model we propose for the driving force of degradation in
Chapter 5, where the high-energy spontaneous emission is responsible for aging.
This spontaneous emission is relatively flat across the normal range of operating
currents, but rises rapidly above 30 mA.

In particular, we empirically observed a very rapid increase in degradation
rate above the point where output power was totally quenched (i.e., at currents
above the point where output power dropped to <0.5 mW, small increases in current

would cause dramatic increases in degradation rate).

3.4 Cross-sectional EBIC

EBIC superimposed ((a) Laterat EBIC profile Central lasing )
on SEM g region (20 pm)
‘80
: l
)
2
-
f 8 D G
— \_ —_— Deep implanted edges————/ W,
EBIC from .this 20 pm r(b) Transverse EBIC profiles )
central region would
be darker if active Center Edge
~= region were degraded. Collected (solid) . (dashed)
AN current (a.u.) S
9 Surface Substrate y
Fig. 3- 5: EBIC Image of aggd and Fig. 3- 6: Collected current linescans of the VCSEL
cleaved YCSEL shows no evidence of from side-to-side (a); and from top-to-bottom (b). Note
degradation. no reduction in current collection efficiency in the center

relative to the edge.

We were able to verify our conclusion that no true degradation takes place in
the active region by using charge-collection microscopy (a.k.a. EBIC, or electron-
beam induced current). EBIC, with its ability to detect dark-line defects or trap
concentrations, was discussed earlier in Chapter 2. Here, we use EBIC to examine
devices which were rapidly aged at high currents until threshold increased by a
factor of 2 x, and then cleaved along their centerline. The cross sections of the
devices were examined at 15-20 kV. As we discuss in Appendix E, this only
excites an area within ~ 0.3 pm of the surface. The resulting EBIC profile appears
totally uniform throughout the entire 40-um area between the deep-implant
boundaries, and shows no evidence of dark-line defect growth or degradation (Fig.
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Chapter 3: The early stages of degradation 55
3- 5). This can be verified more quantitatively in the lateral and transverse collected-
current profiles which were obtained by digitizing the collected current (Fig. 3- 6).
If dark-line defect formation had degraded the central part of the active region, in the
manner which we had expected from the EL images or the cross-sectional TEM, the
central 20 wm of the EBIC image should have been dark.

3.5 Plan-view CL and PL imaging.
The plan-view electroluminescence imaging to be discussed in the following

section has an important limitation: the light generated by EL all originates from the
active region. As such, EL is not capable of examining degradation in the mirrors.
By contrast, photoluminescence (PL) and cathodoluminescence (CL), are both
capable of exciting luminescence in bulk layers far from the depletion region (e.g.,
the p-DBR).
3.5.1 Top-view photoluminescence microscopy

A number of authors have used
photoluminescence  microscopy to  study
dislocation contrast in devices with DLDs [19-
21]. In such measurements, the excitation laser is
either defocused to provide uniform excitation
across a field, or it is systematically rastered
across the field of view. Optical filters are used to
block light from the excitation line, and monitor

photoluminescence (PL) excited in the sample.

PL intensity in the vicinity of dislocations is lower
Fig. 3- 7: Unfiltered PL image of due to the parallel non-radiative recombination
VCSEL with p-metal polished off.  carrier recombination paths presented by the
Bright spots are unimplanted regions, . . .

located ~600 pm apart. dislocation and surrounding defects.

PL has one important difference from CL

(among many others): extremely shallow penetration depth Using an Ar" laser (514

[P PPN PORS

nm), the nominal photon penetration depth is on the order of 10 nm [22], versus ~12
pm for CL operating at 120 keV. Thus, CL creates a nearly uniform carrier density
through all device layers, and would likely miss individual dislocations or networks

that weren’t sufficiently dense, while the PL allows us to isolate just the very top of

et
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56 Section 3.5: Plan-view PL and CL imaging

the structure for imaging. Given the TEM evidence (to presented in Chapter 4) of
glide dislocations originating from the p-contact at the top edges of the device,
examination of the near-surface area was a prime goal. In practice, the PL-generated
carriers diffuse down from the surface, particularly as pumping intensity is
increased, so analysis is not quite as confined to the surface as might be originally
expected on the basis of photon penetration depth alone. This is shown in Chapter
5. Using samples with the p-metals polished off, it was hoped that dislocations
originating in the p-contact layer (at the top of the p-DBR) could be observed.

Two systems were used for imaging: the first was a very simple system,
with a 2 mW unfocussed HeNe (633 nm) laser exciting the device off-axis, and a Si
CCD camera imaging it. The resulting PL image is shown in Fig. 3- 7.

Unfortunately, when magnification was increased to allow imaging of a single

device, the brightness was inadequate to acquire an image.

—n

A second system used a rastered Ar” laser (514 nm) with a <0.5 pm spot to
generate PL light, which was detected by a detector with a lock-in amplifier, and the
data subsequently was assembled into an image. No dark lines or non-uniformity
were observed in the resulting image of aged devices. No image could be made in
the shallow-implanted area, since the PL intensity had fallen by at least 4-5 orders of
magnitude (i.e., below the noise floor) due to the effects of implant damage. This
lack of evidence of degradation is consistent with the explanation of device aging
which we will subsequently offer, and is also consistent with our CL observations
of rapidly-degraded devices.

3.5.2 Top-view CL observations of degraded VCSELs

An excellent method for monitoring potential degradation in the p-DBR is the
use of quantitative cathodoluminescence (CL) data. In such an experiment, CL
spectra are taken from degraded and undegraded devices from the same sample,
preferably during the same data run to avoid problems with drift in the system
sensitivity. In the case of separate samples the spectra can be normalized by a
feature which is assumed not to change, such as the CL efficiency of the GaAs
substrate. For all the CL results which follow other than those of Fig. 3- 8, the
samples were all on the same chip (and thus at the same height on the stage, and
therefore having equal coupling efficiencies).
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Fig. 3- 8: Top-emitting CL Spectra of
normally-degraded VCSELs show
dramatic reductions in CL efficiency of
the p-DBR after aging, suggesting the
formation of DLDs in the active region.
(After ref [23])

Michael Cheng earlier used the same
quantitative CL technique to determine whether
the CL efficiency of p-DBRs had fallen in
normally-degraded VCSELSs, and found a very
dramatic decrease in the aged devices, as we
show in Fig. 3- 8 [23, 24]. These VCSELs
had been aged for 2-3,000 hours at near-
normal currents and 125°C  ambient
temperature. The *“partially-degraded” device
had aged until its threshold tripled, while the
“totally-degraded” device no longer lased.
However, given the inconsistency with the

results taken of plan view samples described below (where little change was
observed in degraded devices) Cheng’s CL experiment was replicated, except with
rapidly degraded VCSELSs, rather than VCSELs which had been gradually-aged. We
first using the same (newer) sample (#602) as used in our recent work, and then
again repeated with the same sample (#469) Cheng examined earlier. The results

were the same every time: no evidence of degradation was observed in the p-DBRs,

except in the totally-degraded devices, or the devices which were aged more slowly

(i.e., devices which began to approach the “normally-degraded” devices). The
spectral efficiencies of all the devices were within 10% of each other (Fig. 3- 9).
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Fig. 3- 9: Top-emitting CL spectra of
rapidly-degraded VCSELs shows little
change in CL efficiency after aging.
consistent with no non-radiative centers
forming in the device.
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Fig. 3- 10: CL linescans taken from the top of
rapidly degraded VCSELs show some signs of
dislocation formation in device aged overnight.
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58 Section 3.5: Plan-view PL and CL imaging
Some evidence of DLDs can be seen in the device aged overnight (Fig. 3- 10).
There are three possible explanations for this inconsistency of results.

The first explanation
could be experimental error.
If the gradually-degraded
devices examined had been
taken from different parts of
the wafer, and DBR
wavelength varied (it often

S ym

Fig. 3- 11: Monochromatic CL images of p-DBRs in does by up to 20 nm across a

VCSELSs before degradation (right) show uniform

luminescence, while after degradation (left), dislocation
" networks can be observed (after Ref [23]). peak could be in the center of

single wafer), the 748 nm

a reflectivity null for one device, and between nulls for another device. This could
create substantial differences in CL signal, even if no degradation had taken place.
No measurement of lasing wavelength was made before performing the
measurements to check for this possibility. However, we reject this first
hypothesis, since Cheng was able to image dislocations in the monochromatic image
of the totally degraded device (Fig. 3- 11) [23], which is an independent sign of true
degradation. The other two explanations, calling into question some of our earlier
assumptions about rapid aging being similar to gradual aging; and of deep
degradation being similar in nature to partial degradation, will be discussed in more
detail in the final section of this chapter.
3.5.3 CL of active region after removal of substrate and n-DBR

The top-emitting quantitative CL experiments discussed in the previous
section had a number of advantages. They required no sample preparation to the
VCSELs, and because the die were left in their as-fabricated state, a direct
quantitative comparison could be made from one die to the next. Because no sample
preparation was required, even the small die aged by Honeywell MICRO SWITCH
could be used.

However, the experiment also had several limitations. First, the thickness
and high reflectivity of the upper mirror prevents us from observing more than a
weak signal from the active region [23, 24]. Thus, no useful monochromatic image
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Chapter 3: The early stages of degradation 59
of the active region could be formed in top-emitting CL of unthinned devices.
Furthermore, only the central region of the p-DBR can be imaged. We cannot see
dislocations under the p-contact, since light generated there is blocked from escaping
into the CL system.

For these reasons, several months were spent developing sample preparation
techniques to allow us to look at degraded VCSELs in plan view. We wished to
look for external nucleation sites for the dark areas shown in the electroluminescence
images (Section 3.6.2). To identify defect nucleation sites, plan view imaging is
essential. If only a single external dislocation nucleated the entire dislocation
network in the active region, our chances of being lucky enough to capture the
evidence in a cross sectional sample (which contains much less than 0.5% of the
volume of interest) would be vanishingly small. Being able to see the entire active
region in plan view (as shown in the EBIC images of Chapter 2) is of great value.
Taken together with the cross-sectional CL results, the plan view images produce a
much more complete picture of what's taking place.

Arrays approximately 3x5 mm were used, and five different aging conditions
were used to allow us to see how device degradation proceeds as the VCSEL ages.
Fortunately, a similar high-current aging stress nearly always caused similar change
in performance. A typical sample set would contain a sample where the device had
been aged to cause a 20, 50, 100, 200, and 400% increases in threshold current.
Each device had unique identification letters in the interconnect metal, making device
identification and record keeping simple.

The devices were then mounted p-side down on a small piece of AIN with
Allied Hi-Tech Epoxy 110, which cures in just a few minutes at 120°C. The
substrate was then removed using a series of progressively finer grades of mylar-
backed diamond paper. Most of the n-DBR layers were also removed. We found
the best results were obtained by leaving several n-DBR pairs, though. Presumably
this is because the remaining pairs create a resonant cavity, without having so many
pairs that it is difficult for light to escape. The final sample preparation step was to
provide a brief polish to the n-DBR with a dilute Br:Methanol solution (1:1000)
using a Buehler Chemomet pad. This provided a specular and virtually scratch-free
surface finish. As a whole, the technique removed over 400 um of substrate

Somerares -
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60 Section 3.5: Plan-view PL and CL imaging
material, and yet we were able to stop with a precision of a few mirror pairs (i.e., ~
0.25 um). A more detailed description of the sample preparation is contained in
Appendix B.

All cathodoluminescence was performed at low temperature (10 K) using
liquid helium cooling, to minimize spectral broadening, and allow clear
monochromatic imaging. The cooling also provided an enhancement of observed
intensity of approximately two orders of magnitude by reducing non-radiative
recombination, which is also important to improving the quality of the data. Details
of the CL imaging can be found in Appendix E.

A large number (over a dozen) devices at various stages of degradation were
examined in detail on two separate samples. Spectra were taken at a number of
different locations on each VCSEL, and monochromatic line scans and images were

also taken at several key wavelengths for each device. We expected to find

PUDTIPPPIVERRSS

dislocations in the active region, consistent with the degradation observed by EL
(section 3.4.2), and the TEM images taken by Cheng showing such dislocations
[23]. We also expected to see evidence of p-DBR degradation, consistent with the
finding of Cheng [23, 24]. However, our actual observations were that the results
from degraded and undegraded devices were virtually identical. No significant
degradation was observed in any layer of the device, which was initially deeply

disturbing, but led to our acceptance of the “‘current-shunting” failure mechanism
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Fig. 3- 12: CL Spectra taken at three different points from a deeply degraded plan-view sample.
The locations the spectra were collected at are shown with boxes on the SEM image at right, which
shows the p-metal through the remaining ~3.5 um of AlGaAs epitaxial material.
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Chapter 3: The early stages of degradation 61
proposed earlier by Honeywell MICRO SWITCH, and discussed in detail below.
We show the spectrum from a deeply degraded VCSEL in Fig. 3- 12 (which
had been aged at 82 mA for | minute, until the threshold current nearly quadrupied
from 3.4 mA up to 12.5 mA).
A number of spectral peaks can be easily recognized by referring to our

cross-sectional CL results [23, 25], which will be presented in Chapter 4, or by
using the bandgap data on AlGaAs presented in Appendix F. The n-DBR spectrum
appears as a low, broad peak at 725 nm. The p-DBR is a sharp, high peak at 745
nm. The active region appears at 823-825 nm, somewhat longer in wavelength than
the 795-800 nm observed in cross-sectional CL samples. This longer wavelength is
likely due to a resonator effect: while the gain peak shifts toward shorter wavelength
at the rate of 0.28 nm per °C reduction in temperature, the resonator wavelength only
shifts at 0.056 nm/°C [17]. Thus, given that a cavity resonance with the
remaining n-DBR pairs is likely taking place, we would expect the peak wavelength
to shift to shorter wavelengths more slowly than the shift of the GaAs itself. An
additional peak at 800-810 nm is visible, particularly around the edges where the

deep isolation implant has taken place. We believe that proton-enhanced intermixing
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Fig. 3- 13: Monochromatic CL images of deeply degraded plan-view sample. See text for
! discussion. At bottom right is a scale figure showing the 15 um aperture, the 20 um diameter
(shallow) current-confining implant, and the 40 um square defining the (decp) isolation implant.
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62 Section 3.5: Plan-view PL and CL imaging
[26], with photo-annealing as a driving force [27], is causing intermixing between
the GaAs QW and the neighboring Al ,;Ga,sAs barrier layers, and thus raising the

energy levels slightly in these areas.
" Monochromatic images of

200

the device are seen in Fig. 3- 13.

150 ' 720 nm (x8)

(n-DBR) To our dismay, no dark central

748 nm
(p-DBR)
825 nm

808 nm (includes
intermixed QW)

area was observed in the quantum

well image at 825 nm, as we

s0 b would expected from our EL

Intensity (counts / ms)
8

results with a semitransparent

0 s 10 s 20 ” w 3 w0 contact (Section 3.6.2). In fact,
Position (pm) the CL spectra taken in the center

Fig. 3- 14: Plan-view CL linescans of deeply degraded of each device were virtually
VCSEL G-60. Note the uniform profiles across the
center of the device. These linescans were virtually

identical, both qualitatively and quantitatively, to line between aged and unaged

scans from undegraded devices.

identical, showing no difference

devices. The 825 nm linescan,
which is superimposed on the image, and also shown in Fig. 3- 14, showed no
measurable reduction through the center of the device either.

As expected, the image of the n-DBR was uniform. It showed twice the
signal in the central area that was observed elsewhere; possibly spectral overlap from
the stronger p-DBR luminescence enhanced the central intensity. No DLDs or signs
of non-uniform degradation were observed.

The biggest difference seen between aged and unaged devices was observed
in the p-DBR (748 nm) images and linescans. Small non-uniformities, of the sort
seen in the monochromatic image (Fig. 3- 13), could be observed if extreme contrast
settings were used. The amplifiers were set for high contrast in the image shown,
with the black level set at ~160 counts or higher, and the white level set to roughly
200 counts. Thus the “dark-line” seen on the right side actually has very little
contrast in the sample. An increase in diameter of a few microns (>10%) was
observed in the p-DBR images and line scan profiles after aging. This increase at
the edges is not surprising, given the annealing of proton implant damage which
would be expected at the edges of the current-confinement implant, but which has
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Chapter 3: The early stages of degradation 63

not been observable until now, since few have been able to see beneath the p-

‘ contact.

The edges of the deep proton implant are observable at 808 nm, as discussed

above. The edges of the shallow proton implant are visible at 780 nm; we do not

have an explanation for why this wavelength provides contrast for the current

confinement implant. No evidence of dislocation growth nucleating from either of

the proton implants was observed in any of the aged VCSELs, which would have
been evident as dark lines through these rings or boxes.

The lack of evidence for degradation in the active region was initially
particularly disturbing in light of the fact that these devices were from the same
wafer, and were degraded in a manner identical to those shown in the EL images
with the semitransparent contact, which showed a dark central core (Fig. 3- 19).
This result cannot simply be written off, since over a dozen devices and several
different samples were used to replicate the result, with very consistent results. At
this point, we gave more serious consideration to the failure mechanism proposed by
Honeywell MICRO SWITCH, which called for failure through current shunting,

without any reduction in radiative efficiency from the device layers.

3.6 Electroluminescence imaging of aged VCSELs
The mainstay of failure analysis from VCSELs and LEDs is generally

electroluminescence imaging. It is simple, requires no sample preparation, and is
non-destructive. By electroluminescence imaging, we mean microscopic imaging of
the light emitted from the device when a small (sub-threshold) forward bias is
applied currents, which would also sometimes be referred to as “nearfield imaging.”
An Olympus “MIRPlan” 80x objective was used for this purpose {28]. It proved to
have twice the resolution of the next best objective tested since its design was
optimized for infrared rather than visible light. A standard CCD camera and frame
grabber were used to acquire the images, giving approximately 4-6 bits of useful
resolution. The highly-reflective DBRs above and below the active region of

e thAR e

VCSELs, while required for operation, significantly reduce the visibility of dark-line
defects and other features. This is well illustrated with examples in Chapter 7.
Fortunately, by using standard 10 nm FWHM bandpass filters, we were able to
image light escaping from the mirrors’ reflectivity nulls, which gave a far clearer
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64 Section 3.4: Electroluminescence Imaging

picture. This is because most of the light (at say, 790 nm) could escape directly
from the device, giving a clear image. However, the unfiltered light was peaked at
850 nm, and would take on average 500 passes to escape the 99.8% reflective p-
DBR. During the 500 passes, it would be likely to “walk” laterally from one side of
the device to the other before leaving the cavity, and the escaping photons would be
consistent with the average of the cavity gain in degraded and undegraded areas.
The unfiltered image thus is “homogenized”, and often fails to show dark lines and
other features which can be clearly observed using filters at the reflectivity nulls.
Filtered electroluminescence imaging is discussed in more detail in Appendix G.
3.6.1 EL Imaging without sample preparation

[ have never observed dark-line defects in the standard 850 nm Honeywell
VCSELs which are the focus of this thesis. (However, DLDs have been observed
in nominally identical VCSELSs from other sources, as discussed in Chapter 7.) The

o A rn Dl RO -

degradation which is observed appears to be a featureless darkening, which is
generally more pronounced along one side than the other. This can be seen in Fig.

3- 15. These VCSELSs were aged over thousands of hours at near-normal operating
currents (20-30 mA), and high (80-100°C) temperatures by Honeywell MICRO
SWITCH.

Fig. 3- 15: Filtered electroluminescence images of three different 850 nm VCSELSs which were aged
over thousands of hours. Images were taken well below threshold, (800 pA) using a 780 nm
bandpass filter.
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A less-uniform degradation
was observed from lasers degraded in
a separate batch (Fig. 3- 16); again
these were aged at near-normal

currents and high temperatures for

thousands of hours, and imaged at 780

nm.
Fig. 3- 16: Filtered EL of two VCSELs from

another lot of normally degraded VCSELSs showing
greater structure to their degradation.

| 3.6.2 Plan-view EL imaging through semi-transparent metals
An obvious limitation of this EL technique is the inability to see what’s

happening outside the device aperture opening. Given that the degradation appears
to be starting outside the aperture, and then traveling inward, this is a serious
limitation on our ability to discover where the degradation is originating. Since we
showed in the previous chapter that for many stripe lasers, degradation starts at the
die edges (or perhaps the deep proton-implant edges in this case) and then travels
inward, we would like to be able to see if the dark area were nucleating at a
particular region. If it was consistently doing so, identifying the source of dark-area
nucleation would be the first step in allowing us to eliminate that degradation source.

We thus prepared several devices for semitransparent contacts by rapidly
aging several devices in an array, and then polishing the p-metals off using 0.05 pm
alumina grit. A layer of pure In,0, was then deposited by Eric Tarsa. (Indium Tin
Oxide, or ITO, which is usually 90% In,O;/ 10% SnO,, is more common for
commercial applications and has lower resistance, but was not used at for this
sample because the reactor was being used to study pure epitaxial layers of Indium
Oxide. Details of the semi-transparent contact are in Appendix B.) After the In,O,
layer was subsequently annealed to increase the oxygen content, filtered

electroluminescence measurements were taken (Fig. 3- 17).

AN AL AR s -
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66 Section 3.4: Electroluminescence [maging

OND, I3 mA\ IND, 42 mA\

Fig. 3- 17: Electroluminescence images from
undegraded VCSELs with semi-transparent
In,O, contact. Linescans of intensity versus
lateral position (taken through the device
center) are shown. The right image is
attenuated by three orders of magnitude (3 ND
filter); the current shown was divided (perhaps
not equally) across the 15 VCSELs in the
array, and thus both samples are still below
threshold.

PENNSP

12 x 10 um dark area
790 nm

residual metal from 15-um aperture

40 pm square deep implant

As expected, the image from the
undegraded samples was a featureless
square of nearly 40 pm dimension within
the boundaries of the deep proton implant.
As higher currents were used, current
crowding becomes a factor, and the lateral
voltage drop for holes traveling to the edge
of the device through the p-DBR layers
increases in proportion to the current. This
lateral voltage drop reduces the voltage at
the edges relative to that in the center. The
constriction caused by the 20 pm-diameter
current confinement aperture thus is evident
in the EL images.

20 um dia. current-

confinement implant
'\ d

2

\

Fig. 3- 18: EL images from a degraded VCSEL with semi-transparent contact. 790 nm image
shows dark central area, plus dark ring at top left where p-metal remained. Central image, without
filtering, was taken at much lower current. and is thus more uniformly illuminated. Remaining
metal is clearly visible. Drawing at right on same scale shows nominal size of implants and

aperture.

Due to poor sample preparation and relatively small samples, only a few

degraded samples were imaged. Images from one wafer are seen in Fig. 3- 18. As

with the standard (opaque-contact) samples, the unfiltered images were all

featureless; a 790 nm bandpass filter was useful for obtaining image contrast. A

better image was obtained from a second wafer, and is shown in Fig. 3- 19.
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11 x 10 um dark area While our conclusions are

tentative due to the small number of
samples, and the interference from
surface scratches, no evidence was
available that the dark area is

nucleated from proton implant

Fig. 3- 19: Filtered EL from a degraded VCSEL with damage at the edge of the deep
a semi-transparent contact shows a dark central core,
with an undegraded periphery. The dark line observed

from the upper portion is due to a surface scratch the die edges. The fact the
from the sample preparation.

implant, or from sawing damage at

degradation appeared to
! preferentially start at one side of the aperture may have been due to the inevitable
small mis-alignments between the aperture and the current confinement implant.
Presumably, the darkening will be radially symmetric with the implant, and the non-
centered aperture will expose brighter and dimmer edges. This hypothesis seems to
have been well supported in a systematic study of EL from aged red VCSELs (see
chapter 6 for details), where the darkening always came from the same side of the
device in every aged device. If there were truly another cause of the darkening being
more prominent on one side than the other (such as extermal nucleation of
degradation), we would expect to see darkening coming from different sides of the

device.

3.7 C-V and I-V characterization
One weakness of many of the techniques used to characterize degraded lasers

is that they are fairly poor at detecting uniform degradation. While virtually all
techniques (EL, CL, EBIC, TEM, PL microscopy, etc.) can image dark-line defects,
most are incapable of detecting, say, a uniform 20% drop in efficiency due to an
increased concentration of non-radiative centers. (In principle, perhaps with special
calibration structures and true quantitative data collection methods, this could
change; however, the comment holds true for the way the techniques are generally
implemented and used only for qualitative information.)

Capacitance-voltage (C-V) and current-voltage (I-V) techniques are
measurable to high accuracy, and are both affected by distributed point defects.
They have successfully been used to characterize degradation in stripe laser diodes in

i
{
)
{
!
!
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68 Section 3.7: C-V and I-V characterization
the past. While we are not able to draw any conclusions about what the cause of
failure is using our C-V or [-V characterization, we were able to rule out causes
which are inconsistent with the experimental results. The results are discussed in
Appendix H.
3.8 Discussion of degradation mechanisms occurring early in the

device lifecycle
We shall discuss below a failure mechanism, initially proposed by

Honeywell MICRO SWITCH, which appears to explain our experimental
observations far better than conventional stripe-laser models do. To the best of our
knowledge, although some aspects of this mechanism have been observed in stripe
lasers and LEDs [2], it has never been designated the primary cause of failure in

i such devices.

3.8.1 The “Current Shunting” or “Dopant Passivation” mechanism of
VCSEL degradation.
If we take the evidence of totally-degraded VCSELs from Michael Cheng

(Ch. 4), plus the EL results earlier in the chapter (Sect. 3.6.2), and add what'’s
known about degradation in stripe lasers (Ch. 2), we reach the conclusion that by far
the most likely explanation of failure is the growth of a dislocation network in the
central portion of the VCSEL'’s active region. This is shown on the left side of Fig.
3- 20. However, when we also consider the CL and EBIC experiments described
earlier in this chapter on partially-degraded VCSELs, which show no evidence of
dislocation growth, we must seriously consider the alternate failure mechanism on
the right side of Fig. 3- 20. The right side shows that the central portion of the p-
DBR or the n-DBR becomes passivated as a consequence of device aging. It is very
likely that, depending on the background doping near the quantum wells, and the
physics of degradation, only one DBR or the other would show strong passivation;
however, we do not have sufficient evidence to say which of the DBRs is
responsible. This then increases the effective resistance in the device center, which
encourages the carriers to follow the lower resistance parallel paths available toward
the edges of the device. It is unclear whether this passivation takes place as a result
of defect complexes, as discussed in Martins [2], of whether the passivation is due
to the migration of the abundant amounts of hydrogen in the device from proton
implantation. It does seem to be the case that perhaps the passivation process is
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Chapter 3: The early stages of degradation 69
photo-pumped, since patterns are often observed which look suspiciously like the

| shapes of the modes which were lasing during the aging process.

\

passivation
of dopants
forces current
around desired
area

1) Carriers are getting into active region, || 2) Active region is undegraded, but carriers
but combine non-radiatively at DLDs can't get where they are needed in the center,
Kor non-radiative centers. j \_ due to high resistance areas. Y,

Fig. 3- 20: Two competing models to explain declining EL efficiency in device center. The left
model is conventional, but the right model fits the data better.

The “current shunting” model of device failure is consistent with all the
observations published in this Chapter. Further, with some critical re-examination
of our two key assumptions (see the discussion below), it is consistent with all
experimental data taken to date.

An explanation of the difference between the working of plan-view
cathodoluminescence and transparent-contact electroluminescence results would be
valuable at this point. CL is able to directly inject carriers into the device uniformly,
and largely without regard to the resistance or internal fields encountered under
device operation. As such, the uniform luminescence observed in CL and the
uniform current collection by EBIC is an indication that dislocations or non-radiative
centers do not exist in the active region of rapidly-degraded devices, and are not
strongly evident in other layers. By contrast, EL is dependent not only on the
radiative efficiency of the active region, but also on the availability of a current-
delivery mechanism. Since current can’t get the center of the (undegraded) active
region in EL, it appears dark. Thus, the “current-shunting” model is able to explain
; both the non-uniform EL and the uniform CL images.

. Future work should first attempt to directly verify current shunting, and
show a reduction in the fraction of activated dopants — our present evidence is
indirect, since it only shows that the device has degraded without any evidence of
dislocations or non-radiative centers. As we shall discuss in Chapter 9, a variety of
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70 Section 3.8: Discussion of “‘current-shunting” failure mechanism

different techniques (such as scanning capacitance microscopy, or “SCM") exist for
taking two-dimensional doping profiles. However, this requires either cleaving or
cross-sectioning the device, where the cross sectioning requirements may be far
stricter than those for our previous samples, given the extremely surface-sensitive
nature of SCM. Once dopant passivation had been verified in aged devices, other
aged devices could be annealed before cleaving. This would drive off excess
hydrogen, presumably without affecting defect complexes which form with dopants,
and allow us to find which one of the two explanations is more likely.

3.8.2 Additional support for ‘“current-shunting” failure mechanism
from Honeywell MICRO SWITCH

We are not the first to postulate the failure mechanism discussed in this
| section: credit for that goes to scientists at Honeywell MICRO SWITCH,
particularly James Guenter, Robert Biard, and Ralph Johnson. Two major pieces of
evidence drove them to this conclusion: first, the quantum efficiency of the device at

very low drive levels remains unchanged after degradation.
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Fig. 3- 21: Low-current L-I curve of a VCSEL Fig. 3- 22: Ratio of light out before / after
before and after degradation shows a ~3x drop in degradation, versus current. The fact there isn't a

light out at 100 pA, but little change at 10 pHA. significant drop at low currents after aging is taken
as evidence that the active region has not degraded.

Light versus voltage (L-V) characteristics below 1.4 V, and light versus
current (L-I) characteristics below 100 LA do not change much after aging, as we
see in Fig. 3- 21. We can also compare the ratio of the light out before and after
aging (Fig. 3- 22), where we are able to see that at very low currents the efficiency
is almost unchanged. When true degradation takes place inside the active region,
such as the creation of non-radiative centers, or dark-line defects, the active region

efficiency would be expected to drop across the full range of operation.
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The second observation supporting a different failure mechanism comes

from careful analysis of the subthreshold L-V and I-V characteristics above the
aforementioned drive levels, yet below threshold. Normally, radiative
recombination in an ideal device should increase in current as I(V)=L,exp(qV/kT)
(i.e., | decade per 60 mV increase), as we discuss in Appendix H. However, at
currents below this ideal regime, non-radiative current, of the sort expected at the
deep-implant edges, increases more slowly: I(V)=I,exp(qV/2kT) (i.e., 1 decade per
i 120 mV). The total current can be analyzed as the sum of radiative and non-radiative
components {7, 29]. In undegraded devices of various sizes, the non-radiative
current scales as the length of the deep-implant perimeter, while the radiative current
scales as the area of the device, further supporting this interpretation. An analysis of
aged devices suggests that current is being shunted off to the non-radiative deep-
implant edges, and that the effective device area has been reduced after aging. The
proposed change is an increase in the resistance of the p-DBR in its center, which
then causes the current to flow through the lower-resistance parallel paths around the

device center.

3.8.3 Assumptions about the nature of degradation revisited.
Earlier, we discussed two key assumptions we had made, the first being that

degrading a device over a period of minutes or hours would cause degradation by
the same failure mechanism that the device would experience under actual operation.
This assumption has been widely used in experiments in the past, and is generally
valid, providing a single, dominant failure mechanism is present. However, where
multiple failure mechanisms are present (and we have certainly found many even in
single devices), then the assumption must be called into question. Given that the
different accelerating factors (including current density, carrier concentrations,
temperature, and optical pumping density) will not all increase in lockstep with one
another, it is not reasonable that the same acceleration factor can be achieved for each
of the multiple failure mechanisms. Thus, any acceleration will not accurately
display the true case in a device normally operated. However, given that
acceleration of some sort must be used to obtain failures in a timely fashion, there is

a strong argument that lower acceleration factors will more closely show what the

true nature of degradation will be. Given the observation that currents in excess of
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72 Section 3.8: Discussion of “current-shunting” failure mechanism

30 mA no longer degrade devices at the rates predicted by the published Arrhenius
plots [30], using currents at or below 30 mA (along with thermal acceleration) is
probably wise. However, as stated earlier, we did not have a burn-in station capable
of aging arrays under high-temperature conditions. A few experiments were done
with degradation overnight on a hot plate with 20-30 mA and 150 °C* surface
temperatures (as opposed to our very-high-current aging at 25°C ambient). These
experiments produced virtually the same results (i.e., no degradation observed by
CL) as the results seen by high-current aging, as we shall discuss. Note that in
many cases (such as those devices show in Chapters 7 and 8), a single failure
mechanism related to DLD growth in the active region appears to be responsible for
device degradation; in such cases high acceleration rates appear to be justified.

To be more specific about the acceleration mechanisms which are important

to device aging, the optical pumping, which is believed to be a key factor in p-DBR

degradation, at first becomes more prominent as current is increased above 30 mA,
(as discussed in Chapter 5). However, at biases above 60 mA (almost always used
for rapid aging) the extremely high internal temperatures reduce the spontaneous
emission efficiency, and non-radiative recombination in the active region takes its
place. This provides more thermal acceleration relative to the optical pumping
mechanism.

The second key assumption we made was that by studying totally degraded
devices, we could discover the cause of degradation for partially-degraded devices
which have just passed the “2 dB power drop” [31] failure criterion.

This second assumption was invoked by Michael Cheng after performing a
number of “negative” experiments, where no difference could be seen between
degraded and undegraded devices. The first cross-sectional cathodoluminescence
data run was on an array of 4 aged devices: only one of the four showed any sign of
aging; the others all appeared identical to the unaged devices. The first few VCSELs
which were examined by TEM were degraded to where peak power dropped by 50-
70%: all of them appeared totally undegraded in TEM examination. Other
mechanisms for device failure not requiring non-radiative centers (such as those
proposed in this chapter), had not been postulated at the time. Thus it was believed
that possibly the reason no dislocations were observed was that their density was
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insufficient, or that we’'d been “‘unlucky” in not capturing any dislocations in our
thin TEM foil. By studying a totally degraded VCSEL with a high density of
dislocations, this probability could be reduced. However, our subsequent work,
and those of others, make it appear possible that the dislocation propagation only
starts well after the device has already passed its failure criterion. In retrospect,
Cheng’s consistent failure to find any physical evidence of degradation in partially-
degraded devices he studied is consistent with the findings of this chapter, and was

probably not simply an unlucky accident.

3.8.3.1 Analysis of top-emitting CL results
The best method for studying how aging conditions affect the dislocation

growth in the p-DBRs is the top-emitting CL on unprepared samples (Section
3.5.2). We start with a summary of the results in Fig. 3- 23, which encapsulates the
results presented earlier in section 3.5.2.

Device | Aging Aging Ambient | Increase in | Change in top- Resolvable

time current aging threshold | emitting p-DBR | DLDs in

temperature | current CL efficiency p-DBR?
602 C-V2 I min 100 mA 20 °C 4x +15% no

602C-R2| 23h |23mA | 125°C 2.5x -10% yes, barely.
in line scan

2.000 10 mA 125°C 4x -83% 7 (no line
469 #2 000 h scan_made)
469 #3 | 3000h | I0mA 125°C | non-lasing -94% yes. clearly

resolvable

Fig. 3- 23: Summary of results from the top-emitting CL experiments performed on VCSELs aged
at various conditions.

< .
DL Exem 3 We arrange the findings of
‘ . - run % Total ﬂ K . 5 g g
: e, | (noionger =T ig. 3- 23 in Fig. 3- 24 ng tw
oo, (@S Xincre e - Fig g- 3- 24, along two
| *Current Shunting” . axes. The y-axis is the acceleration
nml : bnfl.llclr::: '°°":,".;“,:" ! Exnnllvo:.l:locag.on |
(2.000 o) Disiocations ao | ™S factor  used. In the highly-

T cumevsmnting- | commsraming® | aCCelerated conditions we used, it
E!u‘:.l:: i only.No disiocation | ln:. tlrl-dmatl\:rll . '
@min-24n) . pdmary focus) e engs o) |

appears that the current shunting

was accelerated more rapidly than

Fig. 3- 24: How aging conditions affect VCSEL dislocation growth in the p-DBRs.

_ degradation. As the acceleration factor is slightly
i lowered (overnight degradation for C-R2 vs. 1 minute degradation for C-V2 in Fig.
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3- 23), we start to see some sign of dislocations. As the acceleration factor is
lowered substantially further (thousands of hours, or >100 days), we observe a
significant (>80%) drop in CL efficiency. After seeing the difference between
rapidly- and gradually-aged devices, it would obviously be preferable to simply
study gradually-aged devices. However, at this writing, all such devices are single
die, which cannot be used in most of the experiments described. If arrays of
closely-spaced devices were aged, as discussed in Chapter 9, this limitation could be
overcome in future work.

The other axis of Fig. 3- 24 addresses how deeply devices are degraded
before examining them. It seems evident that totally aging devices until they put out
no more light increases the importance of DLD growth relative to that of current-

| shunting. This seems consistent with the aging process described by Martins et al.
[2], whereby the passivated region of the cladding layers grows until it encompasses
? the active region, at which point DLD growth in the active region begins. Thus DLD
growth only starts fairly late in the degradation process, and may not be the true
cause of device failure. In the next chapter, we will discuss these findings of dark-
line defect growth in detail. Even where they do not reflect the true failure
mechanism, they give us important information about the “weak points” of the

device which we should examine in order to improve VCSEL reliability.
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Chapter 4: Late stages of degradation in proton-implanted VCSELs:
dislocation growth
In the previous chapter, we discussed what appears to be the primary
degradation mechanism for proton-implanted devices, namely the “current shunting”
mechanism based on dopant passivation. In this chapter we discuss a number of
additional failure mechanisms observed in proton-implanted devices. Among these
mechanisms is the surprising observation of degradation in the p-DBR: degradation
i beyond the immediate vicinity of the active region is not generally observed in
traditional stripe lasers. We are confident that the other mechanisms discussed in
this chapter are not the cause of failure for partially-degraded VCSELs aged under
extreme currents. However, these mechanisms appear to be more important for
devices aged under normal conditions, as was discussed earlier in Section 3.8.3.
Further, the data in this chapter tell us a great deal about the inner workings of
VCSELSs, and point out where operating stresses are concentrated. This information
should be useful to device designers looking to improve VCSELSs in the future. The
discussion in this chapter relies heavily on work done by my co-worker at UCSB:
Dr. Michael Cheng. I appreciate his permission to reproduce much of his data in

this chapter; I have cited the original source in each of the images or spectra.

4.1 Degradation in the active region
We start this chapter with a brief discussion of degradation in the active

region. Such degradation is the primary cause of failure for stripe lasers, and was
expected to be the primary cause of VCSEL failure before our experimental work
was begun. Presumably, if some of the other failure mechanisms mentioned in
Chapter 3 and 4 were eliminated, active region degradation would remain as the
limiting failure mechanism.

Early double-heterostructure (DH) stripe lasers used proton-implantation for
current confinement. Deep proton implantation was known to be a cause of
reliability problems. This has also been observed by Wenbin Jiang of Motorola,
who has seen that VCSELs with excessively deep current-confining implants have
very short lifetimes (<500 h), while normally-implanted devices have long lifetimes
(>10° h) [1].
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78 Section 4.1: Degradation in the active region

A JEOL 2000FX operating at 200 kV was used to image the degraded
VCSELs. (220) strong-beam dark field conditions were used for imaging

dislocations. Inspection of transparent regions outside the lasing area showed no

dislocations, and helped to rule out the possibility of dislocations generated by
sample preparation techniques. In addition, no dislocations were detected in
similarly-prepared undegraded VCSELs. The sample preparation and capabilities of
TEM will be discussed in greater detail in section 4.3.

As we can see in Fig. 4 - 1, no such
dislocation nucleation is observed near our proton
implants. This is not surprising, given that the
stain-etch images shown in Fig. 3 show that the
peak of the implant is not much deeper than half-
way down in the mirror stack (i.e., at least | pm
above the quantum wells).

The dislocation network is most dense

near the center of the device, where current, heat,
and photon density are all the highest. It is worth
re-iterating that the photos shown in Fig. 4 - |
were of a totally degraded VCSEL; partially-
degraded VCSELSs showed no dislocations in any
layer of the device. This is consistent with the
observation offered in the previous chapter that
dislocation growth only takes place late in the

aging process.
Fig. 4 - 1: TEM images of totally It
degraded VCSEL cross-section. a):

Near edge of current-confinement dislocations has traveled from the p-DBR down
implant, dislocation network is sparse.
b): Near center of device, dislocations
are dense. Glide dislocation appears to end of the dislocation are not visible, presumably
have penetrated active region, and may
have nucleated the dislocation network
(After Cheng et al., ref. [2]). the plane of the sample (<0.1 um thick). The

appears that one of the glide

into the active region in Fig. 4 - Ib. The start and

since the dislocation was not perfectly oriented in

AL AL T A

glide dislocations may have nucleated the dislocation network in the active region

[3].

—m e
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4.1.1 strategies for reducing degradation in active region
Many of the strategies appropriate for improving the reliability of the active

region were discussed earlier in Chapter 2, and are equally appropriate for stripe
lasers and for VCSELs.
degradation in the active region is to optimize growth conditions, to produce

The most important step that can be taken to reduce

optimized stoichiometry. Controlling the precise doping profile in the confinement
layers also appears to be important given the possible formation of a *virtual anode”
in the immediate vicinity of the active region [4]. Strained quantum well epitaxy can
provide an active region immune to dislocation climb [5]. The current-confining
implant needs to stay shallow enough to avoid nucleating damage in the active region
[1].

controlling the degradation in the mirrors, as discussed in the following section, may

Finally, since DLDs may be nucleated by dislocations from the p-DBR,

also be important.

4.2 Non-localized observations of degradation by
cathodoluminescence

4.2.1 Cross-sectional CL of rapidly degraded devices.
250 Cross-sectional CL spectra with e-beam on QW Our earliest work used
748 nm 8°K | VCSEL samples which were
% 200 | p-DBR | _
g rapidly degraded at currents well
3 150 | 735 nm undegraded past the roll-over point (T, ~200
S n-DBR | | degraded 828 nm
2 796 nm  substrate °C) for on the order of one hour,
a 100 | active 1 ) )
£ region until their peak output power had
a O 1 dropped by at least 50%, and their
0 . . . lasing threshold had doubled.
700 750 800 850 900 )
Wavelength (nm) However, as we shall show in the
Fig. 4 - 2: Cross-sectional CL spectra of degraded and following chapter, the same
undegraded VCSELSs (after Cheng et al., ref. [6]). .
degradation = phenomena we

observed in the rapidly-degraded samples are also observed in VCSELs degraded
over thousands of hours at normal operating currents by Honeywell's MICRO
SWITCH division.

[IRYEV Y- JUTS SRRSO
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80 Section 4.2: CL observations of aged VCSELs
These rapidly degraded arrays were either cleaved or polished to allow
inspection of their cross sections. Their spectra were taken, allowing identification
of four distinct peaks: the n-DBR (735 nm), the p-DBR (748 nm), the active region
(796 nm), and the substrate (828 nm), as shown in Fig. 4 - 2 [6]. Basic data on the
spectral properties of AlGaAs, and the spectral shifts related to doping, are contained

in Appendix F.

Subsequent data studying cross-sectional spectra from undegraded arrays
proved that the data from the cross-sectional spectra must be interpreted with some
caution. Generally, the beam was focused into a tight raster pattern while the
spectrum was being collected, and concentrated as near to the active region as
possible. However, since these samples were not stain-etched, the exact location of
the active region was not clear as the data was being collected, and the box could
easily be centered a half-micron too high or too low, which would significantly
change the results. In addition, differences in the exact cleaving or polishing plane,
had dramatic effect on the signal collected from the p-DBR (but less from the active
region). (See Appendix E for details.) Thus, quantitative comparison of spectra is
probably unwarranted (i.e., “...luminescence from the p-DBR drops by exactly
50%"), and the nature of both the sample and equipment do not lend themselves to
quantitative comparison.

By then tuning the spectrometer to each of the spectral peaks, we were able
to form monochromatic CL images of the different device components. When
examining undegraded VCSELs, we were able to see what areas had been proton-
implanted, as the implant damage eliminated cathodoluminescence in those areas by
providing efficient recombination centers. The unimplanted areas showed uniform
luminescence as expected.

The degraded VCSEL cross sections, however, showed a surprising result.
The p-DBR, which had not been expected to participate in the degradation process,
showed evidence of dark areas in the monochromatic CL image. In addition, as
expected, the active region showed reduced luminescence in the central region where
current density was highest. No degradation was observed in the n-DBR. The
monochromatic images are shown in Fig. 4 - 3 [6, 7].

i

ke RO e

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 4: Late stages of degradation 81
Undegraded VCSEL CL Degraded VCSEL CL

7= 748 nm

p-mirror S um

=796 nm
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active region active region

I n-mirror

Fig. 4 - 3: Monochromatic images from undegraded VCSEL (left, after Cheng et al., ref. [6]) and
rapidly degraded VCSEL (right, after Cheng et al., ref. [7]). The right images are a double exposure
of the SEM image (showing the p-contact metallization) and the CL image. The arrows point out
degraded regions in the aged device.

The discovery of p-DBR degradation led us to an intensive investigation to
uncover the driving mechanism responsible. The mechanism, and the proposed

solution, are discussed in greater detail in Chapter 5.

4.2.2 Cross-sectional CL of normally-degraded devices
Due to concerns about the difference between rapid degradation and the true

degradation which would be expected under normal operating conditions, I prepared
VCSELs which were degraded by Honeywell Micro-Switch for ~6,000 hours at 20
mA and 80 °C. Such devices were prepared by bonding a small glass cover-slip to
the top of the die, and then encapsulating the die and header in epoxy. The die and
header were then cross-sectioned using the standard polishing procedure discussed
in Appendix B. Two devices were examined: a partially-degraded device with a
threshold which had more than doubled to ~8.5 mA, and a totally-degraded device
which no longer lased.

The spectra are shown in Fig. 4 - 4. The differences in the heights of the p-
DBR peaks at 745 nm, and the shape of the substrate peak at 825 nm, are not
thought to be significant, given the potential sources of experimental error discussed
above and in Appendix E. However, the difference between the n-DBR peaks at
725 nm is so large as to be worth examination. In TEM, small clusters or
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Fig. 4 - 4: CL spectra from normally-degraded
VCSELs.

precipitates were observed in the n- BLaAMAAALIRMILILY

DBRs of aged devices, where the current 735 nm

was the most concentrated. However,

no reduction in the brightness of this

] central area could be observed in
| monochromatic CL imaging at 725-735

) ] ] Fig. 4 - 5: Monochromatic CL images of a
nm. Further work is needed in this area; partially-degraded VCSEL which was aged at

specially-prepared plan-view samples near-normal currents.
with the p-DBR removed would be one avenue of investigation.
The monochromatic images of the partially- and totally-degraded devices can

be seen in Fig. 4 - 5 and Fig. 4 - 6. A gradual fall-off of intensity toward the left

n-DBR
p-DBR (red-side of peak wavelength)
747 nm 796 nm

p-DBR (peak wavelength) active region

Fig. 4 - 6: Monochromatic CL images of a totally-degraded VCSEL which was aged at near-normal
currents.

- hemrien
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can be observed in the 735 nm n-DBR images, due to a problem with CL mirror
alignment which existed at the time. Non-uniform p-DBR emission can be observed
in both devices. In the totally-degraded device, darkening in the center of the active
region was observed, consistent with the TEM and CL observations discussed
earlier in this chapter. Unfortunately, due to sample charging problems, we were
not able to image the active region of the partially-degraded device.

4.3 Analysis of TEM images of degraded devices

4.3.1 General notes on TEM and cross-sectional sample preparation.
Transmission electron microscopy (TEM) is alone among the techniques we

used in that it is capable of atomic resolution with well-prepared samples. It can
detect individual dislocations, precipitate clusters, microloops, and interface
roughness. It is the only technique we used which can show the details of where the
dislocations start and where they end — other techniques merely show the general
areas affected. Further, unlike other techniques, it is able to identify what the defect
type is (i.e., glide or climb dislocations).

TEM has its shortcomings, like all techniques. The sample preparation for
VCSELs is nearly impossible, and so the investment per sample is enormous.
Thus, conclusions drawn from TEM results usually are based on a couple of “lucky
samples.” The TEM is notoriously difficult to learn to use. While CL can identify
implanted areas (where luminescence is reduced due to disruption of the lattice) TEM
sees only the coherent defect structures (e.g., microloops and dislocations), and is
unable to see the proton implant or high trap concentrations, for example. And TEM
tells you little or nothing about the internal workings of the device in a dynamic
sense (e.g., carrier concentration, resistance or doping profiles, current flow paths,
etc.) TEM is merely a structural snapshot at a single point in time — because it is
destructive you can’t use it to watch dislocation growth like you can with
electroluminescence.

After aging at extreme currents until total device failure, a glass cover slip
was bonded on top of the array to protect the top edge of the VCSEL, and the array

[ S SR TV RN
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84 Section 4.3: TEM observations of aged VCSELs
was polished down to the middle of the emission openings using a tripod polisher
using standard cross-sectioning techniques [8]. The opposite side of the array was
dimpled until it was approximately 15 pm thick. The dimpled side of the sample
was finally ion milled to electron transparency. Further details of the aging and

sample preparation are discussed in detail in Appendix B.

4.3.2 Dislocations at inverted interfaces

4.3.2.1 TEM images of interface dislocations
A TEM image of a cross sectioned device is shown in Fig. 4 - 7. Twin-

beam imaging (using the (220) diffraction vector) was again used to maximize

dislocation contrast.

Dislocations can be seen at
the "inverted interfaces” where the
aluminum fraction is reduced from
100% (pure AlAs) to 16%
(Al (Ga,As). No defects were
observed in the DBR layers

themselves, or in the “upstep™ where
the aluminum fraction is increased.

These dislocations were observed

about a micron below the device
Fig. 4 - 7. TEM Image of climb dislocation networks

localized to the inverted interfaces (After Cheng et al.,
Ref. [7]). aperture, where current flow would

surface, and near the edge of the

be expected to be highest. Weak beam imaging confirmed that the dislocation
networks (as well as those shown in Fig. 4) were not single dislocations or

dissociated pairs with stacking faults.

4.3.2.2 SIMS data on dopant and impurity trapping at inverted
interfaces

One possible explanation for the defects only being present at the inverted
interface (i.e., the Al “downstep”) is that oxygen or other impurities are gettered by
the reactive AlAs layer, floating on its surface during growth. As the aluminum

B T

mole fraction is reduced, such impurities end up being incorporated into the graded
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Fig. 4 - 8: SIMS profile of superlattice, showing increased oxygen
incorporation in the bulk of the layers, and oxygen “spikes™ at the
inverted interfaces (After Achtnich et al., ref. [9]).

layer. This oxygen incorporation at the inverted interfaces has been well-
documented in studies of MBE growth using SIMS [9, 10], and is shown in Fig. 4 -
8. However, for MOCVD or LPE growth (the technique used to grow the wafers
being studied), we have only been able to find a single analogous SIMS study; it did
not show the high oxygen incorporation at the interfaces seen in MBE [9].
Presumably the hydrogen present in LPE and MOCVD helps to reduce oxygen
which would otherwise be present in the growth chamber. Dopant spikes can also
be observed at the inverted interfaces (including in MOCVD samples), and may
contribute to degradation as well.

The other explanation for dislocation

networks which are localized to the inverted

Injected interface would be due to carrier
electrons

recombination being localized at that
interface due to band-bending. Under bias,
the band bending would be asymmetric, and
would trap charge preferentially at one
interface or the other (Fig. 4 - 9). Band-

Fig. 4 - 9: Band diagram of VCSEL p-DBR  bending has been analyzed previously using

shows charge being trapped preferentially at  \athematical modeling [11, 12}, and is
an interface, thus resulting in localized

dislocation growth.

reduced with graded interface structures

RIE SR BRrRE
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86 Section 4.3: TEM observations of aged VCSELs
with optimized doping profiles [13]. One could determine which of the two models
(i.e. impurities or trapped charge) was responsible for the DLDs, by artificially
aging p-DBRs with a high power laser, while simultaneously applying a forward or

reverse bias. Impurity-driven degradation should continue to be concentrated at the
inverted interface (‘“‘downstep”), regardless of the applied bias. By contrast,
degradation due to band bending should be at the inverted interface under forward
bias, and should shift to the other (“upstep”) interface as the bias is reversed.

4.3.2.3 PL data showing interface states
0 y T y y T We used PL to study the

08 AlAs (x 0.2) deep-level interface states in

mirror structures. We obtained a

> number of samples, both of

DBRs, and bulk samples of the
DBR constituent alloys (namely
AlAs and Al Gag,As). Perhaps

900 1000 1100 1200 1300 1400 1500 by comparing the spectra, we can
Wavelength (nm)

Spectral Intensity (a.u.)

see whether the DBR spectrum is
Fig. 4 - 10: Sub-bandgap PL spectra from AlAs,

Al ,Ga ., As. and from a p-DBR. simply a composite of its two
constituent components or

whether spectral features not common to either component are observed due to DBR
interface states. In fact, we do see a peak at 1.22 pm which is not observed in either
of the constituents, which could be due to interface states not present in the bulk
layers (Fig. 4 - 10). The thick AlAs layer has a very large spectral signature (it had
to be reduced 5-fold to fit in Fig. 4 - 10), probably due to build up of oxygen
concentrations to progressively higher levels throughout the thick growth, or due to
hydrolysis reactions due to atmospheric moisture.

4.3.3 Dislocations from p-contact
In addition to the networks of climb dislocations at the inverted interfaces,

long glide dislocations appear to originate at the p-contact, and travel into the center
of the device (Fig. 4 - 11). The Burger’s vector is (a/2)X110), as would be expected
for glide dislocations. The glide dislocations appear to travel along the path of
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Chapter 4: Late stages of degradation 87
highest current flow. While most such dislocations appear to terminate by curling
up toward the emitting window, a few appear to have gone down and penetrated the
active region. It is possible that they have nucleated dislocations in the active region,
as discussed in Section 4.1.

Extensive efforts were made
to prepare the small die aged at
normal currents for TEM, due to the
concerns about differences between
rapid aging (used in the samples
above) and gradual aging under
more normal operating conditions.

In spite of over 6 months full time

investment in the task, most of our

Fig. 4 - 11: TEM image of glide dislocations
originating from the p-contact, and traveling toward
the center of the device (After Cheng et al., ref. [7]) that gave useable samples (by FIB)

results were failures, and the few

appeared to have strain-induced cracking due to p-contact stress. Details of the
sample preparation, and a discussion of the difficulties, is contained in Appendix B.

Depending on how dominant the “current shunting” mechanism is, TEM
may or may not be useful — devices having failed due to current shunting could
easily show a featureless TEM image, and be dislocation-free. To the extent that
future TEM work is to be done, gradually-aged arrays would be desirable, as we
discuss in the Future Work section of Chapter 9.

4.4 Examining p-contact interdiffusion.

Studies of long-wavelength (1.3 and 1.55 um) InP-based LEDs have shown
that reaction between the p-metal and the InP is a major cause of device degradation.
Substantial metal diffusion in these long-wavelength LEDs is observed. This can be
seen by etching away the semiconductor in a wet etch bath. Most semiconductor
etches will not attack p-metals. By examining the metals remaining, it has been
observed that spikes taller than 1 pm (i.e., spikes which were penetrating the
semiconductor by more than 1 um) have been observed in aged devices [14, 15].
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88 Section 4.4: P-Contact Interdiffusion
Further, dark spots in the electroluminescence (EL) image were observed where the
metal spikes had penetrated the device. Given the way TEM was able to observe
glide dislocations originating at the interface between the p-metal and the p-contact
immediately below it [2, 7], it seemed that exploring the stability of the p-contact

might be worthwhile.

First, arrays of
devices were aged at high
currents (60-250 mA,
where 10 mA would be a
normal operating current)
to greatly accelerate the
aging conditions. Next,
the devices were bonded,

contact-side down, to a

" small piece of glass using

Fig. 4 - 12: Microscope photos of sample to test metal epoxy, and the substrate
interdiffusion. The rings seen on the left are the remaining 17 p- was mechanically thinned
DBR mirror pairs; in the right image, all the semiconductor has .
been etched away. to 50 - 100 um. Finally,
the samples were wet
etched using a solution of 1:1:10 H,SO,:H,0,:H,0. A sample is shown in Fig. 4 -
12, after 5 minutes of etching in this solution (with over 2 um of p-DBR remaining)
and after 8 minutes of etching (with all the semiconductor removed). Note that the
lettering shows up as backward, because we are looking at the remaining

metallization from the bottom. Samples were then carefully examined using optical,

Nomarski, and
scanning electron
MmiCroscopy. The
scanning electron

microscopy images are

RNV T N -1~ seen in Fig. 4 - 13.

4

Fig. 4 - 13: SEM photos of p-metal from aged VCSEL, viewed from
underside, after semiconductor has been wet-etched away.

[P

—
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Chapter 4: Late stages of degradation 89

Metal interdiffusion could also be observed while the technique of
mechanically polishing away the p-contact metal was being developed. While this
technique is discussed in greater detail in Appendix B, it involved using a very fine
0.05 um alumina suspension on a Buhler Chemomet polishing pad to remove the
metal with minimal removal of the p-contact layer below. Controllable material
removal was assured; larger samples could require more than an hour of polishing to
fully remove the p-metals. The top interconnect and dielectric layers would polish
off very quickly, and the p-metal, which had interdiffused with the semiconductor,
would remain. The p-contact interdiffusion was deep enough that although the
oxide and interconnect metals could be peeled off by an epoxy-bonded layer, the p-
metal would rip several microns of semiconductor out of the device with it, if it
could be removed at all.

The samples were photographed when most, but not all, of the p-metal had
been mechanically polished away. They were photographed using both ordinary
optical microscopy, as well as Nomarski interference microscopy. Nomarski

microscopy shows height contrasts

unaged Aged @ 100 mA, 3 min

more sensitively than ordinary

microscopy, but distorts natural
colors and contrasts. Thus, both
types of images are shown (Fig. 4 -
14).

Nomarski

While some metal-
semiconductor interdiffusion was
observed at the p-metal edges even
in unaged samples, no further
interdiffusion was observed for any

reasonable aging condition (i.e.,

Fig. 4 - 14: Nomarski (top) and optical (bottom) and for currents less than 90 mA). The
microscope photos are shown of aged VCSEL:s after edges of the ring clearly seen in
the removal of almost all the p-metal. The ring in the
center is what remains of the edge of the 15 um
aperture; the square further out is the outer edge of the edges, are not seen in the SEM
p-metallization. The left sample was not aged. the
right sample was aged at 100 mA for 3 minutes.

Fig. 4 - 14 demarcating the aperture

images of the remaining metal (Fig.

ey . WP RN
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90 Section 4.4: P-Contact Interdiffusion

4 - 13). The intermixing in Fig. 4 - 13 is evident only by the absence of metal at the

edge of the aperture. It is likely that by interdiffusing with soluble Ga and As
| compounds, the metal at the aperture edge was dissolved in the wet etch solution. It

is not known whether the “rough spots” remaining in Fig. 4 - 13 are the sites of

glide defect nucleation seen earlier in Fig. 4 - 11. However, it is fair to conclude

that no gross intermixing of the sort seen in InP LEDs takes place in the VCSELs we

studied. The contacts appeared to be stable as the device aged.
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Chapter 5: Driving forces responsible for degradation in DBR layers.
While the measurements in other chapters were able to show how

degradation progressed, the explanations of why degradation of the DBR layers
occurred has come primarily from the evidence which will be discussed in this
chapter. Ordinarily, degradation would not be expected outside the immediate
vicinity of the active region, since the cladding and confinement layers are not
supposed to have significant minority carrier populations in them. However. using
spectral measurements, we were able to establish that significant amounts of carrier
recombination are also taking place in the Al (GagAs layers of the mirrors, and that

this recombination was a likely explanation for why degradation of the mirrors was

observed.
This being the case, while it is 120 Cathodoluminescence Spectrum
¥ Ll
. p-mirrcr
straightforward  to  detect  the B100 L . , 300 °K
o . E n-mirrer 120 kV
spontaneous emission which pumps 3 .o \
: . Er
the mirror layers, it is nearly 3 60
. . .. . . g A
impossible to  distinguish mirror £ ,
2 40 substrate ]
. . . (=3
luminescence from the optical pumping % 20 l ]
. X . .
which drives the luminescence. While 0 ) ~ AN
. 700 750 800 850 900
calculations can be used to show that a Wavelength (nm)

) .. . » . '
non-negligible fraction of the active Fig. 5- 1: Cathodoluminescence spectrum of a

region’s spontaneous emission is vertical cavity laser, taken from the top. (Taken by
absorbed by the mirror layers, it can Dr. Michael Cheng, ref. (1)
also be directly detected by near-field scanning optical microscopy (NSOM)
experiments, which were done in cooperation with Prof. Buratto’s group. The
details of these measurements are contained in Appendix A.

Ultimately, these results led to suggested design changes which were able to

reduce the early failure rate drastically, as we discussed in Chapter 1.

5.1 Identification of Spectral features

5.1.1 Top-emitting, room temperature, cathodoluminescence
spectrum, showing Al (Ga As luminescence.

As discussed in chapter 3, room-temperature cathodoluminescence of our
proton-implanted VCSELSs yields peaks at 785 nm from the p-DBR (Al (Gag,As),

PRTICRTE WL Viprae)
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94 Section 5.1: Indentification of spectral peaks
as well as at 770 nm from the n-DBR [1]. This is shown in Fig. 5- 1. Since all
layers are excited almost equally by the electron beam, and the DBRs make up >95%
of the epitaxial thickness of the device, CL from the Al GagAs layers of the

mirrors dominates this spectrum.

5.1.2 Photoluminescence spectra.
We took photoluminescence spectra on a variety of samples for two reasons:

first, we wished to establish the luminescence wavelengths of n- and p-type
Al Ga,,As independently of any resonance effects which the mirror might play in
our observations. Second, we wished to explore the effects of traps or deep-levels

in the bulk material and at the interfaces.

5.1.2.1 Description of apparatus and measuring technique.
An Argon-ion laser was

T T

150 mW, 695, norm

—7 mW. 695. norm. used to pump samples, and for

most samples, a relatively high
150 mW 1 beam power was used to
maximize signal-to-noise ratio
from the weak deep-level

emission. The beam was

Normallized Spectral Intensity

0 ae 750 200 ¥ 350 chopped, and a lock-in amplifier
Wavelength (nm) was used to detect the resulting
Fig. 5- 2: PL spectra from a bulk p-Al (Ga As layer at signal. The signal was sent
various pump powers. through a 0.85m spectrometer,
and then into a North Shore Ge detector, enabling us to detect long wavelengths (up
to 1.7 um). The detector was cooled with liquid nitrogen to reduce dark noise. All
samples examined were measured at room temperature, since determining room-
temperature spectral characteristics was important for the purpose of this work. We
also did not want to freeze out donor or deep level states, as we might do by taking
low-temperature measurements.
The samples were mounted on a large aluminum block for good heat
sinking. The spectrometer was tuned to a peak wavelength, and the focus adjusted

to give minimum spot size and maximum signal. In the case of implanted devices,
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Chapter 5: Forces driving degradation in VCSELs 95
the sample position also had to be carefully adjusted to take the sample in the non-
implanted area in the center of an aperture. We attempted to take spectra in the
implanted areas as well, in order to possibly see the deep-level bands from proton
implantation, but no signal was obtained. While the absorption lengths for 514 nm
light (as from the Ar* laser) are very shallow, electrons and holes generated at the
surface can diffuse into the deeper layers. This is visible with a p-doped
Al Gag,As sample which was a few microns thick, as seen in Fig. 5- 2. Note that
emission from the substrate (at 890 nm) is much more evident at high pumping

densities.

5.1.2.2 Band-to-band recombination.

0.03 | : - : ] Part of our goal in
S 0025 | A i measuring the PL spectra was
~ / 1 . .
2 002! // \ i to obtain data on the doping-
w . - . . B .
c 4 / \ : ;
] . related spectral shifts
£ 0015 | Te \ . . 3 _ p. _
= discussed earlier in Chapter 3.
X 001 . . ]
8 t For these data to be accurate,
Sooost . C . 3 -
s 0 compositional control would
ok - . TN\ L .
00 750 800 850 900 need to be quite tight, since
avelength (nm) even small fluctuations in Al-
Fig. 5- 3: Spectra from p-doped and n-doped samples. mole-fraction  would  be

capable of creating changes in emission wavelength on the order of the 15 nm
doping-related shifts we observe. Two spectra, from a p-doped (Zn) and an n-

doped (Te) sample are shown in Fig. 5- 3.
5.1.3 Description of instrumentation for electroluminescence spectra.

5.1.3.1 Experimental setup for taking top-emitting spectra
Taking spectra from a laser in the direction of emission is normally a fairly

simple matter, since laser emission is so intense that even with poor coupling, one
can acquire data. In our case, however we were attempting to acquire the relatively
weak parts of the spectrum, and not just the lasing peak. Thus, we were careful to
optimize coupling efficiency: 20-40% of the light could be coupled into the fiber.

T AR M LA b
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96 Section 5.1: Indentification of spectral peaks

An 830 nm graded-index (GRIN) lens with a 0.29 pitch was purchased from
Melles Griot, and mounted in a custom brass holder, which held the lens on the end
of the multi-mode fiber. The fiber and lens were then mounted to the end of an XYZ
translation stage, and rough aligned with the lasing beam using an infrared viewer.
The output end of the fiber had an FC-PC ferrule on it: it was attached to a calibrated
detector, and the XYZ position of the GRIN lens was adjusted to maximize
coupling. The spectra were then generally acquired in two separate sections: from
740-820 nm, and from 820-900 nm. (For reasons that I still do not understand, the
HP Optical Spectrum Analyzer (OSA) was able to take these two spectra more
rapidly than it was able to take a single spectrum from 740-900 nm). Resolution
Bandwidth was 2 nm, which greatly increases the sensitivity relative to normal OSA
settings, but gives poor resolution of individual lasing modes. The spectrometer
sensitivity was set at -83 dBm, which made for very slow scans (~5 min. each), but

gave relatively noise-free data even for parts of the spectra with low power in them.

s

The experimental setup is shown in Fig. 5- 4.

Two Optical Spectrum Analyzers
(OSAs) were used for this work: an Ando
6312B, and an HP 70951 A. The Ando had
the advantage of being able to save data

Multimode
Optical Fiber

l directly to floppy disks, but had only a
single pass spectrometer. For many

HP 70951 . _

OSA with measurements, this was not a disadvantage
double-grating R L.
monochrometer (e.g., the side emlmng measurements, or

measurements of spectral shift as a function
Fig. 5- 4: Experimental setup used to of temperature change). However, since
measure lOp-ClT\l[[ll’lg spectra.
we were attempting to resolve spectral
features relatively close to the lasing peak for the top-emitting spectra, we generally
preferred to use the HP 70951A, due to its double-pass spectrometer. The
difference between the instruments can be seen in Fig. 5- 5. Lambertian scattering
from the Ando’s grating gives an artificially high background, and strongly affects
the spectral measurements this close to the lasing peak. By contrast, the second pass

on the grating in the HP is able to remove most of the scattered light.
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Fig. 5- 5: Spectra taken from the same laser. The intensity was normalized to be the same at the
790 nm peak. Note the strong existence of scattered laser light affecting the measurements from the
Ando spectrometer.

5.1.3.2 Dependence of spectra on collecting system’s numerical
aperture (N.A.).
A sampling of electroluminescence spectra follows. In each case, spectral

peaks are observed on the high-energy (short-wavelength) side of the lasing peak.
While we no longer believe these peaks are a direct observation of luminescence
from the low-bandgap (e.g.. Al GagyAs) layers of the DBR [1], the peak is
proportional to the optical pumping which drives mirror degradation, and thus is still

of interest.

300 o T T The first spectrum shown
5 250 | (Fig. 5- 6) was actually collected
%200 s 1 in the CL system by Michael
S 150 | | Cheng [1]. It is of interest not
Eu 100 | | only for historical reasons (as it
g ol was the first indication we had of

short-wavelength  luminescence),
700 750 800 850 %00 but also because of the high

Wavelength (nm)

. numerical aperture of the system
Fig. 5- 6: Electroluminescence spectrum of a laser at pe y

1.4 V., collected in the cathodoluminescence microscope used to collect the data.  The
(after ref. [1]). cathodoluminescence mirror is able

to collect light from over 70° off the normal, while the GRIN lens used for other

measurements had a numerical aperture of only 0.25 N.A., or about 15° off-axis.

C e e lA T MR G
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98 Section 5.1: Indentification of spectral peaks

The asymmetric shape of the spectra, with a softer roll-off to the blue (left) side, is a
consequence of this off-angle collection [2], as we shall see again later in this
chapter. The peak at 830 nm is at the lasing wavelength. The peaks at 770 and 780
nm are due to high-energy spontaneous emission escaping from the mirror
reflectivity nulls. The peak at 870 nm is possibly due to luminescence from the
substrate, which is discussed in Appendix A.

50 o D e The spectrum shown in Fig. 5- 7

L L4 T LJ L 1] L]
.55 b Active region
luminescence
F (7 nm GaAs QW)

ORI FUTTY

is more typical of the results which could
be taken with our usual GRIN-lens
collection apparatus, where the peak to

the left of the active region remained 10

Intensity (dBm)
~
o

dB or more below the active region peak

-90

M\
740 760 780 800 820 840 860 880 900
Wavelength (nm)

Fig. 5- 7: Sub-threshold spectrum from a multi-
filamentary vertical cavity laser. Note the
logarithmic scale used on the y-axis; 795 nm
peak is ~17 dB lower than the 830 nm peak. and
has integrated power about 10 dB lower.

at sub-threshold currents, as opposed to
only 3 dB below in Fig. 5- 6. Itis worth
noting that the true spectral width of the
active region is quite large at 5 nm, with

many independent filaments contributing

to the lasing spectrum [3]. In all the

other spectra shown of devices above threshold, the spectral width shown is

determined by the bandwidth resolution set on the spectrometers. The true spectral
width of the lasing peaks in other laser types is almost always <0.5 nm.

Fig. 5- 8 shows the sub-threshold spectrum from an InGaAs-QW pillar

VCSEL. All VCSELs we have

Spectrum from small-diameter pillar VCSEL

50 T observed have a broad enough gain
-55 - ﬁﬁ.’i":eié‘iﬂ — spectrum that spontaneous emission can
E 60 - (8 nm InxGa sAs QW) be observed escaping from the
3-655 reflectivity nulls. Whether the high
§ -70 ' energy  spontaneous emission s
TS ' /\3 absorbed or not depends on the
B 90 350 980 1000 bandgap of the DBR layers, as we shall

Wavelength (nm) discuss later in this chapter. The

Fig. 5- 8: Sub-threshold spectrum from an

InGaAs-QW pillar VCSEL. reflectivity null is slightly further away
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Chapter 5: Forces driving degradation in VCSELs 99
from the lasing peak in these lasers: about 60 nm. The mirror’s stop-band is wider

due to the higher refractive-index contrast between DBR layers.

5.1.3.3 Analysis of shifts in DBR transmission spectra.
1 Many past authors have

é o1 rat also observed high-energy
£ reflectivity Lasing spontaneous emission escaping
% 0.01 null wavelength o

s | ~785 nm -830 nm from the DBR reflectivity nulls [2,

= .
0.001 N A A 4, 5]. This occurs because

700 750 800 850 900 o
Wavelength (nm) transmission increases to >50% at
i Fig. 5- 9: Mirror transmission versus wavelength. the reflectivity null some 40-50 nm

Note that if the maximum reflectivity is at 830 nm, a

reflectivity null occurs at 785 nm. away from the lasing peak, versus

<0.2% at the lasing wavelength,
thus giving more than two orders of magnitude enhancement to escaping
spontaneous emission at the reflectivity null. These nulls were co-incidentally at the
same wavelength as the mirror emission, as established by CL. The mirror

transmission versus wavelength is shown in Fig. 5- 9.

Sub-Threshold Spectra of Degraded Honeywell VCSELs The target wavelength of
A-Ss a T T
é-so 3 47 nm 823nm  |}858 nm i the VCSELs is 850 nm. The 830
2o 803 nm 1 nm samples shown above are edge
s <70 776 nm 3
Eas \,\, i samples — growth rate declines
B
g 80 i toward the wafer edges, and
285 § . 55nm, . :
@ 10 800 850 900 resonance wavelength falls with

Wavelength (nm)

) o decreasing DBR thickness.
Fig. 5- 10: Spectra from two VCSELs with different

resonance wavelengths. Note that the spacing between Essentially, these thickness

the secondary peak and the lasing wavelength is differences simply shift the entire
approximately constant; the secondary peak does not

maintain a fixed wavelength as it would if it were due to reflectivity  spectrum, without
luminescence of Al (Gag,As, which is fixed at 790 nm, modifying the shape, or

regardless of cavity geometry. o ] )
significantly changing the spacing

between the nulls. Two spectra are shown in Fig. 5- 10, allowing us to see that the
peak to the left of the lasing peak is almost entirely composed of spontaneous
emission escaping from the mirror reflectivity nulls. If the emission from the DBRs
were a major contributor to the spectrum (> 20% of escaping power) a peak fixed at

Bt 21 P T TR
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100 Section 5.1: Indentification of spectral peaks
790 nm would be evident (the wavelength seen in the CL spectra), regardless of
how the resonance wavelength differs.
This same phenomenon of spectral shifting of the mirror and cavity
resonance can be observed by taking off-axis spectral measurements. Since the k-
vector of the light increases off-axis, the wavelength decreases. The resulting

spectra can be seen in Fig. 5- 1 1.

Optical
spectrum
analyzer

&

1

Spontaneous
emission peak

acad 2 o

&

o
w
(=]
°

First 45° (dashed line)
Multimode reflectivity gno
i 60 0° (Normal 1
fiber nuli inc dg:::l:)

0.46 N.A. GRINIens
‘/

&
)

VCSEL

'
| a4 @A | ‘o
f T0-5 | | | oA shift

header
0

Spectral Intensity (dBm)
&4
o

8

60° -100

750 800 850 900
Wavelength (nm)

Fig. 5- 11: Spectra taken at four angles. The one labeled “0°" was taken normal to the surface, the
others were taken at increasing angles from normal.

5.2 Dependence of spontaneous emission on drive level.

5.2.1 Top-emitting spectra at various current levels.
The reader who had not read the introduction to this chapter could easily

come to the incorrect conclusion that perhaps the mirrors aren’t really giving off

3 — — luminescence after all — this is not the
case. Even if the luminescence from the

g 2 mirror layers can only be observed directly
£ using NSOM, as discussed at the
§1 conclusion of this chapter, it stands to

reason that “where there’s smoke, there’s

e o860 fire.”  That is, with emission escaping
Wavelength (nm) from the mirror reflectivity nulls at photon
Fig. 5- 12: Spectra from undegraded proton- energies well above the bandgap of

implanted VCSEL.
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Chapter 5: Forces driving degradation in VCSELs 101
Al ,Ga,As, some absorption of this luminescence is to be expected, and will
optically pump these layers, thereby introducing unwanted minority carriers in them.
Thus, even if we can’t directly study the mirror luminescence itself because its
swamped by the optical pumping signal, it is worthwhile studying the high-energy
spontaneous emission escaping through the mirrors, as the mirror luminescence
would be expected to be roughly proportional to the intensity of this optical pumping
source. A typical set of spectra (from Honeywell VCSEL wafer 591, laser L-1V)
are shown in Fig. 5- 12. Note that the luminescence rises quickly until threshold is
reached (at around 4.5 mA), and is then pinned above threshold. This is discussed

quantitatively in the next section.

5.2.2 Integrated power in various spectral bands as a function of

current.
0.40 e 4 Studying the EL spectra as a
035} 1353 . .
§§ 0.30 , E function of drive current also
oz ¢t 17 5 . .
23 925t |25 § reveals useful information about the
g% 0.20 2 g :
Sw F 1° = nature of the spontaneous emission,
22 015t {1538 ) ) )
4 o010k {1 3 and the mirror luminescence it
0.05 105 & drives. The spontaneous emission
[v] 2 1 L 1 1 1 0 - .
0 10 20 30 40 50 60 70 80 rises below threshold, then levels

Current (mA) ) )
] out (once the lasing threshold is
Fig. 5- 13: L-I curve both for total output power from

laser (dominated by 850 nm emission), as well as reached) with a pinned carrier
integrated high-energy emission as a function of concentration, and finally starts to
current.

rise once again when the L-I curve
starts to roll over (Fig. 5- 13). By integrating the power from 740-820 nm for each
of many different currents, we obtain the power from the high-energy spontaneous
emission which pumps the luminescence. Note that it does not scale with lasing
power. Also note that the power is a fraction of a microwatt, which is a few orders

of magnitude lower than the lasing power.

B A
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102 Section 5.3: Discussion of driving mechanism for p-DBR degradation

5.3 Discussion of driving mechanism for mirror degradation.

5.3.1 Side-emitting electroluminescence spectra from cleaved
VCSELs.

The source driving degradation in the mirror layers is believed to be the
optical pumping from high-energy spontaneous emission, which is absorbed by the
Al Gag,As layers in the DBRs. It should be noted that the lasing photons have too
little energy to be absorbed by DBR layers (although in areas with dislocations, deep
levels exist which can absorb lasing light). This optical pumping would lead to
minority carrier injection in the mirror layers, which is a pre-requisite to reaction-
enhanced defect reactions [6]. The broad spontaneous emission characteristic of
semiconductor lasers provides a significant number of such high-energy photons.
The spontaneous emission is best observed by studying VCSEL emission directly

B

from the side, where the spectral characteristics of the mirror will not affect the

measured spectrum.

The cross-sectional spectra can be
taken by cleaving a VCSEL in half, and

then studying the luminescence coming

Multimode
Optical Fiber

0.46 N.A.
GRIN
Lens
ontaneous
Emission

from the side. Amazingly, the device
l lases, and even has a lower threshold
after being cleaved in half. The

HP 70951
OSA with

double-gratin . .
e | Fig. 5- 14. Thus, a rough approximation

= of the modal dynamics of a real VCSEL
Cleaved VCSEL

experimental configuration is shown in

) ' can still be studied. The only caution is
Fig. 5- 14: Schematic of experimental setup for

cross-sectional spectra from a cleaved VCSEL. that, with the reactive AlAs layers, the

cleaved VCSEL must either be coated, or
kept in a desiccator when not in use to prevent hydrolysis of the AlAs. A typical set
of spectra is shown in Fig. 5- 15.
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Chapter 5: Forces driving degradation in VCSELs 103

Cross-sectional spectra from cleaved-through Honeywell VCSEL (422)
210

F Al.tsGa;.uAs - lasing ]
r bandedge ~ wavelength
L 780 nm ]

L Ahsorhed.. ... :
Bpontarieous
- emissijon

Power (mW)

700 750 950

800 850 900
Wavelength (nm)

Fig. 5- 15: Cross-sectional spectra from a cleaved VCSEL, taken edge-on. The bandedge, and the
light with energy above the bandedge. are shown on the high-energy (short-wavelength) side of the

diagram.

As has been observed earlier [4], while the top-emitting spectrum is filtered
by the mirror's response function, the cross-sectional spectrum is a fairly accurate
depiction of the actual spontaneous emission profile. The spectral profile is quite
broad, with a 62 nm full-width at half-maximum (FWHM) at lasing currents (Fig.
2). Luminescence from the n- and p-AlGaAs layers is not directly visible in the
cross-sectional spectrum, possibly because such luminescence is overwhelmed by

the magnitude of the spontaneous emission which is pumping it.

3 ™ - T We can observe that 6% of
s 6% of Emission o

zo3 e e/ sandgap for the spontaneous emission produced
c issi r .

gozt 2% of Emission | { p-AlGaAs is above the (1.58 eV) bandgap of
Borl Bl | Bandgap - i .
£ | Bandgapfor  the p-Al,GagAs layers in the p
@ Yo7 Te0 780 DBR, and thus able to inject minority

W;‘\?elength (nm)

) ] , . carriers by optical pumping. The n-

Fig. 5- 16: High-energy tail from the cross-section of

a cleaved VCSEL. Al Ga,As , by contrast, has less
doping-induced band-gap shrinkage,

and thus is capable of absorbing only 2% of the spontaneous emission. This can be

seen by examining a close-up of the device spectrum’s high energy tail (Fig. 5- 16).

By increasing the bandgap of the layers in the DBR pair to Al,Ga,As, we

calculated we could obtain a 20-fold reduction in minority carrier injection (Fig. 3-

17). As will be discussed later, we verified that this change to the structure indeed

R L Sy T G N
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104 Section 5.3: Discussion of driving mechanism for p-DBR degradation

Bandedge Energy (eV) eliminated the formation of dark areas in the

1.66 1.64 1.62 1.60 1.58 1.56
0.1 ..
g p-DBR, by examining degraded VCSELs
[ . .
T T P A Gagas]  USING cross-sectional CL. It also seems to
W2 [Al,Ga,As . .
gs oo (Al 7 = lzggzh have reduced early failures, causing a
£3 7 wncreasing miror -] reduction in Sigma from 1.29 previously to
22 A—03% ...bandaap results in . .
~-significantly lowered .1 () 23 afterward [7]. However, it should also
mirror absorption.
0000 . s AR

no 70 10 7m0 e 1o e be noted that other changes in growth,
Bandedge Wavelength (nm)

. L fabrication, and screening, have
Fig. 5- 17: Reduction in absorbed power o
expected from increasing bandgap of subsequently enabled similar improvements
AlGaAs DBR layer. in device reliability without using increased

bandgap mirrors [8].
It should be noted that a number of other possible causes of minority carrier
injection can be ruled out by examining how the top-emitting spectra change as a

function of current. The short wavelength portion of the spectrum, which includes
both high-energy spontaneous emission and the luminescence it creates in the mirror
layers, rises with current until laser threshold, and is clamped above threshold. This
is the behavior expected of spontaneous emission. We were thus able to rule out a
number of other possibilities, including optical pumping by the lasing light,
pumping by the barrier layers, or double-photon pumping through mid-gap states.

5.3.2 Strategies for reducing dislocation growth in p-DBRs
In addition to the use of wider-bandgap mirrors, discussed above, a number

of other possible opportunities for improving device lifetime are evident from the
preceding discussion in Chapters 3,4 and 5. Control of interfacial oxygen and
dopant concentration seems important in view of the TEM findings. Carriers may
also be trapped in adjacent layers; perfecting the dopant profile to minimize DBR
resistance would address this potential cause of degradation. Different dopants may
allow better control (e.g., less migration), or give better reliability results. Carbon
has replaced beryllium in most HBTs because it is generally more stable. However,
Be can be incorporated as a more stable substitutional dopant (rather than being an
interstitial dopant) by changing the V-III ratio [9]. Work on reducing metallization
stress would likely also prove worthwhile.
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Chapter 5: Forces driving degradation in VCSELs 105

5.4 Results from wide-bandgap VCSELs

- M-WX
g +———Undegraded VCSEL (M-WX)
2
ERTNS
3
2>
z Degraded VCSEL (M-WY) M-WZ
2
E s0f
E
2
o
0 — . .
650 700 750 %00 %50 9500

Wavelength (nm)

Fig. 5- 18: CL spectra from degraded VCSELs
with wide-gap (24%) Al mirrors. NM-W2

A modified structure with high-
bandgap materials (Al ,,Ga,¢As rather than
Al (Gag,As) in the mirrors was then grown
and processed at the Honeywell
Technology Center. To the extent that

mirror degradation is driven by optical Fig. 5- 19: Monochromatic CL images from
. . undegraded (WX) and degraded (other)
pumping from hlgh-energy spontaneous VCSELs. Note that no DLDs of the sort

emission, we expect a 20-fold reduction in seen in Chapter 4 are visible in these devices.
absorbed power with the wider bandgap mirrors, as was discussed in the previous
section. After being rapidly aged, the array was cross-sectioned, and imaged by
CL. No dark areas of the sort seen earlier were observed in the p-DBRs, which
tends to confirm our hypothesis. While other ways also exist to control DBR
degradation, the reduction in the early failure rate is encouraging. Note that the
wider bandgap mirrors have not been adopted earlier at least partly because they
come with some performance penalties: the lower mole-fraction contrast results in
reduced reflectivity per mirror pair, which then requires us to add two more pairs to
the p-DBR and three more pairs to the n-DBR.

CL spectra and monochromatic images of degraded VCSELs are shown in
Fig. 5- 18 and Fig. 5- 19, respectively. Note that the spectra peaks at ~705 nm,
rather than 745 nm, due to the increased bandgap of Al,Ga,As. The CL

T
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106 Section 5.4: Results from wide-bandgap VCSELs
efficiency varied by + 20%, but did not appear to be significantly different in aged

devices than in unaged devices.

5.5 Observation of deep-levels in VCSEL spectra.

5.5.1 Long-wavelength (sub-bandgap) spectral features of the lasing

spectrum.
g0 SPectrum from undegraded pratonimplanied VCSEL A handful of VCSEL spectra
0 <—Laseremission  ln=>mA were taken all the way out to 1500 nm,
£ luminescence in an attempt to view luminescence from
o fromdeeplevels o ]
g deep levels inside the diode. They were
g studied before and after degradation in
‘E Background Scan .
= i an attempt to see if deep level
| -120 luminescence increased as the device

i 800 900 1000 1100 1200 1300 1400

Wavelength (nm) degraded. An increase in collected

Fig. 5- 20: Long-wavelength spectra from an photocurrent at sub-bandgap
undc-:graded VCSEL show significant amounts of wavelengths has been observed after the
luminescence at wavelengths well below the

bandgap. laser has degraded, giving evidence of
an increasing number of deep levels (10, 11]. It has been observed that deep-levels
show primarily non-radiative recombination, so collected photocurrent would be
expected to be a better gauge than emitted power. However, we do observe a certain
amount of radiative, low-energy emission. While significant amounts of
luminescence could be observed at below-band-gap wavelengths, no conclusive
results were obtained as to whether deep-level luminescence increased after the
device degraded. Due to difficulties in choosing a comparable level for a meaningful
comparison (same drive current? same laser output power?) it was difficult to know
how to compare the changes in the output power at long wavelengths before and
after aging. A typical set of spectra is shown in Fig. 5- 20. (Resolution bandwidth
was increased to 5 nm for improved sensitivity, and sensitivity was set to -80 dBm:;

the reference level was set to -50 dBm.)
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Chapter S: Forces driving degradation in VCSELs 107

5.5.2 Long-wavelength (sub-bandgap) spectra from cleaved VCSELs.
-40 Signiﬁcant

- T
g 20 mA. device #2

18.4 mA, device #1

amounts of luminescence

'
wn
o

could also be observed at

'
(<]
[=]

wavelengths below the
bandgap of the VCSEL in
the side-emitting spectrum
from cleaved VCSELs

2 mA, device #1

'
®
o

Intensity (dBm)

’ -90 Background (Fig. 5- 21). The
o0 IM“W[““M" " observed magnitudes and
500 1500 spectral shapes were

1000
Wavelength (nm) . '
similar to those seen in the

Fig. 5- 21: Long-wavelength spectra from cleaved VCSEL. top-emitting spectra.
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Chapter 6: Degradation in red InGaP vertical cavity lasers

6.1 Introduction to red VCSELs
In this chapter, we start by introducing red VCSELs in section 6.1, and

describing the structure of the devices studied in section 6.2. General observations
of degraded red VCSELs follow in Section 6.3, in which we see that the primary
cause of failure for proton implanted red VCSELs appears to be the “current-
shunting” mechanism described earlier in Chapter 3. We then discuss two major
effects which are not observed in infrared VCSELs. First, the bias-induced
annealing of red VCSELs, which is able to significantly extend the lifetime of
devices from some wafers, will be analyzed (section 6.4). Second, the observation
of spatially-indirect recombination, which is likely related to spatial inhomogeneities,
is described (section 6.5). Finally, we discuss how red VCSELs might be improved

in section 6.6.

6.1.1 Potential applications of red VCSELs
Several novel applications which cannot be met by near-infrared lasers have

recently emerged. First, and most obviously, for display applications (e.g., laser
pointers) infrared lasers are not useful, and green and blue lasers are produced only
in research laboratories at the time of this writing. By contrast, 5 mW red laser
diodes are sold ($2 each) in quantity for laser pointers. For bar-code readers, visible
lasers must be used, since the infra-red properties of the printing inks used cannot be
guaranteed, while it is a simple matter to print a high-contrast bar-code pattern at any
visible wavelength. For optical storage (including CD’s, and now DVD’s), shorter
wavelength sources can be focused into tighter spots since the diffraction limit is
smaller, which allow higher data density to be obtained. Thus, the new DVD
standard (650 nm) allows 4.7 GB of data to be stored, vs. 0.64 GB on the old
infrared CD standard. For laser printing and other reprographic applications [1}],
infrared lasers have generally not been very useful, since their low photon energy is
simply too weak to break molecular bonds in common photosensitive chemicals. By
contrast, red lasers are able to affect a wide variety of useful photochemicals.
Finally, the application driving Honeywell Technology Center (among other
companies) to make red VCSELs has been data communications through plastic

B VU
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110 Section 6.1, Introduction to red VCSELs
fibers. Inexpensive plastic fiber has relatively low loss in the red, while loss in the
infrared is prohibitively high. The data communications products envisioned would
| be similar to those described for the infrared VCSELs. Results of a red VCSEL data
! link have recently been described [2].

6.1.2 A Brief History of Red VCSELs
While red semiconductor lasers were demonstrated over 30 years ago, red

VCSELs were first demonstrated (room-temperature, CW) at Sandia in 1993 [3].
Since then, progress has been very rapid, and within one year VCSELs with 10%
wallplug efficiencies, and output power of over 2 mW had been demonstrated.
Generally the devices had met most other characteristics necessary for the
applications discussed above [4], with one exception. That exception was the
relatively poor reliability of red VCSELs. While recent breakthroughs at Sandia

National Laboratories have allowed operation for over 3,000 h at | mW with no

o ot

measurable degradation 5], red VCSELs with similar reliability have not yet been
demonstrated elsewhere. It is worth noting that these initial difficulties with device
reliability are to be expected, given the correlation which has been noted between
high photon energy and low device lifetimes [6]. However, the need to improve the
lifetime to 10° hours or better has been a major impediment to commercialization of
red VCSELs, which is the reason we got involved in studies of red VCSEL
degradation. As we shall see, the physics of device degradation has proved to be
quite different from that observed in 850 nm VCSELs.

6.1.3 Background information on alloy ordering in AlGalnP alloys

6.1.3.1 Why random alloy devices are preferable for most
applications.

A substantial difference between the red InGaP VCSELs, and the 850 nm

VCSELs made from AlGaAs, is the importance of alloy ordering and spatial

separation of electrons and holes in the former. Alloy ordering, when it was first

discovered, was referred to as the “S0 meV problem,” since the unwanted partial

‘ ordering observed in optoelectronic devices reduced the bandgap by about 50 meV
i [7]1, or increased wavelength by about 17 nm. Electron diffraction and high-
resolution TEM have subsequently shown that the ordered alloy consists of altenate
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Chapter 6: Degradation in Red InGaP VCSELs 111
planes of the group-III sublattice enriched with Ga,In,Ga,In.etc., oriented on the

111 or 111 directions, as shown in Fig. 6 - 1 for an ideal fully-ordered structure. It

is typical for one of these two {111}, variants to be present in much larger portions
than the other variant when growing with the off-axis substrates used in our growths
[8].

On paper, at least, a perfectly
ordered alloy would have superior gain
characteristics to the perfectly random
InGaP alloy, due to the reduced density of
states in the valence band [10]. In practice,

there are a number of problems with alloy

ordering.  First, alloy ordering causes a
Fig. 6 - 1: Drawing of ideal ordered lattice,

viewed nearly along the {110} direction (after
ref. [9]). Alternate group III planes along random In ,Ga (,P has a bandgap of 2.005
the (111) are made of Ga and In respectively.
The order parameter of the lattice shown is

I: i.e., a perfectly-ordered lattice is depicted.  theoretically has a bandgap of only 1.534

significant drop in bandgap: perfectly
(618 nm), while perfectly ordered InGaP,

(808 nm) [11]. (These numbers are given for low-temperature, 2K.) The room
temperature bandgap of the random alloy is blue-shifted by 85 meV or 28 nm as the
ambient temperature is increased, for fully random alloy, and by 65 meV or 24 nm
for the somewhat more ordered random alloys found in typical device growths [12],
for reasons which are well described by Emst et al. [13].) Due to this bandgap
drop, ordered InGaP makes infrared lasers, rather than the desired red lasers.

In addition to objections in principle to the use of ordered alloys, there are
practical considerations also driving us toward a selection of the random alloy. In
practice, alloys with an ordering parameter greater than 0.55-0.6 have not been
observed [14], and the ordered GalnP which has been grown has a high density of
unwanted anti-phase boundaries (APBs) [15]. Three models of inhomogeneity in
GalnP are shown schematically in Fig. 6 - 2. The “concrete” model is clearly not
correct for materials where ordering has intentionally been enhanced, and recent
results have largely discredited it [16]. Intentionally-ordered material generally has
large ordered domains [17], with boundary walls which can be show to be
infinitesimally thin using stereographic projections of TEM images [18]. (It should
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112 Section 6.1, Introduction to red VCSELs
be noted that Ernst et al. found many samples had much thicker boundary walls
[17]). As we shall discuss later, the piezoelectric strain and phase separation in
ordered alloys are believed to cause spatial separation of electrons and holes, leading

to weaker, spatially-indirect recombination.

111 11

ordered
domains

v

disordered
matrix

Fig. 6 - 2: Schematic views of inhomogeneity in partially-ordered GalnP. Anti-phase boundaries
between same-orientation planes (left) or different orientation planes (center) represent intersections
between ordered domains. Gray and black lines represent alternating Ga-rich and In-rich planes.
“Concrete” model is shown right, with (more) ordered domains embedded in a disordered matrix.

In material which supports two ordering directions (i.e., nearly 001-oriented

ran.

substrates), small platelets or “lamellae,” of ordered alloy are observed. The
lamellae are ~1-2 nm thick. Rows of lamella form domains on the order of 20x200
nm across in one report [19]. A cross-sectional TEM image of an ordered growth is
shown in Fig. 6 - 3.

Fig. 6 - 3: A cross-sectional Dark-field TEM image (left) of ordered InGaP grown on a 001 wafer at
675° is shown. The orientation and size of the domains can be estimated from this image; the
dotted line shows the ~12° angle the anti-phase boundaries follow in this sample. A lattice image
is shown to the right, where the two alternating 111 and 111 directions for ordering are indicated by
arrows, along with the boundary between the domains. (after ref. [19])

As a result of these small domains of irregular size, with distinct crystal
boundaries between one another, the photoluminescence characteristics of ordered
alloys show weaker PL, and significantly broader full-width half-maxima (FWHMs)
than those of the random alloy, and show little laser gain with standard growth
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Chapter 6: Degradation in Red InGaP VCSELs 113
techniques [10]. In short, the ordered alloys which have been grown have been far
from ideal, and are not suitable for use in lasers.

Larger ordered domains are observed at higher growth temperatures, but

have reduced ordering parameter [10]; such work has generally used off-axis
substrates oriented toward the (111)B which promote ordering in a single direction.

The dimensions of these lamellae are smaller for AlGalnP than for GalnP [10].

‘ 6.1.3.2 Summary of previous work in structural and luminescence
characterization of ordered alloys.

In photoluminescence experiments, the weakly-ordered alloy behaves as one
would expect, with the bandgap (as determined by PLE) at about the same
wavelength as the luminescence peak [13, 20]. By contrast, in the ordered alloy, the
PL luminescence peak occurs at wavelengths substantially below that of the bandgap
measured by PLE [13, 20]. This is consistent with spatially-indirect recombination
being responsible for the low-energy tail of the luminescence signature. Further
evidence of spatially-indirect luminescence has included time-resolved PL, which
has shown that the low energy peak has a decay time more than three orders of
magnitude slower than the normal, spatially-direct luminescence [20, 21]. Finally,
while the wavelength of the direct recombination peak does not change as a function
of excitation intensity, the spatially indirect recombination peak blue-shifts with
increasing excitation intensity, due to the fact the limited number of low-energy
indirect states quickly become saturated, leaving only higher energy states available
{13, 20, 21].

While the details of the spatially-indirect

Ordered | Disordered  recombination are still not fully understood, the most
lamella matrix

recent evidence supports a picture like that shown in

Eg“s B Fig. 6 - 4. A type [ (straddling) band lineup is
& believed to be present from recent field-dependent
measurements {22], rather than the type II lineup

- which had been widely expected earlier [13].

Fig. 6 - 4: Band-diagram of Piezoelectric charges on the ordered domains, due to

spatially-indirect recombination

: . strain, create the fields responsible for the “tilts”
in ordered domains.
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114 Section 6.1, Introduction to red VCSELs
shown in the band diagram [23]. However, recent electroreflectance measurements
| have cast some doubt on these results [24]. These fields allow a bandgap reduction
“AE” shown in the figure, similar to that seen due to the quantum-confined stark
effect (QCSE) [25].
R el L Another possible source of spatially-

indirect recombination is addressed only
tangentially in the literature since its presence
is far harder to quantify: phase separation
{19]. This is where small indium-rich and
gallium-rich regions alternate laterally, with a
. type-IlI band offset (indium-rich material

Fig. 6 - 5: TEM Image of (113)A attracting the holes, and gallium-rich material
sample, taken in cross section, showing
spinodal-like phase separation and

columnar structure (after ref. [19]) ruled out as the cause of spatially-indirect

attracting the electrons). This can also not be

A W 2t~

recombination from our observations [17]. Evidence has been found that phase
separation becomes more pronounced as the substrate’s misorientation angle is

increased [26]. Fig. 6 - 5 shows evidence for phase separation from a sample
grown on a {1 13)A substrate at 775 °C: conditions nearly identical to those of the

lasers we focus on in Section 6.5 when
discussing ordering.

This same columnar microstructure can
be seen in TEM images of an actual VCSEL
grown on a (31 )A substrate. The image (Fig. 6
- 6) was provided by Dr. Ray Twesten of Sandia
National Laboratory, and was taken using a 4-
beam condition. The images shown were taken

in May 1996 — the columnar microstructure was

) ) ) thought to be due in part to reactor turbulence,
Fig. 6 - 6: TEM image of the active

region of an InGaP red VCSEL, grown and has subsequently been reduced by changing
ona (311)A substrate. Note
columnar microstructure (due to phase
! separation) in the active region.
(Courtesy of Dr. Ray Twesten.)

growth conditions.
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Chapter 6: Degradation in Red InGaP VCSELs 115
Among the parameters influencing the degree of ordering during growth are
substrate orientation, III-V ratio, and growth rate and temperature. If growth
temperature is too low, the atoms have insufficient mobility to move into the ordered
state, while at very high temperatures, thermal energy and entropy push the atoms
off the ordered sites. Ordering is highest at “intermediate” temperatures: usually
about 680°C [27]. It is worth noting that essentially all growth of InGaP alloys is

done by MOCVD. Orientations of 2—6° toward the 110 (or 111B) direction are used

when enhanced ordering is desired [11]. The 15° misorientation toward the 111A
direction used in our samples 1001 and 1002 is very typical among commercially-
available red diode lasers. Studying samples grown at 6° and 15.6° toward the 111A
(the latter also known as the (511)A), Ahrenkiel has reported domains and columnar
structure observed by dark-field TEM, contrary to previous simplifications that such
wafers always provided a near featureless growth [28].

The degree of order can be calculated for lattice matched GalnP by noting
that perfectly random alloys have a 2K bandgap of 2.005 eV (618 nm), and that
(theoretically, at least) perfectly ordered alloy has a bandgap about 0.471 eV lower
(808 nm). The formula given by Murata et al. for calculating the order parameter S
is: [11]

2005-E
0471
where E is the 2K bandgap energy of the InGaP being studied, in eV. Other

researchers prefer the symbol “N” to denote the order parameter: it is calculated with

the formula shown above, and is identical to “S.” The definition of the order

parameter is that the enrichment of alternating layers of the lattice is given by
Gay 514 os0.mP 7 Ggs1.0)INgsa.n,P [10]. Because quantum confinement effects

cause a blue shift, as discussed in Appendix F, we add 10 nm to the wavelength, or
: subtract 28 meV from the energy observed, to obtain the equivalent bulk energy for
use in the above formula. The bandgap is also reduced by 79 meV by the increased
In mole fraction in our compressively strained Ga In ,,P QWs; thus we must add
this amount to the observed photon energy before using Murata’s formula [29, 30].
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116 Section 6.2, Red VCSEL Structure

6.2 Description of laser structure
R o Ty trcta 774 AV T The three red VCSEL laser wafers

studied were obtained from the Honeywell

Technology Center. The layer structure is
very similar to that perfected earlier at
Sandia National Labs [2, 31], and DARPA
technology transfer programs have assisted
the development of red VCSELs at
Honeywell [32] and Xerox [1], through
cooperation with Sandia. The DBR mirrors
. s TRT e are made from quarter-wave stacks of
Fig. 6 - 7: TEM of layer structure of ared Al Ga As/ AlAs (49/52 nm), with 33 pairs
i 3.3 um) in the p-DBR, and 55-'/2 pairs (5.6

um) in the n-DBR. Grading and pulse

e aevetACMA U R L m—

doping is used to reduce the mirror resistance [32]. The central confining region,
which makes a one-wavelength cavity (0.22 pm), is undoped, and made of various
(AL Ga, ) In,P alloys. Three compressively-strained 10-nm-wide Ga ,In,,P
quantum wells provide gain. As with virtually all production of AlGalnP alloys,
MOCVD was used. Growth was performed in an Aixtron 200/4, at a temperature of
750-775°C. At Sandia, similar structures were grown at 80-110 mBar (a lower
pressure than the 200 mBar used to grow 850 nm VCSELs) [32]. The V-III ratio is
important to both controlling device lifetime, and reducing unwanted ordering; a
ratio of approximately 140 is used at Sandia [S], along with a higher growth
temperature of 800 °C. A TEM image of the layer structure, provided by Dr. Ray
Twesten of Sandia National Laboratories, is shown in Fig. 6 - 7. (Note that Sandia
used 4 or 5 thin (6 nm) QWs, rather than 3 thicker (10 nm) QWs like Honeywell).
The processing of the device structure is similar to that of the 850 nm
VCSELSs, although the device is smaller: a |5 um-diameter proton implant is used,
with a 10 um aperture opening. This smaller device size, the greater number of
DBR pairs, and the greater thermal resistivity of Al,GaAs relative to Al (GagAs
[33], all combine to give the red VCSEL a higher thermal resistance (1.2 °C/mW)
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Chapter 6: Degradation in Red InGaP VCSELs 117

Edge of 10 than their 850 nm counterparts

current - Hm aperture

confinement  in p-metal for (0.8 °C/mW).  Further, output
Edge of implant top-emission

isolation e power from red lasers generally
' rolls over more rapidly than from

equivalent infrared lasers, due to

3x 10 nm limitations in electron confinement
InGaP QW

N-DBR

which can be obtained in the

AlGaInP alloy system [29, 30].
Fig. 6 - 8: Schematic of red VCSEL structure studied.  The structure is shown

e ——— . ————

schematically in Fig. 6 - 8.

As mentioned earlier, three wafers were studied. Two of the wafers, #1001
and #1002, were grown on substrates oriented 15°-off from the 100 toward the
(I11DA. The third wafer, #999B, was grown on a (31 1)A-oriented substrate (i.e.,
26.8° toward the 1 11A). Again, this orientation, like the 15°-off orientation, tends to
reduce both alloy ordering and oxygen incorporation. Growth conditions had to be
significantly modified between the different substrates, due to differences in dopant
incorporation and growth nucleation between the two orientations. Substantial
differences were observed between the 15°-off wafers and the (311)A-orientation
wafer. VCSELs on the two 15°-off wafers showed lower initial performance than
the VCSELs on (311)A wafer 999B, (0.7 mW peak, vs. >1.2 mW peak), but the
devices on the 15°-off wafers could be improved by operation at high current (as
discussed in section 6.4), which was not observed in wafer 999B. Further,
differences in the cross-sectional CL data were observed between the (31 1)A wafer
(which followed the familiar pattern observed in 850 nm VCSELs as shown in
Chapter 4) and the 15°-off wafers (which showed substantially different CL images
than those expected). Finally, substantial differences in spatially-indirect
recombination were observed between the VCSELs on the (31 1)A wafer and those
on the 15°-off wafers, as can be seen by comparing the CL data in sections 6.4 and
6.5.
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6.2.1 Stain etching of red VCSELs
The true depth and width of the proton implants can be verified using stain

etching, of the sort seen earlier in Chapter 3. As discussed earlier, the p-type
material etches significantly more rapidly than n-type or implanted material. The
stain etch boundaries thus show where the boundaries of the proton implantation
are. However, the tails of the implant, which can significantly affect the matenal
properties, etch more like unimplanted material, and thus cannot be easily detected
using this technique. Scanning Capacitance Microscopy, or other 2-D dopant
profiling techniques of the sort discussed in Chapter 9 are needed. This limitation

should be kept in mind when examining the images.

6.2.1.1 Images from 15°off wafer (1001)
The same sample used for cross-sectional electroluminescence and EBIC

was later stained with an A-B etch [34] and imaged. These images are shown in
Fig. 6 - 9. The differences between the aged and unaged devices, if any, are not

obvious.

emission active isolation
aged opening region implant

substrate

Fig. 6 - 9: Stained cross-sections from wafer 1001.

6.2.1.2 Images from (311)A wafer (999B)
Similar stain-etched sample were created from wafer 999B using the cross-

sectional CL sample. For reasons that were not understood, the etch rate seemed
considerably lower on this sample than the preceding one. One parameter that was
difficult to control was the intensity of the incident light during the A-B etch,
although it is not known how greatly that affects etch rate. In addition, the device
was stained about an hour and a half after the sample from wafer 1001 was. It is not
known how quickly the A-B etch looses its strength. Finally, the etching plane is
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Chapter 6: Degradation in Red InGaP VCSELs 119
not the same between sample

types, which could also possibly
affect the results. It should be
noted that while the isolation
implant in the 15°off wafer
clearly goes through the active
region, the isolation implant in the
(311)A wafer appears to stop shy
of the active region. This may
partially explain some of the

differences in device behavior

Fig. 6 - 10: Stained cross-sections from wafer 999B: which we will discuss in the
undegraded sample R2 (top); degraded sample A4 . . )
(bottom). following sections, which

possibly are not solely dependent
on the difference in substrate

orientation.

6.3 General observations in degraded red VCSELs

6.3.1 Top-emitting electroluminescence

undegraded

degraded

Fig. 6 - 11: Spectrally-filtered electroluminescence images of undegraded and degraded VCSELSs.
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120 Section 6.3, General observations in degraded red VCSELs
Spectrally-filtered electroluminescence images were collected on undegraded
and degraded VCSELs from 15°-off wafer 1002, and are shown in Fig. 6 - 11.
Since no sample preparation was used, the aperture blocks us from seeing light
outside the central region. Note that the degraded VCSELs show the same diffuse
darkening observed in 850 nm VCSELs. The darkening always appears to come

from the right, which may be due to a slight misalignment between the aperture and
the proton implant. Note the absence of dark-line defects, which can be clearly
observed, when they are present, using the filtered EL technique.

6.3.2 Cross-sectional electroluminescence
Electroluminescence (EL) images were taken from the edge of a 15°-off

VCSEL array which was polished down to the centerline of the devices. The array
first had several lasers aged over the course of a few days, and one laser was bias-
annealed, as will be discussed later in the chapter. After aging, the sample was

protected with a removable glass cover bonded with cyanoacrylate glue, then
polished down to the centerline. The resulting cross-sectional sample had EL
images with fairly uniform luminescence profiles, even from degraded devices,
which had been aged to total failure. This was different than had been seen in some
850 nm VCSELSs, where the central area was almost totally dark in EL.

Fig. 6 - 12: Cross-sectional electroluminescence image and optical image from a degraded red
VCSEL on a 15°-off wafer. To the left is a high-contrast version; to the right is a version with
higher exposure and lower contrast. The p-metal contacts can be seen at top, and provide a scale for
the image.

6.3.3 Cross-sectional EBIC
The same sample from 15°-off array 1001 described in the above section

(6.3.2) was examined using current-collection imaging (also known as electron
beam induced current, or EBIC, imaging). A 15 keV beam in a Hitachi S-2400
scanning electron microscope (SEM) was used; a Keithley 428 current amplifier was
used to amplify the collected current, and its output was fed into the auxiliary input

of the microscope. Secondary emission images and electron beam images were

ENELEE "E TN TIPS S N
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Chapter 6: Degradation in Red InGaP VCSELs 121
collected separately, and later superimposed using the layers feature in Photoshop,
along with the “Screen” mode. The results are shown in Fig. 6 - 13. Even though
the aged device was degraded to total
failure, only a modest reduction in collected
current was observed when compared with
its unaged neighbor. This small difference

was not considered significant, given that

the 10% reduction in efficiency was within

Fig. 6 - 13: Cross-sectional EBIC images of
unaged and aged red VCSELSs show little
difference as a result of aging. between neighboring unaged devices.

the 10% range of device-to-device variation

6.4 Observation of bias-annealing effects in 15°-off red
VCSELs

6.4.1 Thermal impedance of red VCSELs
678 The bias-annealing

—_ " Annealed sample, wafer 1002 .
E phenomenon reported here s
Ee775¢1 ]
£ actually dependent on both photon
c
s 577 1 and thermal energy, so estimations
<
s L
s6765 | ] of device junction temperature are
a important to understanding the
676 . . v . ..
15 20 25 30 3s annealing process. Surprisingly. I
Input Power (mW) =

was not able to find measurements
Fig. 6 - 14: Peak wavelength as a function of drive
current and stage temperature.

of the thermal impedance of red
VCSELs in the literature, so I
measured it independently, using the spectral-shift techniques described earlier [35,
36]. The measured wavelength shift as a function of temperature was 0.44 ArcC.
The wavelength shift as a function of input power was 0.53 A/mW. Therefore, the
resulting thermal impedance was 1.20 °C/mW. There is an uncertainty of + 20% in
this value, based on lateral mode-hopping and other experimental issues. A
summary of the spectral measurements taken can be seen in Fig. 6 - 14. Another
adjustment can be made to account for the fact that the temperature measured by
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122 Section 6.4, Annealing in red VCSELs
these spectral measurements is essentially the average temperature of the cavity,
which extends more than a micron above and below the cavity, given the average
‘ mirror penetration depth. The peak temperature at the quantum well, which is what
’ we are truly concerned with, is at least 5% higher than the “average cavity
temperature.” While this can be neglected under ordinary operation, it is important

for the bias-annealing we will discuss later.

Light out vs. junction temperature, Estimated  junction

annealed red VCSEL 1001 (686 nm) temperatures as a function

1.4 v A \AED u vy T T ]
H e Light(mW) 55°C '/ ] .
T2t g .,-/.. N 3 output power are shown in
— d — — -Light{mW) 40°C B h . . .
g Vi=iifewmasc] S N 3 Fig. 6 - 15, which will be
E o8f ~ ° S/ NG ] o
= & Lgrnw 20c | os\‘;‘;,, ] useful for estimating thermal
£ 0.6 H .- --LightimW 15 C ',' / V \ \ 3
2 04l ko PN\ stresses  present, and
0.2k RN o o Y acceleration factors, during
s /7 A ] .
0F o emic 2 U 3 accelerated aging. For 850
0.2 bt EE— i ] nm VCSELs eak
0 20 40 60 80 . 100 120 P
Junction temperature (°C) temperamres are typlcally
Fig. 6 - 15: Light out plotted against junction temperature, over 120 °C, and maximum
g g

which rises with drive current. Stage temperature is shown in
the insets; junction temperature was calculated using the input
power minus output power times the thermal resistance (ie.  around 200 °C. Due to lower

T, = (P-P,)R).

lasing  temperatures  are

electron confinement present
in red VCSELSs, roll-over occurs at significantly lower temperatures, as can be seen

here.

6.4.2 Improvement in device efficiency in annealed 15°-off samples.
Initially we set out to study degradation under accelerated aging conditions,

and a surprising effect was observed. The L-I curves taken during the aging
sequence are shown in Fig. 6 - 16, showing increasing output power as the device is

aged at 14 mA and above.

T LN
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Fig. 6 - 16: L-I curves of VCSEL from wafer 1002 change
as a function of stress. Peak power falls during initial
aging at reasonable currents (2), but under higher current
stress, peak power actually rises to exceed the peak power
of the undegraded device (3), by a factor of 2 (!). Further
increase in the stress degrades the device (4), and eventually
eliminates lasing (5).

Stress

Fig. 6 - 17: History of wallplug efficiency from device

Initially, slow
degradation was observed when
aging the device at currents just
past device roll-over. Currents
were increased to speed up
device degradation. In 850 nm
VCSELSs, degradation increases
monotonically with increasing
drive current. However, in the
red 15°-off wafers (1001 and
1002), the device degradation
rate increases with increasing
current until ~8 mA is reached.

As current is increased to 12

~ 35 T T T " . ; maA, little degradation is observed.

34 < .

- 3 < £ { Between 12-20 mA, device

g 2.5 S <« <« <« I’z { performance will actually

2" s £ E ez’ oo

5 2 = - - EhHEERECR - improve(!) As current is further

o - -4 © © © © -] R

215 % e £ izl = é 1 increased, above 20 mA, the

= € E E E E . .

;“ 1 SH i~ NI IR I S device degradation rate starts to

x HIEBEIEILIEH1H 1E B . . .

5 0.5 g SHIER IER BEN IER & | increase again. The history of the
0

device shown in Fig. 6 - 16 is
typical, and is summarized in Fig.

with steadily increasing current stress applied. Note 6-17.

that a range of current stress conditions will actually
improve the device efficiency.
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Fig. 6 - 18: [-V curves show drop in turn on voltage as
device is bias-annealed.
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Fig. 6 - 19: Differential resistance curves show increase in
differential resistance as device is bias-annealed.
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Fig. 6 - 20: L-V curves change as a function of stress,

from device previously shown in Fig. 6 - 16. Note

significant reduction in threshold and operating voltages
after the device has been bias-annealed (curve 3).

Further study of device
characteristics shows that, similar
to 850 nm VCSELs (although
much  more  dramatic in
magnitude), the turn-on voltage
drops, and series resistance
increases in devices. These
effects can be seen in the [-V
curves (Fig. 6 - 18), and its
derivative dR curves (Fig. 6 -
19).

The drop in tum-on
voltage appears to be important:
it significantly reduces threshold
voltage, and thus device heating.
This drop in threshold voltage
can be seen in Fig. 6 - 20. Note
that initially, threshold voltage
increases (during reasonable
annealing), due to the significant
increase in threshold current for
degraded VCSELs, along with
the minimal changes in [-V
characteristics for normal
(modest) degradation currents.
As the stress is increased into the
“annealing” current range, where
“anomalous degradation” (read
“improvement”) takes place, the
drop in turn-on voltage is
significant, and thus threshold
voltage drops.
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6.4.3 Improvement in lifetime in annealed 15°-off samples
A major enhancement in reliability was obtained in red VCSELSs by annealing

devices before they were aged. Typical results for devices from each of the two 15°-
off wafers are shown in Fig. 6 - 21. In both cases, the lasers were aged at currents
near peak output power (i.e., ~7 mA). The decline in peak power is less useful than
the change in power at the (lower) operating bias. If a laser is operated at a fixed
current, even a relatively small drop in peak power (combined with the increase in
threshold which accompanies it) will terminate lasing. Thus, for fixed current bias,

the lifetime enhancement obtained by bias-annealing devices is in excess of 10x.

l 0.5 +~ v v 0.7 v v v Y
1002 (676 nm) 0.6 1001 (686 nm)
04 Annealed laser 4 = )
Z Z 05 ]
E o TN ot £
T H Annealing process 5 04 Annealed 4
2 (doubles peak power) g
=02 & 03 )
™ ]
3 Unannealed laser ©
£ 0.1 = 02 Unannealed 1
0.1 | 4
0 N . " s —_ 0 = : N —
0 5 10 15 20 25 30 0 20 40 60 80
Aging Time (h) Aging Time (h)

Fig. 6 - 21: Peak power versus aging time for two typical annealed and unannealed red VCSELSs.
Note how much longer the annealed device is able to operate.

6.4.4 Improvement in high-temperature operation in 15°-off samples

6.4.4.1 Improvement in T,
4.8 ——— . . ——— Red VCSELs from the

4.6} two 15°-off wafers 1001 (686
E“"‘E‘ nm) and 1002 (676 nm) were
g 4'i : characterized for both spectra and
23.8; L-I-V curves before and after
23,55_ bias-annealing. We used a
T34t thermoelectric-cooler-controlled

3-21; ‘2'0‘ * '3' —— ‘4‘0' — ‘5'0‘ 5o Stage with a starting temperature

Stage (ambient) Temperature (°C) of 15°C, and temperature
Fig. 6 - 22: Threshold current as a function of increments of 5 °C, increasing
temperature.

until lasing was no longer
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126 Section 6.4, Annealing in red VCSELs
observed. As can be seen in Fig. 6 - 22, annealing the red VCSELs provided a
. reduction in threshold current. More importantly, perhaps, it increased the range of
% available operating temperature by 10 °C, and improved T,. T, is defined by the

relation I, o< €™™, and is calculated using the formula T, = (T,-T,)/[In(I,/1))], where

T, is the upper temperature under consideration, I, is its corresponding threshold
current, and T, and I, are the respective stage temperature and threshold current at
the lower end of interest [37]. For the two sample types tested, we compared the T,
of the bias-annealed and unannealed VCSELs. We expect the shorter wavelength
sample (1002, with 676 nm emission wavelength) to be more temperature-sensitive
due to lower electron confinement (since the Fermi level has to rise closer to the
barrier level when the emission energy is increased). The T, of wafer 1002 is 108
°C before annealing and 167° after. For sample 1001, with 686 nm emission, T,
was 191°C before annealing, and 331° after annealing. Note also that these T,’s are
i substantially better than the values observed for ordinary red stripe lasers, where T,
| would typically be on the order of 70°C (although better values have been obtained
recently [38]). The high T, values of the red VCSEL are an advantage of the
VCSEL design [35, 39], and follows from the fact only a single longitudinal
wavelength can be supported during lasing. The further improvement in T, after
annealing may come from the increased wallplug efficiency and reduced threshold
voltage lowering device heating during operation. In addition, electron confinement
improvements, discussed in the following section, may be partly responsible for the

improvement in T,.

6.4.4.2 Possible improvement in roll-over temperature
Analysis of the peak output power and the junction temperature at which the

peak occurs, are shown in Fig. 6 - 24. As expected, the temperature at which roll-
over occurs is approximately constant, even though the input power and currents
densities that these temperatures are obtained at vary considerably. The highest
point shown is the one at 1.35 mW out, where the high junction temperature was
obtained by high pumping intensity and a low stage temperature. The current and
power densities at the peak power were 3.9 kA/em™, or 23.5 kW/cm™, respectively.

By contrast, on the lowest points on the graph, the temperature was reached more by

R VT )

| L
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1.4 T —————————— - heating from the stage, with a
1.2} . lower pumping intensity of 2.83
3 T ] kA/cm™?, and 14.2 kW/cm™ for the
. 0.8 . .
$ ] . ] lowest point on the annealed
S 0.6F annealed 3
x F unannealed ] curve
g 0.4f ; '
0.2} ] Examining Fig. 6 - 24, we
1) S T D DL see what appears to be a
70 75 80 85 a0 95
Junction temperature at peak output power (°C) systematic increase in the

Fig. 6 - 24: Peak output power versus calculated
junction temperature at peak power for sample 1001.

temperature which can be obtained
before roll-over occurs for the

Note apparent increase in roll-over temperature for bias-

annealed VCSEL.

bias-annealed VCSELs. This

increase appears to be on the order of 7 °C. This increase would not necessarily be

expected solely on the basis of improved conversion efficiency due to reduced non-

radiative centers. With improved efficiency, a reduction in junction temperature for

a given output power would be expected, but not an increase in the roll-over

temperature. One possible explanation for this behavior would be similar to that
discussed in the recent paper by Floyd and Treat [38]. In this paper, they observe
improved T, and external efficiency after rapid thermal annealing of their GalnP
lasers at 400-550 °C. Floyd and Treat attribute this improvement to increased

AE, high-P| |

E. doping el .

———————— I'Su._[- A€ low P ™
e g
high P-dopin
g, gh P-doping
low P-doping
E, r
—_—

Fig. 6 - 23: Schematic diagram of electron
leakage for a simplified flat-band condition.
The electron confinement is increased, and
the leakage current is decreased, when high
hole concentrations are present (after ref.
(30D).

electron confinement, due to removal of
hydrogen which may be passivating the
acceptors, thereby reducing electron
confinement energy, as shown in Fig. 6 -
23.  Although our estimated junction
temperatures are far lower during our bias-
annealing (230 °C) than the temperatures
used by Floyd and Treat, the presence of
minority carrier recombination supplies the
majority of the energy needed for the
annealing process [40]. While a reduction
in non-radiative centers seems to be a certain

consequence of the annealing process,
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128 Section 6.4, Annealing in red VCSELs
further analysis will need to be done to determine whether improved carrier
confinement is also being obtained in the process. This hypothesis could be verified
using two-dimensional scans of doping profiles in bias-annealed and unannealed red
VCSELs. See chapter 9 for more information on techniques for profiling carrier

concentrations in two dimensions and on small devices.

6.4.5 Removal of proton implant damage by bias-annealing:
observations using cross-sectional cathodoluminescence

intensity vs. lateral position for degraded red VCSEL #8 One Of t.he most dramatic

differences between the bias-
annealed and unannealed VCSELs

comes from comparing Cross-

%0 10 0 i ) )40 50 60
osition (Um . . .
deep implant center, #8 > imp sectional cathodoluminescence In

annealed and unannealed red

e l)() /e VCSELs. For reasons which are
T R pme .

not clear, in the samples grown on

’

'\ “Spectra from various locations on de:
= red VCSEL 1001 #8

15°-off substrates, luminescence

appears brightest in the areas which

Spectral Intensity

wo - shalew B : have been deep implanted, even for
sy - implanted . . .
| _area, #8 ] undegraded devices which have
627)_ 630 63) - fuﬂ) a (‘sﬁ() ’ 1:7(_)‘_ 'mu-)” 6%) .
Wavelength (nm) had no chance for implant

Fig. 6 - 25: Intensity profiles (top; background level ~  annealing to take place. This was
6 counts), monochromatic image (center), and spectra

from red VCSEL sample #8 (15°-off wafer 1001). Surprising, since the deep 1mplant

always kills luminescence
efficiency in other samples, either totally (as in the case of the 850 nm VCSELs) or
almost totally (as in the case of the red VCSEL samples from the (311)A wafer
999B). Possibly the deep implant is not so deep as to fully penetrate the material.
However, the stain-etched images shown in section 6.2 seem to refute this
explanation, since the implantation does appear to go through the active region.

A device from the 15°-off wafer 1001 was selected with a few VCSEL arrays
on it. Two VCSELs, #6 and #8, were aged overnight at 8 and 10 mA respectively.
In addition, a third VCSEL (#2) was bias-annealed for 2 minutes at 18 mA. A glass
coverslip was then bonded to the top of the array, and the sample was polished
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(undeg.) (deg.) (undeg.) (deg.)
5 6 7 8§ 10 um

Fig. 6 - 26: Monochromatic image of degraded and undegraded VCSELS, taken at
650 nm (direct peak). This sample was normally-aged.

down to the centerline of the devices to allow the cross section to be examined by

cathodoluminescence (CL). Data was then taken in a number of different ways:

first, monochromatic images at a few wavelengths of interest were taken. Next, the
linescan mode was used to scan along the length of the quantum well, and
quantitative data on CL intensity vs. lateral position was acquired. Finally, spectra
were taken. Although the opposite data acquisition sequence would have been
preferable to allow better selection of the wavelengths, artifacts with sample
contamination during spectral scans or linescans have previously affected
monochromatic images (as discussed in Appendix E), so the image data was always
acquired first to avoid potential problems. The resulting CL data, from a typical
degraded device, is shown in
Fig. 6 - 25.

When doing
monochromatic imaging, at most

Emitting areas

wavelengths, the 15°-off
samples are brightest in the

deep-implanted regions.  This

can be seen in the image and

accompanying linescans from
degraded device #8 1001 (Fig. 6

E — //j - 25). Note the tail extending
ST A e from the deep implant (just left
0 5 10 15 20 25 30 35 40 ruq) oward it. Thisis may be
due to an annealing process

\ 650 nm

0
Of

CL Intensity
(counts / ms)

[ SIS o0
o833

Position (Lm)

Fig. 6 - 27: Comparison of monochromatic image of an
aged device taken at 650 nm (direct peak) and 657 nm which occurs during aging.

(between direct and indirect peaks). Image at indirect peak . o1
(662 nm) is similar to that obtained at 650 nm. Other than this subtle “tail,” and
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130 Section 6.4, Annealing in red VCSELs

the darkening evident at 654 nm, adjacent undegraded devices appeared almost
identical to their degraded neighbors, as can be seen in the lower-magnification
image of devices 5-8 (Fig. 6 - 26). The deep implant, and bright CL luminescence,
extend well beyond the edges of the image. The “shoulder” to the long-wavelength
side (662 nm)of the main peak (650 nm) is (we believe) due to spatially-indirect
recombination from ordered alloy domains or inhomogeneous regions from phase
separation, as we shall discuss at some length in section 6.5. Unfortunately, since
the Al, . Ga,;As / AlAs DBRs have an indirect bandgap throughout, they cannot be
imaged by CL. Therefore, we are unable to know whether any mirror degradation,
of the sort discussed in Chapter 4, is taking place in the red VCSELs.

As mentioned earlier, for these samples, CL efficiency (both at 650 and 662

I nm) is highest in the deep implanted regions. At the wavelengths between the direct
and indirect peaks (i.e., 653—658 nm), however, the samples appear to have nearly

I uniform brightness across the entire sample. A comparison of these two

| wavelengths is shown in Fig. 6 - 27. This wavelength range is clearly identified
with a third peak in the PL spectrum (Section 6.5.2), although the third peak is not
distinguishable in the CL data.

Now compare the CL image of the normally-aged array in Fig. 6 - 26 to that
of the bias-annealed array from the same sample (Fig. 6 - 28). The contrast due to
the deep proton implant has been largely removed during the anneal. Since only
device #2 was bias-annealed, and no other lasers in this array were operated, we
conclude that the effects of the anneal extend on the order of 50-100 um laterally.
The optical excitation is presumably more important in this process than the heat,
although both trail off as one gets further away from the annealed device.

(annealed)

10um

Fig. 6 - 28: Monochromatic image of an array containing a single bias-annealed red VCSEL, taken
4 at 647 nm. Note the removal of the proton implant boundaries seen in unannealed samples.
Strong thresholding is used in the lower image to show more detail of the luminescence.
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Energy (eV) A comparison of the

= 200 192 190 158 145 184 spectra from the bias-

p A\ — #2 annealed annealed and unannealed

;150 g \ —_ZSunannedled] | VCSELs is shown in Fig. 6 -

g 29. Note that as expected,

;g 100 | 1 the peak of the annealed

— i sample is blue-shifted by

| £ 50:— 1 roughly 6 meV due to a
% g’_ 0 [ . . , slight decrease in the order
| @ 40 650 660 670 680 parameter due to disordering

Wavelength (nm) (or intermixing), as will be

Fig. 6 - 29: Comparison of spectra from center of unaged, and

bise-annealed VCSELS. discussed in section 6.5.

However, the increase of the
spatially-indirect peak in the annealed sample is totally unexpected, and we have no
real explanation for this, since there is no reason we are aware of that antiphase
boundary density (which is believed to be the most likely cause of the indirect peak
at 662 nm) should increase in an annealed sample. This phenomenon would be
better investigated by plan-view CL on similarly annealed samples, where cross-
contamination between adjacent areas would not be able to influence the results. The
microscopic processes at work during the annealing process are obviously quite
complex. TEM characterization will likely be needed to determine how the
microstructure of the device is changing.

In closing this cross-sectional CL section, we should note that similar cross-
sectional cathodoluminescence experiments were performed on unaged, degraded,
and bias-annealed VCSELs from wafer 1002 (which lased 10 nm shorter due to a
reduction in the peak DBR reflectivity wavelength, but had a nearly identical active
region and CL spectrum). Wafer 1002, which like 1001 was also grown on a 15°
off-100 substrate, showed nearly identical results. However, the results were very

different than those we will show later from (311)A wafer 999B.
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132 Section 6.4, Annealing in red VCSELs

6.4.6 Improvement in current collection efficiency observed by
cross-sectional EBIC.
The EBIC sample described earlier in

section 6.3.3 also included a bias-annealed
VCSEL, which was compared to the
neighboring unannealed VCSELs. A very

unannealed annealed

dramatic increase in current collection

Fig. 6 - 30: Cross-sectional EBIC image of efficiency was observed (~2-4 X), as is seen
red VCSELs shows dramatic (>2x)

improvement in current-collection in Fig. 6 - 30. It seems likely that such a
efficiency in bias-annealed VCSEL when
compared to neighboring unannealed
control. reduction in non-radiative centers in the

large enhancement can only be explained by a

cladding layers, in addition to annealing in the active region itself.

6.4.7 Discussion of bias-annealing in red VCSELs: 15°-off vs.
(311)A samples
Improvement in device efficiency, particularly among proton-implanted

lasers, is not a new observation. Indeed, it has been widely reported for 850 nm
VCSELs during their early phase of aging [41, 42]. Further, Lang and Kimerling
have earlier studied recombination-enhanced annealing of irradiated devices, and the
annealing and improvement during operation [40]. Zhou et al. have observed a two-
order-of-magnitude drop in hole trap concentration of devices with ideal
stoichiometry after device operation (devices with non-ideal stoichiometry, however,
showed a large increase in trap concentration) [43]. The improvement in 850 nm
VCSEL efficiency early in the aging process has been attributed to a number of
different causes, but primarily to annealing of proton implant damage, thereby
reducing contact resistance and driving off hydrogen from dopant sites. This also
has been thought to increase the effective diameter of the VCSEL. However, the
behavior of the 15°-off red VCSELSs differs substantially from the annealing reported
earlier in 850 nm VCSELSs (or for that matter, from the behavior seen in the 311-
oriented sample #999B).

First, in all samples previously studied, operation past device roll-over
resulted in rapidly increasing degradation rates as current was increased. The rise
was particularly dramatic at currents above where the L-I curve had rolled over to

B TR RECII RO TR LPST. SUREPI
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Chapter 6: Degradation in Red InGaP VCSELs 133
totally suppress lasing output. The VCSELs on (311)A wafer 999B follow this
same expected behavior, with monotonically increasing degradation rate as a
function of increasing drive current, as seen in Fig. 6 - 31. Lines through the data
points are only as a guide to the eye. By contrast with the VCSELs from wafer
999B, the VCSELSs from 15°-off wafer 1001 and 1002, show anomalous (negative)
degradation rates from approximately 12 to 25 mA. This non-monotonic behavior is
the first unusual observation unique to “bias-annealable” VCSELSs.

T 2000 ——— S :
~ | o Longtemm. 150 "normal 3
2 1500 4 © Eor?gl't:nn, 9998 behavior" B
3 1000 x  short-term, 9998 311A <
g s samples ]
a 500 ‘ Degradation x (999B) :
§ 0 : 15°-off
o : samples
£ .500 || Improvement (1001 &
g | (i.e.. annealing) 1002)  {
£-1000 - ‘anomalous 3
£ [ behavior" ]
0-1500 AN S | | PR 2 e | s
0 5 10 15 20 25 30 35

Current (mA)

Fig. 6 - 31: Degradation rate as a function of drive current, measured using the formula {100% x
P (after)/(P...(before) x degradation time)}. Note the anomalous dependence of the 15°-off
samples, which actually improve at higher currents.

The large scatter in the data of Fig. 6 - 31, it should be noted, is due to the
different period over which the tests were made. Degradation (or annealing) was
remarkably fast early on (the point at -1474% was only taken for | minute, while the
point to its upper right at -720% was averaged over 5 minutes). Annealing or
degradation slowed markedly after the initial “burn-in” phase, consistent with
observations in edge-emitting lasers.

The second difference between the “annealing” in red VCSELs and that in
other proton-implanted VCSELs is that, while some initial improvement in
performance is observed when annealing, such improvements (if expected) should
be observed across a range of operating conditions and not be strongly dependent on
operation condition. However, no improvement in device characteristics is observed
by operating at normal currents for red VCSELs. In addition, for 850 nm VCSELs,
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0.5 initial improvement in device

% 04 | characteristics, if rapid, s
', % followed by equally rapid
f 50'3 I 1 degradation. But in the red
| Eo.z - {1 VCSELs, after the improvement
£ ol b | from the anneal is observed,

device improvement saturates after

% 5 10 s 50 ~10 minutes at 18 mA, and no

Annealing Time (min) degradation is then observed,

Fig. 6 - 32:. Improvement in peak power for 673 nm red even after aging the device at 18
VCSEL using an 18 mA, 10V anneal. Improvement

saturates after 10 minutes, asymptotically approaching mA for hours. This saturation
| 0.5 mW. behavior is shown in Fig. 6 - 32.
Further, operation of a device at 12 mA results in a degradation rate nearly three
times slower than degradation at 10 mA — also inconsistent with the behavior seen
in 850 nm VCSELs. Again, while initial annealing might occur more rapidly in 850
nm VCSELs, the subsequent degradation would also be accelerated by a similar
amount: this is not observed on the 15°-off red VCSELSs.
Third, VCSELSs which have been aged until they no longer lase (e.g., 8 mA
overnight) have actually been “brought back from the dead” by annealing at (the

usual annealing condition) 18 mA for 2 minutes (Fig. 6 - 33). We have never
observed a similar recovery of a dead 850 nm VCSEL to lasing status.

Fourth, and most
0.1

[ T T T T T T obviously, no extension of the
. Honeywel! Red VCSELs
3 1002 #10,11,&12

ad a4 4

device lifetime through bias-

0.08 |- Aged 10-12h { % Lasing recoverad after . .
[ o 1oma | i 2mnwisma 1 appealing has been reported in
£0.06f / ] _ .
E [ o / \ ] the literature. We believe our
£ INon-lasing after >10 h | 1 . . . vy ey e
50.04 Fagngati>10ma || agazmn /] Dbias-annealing is annihilating
Q0 12 mA/ 1]

I y point defect clusters (as
=! described by Zhou [43]). Since
8 10 12 point defects are required for

Current (mA)

Fig. 6 - 33: VCSELs, which have been aged to non-
lasing, recover lasing after bias-annealing treatment.

degradation (see Chapter 2), this
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Chapter 6: Degradation in Red InGaP VCSELs 135
reduction in defects in turn lowers the degradation rate.

Substantial additional work will need to be done to understand why the
changes described above take place, and why they are observed in 15°-off red
VCSELs, but not in the 311-oriented VCSEL. It seems likely that both the very
high junction temperature reached during annealing (~230°C), and the high photon
intensity, are both needed to obtain the annealing effect.

It has generally been observed that for AlGaAs materials, about 2 eV is
needed for migration of point defects to take place. The majority of that energy is
supplied by a non-radiative recombination band-to-band, while the remainder
requires a multi-phonon event [40, 44, 45]. Likewise for the annealing in the red
VCSELSs, both photons (or some other means of minority carrier injection) and
phonons are needed to obtain the changes observed. It should be noted that thermal
annealing alone is not sufficient to create the changes seen: thermal annealing to over
400 °C for ~20 seconds or more is typically used to anneal the ohmic contacts, so the
device has presumably already seen thermal exposures far in excess of those
encountered in our 18 mA bias-anneal of 2 minutes at a 230°C junction temperature.
Further, the light alone from the active region is also insufficient, as the maximum
internal intensities of light are obtained at currents not far past roll-over, and no
annealing is observed at these currents. Due to the problems with red lasers have

with electron
2 ———rrrr T T rrr 0.001 confinement, a
— [ | e Spontaneous Emission ] "
S pissoadio Q  temperatures over 70
E1sf 000% m%  100°C (depending on
15} gg ( -pending
2 00008 & o) the details of the
(2} .
g r ] 8%  structure),  carrier
u [ 0.0004 = =
— 1 %g leakage becomes the
£ [ ] o .
(7] 0.5 S — e 250G EM S5 0N 0.0002 ~ g domlnant path fOI’
3 - HCIMA 10 Sumtace \ ) @ .. . .
[ additional injected
0 L - | PR TS S Y T S S o]
0 15 electrons, and no

3 Current(ma)
urrent(m } )
(mA) further increase 1n

Fig. 6 - 34: Spontaneous emission from red VCSEL, as collected 60° intensity can be
off from emission axis (solid line). Lasing output (gray dashed line) is .
also provided from the same device for comparison. obtained [46]. Thus,
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136 Section 6.4, Annealing in red VCSELs
photon intensity at the 18 mA bias-annealing condition is lower than the photon flux
at 10 mA, where no annealing is observed. We measured spontaneous emission 60
degrees from normal (a large enough angle to not collect any lasing light): the L-I
curve of the spontaneous emission is shown in Fig. 6 - 34. While spontaneous

emission continues to rise well past rollover on 850 nm VCSELs, as shown in

Chapter 5, it rolls over not far from where the lasing output starts to drop.

6.5 Aging-induced changes in red VCSEL
cathodoluminescence spectra for (311)A samples

6.5.1 Previous observations of disordering and intermixing in GalnP
and AlGalnP alloys.

Numerous authors have observed intermixing or disordering taking place in
GalnP alloys, where the ordered alloy is converted to a random alloy. One method

of alloy disordering uses implantation of non-doping ions (e.g., N* [14, 47] or Ar
[48] ), followed by rapid thermal annealing (RTA) to temperatures of 700-800°C for
| minute [48]. The implantation greatly enhances the point defect concentration, and
thus the diffusion coefficient. The rapid thermal annealing then provides the driving
force for the intermixing to take place. However, intermixing can be made to take
place without ion implantation, by using higher RTA temperatures of >850°C for 1
min. [48, 49]. TEM imaging has been used to show the contrast of the partially-
ordered lamellae after intermixing [14, 47]. The dynamics of this AlGalnP / GalnP
intermixing appear to be quite different than that observed in GaAs / AlGaAs
samples, where in the latter, interdiffusion between the quantum well and barrier
take place, thereby raising the energy of the quantum states, and lowering barrier
energy [50], as discussed briefly in section 3.5.3. By contrast, with the AlGalnP /
GalnP samples, even under very substantially increased anneal temperatures of 1000
°C, no further energy shifts are observed in the quantum well beyond those which
took place due to the initial alloy disordering [48]. In this respect, Himisch et al.
refer to the alloy disordering as a “bulk” effect, since the mechanism driving the shift
in thin GaInP quantum wells is the same as the shift in thick GalnP bulk layers, and

b aremaeieds
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Chapter 6: Degradation in Red InGaP VCSELs 137
intermixing of well and barrier layers does not appear to take place even under
extreme conditions.

Electron beams have also been used to disorder GalnP alloy. Noda and
Takeda did a through study of this phenomenon, measuring the intermixing rate as a
function of temperature, dose rate (i.e., electron beam flux intensity), and beam
energy [9, 51]. They found (somewhat surprisingly) no dependence of the
intermixing rate on sample temperature across the range 150 to 300K (although it did

| drop by 50% at 20K); the expected linear dependence on beam intensity; and a beam

| energy threshold of 150 keV. With regard to the third point, it should be pointed out
that the beam energy used for our studies was 120 keV; since Noda and Takeda
observed no beam-dependent disordering at all until voltages above 150 keV, we
would not expect to have difficulties with our sample disordering as we acquired the
CL data at the accelerating voltages used.

Finally, and perhaps most relevantly, a high-power laser has been used to
promote disordering of ordered GalnP alloy by Mcllvaney et al., in a phenomenon
they call “‘photoabsorption induced disordering (PAID)” [52]. A 30 meV shift was
observed in the photoluminescence peak of a 670 nm GalnP-AlGalnP laser structure
by focusing a S W Ar* laser onto the sample. Obviously, this is a rather extreme
amount of power, but in our samples, the presence of proton implants from device
processing, or point defects from device aging, would greatly decrease the photon
flux required for alloy disordering to take place. Furthermore, it should be kept in
mind that the intracavity flux in VCSELs are expected to be two to three orders-of-
magnitude higher than those being emitted, given the very high reflectivities of the
DBR mirrors used, and would thus peak at roughly 10° W/cm™? — high by any
standard.

We observe that ordering is present in our samples, and study how the
spectra change as the device is aged. The amount of disordering observed due to
aging in our samples is relatively small (~6 meV), relative to the substantial changes
(>40 meV) possible. However, substantial changes are observed in the CL
efficiency of red VCSELs after aging. Much larger changes take place in the direct
recombination peak (from the bulk of the material) than from the spatially-indirect
recombination (perhaps from anti-phase boundary edges or columnar microstructure
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138 Section 6.5, Aging-induced changes in red VCSEL CL spectra
due to phase separation). Ion implantation also affects the shape of the observed

spectrum.

6.5.2 Intensity dependent photoluminescence on (311)A sample.
Previous researchers have made extensive use of intensity-dependent

photoluminescence {13, 16, 21, 53, 54] to prove that their spectra contain spatially-
indirect peaks, which come from ordered or phase-separated regions adjacent to one
another [16, 22, 23]. To verify the peak assignments we made in interpreting our
cathodoluminescence data, we did intensity-dependent PL on a plan-view sample
where we had removed the substrate and n-DBR. An Ar" laser, with a 514 nm line,

was used to pump the device, and the measurements were taken at approximately
10 K using a cryostat with liquid He cooling. Beam size was thought to be 40 um
in diameter, but the true intensity of the pump beam was not calibrated. Neutral
density filters were used to attenuate the beam, and beam power was varied over two
orders of magnitude. The beam is assumed to fall on an area with deep proton
implantation, since over 99.8% of the area of the device is deep implanted in the area
examined.

The resulting spectra are seen in Fig. 6 - 35. The results are consistent with
those published elsewhere, and clearly show that the high-energy (1.914 eV) peak
dominates the spectrum at high pump power, while at low power, the low-energy
(indirect) peak (1.87 eV) is the most prominent spectral feature. An excellent fit can
be obtained with three gaussians: the high- and low-energy peaks just mentioned,
and a third at intermediate energy (1.897 eV). A fourth peak at 680 nm (1.82 eV)
can be clearly seen, but accounts for only a few percent of the energy, and follows
the intensity dependence of the low energy peak. As we shall see later, each of the
three peaks give a distinct cathodoluminescence image when using monochromatic
imaging. The significance of having three, rather than just two peaks, is not fully
known. Others have reported nearly identical triple-peak spectra in the past [S5],
and even the simple-twin peak spectra often require a third gaussian to obtain an
adequate fit due to intermediate energy luminescence being present in the spectra

[16, 53]. One possible interpretation is that the two (lower-energy) spatially-indirect
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Chapter 6: Degradation in Red InGaP VCSELs 139
components correspond to two separate effects—for example, the columnar
structure of phase separation and piezoelectric charge of adjacent domains.

Energy (eV) Energy (eV)
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Fig. 6 - 35: Low-temperature (10 K) intensity-dependent PL spectra, normalized (left). and on a log
plot (right). An excellent fit can be obtained with three gaussians, which are shown in the right
plot.

The data from the triple-gaussian fit is summarized in the table of Fig. 6 - 36.
Note that the wavelength of the peaks is almost unchanging as a function of incident
power. The larger wavelength shifts, as expected [13], come from the spaually-
indirect components. This may be due to the lowest energy states filling up first,
and leaving only higher energy states available, or to a reduction in the importance of
the piezoelectric field of domains in the presence of carrier screening [22, 23].

The area under the gaussians was integrated to obtain relative amounts of
power: the results are summarized in the table, and plotted in Fig. 6 - 37. The
behavior expected from a normal, non-ordered (e.g. GaAs) quantum well is
observed from the high-energy (direct) peak: the luminescence from the direct peak
increases more rapidly than the pumping power (1,670x increase with the 100x
increase in intensity), as the non-radiative losses present at low pumping intensities
are swamped out at higher intensities. Consistent with previous observations in
multi-peak spectra, the low-energy peaks do not increase nearly as rapidly (113x for
the medium energy peak, and only 26x for the low-energy peak as pump intensity is
increased 100x). Presumably, the number of states available at the boundaries of the
spatially-indirect structures is very limited, and thus the indirect luminescence easily
saturates. This intensity-dependent PL data supports our interpretation of the CL
spectra presented elsewhere in this chapter.
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Fig. 6 - 36: Summary of intensity-dependent PL results, obtained by 3-gaussian best fit.
“High-energy peak” is the band-to-band recombination; the medium and low-energy peaks are
spatially-indirect recombination. as discussed in the text.
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Fig. 6 - 37: Integrated area under peak vs. pump intensity. Note that direct peak scales with pump
intensity, while indirect peaks saturate, as expected.

6.5.3 Observation of aging-induced changes in red VCSEL
cathodoluminescence.

6.5.3.1 Plan-view cathodoluminescence spectra from (311)A oriented
sample (#999B).
We start by comparing the spectra on degraded and undegraded red

VCSELs. This comparison shows how the aging process causes the strength of the
direct-recombination peak to significantly increase, and the spatially-indirect peak to
slightly drop. The device shown in the following sequence was aged for three days,
first at 7 mA, then at 8 mA (still below the 9 mA current that the peak output power

VA Mt it -
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Chapter 6: Degradation in Red InGaP VCSELs 141
of 1.7 mW was obtained). After aging, peak

~N

output power declined by about 35% (1.7-
1.12mW), and threshold increased from 4.0
mA to 4.9 mA (Fig. 6 - 38). Other aged and
unaged devices showed very similar CL

Light (mW)
- &

-3
n

-]

0 2 4 6 8 1w 12 characteristics, and will thus not be discussed
Current(mA)

separately.  After L-I characterization, the
Fig. 6 - 38: L-I curve of red VCSEL

studied, before and after aging. device top was photographed, and then bonded

face-down to a small piece of AIN (which was
chosen for its high thermal conductivity, good match of thermal-expansion
coefficient, and stiffness). The VCSEL’s GaAs substrate was removed by lapping
followed by spray etching. The n-DBR was then selectively removed by leaving the
sample in pure HF for about 1 minute. When the rough surface became smooth,
and device stopped “fizzing,” it was inspected to verify that the Al GaAs / AlAs n-
DBR had been completely removed, and that the AlGalnP layers (which appeared
red as opposed to the “gray” AlGaAs layers) were exposed. The preparation steps
are shown in Fig. 6 - 39. Further details on sample preparation can be found in

Appendix B.

1. Device is aged, 2. Device is bonded face down 3. Resulting device

then characterized. to AIN mount, GaAs substrate and is analyzed from
n-DBR are chemically removed. back by CL.

Fig. 6 - 39: Plan-view CL sample is created by bonding device face down, then etching away the
substrate and n-DBR, leaving the active region, p-DBR, and p-metals intact.

This method of sample preparation has the twin advantages of being
relatively simple, and of leaving intact the p-metal patterns which can be used to
locate particular degraded and undegraded areas on the device. In addition, since the
devices are in the same plane, very close to one another (~600 um apart), and data
was collected in the same run, the spectra can be compared directly to one another.
Consistent results were obtained when comparing spectra of unaged devices to one
another, or devices which had been aged under similar conditions.
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CL Image, 654 nm

Energy (eV)
192 150 1.88 1.86 1.84
200 ! T L !

T T T

“_'brigm area® on x 4

100 |
L aged device

center on unaged device -

.;,T.;-‘t'-;.‘.

[34]
o
T—r—

Spectral Intensity (counts / ms)

0 1 1 ) 1 L L 1
640 645 650 655 660 665 670 675 680
Wavelength (nm)

Fig. 6 - 40: Plan-view CL spectra from the center of degraded and undegraded red
VCSELs.

The first spectra we examine were taken from the unimplanted center of
degraded and undegraded devices, shown in Fig. 6 - 40. In the degraded device, a
monochromatic (654 nm) CL scan (seen at the top right of Fig. 6 - 40) showed

R,

darkening near the top of the device, possibly due to device degradation. This is the
area marked by the star on the monochromatic image. A separate spectrum was
taken in the bright, lower area of the device, marked by the “x.” Finally, a spectrum
from the center of an undegraded device was taken, as marked by the gray square
shown on the secondary emission (SEM) image on the lower right. The undegraded
spectrum is expected to be very close to the as-grown material quality, since the
center of the device is the only region on the wafer where ion implants don’t come
close to the active region.

Examining the spectra, we see two effects taking place. First, the bias-
induced annealing discussed previously seems to be taking place, as judged by the
dramatic increase in the height of the CL peak at 650 nm (we attribute this peak to
spatially-direct recombination from the bulk of the alloy). Perhaps part of this
improvement in CL efficiency is presumably due to a reduction in non-radiative
centers, as discussed earlier for the bias annealed devices. Second, some reduction

_ in the height of the peak at 662 nm appears to be taking place, which indicates it is
i possible that some disordering of the sort discussed in the section 6.5.1 may be

PINCTURTIVN

taking place.
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However, in spite of the improvement in CL efficiency after aging, no
enhancement in actual device operating efficiency was observed on aged VCSELs
from wafer 999B. Possibly, the radiative efficiency of the active region is
improving, but current is not delivered as efficiently to the center of the device, as
we have discussed with the 850 nm VCSELs in Chapter 3. We will analyze these
spectra in greater detail in the following section.

Next, we look at the portion of the device under the p-metal. This region has
a shallow (current confinement) gain-guide implant directly above it, evidently with
some penetration of the implant tails into the active region, as we deduce from the
spectral changes we shall discuss. This region also is quite close to the central
region where lasing is taking place, and thus will receive strong photo-pumping,
affecting defect annealing processes which might be photosensitive. It is not likely
to degrade to the extent the center of the device will, since it is more than one
diffusion length (where diffusion lengths usually don’t exceed a few microns)
outside the main current flow path. The lateral dependence of active region
degradation is shown nicely by the cross-sectional TEM images of the active region
taken by Michael Cheng [56], and reproduced in Section 4.1.

The spectra taken under the p-metal are shown in Fig. 6 - 41. The area for
which the spectra were collected is indicated by the gray square on the
accompanying SEM image. Note that the degraded VCSEL has a blue-shift of the
(short-wavelength) direct peak, indicating more through disordering, and a lower
order parameter, than that observed in other regions of the aged or unaged devices.
However, this is a relatively small shift (only a few nanometers), indicating not
much disordering is taking place. Note also that as before, the luminescence
efficiency from the aged VCSEL is somewhat larger, indicating possible bias-
annealing, and again, the intensity of the indirect peak has been slightly reduced,
possibly due to increased efficiency of direct recombination reducing the carrier

population available at antiphase boundaries.
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Fig. 6 - 41: Plan-view CL spectra taken under the metal of degraded and undegraded red VCSELSs.

Finally, proceeding still further out, we examine spectra taken from the deep-
implanted region outside the p-metal ring (Fig. 6 - 42). Note that these spectra in
both aged and unaged devices are notably dimmer than those shown above, as
would be expected from the loss of radiative efficiency caused by the deep implant.
Not surprisingly, the spectrum taken near the edge of the device shows more
annealing than that taken far away, since the annealing affects would be expected to

fall off rapidly as one got further from the pumped core of the device.
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Fig. 6 - 42: Plan-view CL spectra taken outside from the deep-implanted edges of degraded and
undegraded red VCSELs.
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6.5.3.2 CL monochromatic images from plan-view (311)A -oriented
wafer (#999B)
We took monochromatic images of the sample at various wavelengths, as

shown in Fig. 6 - 43. Large irregularities, (such one region appearing shifted in
wavelength) as well as small (micron-sized) patches were noted in the images.

Linescans from these samples are seen in Fig. 6 - 44.

10 ym

Fig. 6 - 43: Monochromatic images of degraded plan-view (311)A -oriented sample PB-7 (#999B).
Note that the 650 nm image roughly corresponds to the shallow-implanted region; the 654 nm
image shows the unimplanted center (although the top is dark. perhaps from degradation); and the
662 nm image shows both the center and deep-implanted outer regions as being bright.
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Fig. 6 - 44: Linescans showing intensity versus lateral
position, for wavelengths corresponding to the direct
recombination (650 nm); the spatially-indirect
recombination (662 nm); and an in-between wavelength
(654 nm).

Images from the undegraded VCSELSs did not show broad-area darkening of
the sort seen in the 654 nm image above, but still showed other non-uniformities at
the edges of the p-metal contacts which appeared stain related, and inexplicable
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wavelength shifts of a few nanometers in some regions which appeared to be related

to growth inhomogeneity.

6.5.3.3 Analysis of plan-view CL data from (311)A -oriented wafer
(#999B)
We can analyze the spectral data by first subtracting off the background

signal, and then attempting to fit the spectra with two gaussians. Except in the
wavelength range between the two peaks, we are able to achieve a remarkably good
fit, as is shown in Fig. 6 - 45. These twin-peak spectra are similar in nature to those
described by Emnst et al., (who refer to these as “type III” samples) [13]. They
attribute the higher-energy peak to the true bandgap of the material, and the lower-
energy peak to spatially-indirect recombination, possibly coming from anti-phase
boundaries or phase-separated columnar microstructure, as discussed in section

6.5.1.

i

’ Energy (eV) We perform similar curve-

1 .?2 1.90 1.88 1 .186 1 '184 .

—-g?o : — : . fitting on the spectra of degraded
P 60 Direct i and undegraded devices, at
§50¢ i different locations. We integrate
o L
240 ¢ . { the area under the curves and
P _.-Indirect : .
a0t & 1 determine the wavelength giving
2 t
g2 ¢ 1 the best fit to the spectra. The
% 10 ¢ Ree Sum results are summarized in the table
s I A
a o 1 L . . -
& a0 650 660 570 ego Shown in Fig. 6 - 46. Order

Wavelength (nm) parameters were calculated using

Fig. 6 - 45: The spectrum from the center of the unaged  the previously mentioned formula
sample is shown, along with the two gaussians which
were adjusted to create the best fit. Note that the sum of
the two gaussians fits the measured data (solid black line) subtracting 29 meV from their
fairly well, except between the two peaks, from 653-659
nm.

from Murata et al., after

energy to account for the blue
shift from quantum confinement
effects [11], and adding 79 meV to account for the reduction in bandgap which
occurs from using compressively-strained Ga, 4In,,P quantum wells [29, 30].

VTN

Areas were normalized to the areas from the spectra taken at the center of the unaged

device.
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Note that only minor differences in the peak positions (~ 6 meV) are
observed, which may perhaps be taken as a sign that relatively little alloy disordering
is taking place in the bulk of the alloy: substantial spectral shifts (>40 meV) are
possible when intentional disordering is being done [48]. However, it is possible
more disordering or intermixing is taking place in the immediate vicinity of the
domain boundary walls, which may account for the reductions in the indirect
recombination for the aged devices. Also, the changes in the area under the
spatially-indirect peak are relatively small, when compared to the very large (2.5-3
x) increases observed in the area under the direct peaks. These increases in band-to-
band recombination are probably due to a reduction in point defects and non-
radiative centers, similar to the annealing described earlier in section 6.4. In
addition, reduced recombination near domain boundary walls may also leave an
increased carrier population available for direct recombination.

Unagedc . .
center
Unage:
‘metal
Unaged
edge o

center

Fig. 6 - 46: Table summarizing analysis of gaussian fitting of plan-view spectra.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



D T IS SCL

148 Section 6.5, Aging-induced changes in red VCSEL CL spectra

6.5.3.4 Cross-sectional CL from (311)A -oriented sample (#999B).

SEM Image of red VCSEL cross section
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Fig. 6 - 47: Cross-sectional CL spectra from (311)A -oriented wafer (#999B), before and after
degradation, in each of three regions. Note that the scales differ between each of the three plots.

While the plan-view samples probably are able to give the most accurate
data, it is difficult to correlate the images with the relative position of the contact
metal, as can be easily done for cross-sectional samples. Further, there are potential
concerns about possible artifacts from the mirror reflectivity spectrum, which
strongly influences the room-temperature plan-view spectrum, as discussed in
Appendix E. However, the data from the cross-sectional samples is largely
unaffected by the mirror’s reflectivity spectrum since they are collected from the
side. Thus, the cross-sectional data, which was taken prior to the plan-view data, is

included as a cross-check. The cross-sectional CL spectra, shown before and after

Energy (eV) Energy (eV)
"'”‘ » 1.95 1.90 185 150 ‘0? 120 198 1.90 188 180
i 1 1 ' i L ] ] L 1
%m i R2 § 00 | under left metal A4_
= 80 = 80
9 3 center
—er (undeg.), 1 =
Z . center = .1 g& 12cﬂnft
@ er 3um left @ eyond e
5 0 ofedge { 8 »} edge (same)
£ £
- 0 : — : - -4 0 - :
Q 630 630 650 660 670 680 690 Q 630 640 650 660 670 680 690
Wavelength (nm) Wavelength (nm)

Fig. 6 - 48: Cross-sectional CL spectra from (311)A -oriented wafer (#999B), for undegraded
sample (left) and degraded sample (right). Each plot shows spectra taken at different regions within
the given device.
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degradation for each of the three regions, are seen in Fig. 6 - 47. In addition, the
spectra from different regions of a single device are compared in Fig. 6 - 48, which
allows easier comparison for a particular device.

By comparing the cross-sectional spectra seen here with those seen earlier in
the plan-view data, we see there is general agreement on the trends observed, and
the spectral shapes are similar. It appears the entire plan-view spectrum of interest is
within the stop-band of the DBR at low temperature, which is necessary to avoid
unwanted effects of the sort seen in Appendix E. The same broad trends discussed
earlier are seen here: an increase in the height of the direct peak in the shallow-
implant region relative to the unimplanted center, as well as an increase in the height
of the direct peak in all spectra after device aging. It should be noted that the cross-
sectional samples have some unwanted experimental artifacts of their own, including
for example contamination of the spectrum of the device center by luminescence
from implanted regions below it, due to the deep (Rp~12 pum) penetration of the
electron beam. It is for these reasons we have focused our analysis on the plan-view
samples, where luminescence from a single region can be easily isolated.

We also examine the linescans and images from this cross-sectional device in
Fig. 6 - 49. The undegraded device shows the expected reduction in luminescence
in the deep implanted regions outside the p-metal contact, with relatively uniform
luminescence within the central region, while the degraded sample shows
inhomogeneities which are presumably correlated with the (small) spectral shifts
which take place during the aging process. Careful comparison of the images and
linescans with the spectra shown earlier reveals what appear to be inconsistencies
(i.e., the direct peak on the undegraded sample is far stronger in the shallow
implanted region under the metal than in the center, so the 646 nm linescan and 647
nm image should not appear uniformly bright in both of the two regions). These
inconsistencies, we believe, are solely related to the spectral shifts; examining the
changes in the spectra appears to be more useful in this regard, since the areas under
the peaks can be integrated, and the analysis is not disturbed by small spectral shifts

the way the monochromatic images have been.
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Fig. 6 - 49: Monochromatic images and linescans from (311)A -oriented wafer (#999B), taken in
cross section, on undegraded (left) and degraded (right) samples.

6.6 Discussion and Conclusions
It appears that for red VCSELs as for 850 nm VCSELs, that the “current

shunting” failure mechanism discussed in Chapter 3 is the primary cause of failure in
the red GaInP VCSELs studied. This conclusion is supported by the observations
that even deeply degraded VCSELSs had little evidence of degradation in their active
region, as shown both by uniform cross-sectional EBIC profiles and the increase in
CL efficiency after aging. (In fact, I've intentionally used the term “aging” rather
than “degradation” throughout this chapter, since the latter generally implies
something getting worse, which is not the case for the annealed devices which were
aged under high currents.) Ultimately, it appears the first task to improving the
lifetime of red VCSELSs might well be the same as is needed to improve the lifetime
of proton-implanted VCSELSs generally. Due to the indirect-gap DBRs, we were
unable use CL to examine the DBRs for dislocation growth of the type discussed in
chapter 4. It is not known whether the improvement in lifetime due to annealing is
directly combating the “current shunting,” or whether it is merely a large enough
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Chapter 6: Degradation in Red InGaP VCSELs 151
effect to partially offset the reduction in efficiency from the shunting. The former
explanation seems more likely, though, given the way the annealing has been able to
remove non-radiative centers, as seen by cross-sectional EBIC.

It is evident, from the improvement observed by annealing the two different
15°-off samples (1001 & 1002), that some non-radiative centers remained in the
sample after processing, and were only driven out by the annealing. Possibly RTA
of the wafers before processing in a manner similar to Ko et al. could be used [57];
laser annealing is also used in industry for applications where RTA does supply
enough energy to overcome the potential barriers encountered. The >10-fold
improvement in lifetime from the annealing could thus be obtained without the
expense of individually bias-annealing each device. The annealed 15°-off samples
showed considerably better lifetime than the (31 )A samples tested. However, Mary
Crawford’s best (>3,000 h) reliability results were obtained on (31 1)A substrates,
using no annealing [5].

' Confinement In these (early prototype) red VCSELs,

(AlGalnP) the operating voltages of 5-6 V were higher than

the best values reported in the literature [1, 58] —

. B improvement in this category could cut the heat
R 8 load by nearly 50%. The Al,GaAs layers are
. As/P SEIREROIN i fficult (o p-dope, and require different growth
interface . M ’
‘. « I8 conditions than are used for the 850 nm VCSEL
DBR (AlAs)

DBR mirrors [5]. Band discontinuities at the

AlGalnP / AlAs interfaces are another potential
Fig. 6 - 50: High-magnification TEM problem with red VCSELs, and the aluminum
of the arsenide / phosphide interface in

a Sandia red VCSEL. (Courtesy of Dr.
Ray Twesten.) before the transition is made to the AlAs layers in

the DBRs. Excess voltage drop at the Phosphide / Arsenide interface has been a

7 nm

content of the AlGalnP is reportedly tapered off

long-running problem with stripe lasers; reducing this drop by grading is discussed
by Foulger et al. [46]. A lattice-image of the interface of a red VCSEL grown on a
(311)A substrate, is shown in Fig. 6 - 50. The arsenide / phosphide interface can be
clearly observed. In spite of the visible disruption at the interface, the Sandia
VCSELSs shown have long had very low threshold voltages [4, 31].
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Chapter 7: Degradation in other types of gain-guided
VCSELs

So far, we have dealt with failure modes in production VCSELs in Chapters
3, 4, and 5; in addition, we have shown that the primary failure mechanism (“current
shunting™) is also responsible for the failure of red VCSELs. In this chapter we
extend our view over a much wider range of VCSELs. We start by looking at other
“standard design” proton-implanted VCSELs which are nominally identical to those
discussed earlier. The fact they fail in very different ways shows how important
| small differences in design and fabrication can be to reliability. We also deal briefly
with “dielectric-mirror” gain guided VCSELs. While none of the VCSELs featured
in this chapter are representative of production devices, the results shown here
illustrate the large variety of different failure modes. In addition, the results in this
chapter show the value of the spectrally-filtered electroluminescence technique
discussed briefly in Chapter 3, and in greater detail in Appendix F.

7.1 Degradation in non-production “standard Design” 850 nm
Proton-Implanted VCSELs
The “standard design” proton implanted VCSEL is the GaAs-QW, 850 nm

design described in detail in Chapter 3. It has been widely used in data links by a
number of companies. The same, nearly identical design, was demonstrated at Bell
Labs in the early 90’s, and has been the subject of experimentation by nearly a dozen
companies, several universities, and government labs worldwide. We have had the
good fortune to collaborate with a number of different sources. and to obtain devices
at various states of development to examine. The lasers shown in this section were
generally degraded elsewhere, at ambient temperatures of 70-90°C, currents of 15—
30 mA, and for 48-3,000 hours. The VCSELs were examined at currents well
below threshold to avoid modal behavior affecting the results.

Spectrally-filtered electroluminescence [1, 2] was performed, with 10 nm
FWHM bandpass filters being used to allow just the spontaneous emission escaping
from the (generally 770-790 nm) reflectivity nulls to affect the image. However, we
also include images taken either without filters, or with 830-850 nm filters, to show
just how little defect contrast is obtained with standard (unfiltered)

electroluminescence imaging.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



158 Section 7.1: Degradation in non-production “standard design” 850 nm VCSELs

7.1.1 MBE-grown VCSELs
A typical image after aging from one batch of VCSELSs is seen in Fig. 7- 1.

Note the relatively small (2-5 um) dark patches present after aging (the

luminescence before aging was extremely uniform).

Fig. 7- 1: MBE grown VCSELs after 72-hour, 30 mA burn-in. Note that the features observed at
780 nm (left) could be observed across all wavelengths from 750 - 790 nm. Little contrast is
obtainable at 850 nm (right). (The white line is from video system: the dot on upper part of right
image is a dust spot.)

Two devices which had been aged for a few thousand hours at 70 °C are
shown in Fig. 7- 2 and Fig. 7- 3. Note that for all three MBE VCSELs shown, the
“current shunting” failure mechanism discussed in Chapter 3 is probably nor the
cause of failure. Rather, the most likely failure mechanism (on the basis of the EL
imaging shown) is probably the generation of a dense dislocation network in the
active region, of the sort shown in Chapter 4.

Fig. 7- 2: MBE VCSEL after aging for

thousands of hours. 780 nm image (left) Fig. 7- 3: MBE VCSEL after aging for thousands

shows dark areas with *‘sharp peaks” at top of hours. 780 nm image (left) shows a dark “band”

and bottom. Unfiltered image (right) shows  across the center with two especially dark areas in

little contrast. it. Unfiltered image (right) shows little contrast, as
before.

7.1.2 MOCVD-grown VCSELs
The two MOCVD-grown VCSEL shown in this section appeared to fail due

to true dark-line defects, probably in the active region. We distinguish “DLDs,” by
which we mean sharply-defined lines, from the broad, patchy *“dislocation

SR TSGR
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networks” or “dark spots” seen in the previous section. The device shown in Fig.
7- 4 failed after ~1,000 hours. The device shown in Fig. 7- 5 failed quickly due to
DLDs (10’s of hours). Wenbin Jiang has reported DLDs (both (110) and (100)) as
being the primary failure mechanism observed in Motorola VCSELSs [3].

Fig. 7- 4: Aged MOCVD VCSEL with dark-line
defects. 780 nm image (left) shows DLDs clearly.
Unfiltered image (right) shows less contrast, but
still has higher contrast than the images shown
earlier in this chapter.

Fig. 7- 5: Large device which failed quickly
due to DLDs. Too little luminescence was
emitted to allow the use of optical filters
with our camera; thus, this is an unfiltered
image.

7.2 Dielectric Mirror VCSELs

- A number of promising
g = designs using intracavity contacts
sotn . . . . .

O and dielectric mirrors with oxide
iy h duced record
) apertures have produced record-

<100>
<"°>l\ low  threshold  gain-guided

;g; E VCSELs [4]. However, the strain
Ebtl*ll from the dielectric mirrors is
=g known to be problematic. Hybrid

~ 7780 nm image 830 nm image designs also exist, where several
Fig. 7- 6: Dielectric mirror VCSEL before and after (e.g., ©6) epitaxial mirror pairs are

rapid aging. Image before aging is very uniform; after grown in the p-DBR, and the
aging a {100) DLD network through the active region . . . ’
has terminated lasing. Linescans in white indicate dielectric ~mirror  layers are

intensity vs. lateral position through the center of the deposited on top to achieve the
image. ) o

desired reflectivity of >99.7% [5].
We studied how such dielectric mirror devices age under extreme current. We found
some devices extremely reliable, indicating no inherent problems with the design.
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160 Section 7.2: Degradation in VCSELs with dielectric mirror DBRs
However, some devices quickly failed due to growth of dark-line defects, as shown
in Fig. 7- 6 ana Fig. 7- 7.
Before aging, contrast enhancement could be used to detect non-uniformity

in some devices, as seen in a large (25-um-aperture device) Fig. 7- 8. Addressing
the source of this non-uniformity might allow for the majority of devices to be
improved to the (excellent) standard of the best devices.

Fig. 7- 7: Dielectric mirror VCSEL after

rapid aging. 780 nm image is seen at Fig. 7- 8: Filtered EL of dielectric mirror device.
left; unlike previous devices from this Image contrast has been enhanced. 780 nm image
chapter, independent image contrast is (left); 830 nm image (right).

seen in the 830 nm image (right),
showing what appear to be (110) DLD
networks growing from the left of the
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Chapter 8: Degradation in index-guided VCSELs
Index-guided VCSELs have a number of advantages over the gain-guided

VCSELs which have been the primary focus of our work. While gain-guided lasers
count on a thermal lensing to create an index guide, such lensing is unstable and
chaotic [1]. Index-guided lasers have more stable beam divergence characteristics,
and more predictable modulation response, which is valuable for high speed
switching. Index-guided lasers also allow for higher-power single-mode operation
[2]. On the down side, index-guided lasers are generally more difficult to produce,
and have more potential reliability problems than gain-guided lasers. In particular,
the methods used to create an index step also generally subject the device to
mechanical stress which may promote (110) DLD growth. As we shall see, (110)
DLD growth is indeed the primary failure mechanism for index-guided VCSELs.

8.1. 980 nm UCSB Pillar VCSELs

8.1.1 Description of structure

Pillar  p_contact The UCSB pillar VCSELs
(p-DBR)

are grown by MBE, and have three
8-nm-wide In ;8Ga grAs quantum
3x8nm wells, which lase at ~980 nm. The
p-DBRs are made of Al ¢7Ga 33As
/ GaAs, while the n-DBRs are

Fig. 8 - 1: Schematic drawing of bottom-emitting, 980 AlAs / GaAs stacks. Processing

nm pillar VCSEL. The arrows show the current flow  involves etching a pillar through
path.

Bottom Emitting Device

the p-DBR, and putting down a
dielectric insulator which only allows current to flow through the pillar; laser
emission is through the substrate, and out a window in the n-metal. The devices
then had indium bumps evaporated on the pillars, and were flip-chip bonded. The
resulting devices have index guided modes, with high side-mode suppression ratios.
The p-down mounting, and excellent heat sinking, allowed record CW powers to be
obtained for a variety of sizes [3]. A schematic drawing of the structure is shown in
Fig. 8 - 1.
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8.1.2 Filtered electroluminescence in degraded etched-pillar
VCSELs
We examined flip-chip bonded pillar VCSELs using filtered EL. While

some smaller diameter pillar VCSELs have proven very robust, most larger diameter
pillars have shown dislocations even before they've been operated, and degrade
quickly. With the assistance of filtered EL, we have been able to show that cracks
are present. As with our discussion in Chapter 7, the use of spectral filters is useful
to isolate spontaneous emission outside the mirror stop band. The filtered images
from one device before and after aging are seen in Fig. 8 - 2. The pillar VCSELs
studied were produced by Matt Peters, and packaged by Gerry Robinson.
Unpackaged devices were also studied, and also showed cracks. Several additional

undegraded devices are seen in Fig. 8 - 3.

before degradation after degradation

Fig. 8 - 2: Filtered EL images (taken using a short-
pass filter with A <920 nm) show cracks due to
strain from thick indium solder bumps in 12 um-
diameter pillar VCSELs. Cracks do not lengthen
as device is aged (right). but they do get wider,
possibly due to {110) DLDs growing out of the
crack.

Fig. 8 - 3: Additional filtered EL images of
undegraded pillar VCSELSs show cracks
before aging.

From these images, we conclude that the high stress induced by the thick
indium dots evaporated on the pillars may exceed the pillar's yield strength, thereby
forming micro-cracks or dislocations in the pillar. We will show in the next section
that by using a lower stress technique to form metal bumps (such as plating porous
gold bumps), or avoiding placing bumps on the pillars, these stresses can be
avoided, and pillar VCSEL lifetime can be greatly extended (Fig. 8 - 4). The
InGaAs active region used is known to be inherently very resistant to degradation,
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( Bottorxmission (o Botto%mission )
Etched % 3-QW InGaAs | | Oxide % 3-QW InGaAs

A ~0.98 um

pillar A ~0.98 um apertu
. . — Indium Plated gold pad
Tensile strain from indium bumps < e protects pillar

solder bump creates crack on VCSEL

or dark-line defect (DLD) :
9 ) Kand package Device bump-bonded cold

Fig. 8 - 4: Packaging for original UCSB pillar VCSELSs (left) allowed indium to apply strain
directly to pillars, resulting in cracks in larger (> 10 pm) devices. For UCSB oxide-aperture
devices (right) porous gold protected pillar from indium bumps.

as discussed in Chapter 2 and Appendix C, which gives these devices good potential
for reliable operation. The reliability of the best of the devices tested also gives
reason for encouragement that the pillar design is not inherently unreliable.  An

_J

index guided “ridge waveguide” design has been used by Motorola, with lifetimes of
>10° h being obtained [4].

8.2. 980 nm UCSB oxide-aperture VCSELs

8.2.1 Advantages of oxide aperture VCSELs
While many of the advantages of index-guided lasers can be obtained using a

simple pillar design such as that shown in the previous chapter, such a design has a
number of disadvantages. First of all, a large fraction of the drive current is being
delivered to the edges of the device where it has little chance of contributing to
stimulated emission. Second, a great deal of optical scattering can take place at the
sidewalls of the pillar waveguides. Both these issues are dealt with in oxide-
aperture VCSELs.

Oxide aperture VCSELs are formed by etching a mesa to expose an
“oxidation layer” with a high aluminum mole fraction, and then laterally oxidizing
the layer in a wet-oxidation furnace. Current is then forced to go through the
unoxidized center, improving the efficiency of current delivery [5]. More
importantly, perhaps, the oxide has a lower index of refraction than is present in the
unoxidized center. Thus an optical “waveguide” is formed, where diffraction loss is

offset by the lensing effect from the aperture [6].
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Thanks to these improvements, oxide aperture VCSELs have provided the
} lowest lasing threshold (<40 pA) (7], the highest power conversion efficiency at
% low powers (>50% p.ce. at 2 mA) [8], and the highest modulation current
efficiency (>14 GHzVmA) with >15 GHz for I<2 mA [9, 10].

8.2.2 Background on oxidation and hydrolysis of AlAs and
aluminum-rich AlGaAs alloys.

The oxidation technique used for making the oxide-aperture VCSELs has an
interesting history [11]. Prof. Nick Holonyak (Univ. of Illinois) noted that over a
period of several years, many of the epitaxial growths produced with high aluminum
fraction were unstable. In samples with Al Ga, As layers having x>0.85, he

i observed delamination due to an undesired hydrolysis reaction which turned the
l layers into Al,O,. Layer thickness also influenced the speed of the hydrolysis
process, with very thin layers (i.e., hundreds of angstroms) much less likely to

hydrolyze than thicker ones. His group was able to accelerate the hydrolysis process
by using both wet and dry oxidation in furnaces. Eventually, this process was used
to produce oxide apertures in laser diodes.

Given that the technique used to produce the oxide apertures originated as a
method of testing degradation, it is natural to worry about the stability of oxide-
aperture VCSELs after they have been fabricated. However, it has been
demonstrated that the proper oxidation technique can leave the outer surface of the
VCSEL pillar sealed so that if the device is subsequently re-introduced into the
furnace, no additional oxidation takes place [12]. In fact, intentional oxidation may
well prevent the unwanted hydrolysis discussed in Chapter 1 [11].

In addition, there was a great deal of concern about the stress resulting from
the very high change in lattice constant between the AlAs that was the starting
compound, and the Al,O, which is created during hydrolysis (Note that the As is
thought to be removed from the device by reacting with the hydrogen from the water
vapor to form AsH, gas which diffuses out of the device.) . The theoretical linear
shrinkage is 20%, with a measured linear shrinkage of >12% [13]. At Sandia
National Laboratories, the devices with the AlAs apertures have proven to have poor
lifetime, and the VCSELs pillars easily de-laminate. ~However, by using

“ren wiria i
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Al ,Ga ;,As, with a lower 6.7% shrinkage [14] and better mechanical properties,
both problems are eliminated [15]. Much of the strain problem may well be
eliminated by the formation of pores in the oxide which take up much of the
shrinkage, and also allow the waste products to escape, and fresh reagent to reach
the aperture tip. The oxide aperture VCSELs have shown reliability of 2-3,000
hours at 125°C ambient [16], and thus appear reliable enough for implementation in
many commercial systems. Nevertheless, as we shall see, the oxide aperture still
appears to be the primary site for nucleation of degradation, so concern about the
effects of oxide stress cannot be totally dismissed, even if their effect is more benign
than had been anticipated.

One additional reliability consideration has been uncovered from TEM and
carrier luminescence studies: defects extend up to 30 nm from the oxide tip.
Therefore, it appears advisable to not place the oxide aperture too close to the active
region, since these defects could easily nucleation dislocation formation. It also
appears to be valuable to minimize the aperture thickness, not only to minimize
stress and the degradation it can cause [15], but also to improve device performance

by reducing diffraction losses [6].

8.2.3 Description of 980 nm oxide aperture VCSEL Structure

. top view The InGaAs QW VCSELs
Diamond- shaped ) ]
oxide aperture o with  oxide apertures  were
Pillar intercavity ;
(.DBR) p-contact produced and packaged by Bran

Thibeault. They use a with the
addition of a 30-nm-thick oxide
aperture 0.14 pm above the active
region to provide both current

confinement, and index guiding of

Bottom Emitting Device

Fig. 8 - 5 Schematic drawing of 980 nm UCSB oxide ¢ OPtical wave.  Note that
aperture VCSEL structure although placing the oxide aperture
very close to the active region lowers unwanted current spreading [5], defects
visibly extend at least 15 nm above and below the aperture [17], and would be

expected to accelerate degradation. These devices can be modulated at up to 15 GHz
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166 Section 8.2: Degradation in UCSB 980 nm oxide-aperture VCSELs
with only 2.1 mA of current. Details of the structure, and its performance. can be
found elsewhere [10]. A schematic of the structure is shown in Fig. 8 - 5. As
discussed in Section 8.1, these devices had porous gold bumps plated on the mesas
to provide thermal contact and protect the mesas from bonding stress. Indium was
then evaporated on the gold bumps, and the device was bump-bonded at room

temperature to a submount, as shown earlier in Fig. 8 - 4.

8.2.4 Filtered electroluminescence of 980 nm oxide aperture
VCSELs

Filtered electroluminescence
was performed as before (with a
short pass filter, A < 920 nm).
Typical results from two devices are

shown in Fig. 8 - 6. A drawing of
the possible degradation process is
shown in Fig. 8 - 7. The devices

have proven quite robust, and very

high  currents and  junction
before degradation after degradation temperatures are required to obtain
Fig. 8 - 6: Filtered EL shows uniform emission any measurable degradation for most

before aging, and (110) DLDs growing from comers oli_made oxide aperture VCSELs
of the oxide apertures after aging.
[16].

@i 110 direction
(110) DLD

Mesa—) (SiTNRRITER e (|| 1)
Oxide /SN }'_,'» I B

Active layer

Fig. 8 - 7: Drawing of the suspected nucleation and growth of {(110) DLDs from the 980 nm
oxide aperture devices.
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8.3. 850 nm GaAs QW Sandia top-emitting oxide
aperture VCSELs

8.3.1 Description of 850 nm oxide-aperture structure
850 nm GaAs-QW oxide-aperture VCSELs were obtained from Kent

Choquette and Hong Hou of Sandia National Laboratories. The devices in question

had “heavily-doped” n-DBRs (2x10'® cm™ of Si) rather than the usual lower
| (1x10"®) doping. No other changes to the structure had been made, and yet
degradation was much more rapid in these devices with heavily doped n-DBR than
in the normal structure. Since this was unexpected, Dr. Hou asked me if I would be
interested in looking at their devices. It should be noted that Geib et al. (also of
Sandia) studied the effects of doping on loss, and observed much larger increases in
loss than would be expected from free carrier absorption alone [18]. Some have
suggested that this may be due to morphology problems which are correlated with
the high doping levels [19].

The layer structure is relatively similar to the Honeywell VCSELs described
earlier, with 5 8-nm-thick GaAs QWs, and top emission. However, the DBRs are
made of Al ,;GagzAs / Al,GagAs, with AlAs not being used in the DBRs. The
oxide aperture layer was ~45 nm thick, and placed ~0.10 pum above the QWs. The
aperture was made of Al,Gay,As: the additional few percent gallium greatly
reduced the stress from the aperture, and improved the lifetime [15].

Relatively large mesas (>50 pum) are created by dry etching. A 5-10-um-
wide ring contact is used to contact the p-DBR. The devices are top emitting.
However, since the oxide aperture extends in by ~15 um from the mesa edge, the
ring contact does not block the EL, and a complete picture of the EL can be obtained
without needing any special sample preparation.

Some of the most interesting results came from the comparison of square and
round mesa devices: equal numbers of each shape, in a variety of sizes, were
contained on the sample. The round-mesa devices gave a diamond-shaped aperture,
due to crystallographic-axis dependence of oxidation rates. The square mesa,
however, gave a square aperture. As we shall see, the degradation modes observed

were quite different for the two shapes.
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Top views

O

top emitting device

circular mesa square mesa

Fig. 8 - 8: Schematic drawing of 850 nm Sandia oxide aperture VCSELs. Both circular and square
5 mesas were investigated, with the former having diamond-shaped apertures, and the latter having
square-shaped apertures.

i 8.3.2 Filtered electroluminescence from 850 nm oxide
; aperture devices
Filtered electroluminescence was performed using various bandpass filters.

As before, the 780 nm filters gave excellent defect contrast, while the unfiltered
images showed little contrast. The images were all very uniform before degradation.

The images after degradation are shown in Fig. 8 - 9.

\

coraded edees

100 DLD

degraded edges

undeeraded

Fig. 8 - 9: Filtered EL images of undegraded (far left) devices were uniform. Degraded square
VCSELSs (center left and far right) degraded along top and bottom edges. Degraded circular VCSEL
(center right) showed (100) DLD nucleating from bottom corner of aperture.

For the square-mesa VCSELSs, darkening started along the top and bottom
aperture edges. Little aging appeared to start from the right or left, so the EL image
gradually became a rectangle with the square’s original width, but reduced height.
Relatively high currents past peak output power were required to obtain degradation

Ty Ry W DN

for the devices shown.
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By contrast, the circular-aperture mesa

device studied degraded almost immediately at a
AW/ very modest current. A (100) DLD appeared to

nucleate from the bottom corner of the oxide

square mesa circular mesa .
q aperture. We did not study a large enough

Fig. 8 - 10: Drawing of the
propagation of damage in aged square-
mesa and circular-mesa devices. or circular-mesa VCSELs had better rehability.

number of devices to determine whether square-

However, from an intuitive standpoint, we would expect that the very different
strain configurations in the two types would lead one of the two designs to have
better reliability. I believe this is a promising topic for future investigation.

The anisotropy of the degradation in the square-mesa devices originally
seemed surprising. However, there is a substantial body of evidence that 110 and

110 DLDs should not be expected to grow at equal rates [20-22].

8.3.3 Cross-sectional CL from 850 nm oxide aperture devices
Cross-sectional cathodoluminescence was performed an array of square-

mesa VCSELs, which included both aged and unaged devices. The results from an
unaged device are shown in Fig. 8 - 11. Note that the p-contact appeared to blue-
shift the luminescence directly under the contact ring. This appeared to be strain-
related, rather than due to doping, since additional doping would be expected to
result in a red shift (appendix F). No dislocations were observed in the p-DBR after

aging, as were seen in proton-implanted devices (Chapter 4).
SENM Image

720 nm (p-contact)

B e Substrate] |
735 nm (p-DBR) g ":: A - '," 1

S . vosigna [\ o 3

fd from n-DBR | \ /

R SN SN S

. E R . 3

792 i (QWs) g : " )

= .65. T8 15 100 ass

Wavelength (nm)

Fig. 8 - 11: Monochromatic CL images (left), SEM image (top right), and CL spectrum (bottom
right) for an unaged oxide aperture device.
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170 Section 8.3: Degradation in Sandia 850 nm oxide-aperture VCSELs

The CL observations of the “overdoped” Sandia VCSELs were very unusual
relative to what had been observed earlier from the Honeywell VCSELs. The results
tend to confirm the belief that the n-DBR doping was at fault for the poor reliability
of these VCSELs. These were the only devices we have studied for which no n-
DBR luminescence could be detected in the spectrum. No monochromatic image of
the n-DBR could be formed either. Perhaps a high density of non-radiative centers
were present in the n-DBR due to non-ideal growth conditions. Furthermore, no
luminescence from any part of the quantum well could be detected after aging.
While it might be expected that the central portion of the active region would be dark
after aging (as seen in Ch. 4), there is no reason why that darkening should extend
the entire width of the mesa for every aged device. However, if a degradation
process originating from uniformly distributed defects in the n-DBR were
responsible, this might help to explain why no luminescence could be detected from
the active region in any aged device.

Shifting our focus to observations on n-DBRs in proton-implanted VCSELSs,
we have seen dramatic (>3x) inconsistency between the n-DBR efficiency between
various VCSELs (Fig. 4-4), even from the same devices from the same wafer.
Except for some indications of precipitates at the n-DBR interfaces using TEM (at
the end of Appendix B), we have little indication of what sort of degradation might
be taking place. We have never seen spatially-resolvable structures in the n-DBR
using CL. Very careful quantitative CL measurements, using known (unaged)
reference samples to calibrate at every data run, would be needed to make progress
in this area. Studying the effect of the n-DBR on VCSEL degradation is an area we

have hardly touched on, but which is promising for future work.
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9. Conclusions and Suggested Future Work.

9.1 Brief summary of findings

By now, hopefully the reader has grasped just how complex VCSEL
degradation is, and the large variety of different failure modes which exist in aged
VCSELs. The one which appears to be the most important is the “current shunting”
mechanism discussed in Chapter 3, which also appears to be the cause of failure for
red InGaP VCSELs. We have shown that this mechanism is the sole cause of
failure for rapidly-degraded proton implanted VCSELs. Other mechanisms, which
were not accelerated by as large a factor during rapid aging, may also be important
under actual operation. To resolve this uncertainty, we recommend doing more
work on gradually degraded devices. To ease the analysis process, we suggest
specially aging arrays of devices, as we detail in the next section.

Failure mechanisms involving dislocation growth, of many different types,
were shown in Chapters 4, 7, and 8. In fact, this would have been the failure
mechanism one would expect to dominate the aging process, if one had to predict on
the basis of stripe laser results. The assumption that rapidly-aged and gradually-
aged VCSELSs fail in the same manner is probably valid for the VCSELs of Chapters
7 and 8, where DLDs in the active region appears to be the sole failure mechanism.
However, more work would be needed to verify this conclusion.

Perhaps the main point to doing failure analysis is being able to make
suggestions which improve the lifetime of the devices. We have come up with a few
of our own. General suggestions are contained in Chapters 2 and 4 and Appendix
C. We also discussed a “wide-gap-mirror” idea in Chapter 5 which reduced the
early failure rate in early tests. Suggestions specific to red VCSELs and index-
guided VCSELs are contained in Chapters 6 and 8 respectively. The annealing
procedure for red InGaP devices particularly stands out as being potentially useful
for improving the lifetime of the devices studied.
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9.2 Future work.

9.2.1 Failure Analysis on 850 nm VCSELs
A great deal of evidence has been accumulated showing that VCSELs which

are rapidly aged fail solely due to the “current shunting” mechanism discussed in

Chapter 3. In addition, there is evidence to suggest that this is the dominant
mechanism for VCSELs which are aged at normal currents in year-long accelerated
life tests. While no dislocation growth takes place in rapidly-degraded VCSELSs,
dislocations do grow in VCSELs aged more gradually. With this observation
having been made, it seems worthwhile to concentrate on studying gradually-
degraded devices, which are expected to be more indicative of the true failure mode.
The only reason such devices haven’t been studied more thoroughly up until now is
the degree of difficulty doing sample preparation on tiny (400-yum square) die.

9.2.1.1 Recommended Aging Procedures for Future Samples
The ideal sample for failure analysis would be a chip approximately 2x3 mm

| in dimension (or larger), to allow polishing without edge effects dominating, or to
allow cross sectioning for TEM. It would have at least 8 devices in a row along the
same line, to allow easy examination of more than a single device. The devices
would be far enough apart to not directly affect one another during aging, but close
enough together that multiple devices could be observed in TEM (pitch < 250 um).
This having been said, even a number of devices on a sparser 600 um pitch (used
for packagable VCSELSs) would be an improvement over the current state of affairs.

Such an array could be aged using normal, single-VCSEL mounts and
current supplies by connecting up to 8 devices in parallel using either separate wire
bonds or a stitch bonding technique, and a standard header. Aging over a minimum
of 2,000 hours, at moderate currents (~20 mA per device), and temperatures which
allowed the device to still lase would all be ideal; however, such conditions may not
sufficiently accelerate the aging process with VCSELs which have improved
reliability.

Mounting of the array should be focused on simplifying demounting for ease
of failure analysis. Devices should be mounted using a soluble cement (e.g.,
cyanoacrylate, or “Krazy Glue” which dissolves in acetone). This is, of course, non

EYCVNVCVOR

conductive. A thin strand of silver epoxy, or better yet, silver paint, can be used to
provide electrical continuity between the header and the n-side of the device. Note
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that silver paint would not, by itself, have sufficient adhesion to permit subsequent
wire bonding. Cyanoacrylate glues, however, do have sufficient strength to allow
wire bonding of devices. At least a dozen arrays should be aged, to allow for a
variety of destructive techniques to be used, and to account for yield losses in
sample preparation.

Thus prepared, gradually-aged arrays of devices would allow easy
observation by a variety of different techniques, and give greater confidence that the
‘l results were reflective of what would be observed under actual aging conditions.
} 9.2.1.2 Investigation of doping profiles
Clearly one of the key findings of this work is that degradation, at least in its
early stages, is attributable not to degradation of the device in the usual sense of non-
radiative centers, but due to modification of the current path taken. Our evidence of
this is indirect: we can show that CL and EBIC (which don’t depend on current flow
paths) give perfectly uniform profiles, while EL (which is sensitive to current flow)
changes after aging. However, direct evidence of dopant passivation would be
valuable. Two techniques to quantify the changes in activated doping are suggested,

and are discussed briefly in the following sections.

9.2.1.2.1 Etch-dependent techniques
Two-dimensional doping profiles have been studied in silicon devices by

cleaving or polishing a device cross section, and then using a doping selective etch,
which etches highly-doped material more rapidly than lightly-doped material. The
device can then be examined by TEM [1], SEM [2], or atomic force microscopy
(AFM)[3]. Provided it is available, AFM appears to be the most useful method,
since the quantitative data of etch depth versus x and y is easily extracted, and the
sample preparation is much simpler than for TEM. The doping selective etches have
better depth contrast for highly doped regions (e.g., comparing 10'° cm” vs. 10%
cm’®), and much less accuracy for low-doped regions (e.g. 10'* cm™ vs. 10'® cm™).
This is clearly evident in the doping calibration curve (Fig. 2a) shown in Barrett et al
[3]. In this respect the doping-dependent etch techniques are complementary to
scanning capacitance microscopy (SCM), which is excellent for distinguishing low
doping levels, but has less accuracy in highly-doped areas.
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9.2.1.2.2 Scanning Capacitance Microscopy (SCM)
[ Scanning capacitance microscopy measures the capacitance between a

I conductive AFM tip and the sample (usually at 915 MHz). Heavily doped regions
i generally have high capacitance, while lightly-doped regions have lower capacitance.
, SCM can measure doping levels down to 10" cm™, with 20 nm spatial resolution

[4]. For additional details, a nice discussion is present at Digital Instrument’s web

site (www.di.com) under the applications note section.

9.2.1.3 Humidity and Electrostatic Discharge (ESD) Failures

As the devices are improved to provide very low early failure rates across the
full operating temperature range, the focus will turn to failure modes other than those
caused by aging itself. As discussed in Chapter 1, hydrolysis threatens to put a
“reliability roof” over any device which is not properly packaged or otherwise
sealed. Electrostatic Discharge (ESD) is also an ever-present threat, with failure
levels typically being < 1000 V {5]. While Honeywell sent devices of both types to
look at, I have not done any analysis of note on either type of failure mechanism.

9.2.1.4 Looking for DLDs using in-situ cross-sectional scanning tunneling
microscopy (STM)

Cross-sectional STM should in principle easily be able to detect the presence
of dark-line defects in the vicinity of the scanning probe. It might be able to map out
such defects in a manner similar to the cross-sectional TEM shown in Chapter 4,
with much simpler sample preparation. There is even some hope the results might
be able to give us quantitative information on the electrical properties of dislocations
— something that has been in short supply.

9.2.1.5 Spectral measurements of increased cavity loss as device degrades
If spatially-resolved (~10 pm) reflectivity spectra could be taken of VCSELs

before and after degradation, we might be able to see the effects of increased mirror
loss. The full-width half-maximum (FWHM) of the reflectivity null is proportional
to the cavity loss. If DLDs in the cavity were adding to the loss, we would expect to
be able to observe an increase in the width of the reflectivity null.
9.2.2 Failure Analysis on Other Structures
9.2.2.1 Red VCSELs

Further work to understand the annealing process would be obvious. More
fundamental experiments, using variable temperature and externally-applied (laser)
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irradiation intensity could be used. Methods which allowed quantitative
measurement of trap density (e.g., by DLTS) would also be potentially useful.

We propose an experiment to verify whether current-shunting is present in
red VCSELs, and whether dopant passivation is taking place in the n- or p-DBR.
This takes advantage of our ability to selectively remove the DBR mirrors by wet
etching. In this experiment, two identical arrays are aged by identical amounts. On
one sample, the p-metals are polished off, and the p-DBR is removed with HF,
leaving the cladding layers, the active region, the n-DBR, and the substrate. A
semitransparent contact is then deposited, allowing electroluminescence observations
to be made. The other sample is bonded epi-side down to a conductive mount using
a small amount of silver epoxy, and being careful to avoid shorting around the
edges. The edges of the device are protected with photoresist, and a hole is opened
in the n-metal using a strong HF/HNO, etch. The substrate is then removed by
spray etching, and the n-DBR is removed with HF. A semitransparent contact is
then made to the n-side that remains.

Both samples are then imaged using filtered EL. By examining the patterns
observed in the two samples, we can determine whether degradation has occurred in
the active region (in which case it should cause darkening in both samples); whether
passivation of the p-DBR has occurred (in which case do dark central spot should be
observed after the p-DBR has been removed), or if passivation of the n-DBR has
occurred. Anticipated images are shown in Fig. 9-1. We assume, given the very
different behaviors of the n- and p-DBR in degradation, that if dopant passivation is

indeed a culprit, it will occur much more rapidly in one DBR than in the other.

. Dopant Dopant
True active  passivation, passivation,
Undegraded regiondeg.  inp-DBR in n-DBR
n-DBR
removed
p-DBR
removed

Fig. 9 - 1: Anticipated images from specially-prepared arrays.
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9.2.2.2 Oxide Aperture VCSELs
Only very preliminary studies were performed on oxide-aperture devices. A

number of the newer design recommendations which are being made, placing the
aperture extremely close to the active region, seem particularly problematic for
reliability, given that obvious damage can be seen as far as 15 nm below the tip.
9.2.2.3 Fused VCSELs

Excellent 1.3 and 1.55um VCSELs have been produced by fusing GaAs-
based mirrors with InP-based active regions [6]. It is logical to expect the failure

mechanism in these VCSELSs to differ from the failure mechanisms seen in the GaAs
QW devices we studied. Of course, the fused junction itself is an area of potential
concem, since the area immediately surrounding it has locally high strain, and areas
with recombination centers. I provided some minor assistance for Near Margalit to
start with life testing on these lasers — the initial results look surprisingly good,
especially since no design optimization has been made to specifically address
reliability concerns. Failure analysis on these VCSELs would be a worthwhile

project.
9.2.2.4 GaN lasers

GaN or InGaN lasers, with lasing wavelengths in the violet, are of great
interest for data storage. While early devices showed very poor lifetime (<1 second

at room temperature), they are rapidly improving. The material is quite amazing,

since even with very high dislocation densities (>1010 cm-2), device performance is
fairly good. Further, the dislocations do not appear to strongly affect device
degradation — contact resistance, and contact degradation, are the limiting factors.

In other III-V materials, both performance and reliability are adversely affected by

dislocation concentrations above 104 cm-2. Understanding what is important in GaN
reliability would be of interest.
9.2.3 Fundamental Work

Historically, work on device degradation has been quickly dropped once a
device has achieved the desired (low) failure rates for the applications envisioned.
The field of failure analysis has thus never matured to the level other fields have
achieved, and has what seem to me to be an inordinate number of unanswered

questions. However, this must also stem from the fact that degradation is not
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repeatable — it is by its nature chaotic and involving fractal growth; the dislocations
which are its fundamental unit are quite hard to measure since they are only one
atomic row wide, and it is impossible to observe the fundamental reactions taking

place, since point defect flow cannot be observed.

9.2.3.1 Understanding how active region strain and growth conditions affect

dislocation growth
For traditional stripe lasers, perfecting the active region (using the

optimizations we shall discuss below) is the primary focus of efforts to improve
reliability. Studying why compressively strained active regions give better reliability
would help to shed light on debates which have gone unresolved for decades, and
which are important to predicting which new materials systems will give the best
reliability. My original plan for my Ph.D. studies also was to investigate how
growth conditions affect reliability in a more quantitative manner than the purely
empirical unpublished studies which have taken place to date. The discovery of a
large number of previously unreported VCSEL failure mechanisms changed the
focus of my research. However, once these novel mechanisms have been
eliminated, perfecting the active region, (e.g., QW strain, growth conditions, etc.),
will also be perhaps the primary focus in VCSEL improvement efforts.
9.2.3.2 Understanding how dopants selected affect degradation

As illustrated by the very poor lifetime of the Sandia VCSELs with heavy
silicon doping in their n-DBR, doping can have a strong affect on lifetime. The
cause-effect relationship has not been well-explored. How high can we go with
doping? How far from the active region should we stop to maximize device
lifetime? What growth conditions optimize dopant incorporation? As discussed in
chapter 4, dopant segregation often causes a pile-up of dopants at the inverted
interface (i.e., where AlAs is tapered down to AlGaAs). Dopants may be
accompanied by an elevated point defect concentration, which may contribute to
defect formation. Optimizing dopant profile to give low resistance, without
excessive concentrations, would seem prudent. Further, since dopants differ in the
ways they incorporate in the lattice (i.e., substitutional vs. interstitial), and in how
mobile they are (e.g., Zn vs. C), we might be able to improve device lifetime by
experimenting with different species of dopants. Stability is also affected by growth
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conditions, with substitutional dopants being far more stable than ones which
incorporate at interstitial sites. Finally, the p-n junction is usually not exactly placed
in the active region: it usually is displaced to one side or another, leaving a “virtual
anode” or *“virtual cathode,” which has an effect on reliability [7]. These aspects
would be interesting to study further.
9.2.3.3 Growth technique
In chapter 4, we mentioned SIMS studies which have shown that oxygen
can incorporate at the inverted interface in the DBRs, presumably due to oxygen
gettering by the AlAs. This has not been observed in LPE or MOCVD ([8], perhaps
due to the presence of hydrogen, which is able to reduce oxides and remove them
from the growth chamber before they are incorporated in the lattice. Outstanding
stripe laser reliability has been demonstrated in both MBE and MOCVD structures
(albeit with lower aluminum mole fraction, and far fewer interfaces than are used in

VCSELs). It would be interesting to see if any systematic difference in reliability

was observed when comparing structures which have identical design and
processing, with growth technique being the only variable. Comparing fundamental
properties, such as point defect concentrations, carrier lifetimes, and doping profiles
with each growth method would also be valuable.
9.2.3.4 Active layer thickness
Judging from the difference in the character of DLD growth seen in devices
with different well widths (refer to Chapter 2), there appear to be fundamental
changes in how DLD propagation takes place as well width is changed.
Understanding why this happens, and how the dislocations grow, might allow us to
better control dislocation growth. More generally, developing fractal models which
are able to mimic the observed behavior of dislocations would also improve our
understanding of dislocation growth, and make reliability models of arrays more
accurate by predicting how reliability of neighboring elements can affect other array
emitters.
9.2.3.5 Structural strain
Many of the early oxide-aperture VCSELs had very poor lifetime. This was
! probably due to two effects: first, as has been shown by Sandia, the oxidation of
pure AlAs layers creates both poor p-mirror adhesion, high strain, and low device

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 9: Conclusions and future work 181
lifetimes. Further, many of the early oxide-aperture VCSELs had highly-strained
dielectric mirrors. As discussed in Chapter 2, it has been shown that elastic strain
accelerates the growth of (110) DLDs.

Even for the less-vulnerable gain-guided lasers, strain from dielectrics and
contact metals can drive degradation. With additional work, dielectrics such as
Si,N, can be deposited with very low stress, although for most applications, simply
‘ minimizing the dielectric thickness is enough to avert problems. Keeping metals to
t reasonable thickness, and using deposition techniques which minimize strain, is also
' helpful.
’ 9.2.3.6 Optimal metallization
Given that the evidence in section 4.3.2 appears to indicate that the p-
contacts are a source of nucleation for the dislocations, it would be useful to study
whether alternate p-metal layers would be less likely to nucleate such dislocations.
9.2.3.7 Laser induced degradation
As a study in fundamental materials properties and device physics, a high-

power laser (either Ar* or Ti: Sapphire) can be focused on the sample, and induce
dislocations. Samples grown with different conditions, different doping levels, or
different layer structures could be rapidly compared. Further, the effects of proton
implantation, interfaces, and different metallization recipes could be compared.
9.2.3.8 Electrical properties of dislocations

Little quantitative information is known about the fundamental properties of
dislocations in GaAs, either electrical or optical. Ballistic electron emission
microscopy (BEEM) has been used to measure the electrical properties of misfit
dislocations in InGaAs [9]. Similar measurements of degraded active regions in
GaAs would be useful in understanding how carriers recombine in active regions
after some degradation has taken place. This could prove helpful in modeling
devices and systems that were robust even after they had aged through most of their
life. Designing an experiment to measure the optical absorption cross-section of
dislocated material would also be of interest.
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Appendix A: Scanning Probe Microscopy Experiments.

A.l. Near-field scanning optical microscopy (NSOM)

A.1.1 Background on NSOM, and advantages of technique
One of the key issues to understanding the device degradation has been

understanding what causes dislocation formation in the p-DBR. Since we believe

this is driven by minority carriers in the Al ,Ga,,As layers of the DBRs, it would be

valuable to definitively prove that there is indeed a significant minority carrier

population present in the AlGaAs layers during normal (electrically-pumped) device

operation. This should be quite simple given the unique spectral signature from the
p-DBRs, peaking at 790 nm, as shown in Chapter 5. Unfortunately, the complex
mirror reflectivity spectrum of the DBR (also shown in Chapter 5) has reflectivity
nulls which result in spectral peaks at the same wavelength. These can be attributed
to spontaneous emission from the active region escaping through the mirror
reflectivity. Further, no direct 790 nm peaks were observed from the side-on
spectra of the cleaved VCSELs either. Thus, it appeared it would be quite valuable
to be able to take spatially-resolved spectra, from both the p-DBR, and from the
active region, and show that 790 nm luminescence was originating from the p-DBR
itself.

Near-field Scanning Optical Microscopy (NSOM) is well suited to this task,
having better than diffraction-limited spatial resolution, which is controlled by the
diameter of the aperture tip (generally 0.1 um for these experiments). While the
signal picked up is generally controlled by evanescent coupling, and falls off rapidly
below the surface (as the wave expands into 27 steradians), our experiments were
complicated by waveguiding effects from the VCSEL layers. Nonetheless, we were
able to obtain unambiguous evidence of luminescence from the p-DBR in normal
VCSEL samples — luminescence which we did not see from the n-DBR side, or
from samples with higher aluminum mole fraction mirrors. While the evidence still
requires some understanding of many complicated effects at play, I regard these
results as most direct proof that optical pumping from the active region is injecting
minority carriers into the DBRs, and in particular, into the p-DBR. The NSOM
experiments were done on cross-sectioned samples I prepared and mounted to allow
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electrical operation under normal lasing conditions, while observing luminescence

being emitted from the side. The measurements and analysis were done by Jessie
l DeAro and Kenneth Weston of Prof. Steven Buratto’s group, in the UCSB
‘ Chemistry Department. I am deeply indebted to them for their collaboration in this

work.

A.1.2 Experimental Configurations

The experimental
P Single-mod .
NSOM tip o:fc;':,b:, apparatus used for the NSOM is
(usually 100 nm - . . .
aperture) shown schematically in Fig. A -
veseL B = : 1. The configuration shown is
emission B9 . Detector (for images)
: or Spectrometer one of four that were used.
(for spatially . . .
-resolved spectra) Electroluminescence mapping is
A . . .
1 , depicted, where a sinusoidal
1 .
! Cleaved or polished VCSEL current is sent into the VCSEL,
Fig. A - 1: Schematic diagram of NSOM experimental and the light generated by the
configuration. laser is detected by a sensitive

detector which is routed into a lock-in amplifier. The tip is rastered across the
sample, and a map is created of the signal vs. x and y. It should be noted that while
the spatial resolution of the NSOM tips exceeds the diffraction limit, the throughput
of the tips is only 10®. (i.e., for every 10° photons impinging on the tip, only I will
be detected at the other end of the fiber.) Thus, very sensitive detectors are needed.

The second experimental configuration was spatially resolved
electroluminescence spectra. Scans were taken with 0.1 {m transverse spacing,
from a few microns below the active region (in the n-DBR), to a few microns above
the active region (in the p-DBR). Peak voltages of 1.8V were used. The data sets
were collected using a spectrometer with a cooled Si CCD array. These scans were
later analyzed extensively by Jessie DeAro (to be published).

The third configuration used collected spatially-resolved photoluminescence
spectra. In this configuration, light from a He-Ne (633 nm) laser is coupled through
the tip to excite the sample (including layers which would not be expected to
luminesce under forward bias). Again, spectra were taken at 0.1 um steps. A beam
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Appendix A: Scanning Probe Microscopies 185
splitter was used to allow the simultaneous injection of pump photons, and
collection of signal photons. PL mapping was also performed.

The fourth and final configuration was for photocurrent. In this
configuration, the electrical leads of the laser were connected to the lock-in amplifier,
and He-Ne light is coupled into the VCSEL. This is somewhat similar to cross-
sectional EBIC: if carriers are generated in or near the depletion region, they will be
collected and create a photo-current. Carriers generated outside the depletion region
recombine without contributing to photo-current. This technique has been used to
find problems with buried laser regrowth in the past {1].

A.1.3 Results with normal VCSEL (with Al,GaAs layers in

DBRs).
Spatially-resolved EL signal The spectra from two spots, one at the
i ™ active region, and one at the p-mirror near the
g | p-miror active . . N
& (Courtesy of region | active region, are shown in Fig. A - 2. These
7] . .
B | K Weston, and spectra show clear differences, with a much
@ | J- Dearo, UCSB o )
= | Chemistry Dept) greater contribution from 790 nm light
§ originating from the Al ,,GagAs layers in the p-
z . : . .
DBR. This is not an experimental artifact, since

760 780 800 820 840 860 it is not seen in the n-DBRs (which have at least
Wavelength (nm)

a 3-fold reduction in absorption of spontaneous
Fig. A - 2: Spatially-resolved o o . . )
electroluminescence spectra. emission), nor is it seen in VCSELs with wider-

bandgap mirrors, as discussed in the next

Expected spatially-resolved spectra section.
3 s il W ) The spectra we expected to see were
& | small p-mirror )
> | signal expected, Observed  mgore similar to those shown in Fig. A - 3,
= with littie (and expected) ‘ . . .
€ | luminescence active region  ywith relatively little luminescence from the
£ above 800 nm. spectra ] . .
- active region wavelengths being observed
@ when the tip was over the p-DBR.
a . - .
@ However, in reality, light from the active

760 780 800 820 840 region several microns below the cleaved

Wavelength (nm) surface is able to successfully couple into

Fig. A - 3: Data expected from ideal (thin) the NSOM tips by way of waveguidin
sample in the absence of waveguiding effects. ps by y gu &
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(i.e., multiple reflections) off DBR layers. In the absence of such photon scattering,
very little light from deeper in the structure would be expected to couple into the
NSOM tip, since the intensity of the light falls off very rapidly with increasing
distance from the tip. In theory, a thin sample could be made which would avoid
these undesired waveguiding effects, and give clearer data, as shown in Fig. A - 4.
Hcwevcer, such a sample would be both difficult to make, and difficult to inject
current into. The evidence presented in this chapter 5, coupled with common sense,
was seen as all the evidence needed that minority carriers are indeed being injected

into the DBR layers, so we did not pursue fabrication of such a sample.
UQ—Tip or objective _>U For more detail on
HH]HHW the NSOM results taken on
Light from active region is outside  the normal VCSEL samples,

acceptance angle with thin sample.

Measurements in haif-disk refer to the paper by DeAro,
contaminated by active region. Weston. Buratto. Herrick

Fig. A - 4: Comparison of collection effects from thin and and Petroff [2].
thick samples.

A.1.4 Results with modified VCSELs (with Al,Ga,,As layers in
DBRs).

As was discussed in Chapter 5, by increasing the aluminum mole fraction
used in the AlGaAs layers of the DBR, the bandgap increases from 1.58 eV to 1.67
eV, and the absorption of the mirrors is calculated to fall by approximately a factor
of 20 (i.e., to be reduced by 95%). Thus, by making VCSELs with this design
modification, we expect to essentially eliminate absorption and thus also eliminate
the resultant minority carrier injection and the luminescence observed from the
mirror layers.

Three types of NSOM analysis (described earlier) are shown below in Fig. A
- 6. While the photocurrent image gives the signal expected, both the EL and PL
images show unexpected results. The EL image shows brighter luminescence
coming from the substrate than from the active region itself. Of course, the design
does not call for the substrate to be emitting light, so this was a surprise. However,
we have observed this in conventional EL as well (see Fig. A - 8 later in this
chapter). We believe spontaneous emission which is able to get through the
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p-DBR —»
active —»
n-DBR —»
Substrate —»

Fig. A - 6: Spatially-resolved electroluminescence (EL), photocurrent (PC), and
photoluminescence (PL) maps for an ordinary wide-bandgap VCSEL. (Courtesy of Jessie DeAro.)

reflectivity nulls in the n-DBR is able to optically pump the substrate, and as the
carriers recombine, they give off 870 nm luminescence. This can be confirmed with
the spatially-resolved EL spectral scans which were taken. This effect (of the
spontaneous emission optically pumping the substrate) appears to modify the
thermal profile of the device, as we discuss in the section on scanning thermal
microscopy (SThM) results later in this chapter. The proton implant can be clearly
seen in the PL image, and is similar to that seen with CL (as seen in chapter 4). The
weakness of the n-DBR relative to the p-DBR in this image is believed to be a
function of the plane-fitting routine used, since the spectral intensity of the n-DBR
was only slightly lower than that of the p-DBR.

As expected, the wide gap mirror

)
n
a
o
°
]

3 samples eliminate both the presence of the 790
—2000 W . )

z ° //\ nm peak which was previously observed due
@ 1500} ; ] ] ]

e /p-D8R \ to Al ,,Ga,,As luminescence, and the shift of
Z 1000l ICEFLIRN ) 1674 34

- 7 . . ..

g o0l 4 /;‘0_02“ I~ the spectrum as a function of position. Three
H o ‘ (L' """) o spectra (including two taken at the same
@ 830 840 850 860 870 880 890

positions as the spectra shown earlier in Fig.
Fig. A - 5: Spatially-resolved spectra taken A - 2) are shown below in Fig. A - 5. Note

from the active region, the p-DBR, and the that they are essentially the same, as would be
n-DBR, in a wide-bandgap DBR sample.
Note that unlike the cor;ventional sample
(Fig. A - 2), there is little difference contribution from the p-DBR.
between the spectra. (Spectra courtesy of

Jessie DeAro)

Wavelength (nm)

expected in the absence of a spectral
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A.2. Scanning Thermal Microscopy (SThM) for thermal
profiles

A.2.1 Experimental Goals and Background on SThM.
Past investigations of dislocation properties have generally focused on what

doesn’t happen in the vicinity of a dislocation (e.g., reduced luminescence, shorter
carrier lifetime, etc.), rather than what does happen. To the best of my knowledge,
no one has ever shown direct evidence of non-radiative recombination taking place at
a dislocation core. Indeed, it is a matter of some controversy as to whether the
dislocation core itself is electrically active, or whether traps and impurities which
surround the dislocation are responsible for the changes we observe, as was
discussed in Chapter 2. By studying the thermal image of a cross-sectioned

VCSEL, we hoped to get the first direct image of the heat being generated at the
dislocation cores. It was also hoped that spots where hot carriers were present

(namely, those with undesired barriers in the conduction or valance bands) would be

e manan,

seen in the thermal image. As a side benefit, we would also get the first
experimental thermal map of a VCSEL.
These measurements would be taken using Scanning Thermal Microscopy, a
newly-invented technique utilizing a custom-made Atomic Force Microscopy (AFM)
tip on a standard AFM microscope. This tip is essentially a tiny thermocouple with a
very small radius. SThM has a resolution of as little as 10 nm (i.e., 0.01 pm), and
phonons are able to tunnel directly into the thermocouple with no scattering. As
with the NSOM measurements, the tip is rastered across the sample, and an image of
thermal voltage versus x and y is stored to a computer file, to be analyzed and
plotted. More detail can be found in paper’s published by Prof. Majumdar’s group
[3, 4]. The VCSEL measurements were taken by Ke Luo, a postdoctoral assistant
working in Prof. Arun Majumdar’s lab in the Mechanical Engineering Department at
UCSB.
The sample preparation is identical to that used for NSOM, and is discussed
in Appendix B in more detail. It was unfortunate that to date, we’ve never had a
good sample and a good tip existing simultaneously. Both sample and tip making
were difficult enough, and given the ease of damaging the tip or the sample, neither
could be expected to last indefinitely. Thus, the full goals of the work (namely high-

|
|
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resolution thermal imaging of dislocation cores) has not been realized. The initial
results were taken with an excellent tip, but the sample had unwanted topography
due to the use of a Syton polish at the end of the process. Syton, a KOH-containing
solution of colloidal silica, provides a modest chemical attack for silicon, and even
works well (albeit slowly) for GaAs devices with modest Al-mole-fraction.
However, it evidently etches AlAs fairly aggressively, and left “fins” on our sample.
While the resolution of the tip was quite good, the thermal images obtained were
perfectly correlated with surface topography. Measured temperature rose every time

; the tip went into a valley (and was thus being heated both from the end and the sides
of the tip); measured temperature fell where the tip was on a ridge. Hence, we
wanted to repeat the measurement with a sample which had minimal topographic
variation. Unfortunately, the tips tested on this improved sample all had poor
resolution. Prof. Majumdar moved to Berkeley at the start of 1997, and is currently
working on training new students.

The results which we did obtain, where we examined the thermal map with a
resolution lower than that of the DBR stacks, are discussed below, and have been
the subject of two publications [$5, 6].

A.2.2 SThM results

While several models [5-14] have addressed the anticipated thermal profile of
VCSELSs, we believe this is the first experimental measurement of that profile. One
of the findings of our work has been that it shows the need for including a more
accurate heat source model than most work includes. Specifically, most models
assume all of the heat is generated at the active region. However, it should be
pointed out that the majority of carrier recombination contributes to spontaneous
emission, which results in photons being emitted from the active region; a smaller
fraction contributes directly to non-radiative recombination, which generates heat
directly. The dominance of spontaneous emission can be seen through simple rate
analysis [15, 16]. The photons emitted through spontaneous emission can be a)
emitted from the device (only a 4% probability given the small cone angle within
Snell’s window that can escape); b) reabsorbed by the active region after being
reflected back, or c) absorbed by the substrate. We are particularly interested in the
last possibility, which has been widely ignored in modeling in the literature, with
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Surface \

Active region

Buffer layer/
substrate

Fig. A - 8: Electroluminescence image from
cross-sectioned VCSEL with wide-bandgap
mirrors, showing bright luminescence from
substrate.

only a few exceptions [7, 8]. The effect
of the spontaneous emission carrying
energy from the active region into the
substrate has been dubbed ‘‘radiative
transfer” by Newman et al [8]. In their
paper, they note that this effect cuts the
calculated thermal resistance of the device
in half: it is not an insignificant effect. In
VCSELs, this effect would be expected to

play a less important role, since the highly-reflective lower mirror would prevent the

majority of the spontaneous emission (namely that fraction within the stop-band)

from reaching the substrate. Nonetheless, the broad spectral profile of spontaneous

emission allows a significant fraction to reach the substrate, and thus substrate
luminescence is observed both in NSOM and conventional EL 1mages of cross-

sectioned devices, as seen in Fig. A - 8.

Axial Position (um)

The results of this “‘radiative

oo transfer” (i.e., substrate heating by

0 5 10 15
10 @ Mo o zemA | spontaneous emission) are readily
| L O [=8.14mA seen in comparing the results of a
0.8 °5 O 1=6.05mA | . ‘
= o & 1=4.05mA model which does not include
g o —— Theory(10mA) o
=06 radiative transfer [14], and the
= . .
= experimental results obtained [5, 6]
0.4 . .
< (Fig. A - 7). Note that the axial
0.2 8 profile obtained shows far more
00 —_— | heating at the substrate than predicted
0 02 04 06 08 ' by the model. The radial profile,
Normalized Axial Position, x/L L
. . . which is not strongly dependent on
Fig. A - 7: A comparison of the predicted and ) . .
measured thermal profile in the axial direction (ie., ~ this effect, was in fairly close

normal to the surface) (after [5, 6]).

agreement with that predicted in
theory [5, 6].
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Appendix B: Sample Preparation Techniques

The sample preparation techniques were essential to getting inside the
devices, and seeing what the aging process had done to them. They are also what
set our work apart from the simpler, less detailed failure analyses generally done in
industry.  Development of sample preparation techniques and complicated
preparation of samples easily consumed the majority of my time in this research. [
do not recommend that you try to read this very long appendix in its entirety: it is
divided into sections covering various types of sample preparation. Read only the
sections that are relevant to the type of research you are interested in doing. Cross
references to other sections of the Appendix, where appropriate, are made.

With something like the appendix that follows, [ certainly could have saved
much of the time spent developing sample preparation techniques. Noneiheless,
readers should be under no illusion that it would be straightforward to replicate these
results — any one of the CL analyses, for example, should easily be assumed to
take at least a week, providing that those performing the analyses have prior
experience in sample preparation. Those knowledgeable about TEM shouldn’t need
this caution at any rate, as the difficulties involved in sample preparation are only too
obvious.

If I had it to do over again, I would try to be far less ambitious, as I spent
many months without success trying to make TEM samples. The difficulties with
TEM sample preparation are discussed below. The requirements for analysis
techniques other than TEM (e.g. CL or EBIC) are far easier - [ would have been
better off doing such an analysis first, and [ would advise the reader to do the same.
TEM gives unparalleled depth of information, but it also exacts a heavy price, which
the reader should be aware of. It also doesn’t show everything that’s happening: the
“current-shunting” failure mechanism of Chapter 3 would likely not show up at all in
TEM. While it's not often done, I will frequently discuss in this appendix what I
tried that didn't work, in the hopes that it will help others avoid repeating the same
mistakes.
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194 Section B.1: Cross-Sectional Sample Preparation

B.1. Cross-sectional sample preparation techniques for
arrays
[ assume in this section that the reader has seen others performing wedge

sample preparation, and has access to a variable speed grinding wheel and a

lightweight aluminum tripod. If this is not the case, I recommend reading one of the
papers by the inventors of the tripod polishers [1], and contacting one of the many
firms that sell TEM sample preparation supplies for more basic background
information than we will present here [2].

B.1.1 Rapid aging technique.

Devices were first characterized, taking LIV data, and then rapidly aged at
10-20 times threshold (i.e., 40-80 mA) for several minutes, until threshold increased
by 20-400%. We frequently would age various devices in the array by varying
amounts, to allow devices at different stages of the degradation process to be
examined. For more detail, see Chapter 3.

B.1.2 Preparing the array for cross-sectioning.

It was clear that the mechanical stresses associated with material removal
were near the adhesion limits of the M-Bond 610 glue used, since delamination of
the device was not uncommon, particularly for TEM samples. Any unwanted
residue on the top device surface or on the glass prior to bonding would likely
compromise the bond strength, so devices and the glass cover slips were carefully
cleaned in solvents, using acetone followed by methanol. They were then bonded
together using one of two epoxies. The M-Bond 610, mentioned above, is widely
used for TEM sample preparation. This glue is mixed and then refrigerated. It has
strict limitations on thermal ramp-rate, and placing the sample directly on a hot plate
after bonding it with the cover slip will result in a high bond void content, which not
only means a weaker bond, but also leaves space for coarse trapped grit particles,
which later dislodge and put scratches in your sample. Thus the M-Bond must be
slowly warmed, and cured at relatively high temperatures (>150°C) for at least an
hour. The Allied 110 epoxy {3], while not reputed to be as strong, is superior in

almost every other manner. It has no limitation on its ramp rate, so samples can be

placed directly on a hot plate. It requires less than a minute at 120°C to cure. It
changes color, to a deep red, when cured, so it is clearly evident when the curing
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cycle has been completed, unlike the M-Bond. The only other disadvantage of
Allied 110 is a poor shelf life. It lasts less than one week after mixing under
refrigeration, though it will last several months if frozen.

B.1.3 Tripod polishing procedures
While several instruction sheets have been prepared to discuss the methods

used for TEM sample preparation[1, 2], all of them leave out numerous details
which are crucial to obtaining successful results. The following account still may

not be all-inclusive, but I will mention a several details previous accounts have failed

to mention.

B.1.3.1 Sample mounting.
The first order of business is the matter of mounting the sample on the stub.

We will assume for the moment that the sample is reasonably sized. If this is not the
case, the sample will first need to be cut or rough ground to reasonable starting
dimensions. These optional steps, along with the rest of the process are shown in
Fig. B- 1.

1. Bond clear cover- 2. Saw devices into 3. Mount sample on 4. Start by polishing
glass to top of sample. reasonably-sized pieces. stub with wax. sample with coarsest

grit lapping paper.

stopping final polish original
point plane

5. Check to see how 6. Switch to next smaller 7. Polish with 0.05 um 8. Remove completed

much material has grit size. Reverse polish alumina suspension on sample from stub, apply
been removed. Polish direction for 3, I, and  polishing pad, 5 mins. thin conductive coating,
until the stopping-point 0.5 um grit papers. Use mount on thin copper
is reached for the grit  stopping points 4x grit foil stage.

size being used. size.

Fig. B- 1: Steps of cross-sectional sample preparation.

The sample is next mounted to the stub with wax or soluble glue. Wax is
usually preferable, in that it easily comes off by melting it on a hot plate. Make sure
to heat the sample to a reasonably high temperature (>120°C), so that the wax bond
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196 Section B.1: Cross-Sectional Sample Preparation

is thin. The hot plate temperature can then be lowered, and more wax can be built

up around the sides of the sample to strengthen the mechanical connection between

the die and the stub. I lost a significant number of samples (20-40%), where either

the sample was knocked off the stub, or the glass was ripped off the sample. In the

' former case, the sample usually washed down the drain, and in the latter case, there

was no opportunity to recover the sample. These problems frequently develop later

in grinding, as you switch to finer-grit disks. The coarse grit disks (15 and 6 um)

rarely present a problem, since only a few points of grit are making physical contact.

The fine grit disks have much higher drag force on the sample, and can rip the tripod

out of your hand in the leading edge configuration (to be defined and discussed

below). Don’t be afraid to build up extra wax, which may even extend up over the

top of the sample — you’ll reduce the excess in the next step. For the wax to have

high enough viscosity to hold its shape, hot plate temperature needs to be fairly low

(~90°C), otherwise the wax will simply run down the sides, and fail to build up
substantial reinforcement along the sides.

After a billet of wax has been built up around the edges of the sample, the

excess should be removed by using a cotton swab (Q-Tip) which is damp (not

[} sample

Grit trapped
Most samples

| o

6. Water spray

k - Grinding S. Grit removed

rocess. by swabbing removes grit
gfﬂfgf,‘)g’,ﬁ: P with acetone. mppcd a%
>110°C) = interfaces.
2. Wax billet 3. Wax cleaned or
built up at polished off.
low temp.
(-90 °C)

Fig. B- 2: Wax reinforcement of the sample, and removal of excess wax and grit at each succeeding
step. Upper branch is for standard fully-encapsulated sample. Lower branch is for sample which
has contact pads which remain exposed, while encapsulating the device itself with a small piece of
coverslip glass.
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Appendix B: Sample Preparation Techniques 197
soaked) with acetone. This was done by first wetting the swab with an acetone
squeeze bottle, then blowing or dabbing the excess off. The purpose of this step is
to eliminate the possibility of wax trapping grit from previous steps, which will then
become liberated as the grinding proceeds. The coarse grit from early steps will then
end up causing scratches as the fine grinding proceeds. The removal of wax and
trapped abrasive grit will likely need to be repeated each time grit is changed, as
shown in Fig. B- 2. Excess wax does not need to be removed before the first
grinding step, however, as no prior trapped grit is present before starting.

Now, with the sample securely mounted on the stub, we wish to level the
tripod. To do so we use a bubble level. First verify that the test surface is level
(many work tables are not). Place the tripod sample-down, as it will be used on the
grinding wheel, and place the bubble level on top of the tripod, being careful that it
does not rest on the Pyrex step in the center. Now adjust the tripod legs until the
bubble is centered. If you already know how much material will be removed from
the sample, you can adjust the legs so that the bubble will be level when you are
finished by rotating the micrometer screws counter-clockwise by that amount. Each
tick on the micrometer screw is 10 um; “10” on the micrometer really means 100
um; and one full revolution of the micrometer is 250 pm. If you don’t know how
much material you will be removing, you can adjust the plane of polish later, when
you get closer to your stopping point (e.g., when you’re using the 3 um grit). The
purpose of this step is to give you a polish plane that is nearly perpendicular with the
sample, so that the cross section remains rectangular, and does not become a
trapezoidal cross section.

B.1.3.2 Starting Grinding
Now, you are finally ready to start grinding (!) Get out a clean mylar-based

diamond-grit disc. If you don’t already have any, I recommend buying an
assortment [4] including 15, 6, 3, 1, and 0.5 um grits, which is the sequence I
invariably use. Assuming you have over 100 um of material to remove, start with
the brown 15 um-grit disc. Feel free to write disc size, your name, and other stuff
on the back of the disc in permanent marker — it’s easy to get confused which disc
has which grit size, and making a mistake risks ruining your sample with a larger
grit disc than you’d intended. Put a little water on the glass wheel, and spread it
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198 Section B.1: Cross-Sectional Sample Preparation
around. Place the disc on the wheel, and use the squeegee to force out remaining
water. Turn the wheel up to its maximum speed, and force out the remaining water
by centripetal action. At this point, the disc should be quite difficult to push
sideways. Test it by trying to push the disc laterally. If it is possible to slide the

disc sideways, remove the disc, and clean the disc and the wheel with soap —

grease or oil contamination is a frequent cause of poor adhesion between the wheel
and mylar disc. The other possible cause of problems is that some discs have an
unusual texture on their back. Such discs need to have exceedingly small amounts
of water on the wheel. By putting just two drops of water on a tissue, and barely
wetting the glass wheel (Newton rings will be clearly visible), good bonding should
be obtainable in such cases.

Turn the wheel on at 90-140 rpm rotation, and turn on the “wheel wash”
water jet slowly. Too litle water will make for excessive drag force and an
excessive material removal rate, and allow debris to build up. Conversely, use of
too much water will allow excess water to get under the edges of the disc, and the
disc may come loose from the wheel.

Mylar polishing discs normally require no pre-treatment. However, some
manufacturers recommend treating new sheets with the white plastic “kitchen
scrubbies” used for cleaning Teflon pans. By rubbing the new mylar polishing disc
with the scrubbing pad, agglomerates can be removed. Some users have reported
getting large scratches from 0.5 um grit discs which had not been through this pre-
treatment step: again it only needs to be done before the first use of a new pad.

Get a box of small wipes (we use Kimwipes which are about 1/3 the size of
an ordinary Kleenex), and fold them into a 5S-cm square. I also recommend wearing
gloves to prevent absorption of GaAs through the skin, as well as to prevent
contamination of the sample by finger oils. Hold the folded wipe against the wheel,
and allow it to become soaked with water. This step also cleans any residual
contamination off the discs. If you feel any “bumps” through the wiper, turn off the
water, stop the wheel, and find where the bumps are coming from. Usually, it is
from polishing debris trapped between the glass and the mylar disc.

Now touch the legs of the tripod on the rotating polishing wheel. Again, if
you feel any “thumping” due to debris trapped under the disc, stop the wheel and

B L
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Appendix B: Sample Preparation Techniques 199
clean the disc. If no bumps are evident, you can slowly lower the sample onto the
disc to start grinding.

B.1.3.3 Tripod orientation.
The tripod can be held in three different ways: with the sample facing into the

direction of rotation; sample cross-wise to the direction of rotation; and sample

facing away from the direction of rotation, as shown in Fig. B- 3.

leading edge Cross-wise trailing edge

, (Ecstub
y substrate
glass

Fig. B- 3: Three directions of tripod orientation.

The first orientation (namely sample facing into the direction of rotation) is
the direction I normally start with on the 15 and 6 um grit layers. The advantage to
orienting the tripod in this direction is that the brittle glass layer on top of the device
will not form chip-outs as it will when the glass is on the trailing edge. The material
removal rate is also substantially (up to 3x) faster in the leading-edge configuration.
The sample is almost never held sideways, since a single scratch along the direction
of the epitaxy could ruin the entire sample, a vertical scratch (obtained in the leading
or trailing edge orientation) would only damage a very small portion of the sample.
Also, sideways grinding is also much more likely to trap grit in the glue bond
between the sample and the glass.

After switching to the 3 um or smaller grits, the tripod is switched to the
“trailing edge” orientation, where grit passes the legs before the sample. In this
orientation, there is notably lower force applied by the grit to the sample. The
sample can “float” (possibly hydroplaning) on the water layer in this orientation,
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200 Section B.1: Cross-Sectional Sample Preparation

reducing the drag force and the potential for sample damage. Others have also noted
this affect, and dubbed it “the trailing edge effect.” While the trailing edge is more
susceptible to chip outs with the initial large grits, it also gives a better polish [5].
Surface polish quality becomes far more crucial as we get close to our stopping
point, while any chips which may now form in the cover glass are small enough to
be innocuous. Others have also noted that in the “trailing edge” orientation, grit is
much less likely to get trapped at the glue line [6], possibly due to the fact the sample
“floats” more effectively this way.

B.1.3.4 Continuing grinding
Hold the sample either into the direction of rotation (“leading edge

orientation” 15 and 6 pum grits) or away from the direction of rotation (“trailing edge
, orientation” 3 pum grit onward). Hold the tripod with one hand (do nor apply
downward pressure on the sample, as this will introduce cracks in the sample), and
hold the Kimwipe in the other hand, pushing down on the “sample track.” By
“sample track,” I mean the dark line of GaAs dust that is generated as the disc wears
the sample away. This will be very evident with the coarse discs, and progressively
less obvious as you switch to finer-grit discs. The wiper is used to keep the paper
clean, and remove sanding debris, but it also allows you at a glance to know how
quickly material is being removed. While this takes some experience, if the
Kimwipe quickly becomes very dark from a polishing track, check the sample very
frequently in the microscope to ensure that material isn’t being removed too quickly.
Conversely, if no track is being formed during grinding, it’s a safe bet that material
isn’t being removed. There are a number of possible reasons for this. Most likely,
you have attached too much other material (usually glass or wax) to the sample,
which increases the contact area, thereby reducing the pressure per square millimeter
being applied. On other occasions, I had tried to polish samples which were bonded
to headers, or bonded with alumina pads. All of these wear very slowly, if at all,
and are not recommended.

From time to time, you will need to stop grinding, and inspect the sample to
see how much material remains from the edge of the sample to your desired
‘ polishing plane. You will need to do this frequently when you are a novice. As you
f gain experience, you will gain a better feel for what the material removal rate is likely
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to be, and will only need to check a few times for each grit. When you are prepared
to stop, remove the sample from the wheel, and turn off the water flow, but leave
the wheel rotating. If you leave the water on, or stop the rotation, water can get
under the disc, causing disc adhesion problems.

Before inspecting progress under the microscope, it is often helpful to clean
the grit off the top of the sample to allow a clear view of progress. You can use a Q-
tip or a high-pressure water spray for this purpose. I used an air brush filled with
de-ionized water, which was very effective at removing left-over grit. I then blew
the sample dry, and inspected it. When inspecting the sample, you must either have
features of known size, or have a microscope with a calibrated reticule to allow
measurement of the thickness remaining to the desired polish plane.

One makes note of the material removed since the last check, and compares
the remaining material thickness to the desired disc change-over point. While a
number of factors can affect the change-over point, for GaAs, 4-times the grit size is
a good rule of thumb. Thus, when using 15 um discs, one should leave a minimum
of 60 um of material before changing to the 6 um disc. One should then leave a
minimum of 24 pm of material before changing over to the 3 um disc, and so on.
It’s better to change over too soon, than to take off too much material, and risk
introducing sub-surface damage. The purpose for this factor of 4 is that there are
some abrasives on the polishing disc larger than their nominal size, and further,
there is a sub-surface damage layer which also goes deeper than the nominal grit
size.

Each time the discs are changed, the sample should be thoroughly cleaned to
prevent contamination of the fine discs with coarse grits which would otherwise
remain on the sample. The sample is thoroughly cleaned with a water spray to
remove all remaining grit, and then blasted dry. If cross contamination problems
remain, ultrasonic or Q-tip cleaning may be necessary. The sample should be
inspected under the microscope, and excess wax surrounding the sample should be
removed with a Q-tip and acetone, as discussed earlier.

Finally, the disc should be given a final cleaning with the Kimwipe used
earlier, and that Kimwipe should then be discarded to prevent cross-contamination.
Next, the wheel should be turned up to its maximum speed (600 rpm), to allow
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centrifugal action to spin off excess water. Then, the disc is dried with paper
toweling.

B.1.3.5 Finishing the sample
 — A As we get to the | and 0.5 pm grit

stages, we inspect the sample both from the
top, and from the side, as shown in Fig. B-
4. Any scratches or damage in the cross
section, which were concealed during
previous steps, should now become

evident. If extra grinding is needed to

Glass | polish these out, it can be done before the
Epi layers |

Substrate | polishing step is started. Final adjustments

residual scmches to the plane of polish should be made, so it

i o runs through the center of all the apertures.
Fig. B- 4: Top and side view of cross-

[

cection. When the 0.5 pm grit step is finished, you

should be very close to your desired polish
plane, as only a fraction of a micron of material is removed during the polishing
step. I do not recommend using 0.1 um grit paper under any circumstances, as it is
too easily contaminated with debris, and almost always leaves large scratches in
your sample.

4 I The final polish, for

Chemomet polishing pads
mounted on glass plate.

0.05 pm alumina suspension reasons we will discuss below, is a

purely mechanical one using a
special Baikowski 0.05 pm grt
[7], and a Buehler Chemomet pad
Sample

[8]. I found that even this very
fine polishing generated enough

Tri . I
pod debris to cause  significant

N\ /

Fig. B- 5: Equipment used for final polishing.

scratches. To minimize waste, [

eventually dispensed with the use

— 3 AL T AR Do i
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of full 8” pads for this step, and used hand polishing instead of the polishing wheel.
Two 10-cm squares of the Chemomet pad were cut out (or flats were cut along two

2-7/8” pad), as shown in Fig. B- 5.
These pads were bonded with their self-adhesive backing to a glass plate,
with one pad serving merely to hold the legs of the tripod to the same height as the
sample, and the pad under the sample doing the polishing. I would start with 5
minutes of gentle circles in one direction or the other, and the sample resting in 3 mi
i of Baikalox suspension. Periodically, an additional 1 ml would be applied to keep
% the sample wet. After 5 minutes of polishing, the pad was discarded, and the glass
cleaned and dried. A new pad and fresh polishing solution were applied, and an
additional half-minute to minute of polishing were done. This final step eliminates
scratches from debris that had built up toward the end of the first 5 minutes of
polishing. At this point, the sample should be thoroughly cleaned and inspected in a
Nomarski microscope. The cross-sectional sample face should be smooth and
scratch-free. The sample was coated with ~3 nm of gold (enough to be barely
visible), both to reduce charging problems, as well as to seal the surface against
hydrolysis of AlAs. The sample is now ready for CL, NSOM, SThM, cross-
sectional EBIC, or a number of other cross-sectional techniques. Or, you can go on
and make this a TEM sample by polishing away most of the back side of the sample.

B.1.3.6 Difficulties with using chemical polishing agents: unequal
AlAs and AlGaAs etch rates.
Another property of AlAs that the reader should be aware of is its

susceptibility to rapid etching in the high-pH colloidal-silica polishes (e.g., “Syton™)
which are widely used in TEM sample preparation. While these KOH-based
solutions are ideal for polishing silicon, due to the balance between mechanical
action and chemical polishing, better results can be obtained for simple GaAs
devices by using solutions with higher etch rates on GaAs, such as clorox (sodium
hypochlorite) solutions, as noted in the Buehler Dialog applications note [9],
although this solution etches AlAs at such a different rate that it is used as a stain-
etch (i.e., it is has the same basic high-selectivity problem as the KOH-based
solutions). The chemical polishing rate of the KOH is so slow that approximately
30-minutes of polishing is needed to polish out all the damage from the 0.5um
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mechanical grinding that precedes it. Without at least 30-minutes in the polish,
| notably reduced CL intensity is observed [10].
VCSELSs which were prepared for cross-sectioning using the standard polish
i showed significant etching of the AlAs (i.e., > um), particularly in the p-doped
| area which had not been proton implanted. The GaAs, by contrast, etched much

more slowly. The protruding “shelves” of remaining GaAs then broke off in chunks
during polishing, leaving an unusable sample. We shall discuss our investigation of
non-selective etches in the following section: no ideal etch was found, as all etches
added substantial amounts of topography. We thus used purely mechanical
polishing for all cross-section preparation.

Several days were expended in an attempt to find low-selectivity chemical
etches which would remove the surface damage layer, without leaving undesired
topography. An extensive literature search was first performed. The primary
! outcome of this was the realization that finding good etch rate data is fairly difficult.
Peroxide-base solutions (most typically NH,OH:H,O,)were reputed to be “tunable”
to etch AlAs faster than GaAs at one pH range, and GaAs faster than AlAs
elsewhere in the pH range. In theory, by finding just the right pH, the two
components could be exactly balanced. However, the literature I uncovered did not
show any evidence to support this, and focused exclusively on tuning the pH to give
maximum selectivity {11, 12], the opposite of the unity selectivity coefficient we
wanted.

The literature search did uncover a very dilute citric acid-peroxide (100:1)
etch which was reputed to have an etch rate 2-3A/sec., nearly independent of Al-
fraction from x=0 all the way up to 60% [13]. However, the SThM sample that was
prepared this way appeared to have some 25 nm of topography after nominally
removing 100 nm of material, while gently agitating the sample across a Chemomet
pad. A dilute (1:250) Br:methanol solution gave better results, with 10 nm
topography. However, this was still unacceptable for our SThM scanning, as any
topography results in correlated variations in temperature distribution, preventing
artifact-free results from being obtained.

e e YL e NGO ol
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B.1.3.7 Protect samples from atmospheric moisture.
It is very important to know that over 40% of the thickness of epitaxy in the

Honeywell devices is pure AlAs. AlAs quickly hydrolyzes in the presence of water
or water vapor, and is converted to Al,O3, eliminating the lattice features of the AlAs
layer. After a few days of atmospheric exposure, unprotected NSOM samples
showed so much topography that they were unusable. Thus samples were
subsequently stored in a desiccator after they were polished to the middle, to prevent
hydrolization in the presence of atmospheric moisture. There may be some value to
doing the final polishing with oil-based (rather than water-based) polishing
compounds — this point has not been explored to date.

B.1.3.8 TEM sample preparation
I do not wish to mislead the reader, so I should state that while I spent

several months working on this problem, I have relatively little experience in the end
of the process. I generally was trying to prepare single die, which have a number of
their own problems, and never got all the way to making a good sample of my own
for reasons which will be described in Section B.3.

The side of the sample which was just polished should be bonded to a grid
with M-Bond 610 or Allied 110 [3], and cured. Great care should be taken to use
no more glue than absolutely necessary, as excess glue can wick across from the
sample and cover the interface you later desire to inspect with TEM (Fig. B- 6).
This excess glue will prevent the device from being electron transparent, and cannot
be removed once the glue is cured. However, if one realizes the sample has been
compromised with glue contamination before the glue has been cured, it can be
removed with acetone.

f Wide-slot grids

* are best when they can
o B be used.  Smaller-

a (oo ch lglue Keep band- opening grids  often

prevent the sample from

Fig. B- 6: Sample being bonded to TEM grid (left). If excess glue being ion milled at low
is used (center), a meniscus forms with glue across the center of the

sample (which will subsequently prevent the sample from being angles, and result in
electron transparent). A thin bond-line is needed (right) to prevent copper deposition on the
this.
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206 Section B.1: Cross-Sectional Sample Preparation

sample, by way of sputter knock-on reactions. After the glue has cured, the grid is
mounted to a Pyrex stub with crystal-bond wax. Before mounting the grid to the
stub, turn it grid-side-up, and fill the opening in the grid with wax. Put plenty of
wax on the stub, too. This wax must fully support the sample when it is thin, so
there must not be any voids in it - check this by looking through the Pyrex stub from
the back under a microscope.

Now mount the stub in its slot in the tripod, and retract one of the legs a full
turn.  This will provide a wedge. By using a calibrated focus stage on 2
microscope, measure the thickness of the sample. Polish it as described earlier, and
change grits according to the sample thickness remaining. Since the wedge angle
should result in a thickness of approximately 10 um at the edge, and <0.1 pm in the
center of the grid, you should stop using 3 um grit when you start to see the copper
grid itself getting polished. The legs will need to be advanced or retracted to have
the plane of polish advance so that both sides of the wedge are polished away
equally. After the polishing is finished on the second side, brief ion milling should
be all that’s needed. After verification that the sample is electron transparent, it
should be coated in a thin conductive layer to eliminate damage from hydrolyzation
of the AlAs, and prevent charge buildup on the glass layer.

B.1.4 Sample preparation for NSOM and SThM samples.
While most sample are static, and do not need electrical contact to the sample

pads, the NSOM and SThM samples are exceptions, since the data is taken while the
device is operating normally. This adds quite a few additional steps to the sample
preparation process. The original approach [ took involved mounting the device on
a submount with wire bonds, and gluing contact wires to standoff pads: this
elaborate and difficult packaging approach took most of a week from start to finish,
and is not recommended. Below, I discuss a simplified approach which did not
involve wire bonding at all.

The sample is first prepared for cross sectioning as discussed above, with
one exception: rather than using a thick (1 mm) glass slide on top of the devices to
provide edge protection, a sliver of cover-slip glass (0.17 mm thickness) was
carefully bonded on, to cover the apertures, but not the bond pads a few tenths of a
millimeter away. During the first several attempts, since the bonded area of the glass
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is much smaller than would be the case for a normal sample, the glass was ripped
off the sample during the final polishing stages. Subsequently, additional support
for the glass was provided by fully encapsulating the sample in wax, as shown
earlier in the bottom branch of Fig. B- 2. After sample preparation was complete,
the sample was encapsulated in very thin (~3 nm) gold or e-beam deposited dielectric
to prevent hydrolysis. Note that 20 nm of PECVD-deposited Si;N, was also tried;
however, consistent with what [ was told by those who study dielectric film
nucleation, thin PECVD nitride is not actually a continuous film, but rather is made
up of isolated platelets. The sample which was encapsulated with thin nitride thus
failed quickly due to hydrolysis, as would be expected of an unencapsulated sample.

After encapsulation, the sample is mounted to a small (<1 cm) insulator
(microscope slide glass was cleaved into small pieces and used for this purpose).
Small-gauge wires (e.g., 34-gauge wire-wrap leads) are also bonded to the edges of
the glass mount. Krazy Glue does not work well for bonding wires, particularly
with wires having Teflon insulation: they easily pulled off in subsequent handling.
A small amount of Krazy Glue was used to set the position of the wires and sample.
Then, five-minute epoxy was used to build up the billet around the sample, and was
heaped over the top of the wires to provide strain-relief. Be sure not to cover the
ends of the wires, since these need to be contacted with silver epoxy in the
subsequent steps. A larger mount allows greater contact area and thus better strain-
relief for the wires. However, large mounts won’t fit in many types of AFMs, so
check on size and weight restrictions before making the sample.

Next, positive and negative traces are drawn with silver epoxy, using a
sharpened stick. The traces are drawn to the exposed ends of the wire (which does
not need to be stripped, as long as metal can be seen at the end). The negative trace
is quite easy to draw: it should go from the n-metal on the bottom of the device to the
black lead. The positive trace requires a good, void-free billet of non conductive
glue around the sample (to prevent short circuits), and a somewhat steady hand.
Roughening the metal pad beforehand with a sharp probe is probably advisable,
since there may be an insulating epoxy residue left over from when the glass slide
was bonded onto the sample. A drawing of the sample is shown in Fig. B- 7. The
silver epoxy is cured according to the directions (20 minutes at 120 °C in our case).
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208 Section B.1: Cross-Sectional Sample Preparation
The sample should then be tested. Light should come out of the sample at the
standard threshold voltage. If it does not, either a short or open exists, and the
problem can usually be diagnosed and fixed using an assembly microscope and a

curve tracer..

B.1.5 Sample preparation for cross-sectional EBIC samples
non-conductive glue Three types of EBIC samples were

sample silver epoxy > oyamined. One type began as an array, in which

5

many devices in many rows were rapidly
degraded. The substrate was then thinned to ~100

s I um, and we attempted to cleave devices along
+ve -ve

their centerline. Sample results are seen in section

Fig. B- 7: NSOM / SThM sample is  3.4: one drawback to this approach is that the
mounted edge-up on an insulating
mount, with silver epoxy painted
between device contacts and contact  stepping [14]. However, since we aged several
wires.

cleaves are usually not smooth, and show stair-

rows, we have multiple chances to get a good
cleave.

A second type of sample was also aged as an array, and polished into a
cross-section using standard techniques. Slide glass was bonded to the top using
acetone-soluble cyanoacrylate (“Sally Mann Nail Glue,” which has better solubility
than “Krazy Glue.”) While it should go without saying that we were careful not to
use acetone to remove excess wax (as suggested earlier in many cases), we still had
the glass rip off the top of the sample near the end of the process. This would
normally prevent use of the sample; fortunately, we were able to salvage the sample.
At the end, the glass cover was removed with acetone, and contact could be made to
the bond pads. While this proved good enough for our needs (results are contained
in Figs 6-12, -13, and -30) I would still reccommend something more akin to the
NSOM sample preparation for future work (i.e., epoxy bonding a cover slip which
left access to the bond pads).

The third type of sample for cross-sectional EBIC was the normally-
degraded device mounted on a header. A very small cover glass slip (<300 um

W el

square) was bonded to the top of the device using epoxy, without disturbing the
existing wirebond. After curing, the device was encapsulated in a few large drops

T ARG
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of Allied 110 epoxy. Flats were carefully cut on the package, at an angle which
would allow the positive lead to be unaffected by subsequent cross-sectioning steps.
Standard cross-sectioning techniques were then used. Difficulty with low material
removal rates were encountered (due to the large area of the header preventing quick
grinding). Excess header material should also be removed by sectioning saw. The
encapsulant often pulled off (the subsequent headers were cleaned in solvents to
promote adhesion and remove flux resides). Grit became trapped between the glass
coverslip and the sample, breaking the contact in one case. These samples required

! great care in handling. Only one was prepared which functioned electrically, while
another was adequate only for CL.

B.2. Plan-view sample preparation
Cross-sectional sample preparation is essential if one is to unambiguously

show which layers the defects were in. But cross sections are only a small portion
(<0.5%) of the sample as a whole, encompassing what may have occurred in only a
few percent of the area. Cross sections may even miss the dislocations in the device
altogether. For these reasons, we also need top (or bottom) views of the device
which we call “plan view” images. In such images, by using spectral filtering, we

can see the entire active layer, and see where degradation has occurred.

B.2.1 Plan view sample preparation for red InGaP VCSEL

samples
We start with a description of the preparation of red VCSEL plan view

samples, since this is the easiest lype of sample to prepare, due to chemical
selectivity between the arsenides and the phosphides. The sample preparation was

detailed in chapter 6, and we show the basic steps again for the reader’s convenience
in Fig. B- 8.

P o

1. Device is aged, 2. Device is bonded face down 3. Resulting device
then characterized. to AIN mount, GaAs substrate and is analyzed from
n-DBR are chemically removed. back by CL.

Fig. B- 8: Steps for sample preparation of plan view sample from red InGaP VCSEL.
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210 Section B.2: Plan View Sample Preparation
After aging and characterization, the device is photographed, then bonded
face down to an AIN submount using Allied 110 epoxy [3]. Most of the substrate
was removed using standard abrasive polishing techniques, leaving <100 pm of
substrate material. A bead of photoresist was carefully painted around the perimeter
of the sample with a very fine 0000 brush. The photoresist was then soft baked to
drive off solvents. The purpose of the photoresist ring was to prevent lateral

undercutting of the sample in subsequent steps.

The remaining substrate was removed using spray etching [12, 15]. The
etch solution used was 8 ml of NH,OH to 240 mi H,O,, with the hydrogen peroxide
being the standard 30% strength. The etch rate was on the order of 2 um per minute
[15], so the remaining substrate removal took less than half an hour. (Many people
don’t like to mechanically thin the sample back, and are willing to wait a few hours
for the spray etching to remove the entire substrate thickness. However, you need
to use abrasives to remove the n-metal anyway in our case, so it’s not very difficult
to remove much of the substrate while you’re at it.)

While it is in theory necessary to check your sample fairly frequently during
spray etching, due to the relatively low 100:1 selectivity (i.e., the AlAs has a non-
negligible 20 nm per minute rate), checking every ten minutes is probably
acceptable, given that we're going to remove the n-DBR anyway. It is quite obvious
when the etch is finished, since the sample appears red due to the mirror’s
reflectivity spectrum.

The sample was then immersed in undiluted HF to remove the DBR. As
shall be discussed below, HF is able to remove Al Ga, ,As with x>0.5 [16].
However, we assumed (correctly, as it turned out) that it would not etch AlGalnP.
The DBR etching takes about two minutes, and the sample gives off bubbles
(“fizzes™) while the etch is taking place. The sample appears extremely rough while
etching is proceeding. When the AlGalnP layer is reached, a mirror-like red surface
appears, and the bubbling stops. Remove the sample from the HF etch, rinse, and
inspect. If the entire surface is interest is smooth, use acetone to remove the
photoresist ring, and rinse the sample. Photograph the sample, with backlighting if
desired. The metal contacts on the top of the sample can be seen through the p-DBR
even if the sample has been bonded to an opaque mount.

hfand . ML Amad AL oo
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Very concentrated solutions of sulfuric acid (e.g., 3:1:1 H,SO:H,0,:H,0)
are purported to selectively etch arsenides (GaAs or AlGaAs) while not etching
phosphides (GalnP or AlGalInP) [17]. This sulfuric etch was used to prepare the
sample for intensity-dependent PL. However, the results were not very satisfactory,
with a great deal of lateral underetching, a non-negligible etch rate of phosphide
alloys, and slow etching parts of the DBR (due possibly to the formation of
unetchable aluminum oxides). Thus, the more laborious process discussed earlier is
recommended over this simple chemical etch. If different chemical etches are to be
tried, testing the etches on trial samples before committing to an aged sample would
be prudent.

B.2.2 Plan view sample preparation for 850 nm VCSELs
We made 850 nm plan view samples similar to those described in the

previous section for the red VCSELs. However, because we did not have an
analogous selective etch which would remove the DBRs, and stop at the
confinement layers, sample preparation required far more skill. The same (non-
selective) abrasive techniques described earlier were used to polish away the
substrate. A chemo-mechanical polish was used to remove the n-DBR. Details are
discussed below.

B.2.2.1 Array mounting
We start by bonding our aged array to a submount for mechanical support.

Our first sample was bonded to a 1-mm-thick piece of glass cut from a microscope
slide. One advantage to using glass was that after the substrate had been removed,
the sample could be photographed from the front and the back, allowing us to clearly
see where individual VCSELSs lined up relative to the sample edges. As it turned
out, it would prove far easier than anticipated to identify which VCSEL was being
examined, since the 120 keV beam had sufficient penetration that the ID letters on
each device were easily readable through several microns of epitaxy (!). There was
also a disadvantage to using a glass mount: the epitaxy in the scanned areas cracked
after prolonged observation, perhaps due to thermal mismatch, or temperature
gradients associated with the poor conductivity of the glass.

The next samples were bonded face down to an AIN submount using Allied
Epoxy 110. No further sample cracking was observed. The AIN has good thermal
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212 Section B.2: Plan View Sample Preparation
conductivity (more than an order of magnitude better than glass), and a thermal
. expansion coefficient (CTE) very close to that of GaAs. It is also rigid, strong, and
E translucent, while allowed for back-illumination of thinned samples where ID letters
| could be seen through the device.

B.2.2.2 Substrate removal
The sample and its stage can be measured for thickness using either a dial

gauge or a calibrated microscope. Rough material removal then starts, using any
method desired (Buehler Minimet or standard tripod polishing, for example). Grits
are changed in accordance with the 4x-grit-size rule discussed in section 1.3.4.
Adjustments must be made to keep the sample planar during this process: we
measured the thickness of each of the sample’s corners, and adjusted the tripod legs
i to keep the polish plane parallel to the AIN submount. When we have removed most
‘ of the substrate, 0.5 tm grit paper should be in use to remove the last few microns
3 of GaAs, since the fine grit minimizes the depth of the damage layer. Rings will
| clearly be visible when the n-DBR has been reached, and fine adjustments will be
needed at this point to adjust the plane of polish.

An alternate approach would have been to spray etch the substrate off as
described above for red InGaP VCSELs. A protective rim of photoresist around the
edge probably would not be needed for the spray etching of this sample, and would
interfere with the polishing steps to follow.

In the first sample, we went to the Br:Meth polish directly after the n-DBR
had been reached, but had very bad edge-rounding problems with the Br:Meth
polish, getting only 3 devices (out of over 20) which had the desired n-DBR
thickness remaining. In subsequent samples, a Chemomet pad with a 0.3 pm
alumina suspension was used to remove the bottom couple of microns of the n-DBR
(i.e., the part of the n-DBR first encountered), and 0.05 um was used for removing
the next micron of the n-DBR. A very brief polish with the Br:Meth was used to
chemically remove the surface damage layer as the final step. We desired to leave 5-
10 DBR periods of the n-DBR for CL analyses, and fewer for EBIC and other types
of work. Since this process leaves “rings” of exposed AlAs, and since the sample

_ would suffer from charge build-up anyway, we coat the samples with a thin,
1 transparent conductive layer of gold (=5 nm thick). The finished sample is
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photographed with back lighting, and by comparing the image with the original
photo from the top, we are able to establish where aged devices are, and how many
layers are left for each device.

When checking the device for progress, be careful not to be confused by
surface topography. The rings which were present at the first inspection oxidized,
and briefly acted as a mask before being polished away. Rinsing in methanol rather
than water helps to reduce this “masking action.” Due to the “masking,” the ring
pattern seen in the first inspection was present during subsequent inspections,
leaving the impression that no etching was taking place. Careful examination under
a standard microscope (not the Nomarski microscope used) would have revealed the
true situation, where material was being removed. It is worthwhile to “push down”
on the sample when first starting polishing to break through any surface oxides, and
then to reduce pressure during the remaining 15 seconds of polishing, since
reducing pressure reduces the unwanted edge rounding. The sample should then be
examined again under the microscope for progress.

Optical image of degraded sample from HW 602, area G.
Column active region

Number of layers
for measured devies:

G-6N (1.17x th)-2n
G-60 (3.7 x th) - 4n

G-4L (2.2xth) - 17 p
G-AQ (1.8 x th) - 22p

G-AP (undeg.) - 2n
G-5L (undeg.) - 19 p

Fig. B- 9: Photo of plan-view CL sample after polishing off substrate and most of n-DBR.
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214 Section B.2: Plan View Sample Preparation

B.2.3 Preparation of plan-view samples by wet chemical

etching.
B.2.3.1 Selective layer etching
The ultimate goal in plan-view sample preparation was to develop a

technique which allows plan-view TEM samples to be made. The mechanical
polishing technique for 850 nm VCSELs had at best a precision of 0.1 um, and even
that only applied to a fairly small area of the sample. TEM samples have far tighter
tolerances — a selective etch technique which was able to remove the p- and n-
DBRs along, with the Al ,Ga s confinement layers, would be ideal. The three
quantum well layers (7 nm each) and two barrier layers between them (10 nm each)
would have a total thickness of 41 nm — well within the ideal TEM sample
thickness of <100 nm.

| VCSEL samples similar to ours, except without graded interfaces, have
proven easy to etch layer-by-layer [18]. HF-based etches etch aluminum fractions
higher than 60% quickly, although they don’t etch fractions less than 50% at all, as
shown in Fig. B- 10 [16]. Low-aluminum-fraction layers can be etched with various

citric-peroxide solutions. These etches are selective because they will etch Ga,0;,
but not Al,O, which forms an unetchable layer. However, citric:peroxide etches will
only etch up to 30 or 40% aluminum fraction [19-21]. If abrupt interfaces are
present, and both DBR compositions avoid the “dead range” between 30 and 60%

Al-fraction, clean etching results would be expected, and have been observed in past

work.
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Fig. B- 10: HF-based etches (left) [16] allow selective removal of high-aluminum-fraction layers,
while citric acid based etches (right) [20] allow selective removal of low-aluminum-fraction layers.

The difficulty comes in with the graded layers which are required to obtain

low-resistance in the mirrors. In these graded layers, the composition is gradually
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increased or decreased across a distance of about 20 nm, from Al ;GagAs to AlAs.
In the midst of this grading, from Al ;Ga,As to Al ,Ga,As, is an “unetchable” layer
some 5 nm thick. To be more exact, it is unetchable by both the HF and the citric
acid solutions. However, it is etchable by solutions with lower selectivity, such as
(for example) 1:2:17 H,PO,:H,0,:H,0. A three step procedure was used, first
etching the Al ,,Gag,As layer in 1:4 H,0,:Citric (50% by weight) for 10 seconds,
stopping at the “unetchable part” of the graded layer. The sample was rinsed to
reduce cross-contamination, then the graded layer was etched for a few seconds in a
% non-selective etch such as the phosphoric etch mentioned above. The sample was
| again rinsed, then etched in 1:1 (or even 1:100) HF:DI (concentration doesn’t really
matter, it etches AlAs almost infinitely fast - the etch rate is microns per second) until
the graded layer is again reached. Finally, the sample was rinsed and the sample
was briefly etched in the non-selective etch again. This cycle was repeated the
number of times needed to remove the number of mirror periods the sample had.
This procedure is shown in Fig. B- 11. Unfortunately, this etch built up sufficient
roughness after a few cycles to make the sample unusable. We were unable to

discover the cause of this roughness.

Al mole fraction (x)l
0

—r
°r ’ Al ¢Gag4As
5§ N -
g AlAs '
a . .
E L Al lGGa MAS
Y
T |.Etch AlGaAs 2.Etch graded layer 3. Etch AlAs 4. Etch graded layer
in citric sol'n. in non-selective etch. in HF soi'n. in non-selective etch.

Fig. B- 11: Etching procedure for selective etching of DBR.

In theory, if the etch builds up any roughness due to “micropatterning” (i.e.,
slow-etching areas due to oxides or contamination which are unevenly distributed),
the interface where etching stops will allow the slower-etching areas to catch up to
the more rapidly etched areas, and give a perfectly smooth surface. In practice, a
rough surface was always obtained in this etching after several etch cycles had been
repeated. Some reduction could be made by thoroughly cleaning the sample in
strong bases to remove surface oxides. Others etching DBR samples with graded

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



—— .

216 Section B.2: Plan View Sample Preparation

interfaces have reported similar difficulties [22], while those etching samples with
narrower graded regions using digital alloys have reported good results [23]. After
several unsuccessful attempts at varying this procedure, monitoring it more carefully
using a microscope during etching, and using longer non-selective etch times, I
came to the conclusion that this “cyclical selective etching procedure” might better be
used for removing just the last few periods in a sample where the majority of the
DBR had been removed by a non-selective chemical or mechanical polishing.
Perhaps mechanical polishing during one or more of the steps in the cycle would
help to reduce etch roughness due to micro-patterning: if contamination deposits thin
unetchable layers, rubbing the sample across a polishing pad should rub these
contaminants off. A great improvement was observed by polishing during the etch
when using Br:Meth, as discussed later.

We subsequently found a paper on succinic acid selective etching [24],
which can be adjusted to etch 0~60% mole fraction, theoretically eliminating the
problem that graded interfaces are not etched in the 30-50% mole fraction band.
This approach would allow for a simpler 2-step cycle and possibly eliminate the
problems we encountered with roughening.

By contrast, plan-view sample preparation for an in-plane laser is generally
trivial, with a monotonic decrease in aluminum fraction as one approaches the active
region, allowing a single selective etch to be used.

B.2.3.2 Non-selective etching
Many of the problems with selective etches which might come up due to

difficulties etching the graded interfaces can in principle be eliminated by using non-
selective wet etches. Dozens of different solutions were characterized. Many did an
excellent job on my samples if I only wanted to remove half a micron of material,
but built up roughness quickly after a couple of microns of material had been etched.
Since the p-DBR is just over 3 um thick, and the n-DBR is just over 4 pm thick, this
roughness build-up was unacceptable.

In the end, it was found that the only etch which gave a smooth surface after
several microns of material removal was a dilute Bromine:Methanol (hereafter
Br:Meth) solution with a mechanical polishing action being applied as the etch was
taking place. Dropping a sample directly in the solution without applying a
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polishing action resulted in the same unacceptable roughness build up observed in
other etches. Presumably the mechanical action rubs off the oxides or contamination
that “mask off” some areas of the sample, and cause roughness build-up. I did not
re-evaluate other etching solutions with simultaneous polishing, but would not be
surprised if they also gave smooth etches.

Strong Br:Meth solutions are reputed to give a rougher surface, and at any
rate have too high an etch rate to allow controlled etching. Solutions of 1:250 and
1:1000 were used. The solution was placed in a bottle with an eyedropper, and one

| eyedropper full at a time was all that was needed to wet the Chemomet polishing pad
bonded to a glass plate. Note that the methanol dissolves the adhesive on the back
of the pad, causing it to curl up. The sample, mounted to a tripod polisher or
stainless steel stage, was then moved in a gentle circular motion, with little
downward pressure. While this etch induces no subsurface damage the way the
mechanical polishes do, it causes a disturbing amount of edge rounding. Even a
large 1-cm-square sample will be left without a flat center, as will be seen later in
Fig. B- 9. Thus, one should remove all but the last 0.5 pum or so with purely
mechanical means, and not call on the Br:Meth solution to do any more than clean up
the thin surface damage layer.

The reproducibility of the etch was not as good as [ would have hoped: at
times I would polish the sample on the pad moistened with solution, and nothing
would happen (as if the surface oxide layer had not been penetrated); then I would
apply pressure to the sample and polish for another 30 seconds, and microns of
material had been removed. There appears to be an initial *“breakthrough™ which is
needed, followed by much faster material removal.

My first success with Br:Meth showed another interesting feature: I rinsed
the sample in water after etching, and inspected it under the microscope. Due to the
substantial edge rounding described earlier, a number of rings were observed as the
contours of AlGaAs and AlAs showed more material removal closer to the edges.
The AlAs showed the usual green or brown oxide on top. Further etching removed
material from most parts of the samples, but left mesas everywhere the aluminum
oxide (from the AlAs areas) had been. Evidently, the aluminum oxide forms an un-
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218 Section B.2: Plan View Sample Preparation
etchable mask. In the future, I rinsed the sample with methanol rather than water,
which seemed to reduce the problems.
Finally, a few words of caution are in order. First, when using the dilute

solution for chemo-mechanical polishing, use it in a vented flow bench, since

bromine solutions give off an irritating, chlorine-like odor. When mixing the
solution, you will need to pour pure bromine out of a bottle, which emits a strong
brown smoke from the bottle. This smoke can cause respiratory distress - be sure to
do this from outside a flow bench with the shield as far down as you can get it.
Wear heavy rubber gloves when pouring solutions. The bromine has high surface
tension, will wick down the side of the bottle, and if the bottle is more than half full,
will get on your gloves. If wearing the standard clear PVC glove, it is able to
diffuse through pores in the PVC (or etch the pores large enough to get through —
this was not evident). I found bromine had soaked onto my fingers the first time [
was mixing this solution. Accurate safety data is hard to come by, but fortunately [
can report no burns or irritation in spite of over 5 minutes of un-noticed contact.

Needless to say, I wore heavy rubber glove from that point out.

B.2.4 Removing p-metal without removing much

semiconductor material
B.2.4.1 Polishing p-metal off
The best method for removing p-metal from a sample without removing

more than 0.1 pm of the p-DBR involves using an alumina polishing suspension
[7). This was the method used to prepare the samples with semi-transparent
contacts (Section 3.6), as well as those where metal interdiffusion was studied
(Section 4.4). As before, the sample is generally mounted to a stub, and placed in a
tripod polisher which is leveled with a bubble level. However, excellent results can
also be obtained using automated polishers such as the Buehler Minimet, which also
hold the sample mount level. While I would continue to check level when using the
tripod polisher, and make adjustments as necessary, leveling with a polishing pad
was far less critical than when using a mylar disc, since the Buehler Chemomet pad
[8] had some *“give” to it, and thus was able to apply pressure across the entire
sample, not just to the highest point on the sample as with the diamond paper. Edge
rounding was significant, but not a serious problem on larger samples. On a l-cm-
j square sample, one could expect to lose the VCSELs closest to the edge, but those
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located a couple of mm away from the edge did not have significantly more material
removed than those in the center (<0.2 um thickness differential). Edge rounding
could be further reduced by building up a protective wax “moat” around the sample
edges, then pressing it flat with a glass slide while it was still warm.

Initially, a 0.05 um alumina suspension was used to remove the interconnect
metal, the oxide, and the p-contact. This could take several hours on large samples,
though. Later, a larger 0.3 pum grit was used to speed the initial material removal,
and I switched to 0.05 um grit when we got closer to the finishing point. As before,
I recommend using the Baikolox “CR” (non-agglomerated) suspension [7], and

using a new polishing pad for the last few minutes of polishing to remove debris

from earlier steps.

Fig. B- 12: Image of array before (left) and after (right) polishing p-metals off. Note that a small
amount of metal remains in the center of the device, and DBR rings are present at the edges, due to

edge rounding effects.

B.2.4.2 Deposition of semi-transparent metal.
If desired, after removal of the p-metals, the polished sample can be coated

in semi-transparent indium tin oxide to allow electroluminescence, as shown in
Chapter 3. The ideal method of applying a semitransparent contact is to reactively
sputter using an indium tin oxide (ITO) target in an oxygen atmosphere. We
unfortunately did not have this target available. We had access to a thermal
evaporator, with indium and indium tin oxide sources. Indium tin oxide (91% In,0,
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+ 9% Sn0,) [25] is a yellow, ceramic-like powder with big chunks which must be
ground into a fine powder before it can be evaporated. Before deposition, we
painted on a ring of photoresist around the edges of the sample to prevent a short
circuit from forming around the edges of the device.

Straightforward evaporation of indium tin oxide left a rough layer which did
not have good electrical characteristics or transparency. This is perhaps not too
surprising, given that good stoichiometry is very difficult to obtain: the oxygen
outgasses early in the evaporation, leaving an poor quality (opaque) indium-rich
deposition.

We next tried depositing pure indium was deposited, and subsequently
annealed it in air on a hot plate in an attempt to oxidize it into In,O;. It ended up
beading into large indium droplets. Even depositing a thin (5 nm) “sticking” layer of
titanium before the indium deposition resulted in the same beading after annealing.

The method which proved successful was to first deposit <0.05 um of
indium as a contact layer. Upon annealing, it was hoped this would interdiffuse
with the semiconductor to improve electrical contact. Then, a layer of ITO of
undetermined thickness (<0.1 um?) was deposited. This layer was intended to
serve as a surfactant layer for the indium above, providing a template during the
annealing process, to avoid beading. Finally, ~0.4 pm of indium was deposited on
top. The photoresist ring was stripped off the top (careful: the indium is soft and
can get scratched during this stage — forego the usual ultrasonic bath for this liftoff
step). The sample could then be annealed on a hot plate at ~250°C for 30 minutes or
longer. The indium oxidized during the anneal. The device was periodically
checked to see if the desired transparency had been obtained. For our purposes, not
very much light transmission was needed: just a few percent would allow us to
image our sample. The sample did not appear transparent after annealing, as it
should with a good ITO deposition. Nonetheless, it allowed us to obtain EL images
of aged devices after the p-metals had been polished away. Probe contact could be
made directly with the semi-transparent contact, with no need for metal pads.

B.2.4.3 Wet Etching p-metals
Given the evidence that glide dislocations originated at the p-contact

interface, a technique which allowed us to remove the metal (without disturbing the

L s
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semiconductor beneath it) would be very valuable. It would allow, among other
things, plan-view examination of the contact layers of aged VCSELs. We thus
attempted to develop a method for wet etching the p-contacts off. While we were
ultimately unsuccessful, and were not able to develop anything better than the
polishing technique discussed above, [ believe a discussion of the difficulties
involved in developing a contact etch would be valuable to the reader.

While the metals used in Honeywell’s VCSEL are proprietary, the metals
typically used for p-contacts are: a) a “sticking” layer (usually Cr or Ti) , b) a doping
layer (optional; often Zn or Be); c¢) a barrier layer to keep gold out (often Pt ); and
finally d) a gold layer which allows good wire bonding and won’t oxidize. The gold
can be easily removed using a ferro-cyanide etch (the more common KI etch will
vigorously attack the epitaxy through pinholes in the oxide). Likewise, etches exist
which will etch the sticking and doping layers without attacking the semiconductor.
However, very few solutions will etch the platinum barrier layer.

In general, strong acids and bases will not etch the Al ,;Gag,As contact layer
without an oxidizer such as H,0,. The acid or base is not capable of etching the
semiconductor itself, only the oxide of the semiconductor. Thus the oxidizer forms
a thin surface layer of oxide with the semiconductor, which is dissolved and
removed by the acid or base, exposing fresh semiconductor to the oxidizer, which
then forms a thin surface oxide on it, allowing etching to proceed.

There are two plans of attack that could be hoped to meet with success.
First, the straightforward method would be to remove the gold, exposing the hard-
to-etch platinum barrier layer. Then, identify a solution which will etch the platinum
without attacking any of the exposed areas of the sample. I tried a number of strong
acids, and left the sample in them as long as 30 minutes. However, only solutions
containing nitric acid (a strong oxidizer) appeared to etch the platinum.
Unfortunately, these solutions with nitric acids also quickly etched the entire sample
away as well. Even solutions without an oxidizer got through pinholes in the
growth, and quickly undermined the sample by etching the AlAs layers. Many
strong acids, including HC! and HF, which could be hoped to etch Pt, will also
rapidly etch AlAs.
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222 Section B.2: Plan View Sample Preparation

The second plan of attack would be to leave the platinum barrier layer in
place, and attempt to undercut it laterally (from the sides) by etching the sticking
| and/or doping layers beneath the platinum. This was also tried. A number of
| methods were used to expose the edges of the p-contact, including mechanical
polishing of the interconnect metals, and removing the interconnect metals by
bonding a plastic sheet with strong epoxy, and ripping the interconnect metal and
oxide off. The p-contact would then need to be undercut by about 15 pm laterally.
It was left in strong etching solutions for up to 7 hours, with no progress (e.g..

peeling of the edges) observed.
Chemical removal of the p-metals could possibly be done by wet etching the
gold, then ion milling the barrier layer, and then wet etching the sticking layer. With
i data about etch rates of various metals was contradictory and hard to come by, we
i dropped this line of work in favor of the following purely mechanical technique,

which yielded surprisingly good results.

—ana

B.3. Sample prep for Single Die
As if preparing VCSEL arrays for TEM was not already difficult enough,

most VCSELs are presently sold as individual devices - cubes that are only 400 -
600 um on a side. A number of different techniques were attempted to allow these
die to be examined by CL and TEM. While virtually all the techniques were
successful for making CL cross sections, none of the approaches worked for TEM
sample preparation of individual devices.

The common difficulties with the conventional approaches were essentially
mechanical issues. Arrays are large enough to be mounted on the large-aperture
grids directly, while single die VCSELs must have pieces glued on to increase their
dimensions if they are to be handled and mounted. Even after being bonded into
such a matrix of spacer pieces, the sample die would frequently be ripped out of the
matrix during final polishing stages, or the glue around the device would be ion
milled away. We were not able to find any report in the literature of researchers
being able to prepare a pre-specified on die of this size, without resorting to FIB

techniques.
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B.3.1 Encapsulants
The procedure that I will later describe for making thin sections is fairly tedious,

requiring a day to demount the die, carefully build up the glass on all sides of the
die, and go through a number of gluing, clamping, curing, and cutting operations. I
had originally hoped that it would be possible to leave the die mounted on the
header, and encapsulate it in epoxy. (The device must be encapsulated in some sort
of material to protect the edges from chipping damage during the polishing steps,
since GaAs is a brittle material.)

The clear encapsulants tried (5-minute epoxy, as well as harder specialty epoxies),
worked fairly well for a simple CL and EBIC cross sections. However, they all
broke apart when I tried to thin the sample into a wedge and got sections down on
the order of 10-30 um thick. (I was subsequently told that this brittleness is a well-
known limitation of these epoxies, and that such encapsulants are thus never used
for making TEM samples.)

For samples where one is only interested in making good CL cross sections (where
only one side of the package needs to be ground away), embedding the device in
clear epoxy is probably the ideal approach, since this approach is far less tedious
than the methods which will be described later. But be warned that it will prevent
subsequent examination with TEM.

B.3.1.1 Opaque encapsulants
Where precision is not required in placing the cross sectioning plane, the

device can be embedded in a high-temperature, high-pressure mold of bakelite.
(Since bakelite is opaque, it allows only + 3 um precision of the sectioning plane, as
opposed to + 0.5 um precision for the VCSELs mounted in glass. The majority of
VCSELs could be studied with either technique; only a few VCSELs with small
epitaxial defects require sub-micron precision of the sectioning plane.) Care must be
taken to keep the pressure of the mold relatively low to avoid breakage (nominal
casting pressure is ~4,200 psi). The casting process is relatively fast compared with
the process of going through the multiple gluing, clamping, and curing operations to
sandwich the device between glass spacers. The biggest drawbacks to bakelite are
that the opacity prevents one from telling how much further polishing needs to go,
and for smaller die, bakelite's hold can be insecure.
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224 Section B.3: Sample Preparation for Single Die

A pair of die were bonded together, cast in bakelite, ground to the center on
one side, and then dimpled on the other to less than 5-pum thickness. Red light was
visible through the VCSEL layers (presumably due to transmission through the AlAs
; layers), although the GaAs substrate was still thick enough to be opaque. The
! sample was ion milled, and then placed in the transmission electron microscope
(TEM) for inspection. It was still too thick to be imaged. Upon removal from the
TEM, it was noted that the sample had fallen out of the bakelite. In hindsight, it
might be prudent to glue a larger piece of GaAs to the back of the sample in the
future; this piece could anchor the sample in a thicker part of the bakelite.

It is important to note that in the absence of a method to directly monitor
progress from the top (e.g., by being able to look through a transparent cover slip
which has been bonded on top for edge protection), some other means of monitoring
progress must be made. In the case described above, the metal pattern had
distinctive letters which could be seen in cross section, allowing us to estimate how

- o

far from the desired stopping point we were. Without such a pattern, one could
place special scribing patterns in the top of the device, for example a scribed letter
“V.” By monitoring how far apart the trenches are from one another in cross
section, and comparing with a photo taken from the top, one could determine how
much material had been removed from the cross section.
B.3.2 On-the-header preparation

After failing to find a technique with better than 50% yield in die de-
mounting, [ worked on a technique to prepare die while they were still mounted to
their original headers. This involved first gluing a piece of glass no larger than the
die on top to protect the die from chipping. Then, both sides of the package were
sawn away with a low-speed sample preparation saw. Next, the sample (and the
header) were polished to the middle of the VCSEL aperture, then mounted on a grid
to polish the other side down to a wedge. When the sample got down to a 10-im-
thick section, the silver epoxy bond failed, and the device came un-mounted from
the header. Mounting to a fine-mesh grid which directly supported the device would
have prevented this problem, but would preclude the desired low-angle ion milling
in the next steps. Fortunately, further work allowed the development of a high-yield

de-mounting technique.
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B.3.3 Demounting procedure
While the die-attach epoxy used by HP is extremely strong, I was

nevertheless able to develop a technique for removing VCSEL die with 100% yield.
Note that the usual methods of removing die, by dissolving the epoxy in strong
solvents such as Urasol or Dynasol, are said to attack die with greater than 50%
Aluminum in the AlGaAs epitaxial layers. (We had a 100% Al mole-fraction in
every other layer of the DBRs, which clearly rules out these solvents.)

While I will attempt to carefully describe the die removal technique, it

1 requires an hour or two of practice to develop the skills - don’t try this on valuable
die before you've proven to yourself you can remove several test die in a row
without breaking one! Small die (e.g., 300x400 um for a single VCSEL) are easier
to remove; larger die (e.g., 700 pm-square with twin VCSELs) are quite hard to
remove without breakage until one has mastered the de-mounting technique.

One starts by decapping the header, and sticking the leads through a ceramic
block with holes drilled through it. Then one places the device and block on a hot
plate set to 300-325°C, for 15-30 minutes or longer. (Actual device temperature is
probably considerably lower than the hot plate, given that the laser was "insulated"
from the hot plate by the ceramic block.) The thermal exposure causes the epoxy to
decompose. 5 or 10 minute exposures proved inadequate, and resulted in die
breakage; the decomposition process evidently is not instantaneous. On the other
hand, excessive thermal exposure should be avoided, since annealing of proton
implantation may significantly change the device before you’ve had a chance to make
your observations of it. If desired, die attach stations could be used to heat the
header (or even maybe something jury-rigged with a soldering iron) in place of the
hot plate.

While the header is still on the hot plate, an assembly (low-power,
stereoscopic) microscope is moved into place, and excess silver epoxy is scraped off
the header with an x-acto knife, all the way to the sides of the device. Then the x-
acto knife is used to cut a trench in the header. The trench runs alongside the die.

(Fig. B- 13) This requires a "sawing" motion, with a fair amount of pressure.
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226 Section B.3: Sample Preparation for Single Die

Finally, the most difficult part of the operation (or
perhaps just the moment of truth): the knife is rotated,
lifting the die off the header. (Fig. B- 13b) If any
resistance is felt during this motion, the die is not ready to
come off - do not proceed! (Cut the trench deeper and

closer to the die, and give the epoxy more time to weaken
before trying again.) Do not actually remove the die from

Fig. B- 13 a) sawing trench ; ) .
alongside die; b) rotating the header; just angle one side up, then let it back down,

knife to lift die. and remove the header and ceramic block from the hot

plate. At this point the de-mounted die is ready to be cleaned with solvents, and
either glued into a glass sandwich, or cast in bakelite.

Fortunately, the epoxy used by Honeywell was far easier to remove, and 10
minutes on a hot plate at 250°C weakened its bond enough to push it off the header
with tweezers; the aforementioned procedure with an x-acto knife was unnecessary.
I always removed the wire bond with an x-acto knife before this step, while the die
was still held by the header. After demounting the die, there is a very good chance
of losing it. Take every precaution possible, including using only good tweezers
with low spring force (allowing you to feel the force applied to the die), carrying the
die in appropriate boxes, and not walking around while carrying the die in tweezers,
etc. If you do lose the die despite these precautions, it is of little use looking for it.
[ have lost about half a dozen die in the course of this thesis, and spent about 15
minutes looking for them in each case, using both a flashlight held along a darkened
floor, and wet cloths which pick up particulates on the floor. In no case have I ever
recovered a dropped die. However, once the die has been embedded or
encapsulated, the resulting assembly is so much larger that the chances of finding it
when dropped are fairly good.

B.3.4 Encapsulating a removed die in a solid matrix
While the following procedure is very tedious, if I were to spend further time

attempting to prepare a TEM sample by mechanical means, it is still the method I
would use. By embedding the die in a solid matrix, it receives better support than is
possible with castable embedding media mentioned above; further, progress can be
directly monitored by examining the sample through glass on the top.

C el
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After the die have been removed from the header, time should be spent
removing any remaining silver epoxy on the die. This should be easy, as the epoxy
will likely be brittle from the heat treatment it has just received. If epoxy remains on
the sidewalls of the die, it may be necessary to heat it on a hot plate at 250°C or
higher, and scrape the sides while the device is hot. (The epoxy is much weaker and
more fluid at high temperature than after it cools down.) The importance of cleaning
the sides of the die cannot be overstated, as residual silver epoxy will prevent a thin,
strong bond to the adjacent embedding pieces, and expose the die to possible attack
during ion milling, as discussed in the next section. The die and spacer pieces
should be cleaned with solvents prior to the following steps.

Using either M-Bond 610 or Allied Epoxy 110 [3], bond the die to a piece of
(1-mm-thick) microscope slide-glass 1 cm square. This is best done by spreading a
thin layer of glue on a slide, and smearing it thinly. The top-surface of the die is
then gently dipped in the thin glue. If glue is directly painted on the top of the die,
excess will smear out, and build a fillet of hardened glue around the edges after
curing, which will prevent the spacer pieces from forming a thin glue line with the
sides of the die in subsequent steps. This is shown in Fig. B- 14.

4 N

glass slides

\

do this....
don't do this....

spacers

snfngle drop unthinned
ot epoxy e
pOoXy
smeared - droplet unwanted
very clean, |-um- glue filet

" _

Fig. B- 14: Dip die in glue which has been spread thin (left). Dipping die directly in epoxy, or
applying epoxy directly, will leave meniscus of glue which will subsequently prevent spacers from
being properly applied.

A small vise or clamping fixture should be prepared. The important features
of this vise are: a) it should be built in such a way as to assure that its jaws remain
parallel to one another as the jaws are brought together, and b) it should have a

thick glue lirD

smooth enough advancing action to allow one to feel when the jaws have made
contact with the die. Overtightening, as could easily happen on a large vise, or one
without a smooth advance motion, will quickly crush the small brittle die — I know
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228 Section B.3: Sample Preparation for Single Die
— I’ve done it before! The jaws should be wrapped in Teflon tape, so that excess
glue will bond to the easily-removed Teflon tape, and not directly to the jaw faces.
If bonding to the jaw faces occurs, it will definitely ruin the sample, and may even

ruin the vise.

slip fit: 1" dia. Alternately, we had special
this piece brass clamping fixtures made with a precision
slides off. 0:25" dowel which was press fit into a brass,

dowel stainless . ) . )
owe " dowel with the top brass piece being a (tight)

an

g?gzré intg 1" wide SUP fit along the dowel. The weight of
this piece. teflon tape the upper brass piece provided clamping

Fig. B- 15: Clamping fixture used for sample  force. The fit of the upper piece was tight
preparation. enough to assure that the jaw faces were

parallel. The clamping fixture is shown in Fig. B- 15.

j After curing the glue according to directions, remove the vise from the hot

| plate, and allow it to cool before removing the sample. Next, using small spacer
pieces of GaAs or glass, paint epoxy on both sides of the die, as well as on the
glass, as shown in Fig. B- 16, step 2. Clamp in a vise, and cure the glue. If you
are wondering whether it would be possible to have done this at the same time as
step 1, the answer is that it would not be possible to apply clamping pressure to both
the die and the spacers at the same time: one will surely stick up above the other.
Now polish the sample until the sample and side pieces are level with one another.
To do this, I usually use a tripod polisher and 15 um grit paper to grind the sample

GaAs (or glass) Center cut-out
— GaAs (or glass) back spacer
spacer pieces |
T ()

l.mountdieto 2. Bondside 3. Polish back 4. Saw thin

glass with thin spacer pieces. level, bond slice, contain-

layer of epoxy. back spacer. ing die, out of
1 Clamp and cure. sandwich.

Fig. B- 16: Steps for embedding a single die in a solid matrix.
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until it is clear that the side spacer pieces are level with the die. A quick polish with
3 um paper following this gives a smooth surface on the back, which the final
embedding piece can be bonded to. Glue GaAs to the back, clamp, and cure (step
3). Finally, saw the excess material off the sides, as shown in step 4.

The sample is now ready for polishing, and the procedure is essentially
identical to that described in section B.1. With some skill the entire procedure
outlined above can be done in a day, but is obviously far more tedious than epoxy
embedding would be. Nonetheless, the solid glass surrounding the device is far less
brittle than epoxy, and holds a much better chance of giving useful results.

B.3.5 Get sample very thin before trying to ion mill
One final caution in making such samples: both the die I have prepared to the

final stage (where you could see through the die, they hadn’t been ripped out of the
embedding matrix, scratched, pulled off the stub, etc.) fell out of the matrix during
ion milling. (Ion milling is needed to remove the polishing damage layer.) This
problem of glue bonds failing can’t happen with an array, since the array is a single
piece of material. However, with small die, the glue which bonds the die to the
adjacent embedding pieces etches much more rapidly than either the die or the
surrounding pieces. If you ion mill for too long, the glue gets milled away and
there's nothing left holding the die, which then falls out of its grid. I tried to
eliminate ion milling using a low-selectivity wet chemical etch to replace the ion
milling, as described in Section 1.3.6. However, such a non-selective etch proved
elusive, as all etches added unwanted surface topography. It may well be that the
etches would prove “good enough” (i.e., that the 10% thickness contrast provided
would not ruin the TEM image), but I did not go to the trouble of preparing a full
TEM sample and imaging it to prove or disprove this. This having been said, there
are two things one should do: a) keep the glue line as thin as possible, and b) make
the sample quite thin (2 um) before beginning ion milling, so that milling time will
be minimal.

B.3.6 FIB machining approach
While the mechanical sample preparation methods work well for large
arrays, the procedures outlined above in Section B-3.1 - 3.5 proved extremely time-

consuming, and have a steep learning curve. Even the easier array preparation taxed
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the skill of the best undergraduate assistants, requiring a prolonged apprenticeship
before good samples were produced. As mentioned, the only way to reliably
prepare small die for TEM imaging is with focused-ion beam FIB machining [26-
28]. These FIB systems, often utilizing a beam of argon which can be focused into
a 10-nm-wide spot, are able to ion mill away selected areas of material. The

procedure for preparation involves demounting the die, thinning it to within 10-40
pm of the desired imaging plane on both sides, and then mounting it on a cut-back
grid. A top-view, showing which parts are to be milled away, is shown in Fig. B-
17. A three-dimensional view of a die mounted on a cut-back grid, after FIB
removal of material, is shown in Fig. B- 18.

FIB sample preparation has been widely described in the literature, with
widely varying results having been reported. Some parties have obtained excellent
results [26, 28], while others have published TEM photos from FIB samples with
relatively poor spatial resolution [27].

Desired width
of pit: 40 pm

Desired pit depth: \
~ 10 um

Die thic : Desired Location: along
: center of circle

Fig. B- 18: Three-dimensional view of mounted FIB sample on cutback grid. Closeup is shown in
inset to right.

The sample is then sent to a vendor, who coats the top of the die with a
protective metal layer, to prevent the “wings” of the beam from attacking the top of

et~
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the cross-section. The sample is placed in the FIB, and material is rapidly removed
from the edges with relatively large-diameter, high-current beams. Successively
smaller beams are used to take slower cuts as the machine gets closer to the desired
cross section. The sample can be tilted with respect to the beam if necessary to
maintain uniform cross-section thickness from top to bottom. Etch rate, in one
reported case, was | um’’nA/min., with a 4 nA maximum current being reported
[26]. Thus, if the sample is mechanically thinned to within 10 um of the active
region on each side (which is quite a challenge to come this close), and the trench
milled is 10 um deep and 40 pm across, rough machining will take about 40

minutes. If the initial mechanical thinning is less aggressive and we only come
within 30—40 um of the desired cross section, the trench volume increases
dramatically, and with it the rough machining time. Our first vendor, FIB Applied
Semiconductor Technologies, didn’t ask for much in the way of mechanical
thinning, so we sent a 60 um thick sample to them. But they cut corners by not
machining the sample as deep as we’d asked - only 3-4 pm deep rather than the 10
um we requested. This prevented us from seeing the active region. The next
vendor we used, Phillips Materials Analysis Group, asked for much more
aggressive mechanical thinning, and we sent a 20 um thick sample to them.

B.3.6.1 Sample preparation for FIB machining.
The mechanical thinning of samples in preparation for FIB has a few unique

challenges. First, no coverslip can be permanently bonded to the top, so the lack of
edge protection is potentially problematic. It is a general rule of thumb that GaAs
samples cannot be successfully prepared without some sort of bonded layer, and yet
we need a clean top layer to allow good adhesion of protective metal before FIB is
started. Second, without an embedment, the potential pressure applied to the small
die is enormous. Third, the contact area with the sample stub is very small, and the
sample is quite likely to get knocked off the stub during the sample preparation
process.

The second and third problems were dealt with by covering the sample in
relatively large pieces of wax, which left a wax “blob” some 5-mm (or greater) in
diameter to help spread the force applied by the weight of the tripod. This “blob,”
similar to that shown in Fig. B- 2, also braces the die against the shear forces being
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applied by the grinding disks. This wax embedment requires the use of a lower
temperature hot plate ~ 90 °C. Higher temperatures, while excellent for creating thin
bonding layers, lower the wax viscosity too low to maintain the desired “droplet”

shape.

The first problem discussed above, the lack of edge protection, and the great
potential for chipouts, was dealt with in two ways. In the first trials (all with
dummy devices), [ faced the sample into the direction of the wheel. Chipouts are
much more likely to be a problem on the trailing edge of the sample than on its
leading edge. While it was necessary to change to finer grits earlier than had been
the case before, due to higher material removal rates, chip-outs were avoided. In
one instance, when the second side was thinned to within 10 um of the sample, a
large chunk came out of the top of the laser. To provide additional edge protection, I
bonded glass coverslips on top of subsequent samples with a cyanoacryate glue.
{ This “nail” glue (e.g., Sally Mann nail glue, available in Pharmacies) is similar to
“Krazy Glue,” but has a residue which is more easily removed in acetone. After the
samples were thinned to within about 10 um of the center of the device the sample
was bonded to the cut-back grid using Allied Epoxy 110 [3], cured, and then soaked
in acetone to remove the glass coverslip. [t was shipped to the FIB vendor in a

membrane case.

B.3.6.2 Results from normally-degraded VCSEL prepared for TEM
by FIB Machining.
The results were disappointing: the strain from the remaining metal (both

protective and p-contact metal) caused the sample to corrugate. with ripples of
micron-periodicity that prevented serious twin-beam analysis from being
undertaken. Slip dislocations appeared in a cross-hatch pattern, and were likely
artifacts from p-metal stress. A few large precipitates appeared in isolated locations
of the final sample, and may have been due to a high milling rate. The sample is
shown in Fig. B- 19.
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___p-contact emitting aperture
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Fig. B- 19: TEM image of normally degraded VCSEL after cross sectioning by FIB. Cross hatches
are thought to be an artifact. Box to the right shows size and height of TEM from Fig. B- 20
(actual area was to the right of this image). Circular area to the left shows approximate size and
height of the TEM from Fig. B- 21.

., slip
B dislocations &

Fig. B- 20: TEM image of normally
degraded VCSEL cross section, showing
precipitates in the AlAs layer of the n-
DBR next to the Al Ga ;As n-
confinement layer.

Two images which were taken at UCSB may actually reflect real

Fig. B- 21: Slip dislocations in p-DBR of a
normally-degraded VCSEL.

degradation. The first which is very likely a real effect has also been seen on
previous rapidly degraded VCSELSs: precipitates in the n-DBR. In this case, they
were observed only in the first layer of the n-DBR (Fig. B- 20), something which
would be nearly impossible to explain away as a sample preparation artifact.
Because of the sample limitations discussed earlier, we were not able to map out
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234 Section B.3: Sample Preparation for Single Die
exactly where these precipitates were concentrated laterally, which would be

necessary to establishing their cause.
Slip dislocations in the p-DBR were also observed (Fig. B- 21), beyond the
cross-hatch network mentioned earlier. Without further work, it is impossible to

determine whether these dislocations are real, or if they are merely artifacts.
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Appendix C: Use of strained-layer quantum wells for
enhanced lifetime.

C.1. Experimental observations of dislocation pinning
in In - containing alloys.
This appendix contains fundamental information on a subject which lies at

the heart of the improvement in laser reliability, but which has been inadequately
investigated. It is the direction I originally wanted to pursue as the central topic of

_ my dissertation, before it became more oriented toward detailed failure analysis

; studies. The “defect pinning” observed in InGaAs devices is able to totally eliminate
infant mortality, and completely prevent rapid (100) DLD formation [1]. Similar
findings have been made at shorter wavelengths using InAlGaAs (2], and strained
In, ,Ga, ;P QWs [3]. Comparing only lasers which survive early failure, the
gradual failure rate in strained QW lasers is also superior to that in conventional
unstrained lasers [3-5].

For the time being, strained quantum wells have not been widely adopted for
VCSELSs, with the GaAs quantum well design dominating the marketplace. Pursuing
a deeper understanding of why InAlGaAs lasers are more reliable than comparable
GaAs lasers will likely be key to improving VCSEL lifetime to allow use in
applications requiring higher power than data communications, such as lasers for
writing CD’s, high speed printing, and industrial and medical applications.
Ultimately, once changes have been made to address the failure mechanisms unique
to VCSELSs, the degradation of the active region will remain a key limiting factor.

The leaders in this field were former co-workers of mine at McDonnell
Douglas, who published the first report of defect pinning in InGaAs QW lasers [1],
and were able to show that even deliberately damaged In-containing devices would
not form (100) dark-line defects (DLDs) [3, 6]. These observations were made
using electron beam induced current (EBIC) imaging. In this sort of imaging,
shown earlier in Chapter 2, the beam enters the sample perpendicular to the active
region, and is rastered across the entire device. Undegraded areas show a strong
signal, as the carriers are collected from the electrical contacts. Near DLDs, carriers
recombine quickly, and are not collected, resulting in a dark area in the EBIC image

[7].
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A comparison between intentionally-damaged GaAs and InGaAs lasers is

| shown in Fig. C - 1. The GaAs QW lasers failed quickly (usually within a day) due
| to {100) DLDs. The InGaAs QW lasers proved immune to (100) DLD growth, and
continued to lase, even when a scribe was made directly through the lasing stripe
itself!

P

29KV X158 768 100.8U OEC 23KV X156 8234 169.9U OQEC

Fig. C - 1: EBIC images of intentionally-damaged GaAs (left) and InGaAs (right) QW lasers after
aging (after [6]).

No growth of (100) DLDs was observed in InGaAs QW lasers with more than 5%
In in the quantum well. [6]. However, other researchers have found that (110)
DLDs continue to grow in [nGaAs QW lasers, albeit 100 times slower than the (100)
DLD growth rate in GaAs QW lasers [5].

C.2. Analysis of dislocation pinning.
C.2.1 Lattice-hardening explanations.

Papers which report “dislocation pinning” in strained layer lasers often cite a
paper by Paul Kirkby [8]. This paper was originally intended to address
observations of dislocation pinning in thick, LPE grown detector samples. In the
paper, he proposes that In atoms, which are larger than the Al or Ga atoms, migrate
into areas next to dislocations where tensile strain is present, and are able to prevent
dislocation propagation. An analogy is drawn to the use of carbon to work-harden
steel by pinning dislocations. While the explanations make sense for the samples

they discuss, it is not clear that the same theories can be used to explain samples

ERT N,

grown by techniques where there is far less mobility in the crystal constituents than
for the melts deposited by LPE. Indeed, I am not aware of any evidence in cross-

- e
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sectional TEM which shows preferential migration of indium into areas near the
dislocation networks to allow dislocation pinning. Further, it is not clear why (110)
DLDs are free to propagate (only (100) DLDs are “pinned”) if a true pinning

mechanism exists.

C.2.2 Indium and Aluminum “Voodoo.”
In this section, I will attempt to address the simplification that has become

common knowledge: that any laser can be improved by adding indium to it, or by
taking aluminum away. While these conclusions appear to be generally justified,
one can do far better by understanding why these generalities often hold.

The late Dr. Robert Waters, who was one of the world’s leading authorities
on laser diode reliability, was profoundly uncomfortable with the conventional
wisdom that the stress of the indium was responsible for dislocation pinning. As
discussed in Chapter 2, stress generally is a bad thing, promoting the growth of
glide dislocations (which also spawn climb dislocations)[9]. Stress provides strain
energy to propel dislocation growth [10-13]. Dr. Waters believed that indium
enhanced device reliability in spite of its stress, and not because of it; specifically, he
believed chemical properties of indium were responsible for its usefulness, and not
its lattice mismatch. One key piece of evidence he pointed to was InGaAsP lasers
which were lattice matched to their GaAs substrate, and had reliability which was
greatly improved over conventional GaAs QW lasers [3, 14]. In this case, the strain
from the indium can’t be given the credit for improvement, since the active region is
nominally unstrained. Unfortunately, this result relies heavily on the accuracy of the
lattice matching for its validity. While some early papers suggested that indium
could be used as an “isoelectronic” dopant, where even small amounts of indium
would provide dislocation pinning, more rigorous studies have shown that
substantial amounts of indium (>5%) are needed for dislocation pinning [6]. Wang
et al. show calculations which explain this in terms of the strain force being able to
overcome the osmotic force for dislocation growth. Their predictions lead to the
conclusions that: 1) n-doped material will be longer lived (consistent with
experimental observations), and 2) that tensile-strained quantum wells will have
poorer reliability than unstrained QWs [15]. The later claim has not been tested
independently of material bandgap, although experiments current being conducted
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by Professor Eugene Fitzgerald of the Materials Department at MIT may fill this gap.

He has perfected the ability to grow templates of arbitrary lattice constant, upon
which similar quantum wells could be grown with tensile or compressive strain.
This would allow the relationship between stress and indium mole fraction to be
separated. Both tensile and compressively strained devices, with the same indium
mole fraction, will be able to be fabricated. Far more research on this topic is
needed if we are to optimize device lifetimes, particularly in new materials systems.
C.2.3 Radiative Transfer.

Another reason why InGaAs (though not InAlGaAs) QW lasers would be
expected to outlast their GaAs QW counterparts is simply due to “radiative transfer”
effect described in Appendix A [16, 17]. The GaAs substrate is transparent to
emission at 980 nm, while it strongly absorbs at 850 nm. Thus, the spontaneous

emission of a GaAs QW laser would be strongly absorbed just a few microns below

the active region, creating an additional heat source, while with a [nGaAs QW laser,
the spontaneous emission could be transmitted through the entire substrate, and
perhaps even escape from the chip, without generating heat. Newman et al.
estimated radiative transfer could reduce thermal resistance by a factor of 2 [16],
even for absorbing substrate lasers — transparent substrate lasers would be expected

to experience an even larger improvement.

C.3. Implementation difficulties of InAlGaAs QW lasers
It should be pointed out that while it is fairly straightforward to add indium

to a GaAs QW and make InGaAs QW lasers, this has the generally undesired effect
of increasing device wavelength. For most of the lasers studied, data
communications standards forced them to have a wavelength below 860 nm, so that
they could use inexpensive GaAs and Si detectors. One can add indium, and keep
the emission wavelength below 860 nm by also adding aluminum to the quantum
well [4]. However, this system is notoriously difficult to grow well, since the
indium require low growth temperatures to prevent indium evaporation, while the
aluminum requires high growth temperatures to obtain high-quality growth with
minimal oxygen incorporation. Worse yet, while seemingly acceptable lasers can be

Vet anmasben -

grown with a certain range of growth temperatures, the tolerance for truly reliable

j
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lasers is much narrower, and potential reliability cannot easily be established at time
zero. This narrow tolerance window, which is only ~20°C wide, has been briefly
discussed by Baumann et al. [18, 19], and prevented numerous well-equipped
groups working on InAlGaAs in the late 80’s from succeeding at wavelengths
shorter than 860 nm. 850 nm VCSELs with InAlGaAs QWs have only recently
been produced [20, 21], even though they have been the subject of research for

nearly five years.
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Appendix D: VCSEL reliability estimates

D.1. Introduction
While we will sometimes casually refer to our work as involving “VCSEL

reliability,” I generally make a distinction between studying VCSEL degradation,
and studying VCSEL reliability. Working on *‘reliability” connotes (to me at least)
lifetesting extensive numbers of diodes, performing statistical analyses, and
perhaps, treating the laser as a black box, where output parameters (such as light

out) are affected by input parameters (such as operating current or temperature). By

contrast, studying degradation (a.k.a. failure analysis) involves more knowledge of
device design and operation, and attempts to pinpoint the cause of failure, and what
can be done to extend it. However, it generally is unable to predict how long-lived
the devices are likely to be. Our studies have been oriented exclusively toward
studying the nature of degradation, and have not generally included any lifetesting
involving more than a few days at a time. The one exception is a fixed-current aging
rack which we have used to test the reliability of 1.55 um VCSELs. While I believe
having a full-featured lifetester at UCSB to age and test diodes would be useful, I
also agree with the assessment of my professors that designing and building a
lifetester (something [ worked on for a few months) is probably not the best use of
graduate student labor. Purchasing one, or receiving an old one as an industry gift,
would probably be more attractive alternatives.

Having made my role in reliability testing clear, there is still an important
relationship between reliability testing on one hand, and failure analysis on the other.
The pressure on failure analysts comes directly from what is found by the people
doing reliability tests. If the reliability tests are very positive, further work in failure
analysis is often terminated — widespread interest in GaAs laser diode degradation
ended in the mid- to late-70’s for this reason. On the other hand, if the reliability is
inadequate, as with the blue-green II-VI laser diodes which last at best 100 hours,
then extending the lifetime becomes the key focus in the device design process.
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D.2. The importance of choosing the proper failure

distributions.
One seemingly arcane aspect of reliability estimation revolves around the

failure distribution shape assumed, and whether one assumes an “exponential” or
“Lognormal” distribution. I have attempted here to clarify the difference between the
two, and show how choosing the wrong distribution can cause on to make over-

optimistic estimate.

D.2.1 Why is more than one distribution needed? How do you

select the proper one to use?
We start by defining the “failure rate” f(t) as the probability of failure (i.e.

“death” or “cessation of function™) within a given period. Failure rate for humans is
shown in Fig. D - 1, with data supplied from Henley and Kumamoto [1]1[2]). This
shows the classical “bathtub distribution.” The left side of the tub is the high early
failure rate, due to those born with congenital defects or other weaknesses, who die
early in life. In product manufacturing, it is hoped that these devices can be
removed from the sample by some sort of burn-in screening, so customers will not
be affected by the infant mortalities. The other (right) end of the bathtub shows
“wearout” failures, as the cumulative toll of long operation eventually ends life.

Wearout failure is present in a wide variety of

=
=

products, including light bulbs and semiconductor
lasers. Note that f(t) is percent chance of failure

o©
[~

per year of the original population: since few of

o
=

the original population survive past 80 years, the
death rate falls, even though the chance of death
for the few survivors continued to mount.
Another parameter, “A” (the hazard rate) calculates
the chance of death of the remaining population.

f(t) (prob. of death per year)

As would be expected, it continues to rise every

0.0 R — year past 10 years, and does have an upper

0 20 40 60 80 100
t (years) bounds.

Under different circumstances we use the

Fig. D - 1: Failure rate for humans, in

percent chance of death per year (after  “exponential distribution,” which assumes a
ref. [1]).
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“constant hazard rate.” This is used when the lifetime is not limited by wearout, but
rather solely by weak parts or random overstresses. Essentially, this the bathtub
with the right side pushed so far out that it is no longer relevant. Examples of when
to use this would include calculating how likely it is that a power transformer will be
knocked out by a lightning strike, or how long some very long-lived electronic
circuits will last. It appears that LEDs, with a much lower applied current density

than lasers, follow the exponential distribution as well.

D.2.2 Evidence that semiconductor lasers fail due to

| “wearout.”
‘ It has long been known that semiconductor lasers suffer from degradation

due to coalescence of point defects into microloops, which cause gradual
degradation of the active region even if other more severe forms of device
degradation are not present. It is prudent to expect device failure rates to increase

near the end of service life, and to perform accelerated (overstress) testing to observe

this aging.
Hazard Rate for [BM E2 Pump Lasers Increasing failure rates associated with
g o ' ' wearout are shown well in Fig. D - 2, which
f; 3.000F 1 shows how the hazard rate increases as the
§ 2,000+ | device ages. These are high-power 980 nm
é .
é ool - zurflp lasers made by I]‘3M lasTar enterprfse of
é e witzerland, the world’s leading supplier of
5 : T 5o 980 nm lasers. As expected, the lasers fail

Operating Time (Y - , .
perating Time (Years) more rapidly if operating current, or operating

Fig. D - 2: Failure rate as a function of

time for high-power laser pump diodes
(after [3]). these factors that we are able to accelerate

temperature, are increased. It is by controlling

aging, and anticipate how many years a laser design is capable of lasting under
normal operation, with as little as a few months of study.

The same sort of wearout failure has been observed in Honeywell VCSELs
[4-6], as seen in Fig. D - 3. This has also been confirmed by work done by Boeing

[7]. Given the published values of i and ¢, we can calculate f(t) using the formula

[2]:
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Honeywell Published Hazard Rate 1 ( t— T)Z
10 Time (years) 100 1.000 f(t) = exp| ————
1 v T =
oV2n 20
; L=146=22Mh \ .
| S o8}t ©=157 1 where “t” is W, “t” is the natural
f s
| Z o6t log (In) of the time, and *'¢”
2
% 04 t describes the distribution of
§ failures. As we mentioned before,
T 02+ 4
new devices have shown a greatly
*o 10° 10° 10w reduced 6 = 0.225 [8], which

Time (hours)

.. . . 6
Fig. D - 3: Predicted failure rate as a function of time for eliminates failures earlier than 10

Honeywell VCSELs at 40°C ambient temperature, or hours at a 40°C ambient

52°C junction temperature, and 10 mA drive current. temperature.

D.2.3 Consequences of using the wrong failure distribution.

Weak pants give higher Failure rate nses Failure distribution has ve
fnxlurcpmlc imually after VCSELSs age ry

o :

é Assuming constant important consequences to how
hazard rate under- . .

© esumates failure rate isst::;al:fgocfogﬁa"::c lifetests should be done: testing a

I

= Failure rate low hazard rate .

= after barnein larger number of parts at a milder

== + condition isn't a viable life-test

Bumn-in Time Actallifeume .

penod strategy when the wearout failure

Fig. D - '4: Failure rates for VCSEL;» increase . mechanism is at work. Rather,
substantially toward the end of lifetime. Assuming a ]
constant (non-increasing) failure rate leads to a serious degradation needs to be accelerated

overestimate of lifetime. (preferably by increasing operating
temperature), to quickly push the devices through their normal degradation, and get
into the wear-out portion of the curve where the failures occur. The failure rate then
increases dramatically. For example, normal operation at 70°C will only start
yielding increased degradation rates after aging devices several years. For us to
assume that degradation rates will stay constant (low) would lead to a substantial
overestimate of device reliability. This is shown schematically in Fig. D - 4. A
similar analogy can be made with human mortality: if we (incorrectly) used
observations of fatality rates only among those in early life and assumed a constant

hazard rate, we would reach the conclusion that the median lifetime will be 250

P

years(') What's more, among those who have made it to their 250th birthday, they

—
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would have a 50-50 chance of living to see their 500th birthday! Clearly, ignoring
wearout effects is wrong in estimating humnan lifetimes; I hope I have also showed it
is also wrong for semiconductor lasers. More details on failure distributions are
contained in Franklin Nash's MRS paper [9] and in his book [2].

D.3. Extrapolation of early degradation.
Finally, we address

800 y T T

00 F K =3x107 (mA-h)" J =1/ Ky
| 1, =300mA: ~a

another common (and often

600 misguided) practice: aging lasers

under very benign conditions,

Linear approximation observmg the very small

changes in output power that

Drive Current (mA)

result, and then extrapolating

0 : . . what anticipated lifetime should

0 1000 2000 3000 4000 5000 6000 7000 R
Time (hours) be. For example, if our laser

Fig. D - 5: Increase in drive current as a function of time drops 2% in output power over
for gradually-degrading laser diodes. one year, we assume it will take
25 years for the output power to drop 50%. Even for simple semiconductor lasers,
this is a questionable practice, at least in part because the formation of dislocation
networks as the device ages itself accelerates the aging rate due the additional heat,
particularly where the device is being used in automatic power control (APC) mode.
Empirical studies from a number of sources have shown that the current required to
maintain output power followed the form: J(t) = (l/Jo-Kt)" (10]. This is true for
gradual degradation: rapid degradation due to dark line defects would kill the device
far more quickly. (Also not covered in this formula the ~10% initial power drop
which often occurs in the first 100 hours, as the device is being “broken in.”) The
simple linear approximation which examines the slope early in the device’s lifetime
overestimates the time to current doubling by approximately a factor of 2 in the case
shown in Fig. D - 5. Typical values for large stripe lasers have been inserted in the
equation.

VCSELs, with their greater complexity, are even less amenable to
extrapolation than other types of semiconductor lasers. With initial annealing of the
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proton implant improving the device at the same time as normal degradation

processes take place, degradation rates appear even lower than normal early on in the

? aging process; it is quite common for devices to improve initially [4].
For this reason, it is important that accelerated aging be done, and that actual
device failures (as opposed to mere extrapolation to failure time) be used. This point

is made clearly in James Guenter’s SPIE paper [4].
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Appendix E: Introduction to Electron Beam-Induced
Current (EBIC) and Cathodoluminescence (CL).

E.1. Description of Experimental Apparatus
One of our most important experimental tools was cathodoluminescence

(CL) [1, 2]. For those unfamiliar with CL, an analogy can be made with the
luminescence which takes place in a CRT tube: an electron beam creates electron-
hole pairs in phosphors (or the sample); those electron-hole pairs give off light when
they recombine. In areas where non-radiative recombination centers exist (e.g., in
areas damaged by proton implantation or in areas with dislocation networks),
carriers recombine non-radiatively, and the sample gives off litle light. In
undamaged areas, luminescence is observed. However, a few limitations exist.
First, material with an indirect bandgap (e.g., AlAs or Al Ga, As with x>0.4) will
not give off cathodoluminescence, any more than it will give off photoluminescence.
Second, the structure has to be appropriate for doing the analysis: it must have an
escape path for light which allows the light to be captured by the CL mirror. Metal,
or a highly reflective DBR mirror can prevent light from escaping from the device
and being collected by the CL system. Finally, it is very important to understand
how the image itself is generated: the beam is rastered across the sample, and the CL
signal collected from the entire device (at the selected wavelength) is recorded point
for point. The light collection apparatus has no spatial resolution in itself: the spatial
resolution in the monochromatic images is indexed according to the beam position,
not where the light escaped. Thus electron beam spread has a tremendous impact
both on the spatial resolution of the collected images, and in how they should be
interpreted. My co-worker Michael Cheng and [ initially drew incorrect conclusions
about VCSEL degradation from data sets which we will show as case studies in
E.3.1.2 and E.3.3. Both careful, sceptical analysis of the collected data, along with
a knowledge of possible experimental artifacts, is needed to draw correct
conclusions from the data collected.
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Cathodoluminescence was
performed in a custom-modified

o JEOL 1200 EX. Light was
boam collected using a high-N.A. mirror,
b:::'vi f and focused into a large-diameter
%"‘% v' ‘-L, j-_' silica fiber. The experimental

KK Hﬂ. ‘ﬂ(iﬁ::m diagram is shown in Fig. E - I.

I e From there it was directed into a

. ='""\°f 0.85 m dual-grating spectrometer,
:‘,'.:'. p—— and detected by a GaAs PMT.
/ l\ﬁ* Later, we were able to improve the

i & 30 paure | —————— sensitivity of the system by
™ replacing the large spectrometer
with a smaller one (Spex/ISA Triax

180) which gave >50% throughput.

A 120 kV accelerating potential was
Fig. E - 1: Experimental diagram of EP

cathodoluminescence (CL) system (Courtesy of Dr. used in the microscope, giving a

Michael Cheng). very narrow beam near the surface,

and good penetration depth. Experiments are performed with liquid helium cooling
to increase signal-to-noise ratio, and minimize spectral broadening. Estimated
sample temperature was 8K.

Cross-sectional EBIC was performed in a Hitachi S-2400, at 10-20 keV. A
special stage with an isolated probe was used, and the isolated lead was connected to
an electrical feedthrough. The electron beam created electron-hole pairs; those
generated in the depletion region were collected through the afore-mentioned lead.
(The process is similar to the generation and collection of a current in a solar cell.)
The small (nano-Ampere) current was amplified by a Keithley 428 current amplifier,
and then fed into the “auxiliary” input of the SEM. A number of excellent references
provide more detail about electron-beam induced current (EBIC), which purists also

sometime refer to as “‘current collection microscopy.” [1, 3-7]

EURE R STV
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E.2. Electron Beam Spread in Sample.

E.2.1 Beam Spread For High-Voltage (120 keV) CL Operation
The dynamics of the electron beam scattering in the sample strongly impact

the image resolution. All analyses were performed at our microscope’s maximum
accelerating potential: 120 keV. At this potential, electron-hole generation in GaAs
peaks at R, ~ 12 um, and extends down to roughly 30 um, which is far deeper than
thickness of the samples we are interested in examining. Our real interest is in how
quickly the beam spreads in the first five microns or so. This can be roughly gauged

by the 100 keV Monte Carlo simulation shown in left center of Fig. E - 2 [5].
(c) 20 keV (d) 40 keV

| (g) 400 keV

A

Fig. E - 2: Simulations of electron profiles in GaAs (after ref. {5])
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Projected electron range is given by the formula: R (E) = (2.41x107/p)E' 7

(in wm), where E is the incident electron energy in keV, and p is the material density

' in gm/cm’ {5]. Typical values of p are 5.32 for GaAs, 3.7 for AlAs, 4.81 for InP,

5.67 for InAs, and 4.14 for GaP, 2.40 for AlP, and 2.33 for Si [8].

It should be mentioned that our CL system is essentially unique: most
commercial systems are based on modifying an SEM with a maximum potential of
40 kV. In such systems, the beam spreads significantly (often to more than a
micron wide) and penetrates just a few microns. While this can be advantageous for
exciting the surface layer selectively without exciting the layers below, for most
applications the high accelerating potential of our system is a great advantage. We
also are able to do high-voltage plan-view EBIC [5] with a custom sample holder.

Using the Monte Carlo simulations shown in Fig. E - 2, and accounting for
the beam spread shown due to scattering, Hwang et al. have plotted beam full-width
half max. versus beam energy for a few selected depths. While the widest point in

vt At et s

the beam increases as energy to the "/s power, at cross-sections close to the surface
(as in the case of luminescence which is only emitted from a quantum well), beam
full-width-half-max. (FWHM) drops with increasing energy, as should be clear
from Fig. E - 2. This occurs due to lower scattering angles at high electron

energies.

10 The results are shown in Fig. E- 3. It
g | should be noted that these simulations show
5 far less backscattering than those obtained by
T% 0.1 using models provided by Dr. David Joy [3].
" ool The additional backscattering would not be

1 10 100 1000 ;
Electron Beam Energy (keV) relevant for a thin film (such as a TEM

Fig. E - 3: Resolution versus beam energy sample), but it may reduce resolution in our

for bulk sample, and for samples with unthinned samples.

quantum wells 0.2, 0.5, and | pm below .
the surface. Resolution improves as the EBIC has been implemented elsewhere

QW is moved closer to the surface, oras  with higher accelerating potential
beam energy is increased (after Hwang et . ..
al. ref. [S]) microscopes. The resolution is almost exactly

EECROP R SN
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Appendix E: Introduction to CL and EBIC 253
inversely proportional to the accelerating potential [S]. One observer was able to see
sharply resolved DLDs in QWs beneath more than 3 um of p-DBRs using EBIC on
a 400 keV TEM, while at lower voltage (e.g., on our 120 keV machine), the
resolution would be expected to be poorer than | pum for this sort of unthinned
sample. Plan-view EBIC of degraded VCSELs was recently published [9]. We did
relatively little top-emitting EBIC, since dark-line defects weren’t observed in
samples we examined, and p-metal apertures prevented seeing anything outside the
central area. (Cross sectional EBIC is generally not useful with high voltage beams,
due to excessive beam spread, and thus low-voltage EBIC for cross-sectional

profiles will be addressed separately in the next section.)

E.2.2 Beam Spread for Low-Voltage (<25 keV) EBIC operation

Cross-sectional EBIC measurements
g were done on devices which were degraded
7keV and then cleaved or polished along their
()E'E'm centerline. We were thus able to look for the
formation of dislocations or non-radiative

centers near the active region.
25 keV A tradeoff is obtained between good

signal-to-noise ratio (at high voltages) and
Fig. E - 4: Electron beam spread in GaAs
for two different accelerating voltages.
Electron-hole pair generation is Simulations and experimental profiles were
proportional to the gray scale, with black
occurring at the point of maximum
generation. Fig. E - 4.

low beam spread (at low voltages).

taken by Shimizu et al. [4], and are shown in

E.3. Limitations, and experimental artifacts observed in
CL.

E.3.1 Volumetric Effects
E.3.1.1 General Observations on Beam Spread.
Beam spread, as discussed in the previous section, controls the images

observed for certain types of samples. One must consider the entire volume of the
sample that will be excited by the beam, and how much of that light will be
collected. While a thin sample, with a small excited volume will give high spatial
resolution, it also will have a relatively weak signal. By contrast, our cross sectional
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Emitted
f vl
!
; Cross-
sectonal
samples
I P
Plan- S/
view 1| |
sample

Fig. E - 5: Thick cross sectional sample (top) has
‘ luminescence spread over a large area. Thin cross-
5 sectional sample (middle) has good resolution, but is
l hard to make. and has a weaker signal. Plan-view
sample (bottom) has CL coming only from quantum
g well, and thus has good resolution.

n-DBR _ |
Z 100 L OW
P
£ 80
g
= 60
e
]
E w0
-
&)
20 P
10 5 0

Position (m below surface)

Fig. E - 6: Monochromatic line scan (650
nm) of a red InGaP-QW VCSEL cross

section.

samples were easy to prepare, had
very strong signals, but had sub-
optimum resolution. A comparison
is shown in Fig. E - 5. One
disadvantage of thick samples is that

dislocation networks are generally not visible unless extremely dense. This is
because CL light is generated in the dislocation-free region behind the dislocation,

and washes out the contrast that would otherwise be seer in a thin sample.

T=25K T active resion
snbstrate-)'é— n-DBR —>] p-DBR Contact layer

CL Intensity (a.u.)

9 8 7 6 5 4

e

- AT s

Depth below surface (jLm)

Fig. E - 7: Monochromatic profiles of cleaved VCSEL structures. Tentative peak
assignments are 820 nm: substrate; 746 nm: p-DBR: 731 nm: n-DBR; and 679 nm: p-
contact layer (courtesy of Dr. Michael Cheng).

The profile obtained from a red VCSEL cross sections gives an indication of

the fact that a using a thick sample has compromised resolution from the InGaP
quantum well to 0.3 um FWHM, considerably wider than the <0.005 um beam size
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Appendix E: Introduction to CL and EBIC 255
at the entry point (Fig. E - 6). Bulk layers showed an even softer falloff, as seen in
Fig. E - 7. However, with thresholding and contrast adjustment, a resolution of
0.1-0.2 um was routinely obtained in CL.

E.3.1.2 Case Study: CL on Degraded Array with Tilted Polish Plane.

o R .
- S S

‘ Fig. E - 8: Monochromatic cross-sectional CL images from devices 4 (left), 5 (center), and 6 (right)
i (Courtesy of Dr. Michael Cheng).

’ The images in Fig. E - 8 were

originally mis-interpreted by reading the data

e-beam excites CL as if from a (straightforward) thin sample.
in large unimplanted .. . . .
area, top and botom;7 In the original interpretation, we were trying

to determine how the entire top of the p-

DBR had degraded totally, from side to
: side, without degrading much along the

Side view through #4 bottom of the p-DBR

_e-beam hits proton P ’

implanted area at top > However, further analysis showed

that the misalignment of the polish plane had

resulted in a systematic reduction in the

thickness of the unimplanted p-DBR from
left to right (Fig. E - 9, top). This change,

Side view through #6

Fig. E - 9: A plan-view drawing shows how
a crooked polishing plane removed more
material from device 6 than from device 4 of the p-DBR, was likely responsible for the
(top). A side view of device 4 (center )show
a large volume can be excited through the
entire thickness of the p-DBR. Device #6  sections (e.g., device #4), a relatively large
(at bottom) has reduced CL efficiency at the
top of the p-DBR (which is at the right side

and not severe degradation in the upper part

differences observed. In the thicker cross-

thickness of unimplanted matenal exists at

of the drawing), due to the non-radiative both the top and bottom of the p-DBR.
ic;'gf;[mtmduced by the current-confinement However, for thin sections, only minimal

unimplanted volume is present at the top of
the DBR, resulting in the appearance of a “dark band” across the entire top of the p-
DBR even where no dislocation growth has taken place.
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It should be evident that much of the potential for mis-interpretation could be

eliminated by using thin samples where a micron-thick-section is being examined,

and the same volume of unimplanted material would be excited across the entire
width of the sample. In addition, spatial resolution would likely be much higher,

since only a small volume would be sampled by the beam, rather than a 30-um-deep
teardrop shape. However, such thin samples are very difficult to make, very fragile
once complete, and have significantly reduced signal-to-noise ratios. With our new
high-throughput spectrometer (installed in early ‘97), the last objection is effectively
removed, and experiments with thin CL samples would be useful for future
analysis, particularly to show the true boundaries of the proton implant.
E.3.2 Effects of mirror reflectivity on plan-view CL imaging.
CL has not, in our experience, proven very useful for imaging the quantum
well of unprepared VCSEL samples. The CL signal from such samples is
exceedingly weak, as can be seen from the spectrum in Figs. 3-8 & 3-9. By
comparison, the signal from a prepared VCSEL is shown in Fig. 3-9, with strong
luminescence from the active region. This latter sample has most of the n-DBR
polished off, and we are looking (through the bottom of the sample) at a device
where only a few DBR pairs stand in the way of light escaping. Thus, it is relatively
easy for light to escape, relative to the situation with 22 p-DBR pairs and ~99.8%
reflectivity in the unprepared
VCSEL.

_120 ———— . .
£ : Another effect of the
g 100 r DBR reflectivity can be seen in
g 80f Fig. E - 10. This sample is
Z o [ being viewed from the bottom,
[}
b5 and has had the n-DBR
[~
g 40 ‘ completely removed by
20 M ] selective  etching. What
600 650 700 750 800 X )
Wavelength (nm) remains is the InGaP QW

Fig. E - 10: Room-temperature plan-view CL spectrum sandwiched in an AlGalnP
from InGaP-QW r'ed VCSEL.. QW spectrum is broad . confinement region, with the p-
enough that the mirror reflectivity stop band and reflectivity .

nulls can be clearly observed. DBR below it. The room
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Appendix E: Introduction to CL and EBIC 257
temperature emission spectra from both the InGaP QW (which spans the range 600-
750 nm) is much broader than the mirror stop-band (which spans 667-705 nm).
The AIN mount and glue may also contribute some broad luminescence to the
spectrum, as we shall discuss in Section E.3.4. Because the luminescence is
broader than the mirror stop band, mirror reflectivity characteristics dominate the
spectrum, and do not allow us to take a true room temperature CL spectrum.
Fortunately, the low-temperature (<10K) CL spectrum is much narrower, and falls
entirely within the stop band, and does not appear to suffer from this problem. It is
also approximately two orders of magnitude stronger, and thus gives much better
signal-to-noise ratio, and the ability to separate spectral peaks from various parts of

the device.

E.3.3 Carbon Contamination Artifacts
Carbon contamination is a problem with all

electron microscopy, particularly given the organic
compounds that are used to make the conductive glues
for device mounting. Fortunately, carbon
contamination can be reduced in a relatively
straightforward manner: cleaning the stage prior to
sample mounting, and minimizing conductive cement

near the area to be inspected greatly reduce the problem.

LU BT BRI Also essential is regular refilling of the liquid nitrogen

trap. A great deal of experience in this matter showed
Fig. E - 11: Plan-view (i.e., p great d pe m o

top-view) image of an that if the JEOL 1200 EX CL) microscope were
undegraded VCSEL after Lo .

spectra were taken at three operated longer than about 2 hours, the liquid nitrogen
different spots. Each area in the cold trap would have boiled off, so the cold finger

where the beam dwelled

appears as a “dark spot” due to ) )
deposition of a black carbon occurred, using the microscope for even 10 seconds on

film. (Courtesy of Dr. Michael
Cheng.)

could no longer collect carbon-based vapors. After this

any area would leave a clear indication (in the form of a
thin carbon film) where the electron beam had been
rastered. This could be very undesirable, as was the case for the image taken in Fig.
E - 11. In this image, the cold trap was not used. The dark spots were initially
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thought to be “‘dark-spot defects,” until it was noted that even the unaged devices

quickly developed such spots after spectra were taken at muitiple points. The
methods of data collection were drastically changed as a result of this lesson.
Monochromatic images were taken before, rather than after taking spectra. Spectra

were taken from an area, rather than a single point — “spot mode” was not used in

our subsequent data runs.

E.3.4 Photopumping from device submount

CL light generated directly Finally, we discuss the importance of using a
by the e-beam (desired) ] o ]
Photo-pumped | Photo-pumped  submount or substrate which does not emit light with

light (undesired) ~ light (undesired)

olan. ot w larger photon energy than the sample of interest. We
} ::“:; ;le 1 preferred AIN sample mounts for the excellent CTE
! /' match to our samples, as well as their rigidity.

Y [ . . ) .
g oy cL o i However, as with many insulators, AIN gives off light
submount L in the UV when bombarded by e-beam radiation. The
. _

) o UV CL photons, which are generated over a fairly
Fig. E - 12: Light is generated ] ;
by the electron beam in certain large area, then optically pump the quantum well. This
types of submounts, which then - effectively destroys the spatial resolution of the CL
optically pumps the sample.
system. A plan view sample was prepared where both
the p- and n-DBR were removed, leaving only a thin InGaP film with AlGalnP
confinement layers. While good spectra could be obtained, no spatially-resolved
monochromatic images could be taken. I believe if a thin (but opaque) film had been
deposited on the submount before the sample was bonded to it, the photopumping
light could have been blocked, and this problem would have been avoided.

A similar problem was observed when taking CL spectra on a Green Nichia
InGaN LED. The sapphire substrate gives off UV radiation, and while excellent
spectra could be obtained, little useful monochromatic imaging could be performed.
In this instance, only painstaking sample preparation to eliminate the sapphire would

have allowed plan-view imaging.
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Appendix F: Material properties of AlIGaAs and AlGalnP
F.1. Material properties of AlGaAs.

F.1.1 Bandgap of AlGaAs as a function of Al mole fraction and
temperature.

A first step in identifying the spectral peaks observed in the CL spectrum is
to obtain data on the device structure, and on the spectral properties of the materials
being studied. The variation in bandgap and wavelength for Al Ga, As as a
function of Al mole fraction is shown in Fig. F - 1.

R —

1ep-X i I 650
S

1.8} .-
L L.--~ 1 700
1.7k~
> {750
21.6. r
wi 1 800

1.5}

{ 850
L Y. 3 (ST PUUT Y I SO S T

Aluminum Mole Fraction (x)

Fig. F - 1: Increase in bandgap as a function of
increasing Al mole fraction.

The equations used to create Fig. F - | are shown below. For room
temperature luminescence, we use:

E, = 1424 + 1.24x + .007x? (in eV) (Eqn. F-1)

where “x” is the aluminum mole fraction of Al Ga  As, 1.424 is the
bandgap of GaAs, 1.24 is an empirically determined linear fitting parameter, and
.007 is likewise an empirically determined bowing parameter. This bandgap is from
the direct (') valley. The luminescence efficiency for x>0.40 becomes very weak,
since AlGaAs goes indirect at mole fractions above x = 0.43. [1].

For low temperature luminescence, we obtain energies 100 meV larger, or
wavelengths approximately 40 nm shorter:

E,=1.52+ 1.24x + .007x* (ineV) (Egn. F-2)

We can also convert from room temperature wavelengths to low temperature
wavelengths using;:
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E,(T) = E(0°K) - (5.41x 10* eV/PK)T*(T+204°K) (ineV) (Eqn. F-3)
These equations do not lead to fully consistent results, and are only
approximate. One source of uncertainty is in doping-related shifts, as discussed

below. The energies can be converted to wavelengths using the formula:

A (nm) = 1240 (nm-eV) / E, (V)

F.1.2 Quantum-confinement effects in 850 nm Honeywell
VCSELs
For the 7-nm-wide GaAs QW, with Al,;Ga,sAs barriers, and a 60/40 split

between the conduction and valence band, AE_ = 186 meV, and AE, = 124 meV. If
we assume that in the quantum well m, = 0.067m,, and m,, = 0.47m,, where m, is
the effective mass of the electron, m,, is the effective mass of the heavy hole, and m,
is the mass of an electron in free space (9.11x10™ kg), we have all the information
we need to do quantum confinement calculations [2]. The blue shift for the electrons

.t

as a result of confinement is 48 meV; for the heavy holes, it is 10.7 meV; thus the
total blue shift is ~59 meV, or 31 nm. This is consistent with the observed low-
temperature shift of 32 nm (796 nm in the GaAs QW vs. 828 nm in the GaAs

substrate).

F.1.3 Absorption spectra change with doping in GaAs

los_||s||rvr| |||1T11m11 ------ I‘H” loj_ llllll T T T T TIT T T VT I T rrroTeey
F {1210 24x10" 3 E |High purity 3
~ . [Highpurity, ! ] ~ fn=59x10"7 " J |
—E lO“:l - - — 1 ~
F.2Xx 10 3 s 3 3
) L . 2 - 4
—r o ] - _ZOX IOIK / -
= 4 [
S losmm 10° = 4
2 Hexio 1.6 107 i; 2 / E
5 F°% 22%107 3 § F ) 6.7x 10"
- / ~p=49x10"  § 2 10% 4V 33% 10"
IO dodd 11 IllllLlll[llllllllj- IO Ledreded, 11 pr g f 2t a3l gl
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Energy (eV) Energy (eV)

Fig. F - 2: Absorption as a function of Fig. F - 3: Absorption as a function of
wavelength for various levels of p-doping, at  wavelength for various levels of n-doping at
297 K (after ref. [3]). 297 K (after ref. [3]).

Notable shifts in bandgap occur as a function of doping. These are a result
i of a number of competing factors, including bandgap renormalization, the addition
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of a sub-bandgap doping tail, the unequal density of states, and a number of other
factors [4]. Excellent, and widely cited, studies were done more than 20 years ago
by Casey et al. The absorption spectra for n-doped and p-doped GaAs are shown in
Fig. F - 3 and Fig. F - 2 [3].
As we can see, for the n-doped samples, there is relatively little change in
bandgap as a result of doping until very large values of doping are used (i.e., 2x10"
. cm™®). However, a substantial red-shift occurs as a result of p-doping, even for
i relatively small amounts of doping (i.e. 2.2x10'” cm”). Keep in mind the doping in
the bulk of our samples is nominally 1x10'®, and in the graded transition regions, 3-
’ 4x10'® cm [S]. We believe that the doping-related shift is responsible for the 15
nm shift between the CL emission of the n-DBR and p-DBR (see Chapters 3 and 4
for CL results), since the composition of both mirrors is nominally identical:
Al GagAs / AlAs.

F.2. Material Properties of AlGalnP alloys

F.2.1 Bandgap of AlGalnP
While there is still some disagreement as to the bandgap of AlGalnP alloys,

and the ratio of conduction versus valence band offsets, we use the values of Meney
et al. [6]. While earlier work found the direct-indirect crossover point between the T
and X valleys to occur at (Al ,Ga, ,), sIn, P, Meney et al. [6] believe it occurs with
the lower aluminum mole fraction (Al G2y 4;)osIny P, Which is also supported by
recent measurements at Sandia National Laboratories [7]. The 2K values Meney et

al. give for random alloy are:
Eg(l") = 1.985 + 0.610x (in eV)

E,(X) = 2.282 + 0.085x
where “x” is the aluminum mole fraction in (Al,Ga, ), sIny sP

At room temperature, the bandgap is slightly smaller than at 2K:
E (I = 1.900 + 0.610x (in eV)
E(X) =2.204 + 0.085x
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Note that the bandgap increase as a function of aluminum mole fraction
(i.e., 0.610x) is not thought to change as a function of temperature, from which we
can infer that the band offsets are not dependent of temperature. Ishitani et al. (8]
experimentally found that for disordered alloy, the bandgap change as a function of
temperature is given by:

E/(T) = E, - E,{ 1/[exp(6/T)-1]+0.5}

24 T where T is the temperature, in
23 300K
: orr. .
—an lssoz K: E,, E,, and 6 are experimentally-
: £ . .
3 21 g determined constants, which are
600 c
‘ g 2} | 2 roughly 2.05, 0.063, and 214 °K,
@ y ] )
19 <,o#"° +es0=  respectively. Better fits can be
B TTTo2 o4 os o8 p obtained by using the higher-order
; Atuminum mole fraction x of (Al,Ga,.,)osINgsP curve ﬁts given by Ishitani et al. [8]
Fig. F - 4: Bandgap of (Al,Ga,..JysIngsP as a Additional detail is contained in one of
function of aluminum mole fraction x (after Fig.
L. ref. (10]). the recent papers by the same group

[9].
Ordered alloys are thought to follow the same dependence on x, but be up to
0.1 eV lower in energy across the entire composition range. The bandgap of
AlGalnP is shown in Fig. F - 4.

F.2.2 Band offsets of AlGalnP
Meney et al. give the following formulas for band offsets [6]:

AE(IN) =0+ 63 x - 157 x* (in meV)

AE(X) = 304 +22 x - 157 x*
-AE,=0-63x - 157 x*

The band offsets of (Al ,Ga,_),;In, ;P are shown in Fig. F - 5.

il BRI
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Fig. F - 5: Band offsets of (Al,Ga, ), sIn, sP as a function of aluminum mole fraction x (after Fig.

4, ref. [6]).

F.2.3 Quantum confinement effects in AlGalnP / GalnP

heterostructures studied.

s2Ing 4sP

.;.
<o AEc =
2 11193 meV

QwW:
Gay 46lng s4P

Ga,

4
22 meV* '

6 meV; \
A-EV = 1 A.Ev =

= B0 mev 86 meV

unstrained compressively-

10 nm well strained

10 nm well

Barrier material
Al 4Gay 6)o s2Ing 4sP

(

Fig. F - 6: Diagram of energy levels in unstrained
and compressively-strained 10 nm GalnP quantum
wells with (Al, Ga, )y sIn, sP barriers.

AEc =
229 meV

Using the formulas for the
preceding section, we investigate the
size of quantum confinement effects
for compressively-strained
Ga,Ing P quantum wells with
(Al, Gayg), 5,Ing P barriers. This is
the structure used in the red lasers
studied. The nominal electron barrier
height (AE,) is 230 meV, while the
barrier height for holes (AE,) is 86
meV. We did the confinement

calculations for both a nominally

lattice-matched (i.e., unstrained) quantum well, as well as a compressively-strained

well. All samples tested had a compressively strained well. We assume m,, =

0.5m,, and m, = 0.11m,. Solving the finite quantum well problem, we obtain

electron energy levels of 21 and 22 meV above the conduction band, respectively,

for the unstrained and compressively-strained quantum wells. Holes are 5 and 6

meV below the valence band, respectively. Thus the unstrained well results in a
blue-shift of 26 meV (8.4 nm), both at 2K, and at room temperature. The 10 nm

well results in a 28 meV (9.8 nm) blue shift. The levels are shown in Fig. F - 6.
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The bandgap for strained Ga In, P alloys is given by Bour [10]: E, = 1.35] +
0.643x + 0.786x’ (in eV). Comparing lattice-matched alloys (x=.516, E, = 1.892
eV) with our indium-rich QW devices (x = 0.46, Eg = 1.813 eV), we calculate a
difference in bandgap of 79 meV, which agrees well with the our experimental

difference of 83 meV after accounting for quantum confinement effects.
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Appendix G: Spectrally Filtered Electroluminescence

G.1. Device degradation, and using EL to look for dark
spot defects and dislocation networks

G.1.1 Why spectral filters are necessary to get meaningful EL
images
While we have shown a large number of failure analysis techniques in this
thesis, most of them are only useful for research. Because the sample preparation
| required is so laborious, only a small number of devices can be spot checked with
such techniques. Electroluminescence, however, is nearly ideal for examining failed
devices. It is quick, simple, requires no sample preparation, and is non-destructive.
The equipment required is extremely minimal: a useable system could be assembled
for less than $1,000. For these reasons, EL is probably the most used technique for
examining degraded LEDs. With the simple addition of spectral filtering, EL is also
a very useful technique for examining degradation in VCSELSs.

1.2 T T T We start by showing the

1+ . mirror reflectivity spectrum in

.. 0.8f ~ Reflectivity { Fig.G-1, for a VCSEL with a
;Z 0.6 . - M(g)élgl;l;n ~] 830 nm resonance wavelength.
2 e ‘  o " °’ | Note that the nominal emission
e = . 1 Mirror wavelength, 850 nm, is the
i IR ',121 I:ﬁ}:‘"ty ] 4 norm across the broad central
%00 750 800 8"50 ggo portion of the wafer, but layer
Wavelength (nm) thickness falls off by a few

Fig. G - 1: Calculated mirror reflectivity spectrum for percent toward the edges,

VCSEL with 830 nm resonance wavelength. . . .
resulting in a blue-shift of the

cavity characteristics. This was discussed in Chapter 5.

Next, consider what happens to photons which are emitted from the active
region at various wavelengths, as illustrated in Fig. G - 2. We focus on the sub-
threshold case, since we nearly always do our imaging at drive currents below |
mA, while the device threshold is 4 mA. These sub-milliamp imaging currents
allow us to avoid modal effects of the sort we will discuss at the end of this
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790 nm photons 850 nm photons  Appendix. Photons are not,
7 o & s Tanv4 on average, going to be

emitted in a perfectly vertical
/ direction: i.e., they are going

to have some lateral k-vector.

At the mirror resonance
Fig. G - 2: Photons at wavelengths were mirror reflectivity is
low can usually escape on the first pass (left), while at the

mirror reflectivity peak, an average of 500 passes are needed likely to bounce up and
before the photons can escape (right).

wavelength, the photon is

down between the mirrors

(we have a >99.9% reflective bottom mirror, and 99.8% reflective top mirror) for

hundreds of passes before it finally is emitted. Unfortunately, the photon thus is

strongly effected by cavity gain, and the image ends up being homogenized. By

contrast, with a reflectivity below 20% in the mirror reflectivity nulls, most photons

emitted upward at the proper wavelength are able to escape without any reflection.

' The image at the reflectivity null thus is able to give a fairly high contrast image
which accurately depicts the emission intensity map of the active region.

EL images of a rapidly degraded device are seen in Fig. G - 3. It should be

noted that the device depicted here has DBRs which have a higher aluminum mole

fraction (i.e., Al,,Ga,As versus the standard Al GagAs). As a result, the p-

DBR emission (if present at all) would occur at 730 nm rather than 790 nm, and

there can be no confusion about the source of the 790 nm luminescence: it is coming

entirely from the active region.
The fact the dark circle in

790 nim 850 nm Unftiltered

the 790 nm image is not centered
is most likely due to
misalignment  between  the

current-confinement implant

Fig. G - 3: EL images with 10-nm-FWHM bandpass (which controls the current flow

filters at 790 nm (left) and 850 nm (center). Unfiltered and thus where the darkening
image is shown at right. occurs) and the aperture (which
controls where we can see light). We see near-total darkening toward the right of

the (790 nm) filtered EL image, due possibly to the “current shunting” failure

T A e AR WA A

. s s e
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Appendix G: Spectrally-Filtered Electroluminescence 269
mechanism preventing carriers from reaching the right side of the device. At 850
nm, the gain across the entire device (including bright areas beyond the aperture
edges) end up averaging over large lateral distances, and homogenizing the image.
Thus, we are not able to see the dark features observed at 790 nm. At these sub-
threshold currents, ~20 % of the power is contained in the 770-790 nm band, and
the remaining 80% is at 830-850 nm (see Chapter 5). Thus the unfiltered image is a
weighted average of the two, looking more like the 850 image than the 790 nm

image.

G.1.2 Experimental Details

G.1.2.1 Filters Used
Ealing 10-nm-full-width-half-maximum (FWHM) bandpass filters were used

to select a particular region of the spectrum [1]. The filters were 0.5” diameter
round. The filters were the standard 3-cavity dielectric stack design. Over a dozen
filters were purchased to allow us to look at any wavelength of interest. A custom-
machined filter holder allowed us to switch between up to four filters at a time. A
number of sources sell rotating filter holders for up to 8 x 0.5" filters. We also tried
high-pass and low-pass filters, but did not obtain results which were as good. The
3-cavity bandpass filters have a fast roll-off, and over 40 dB (10,000x) of
suppression of wavelengths outside the pass band. By comparison, high-pass and
low-pass filters have a much more gradual cut-off, and have only 20 dB (100x) of
suppression. Standard low-pass filters thus give a lower contrast image in filtered
EL than can be obtained with 3-cavity bandpass filters.

Neutral density (N.D.) filters were also purchased from Ealing to reduce the
image intensity at higher drive currents. Note that the common reflective N.D.
filters using a thin aluminum film are not recommended, since the light observed
from VCSELs is at least partly coherent, and metal N.D. filters show intensity
fringes. Absorptive N.D. filters avoid such problems. Unfortunately, the vast
majority of absorptive filters are made with a type of glass manufactured by Schott,
which looses neutral density quickly as wavelength increases in the infrared. The
absorption of Ealing N.D. filters, by comparison, is above the specified value (i.e.,
~13x rather than 10x for a | N.D. filter) throughout the spectral range.
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G.1.2.2 Microscope Objective Tests

Early EL results were very
disappointing, since most
microscope objectives are
optimized for the visible, and have
very poor performance in the infra-
red. We performed extensive

) testing on a wide variety of
Fig. G - 4: Images from the Olympus IR Plan

objective (left), and from the best visible objective different objective designs, and
(right). found that the Olympus IR Plan

objectives (LM594I) [2] gave by far the best results. These objectives are designed

‘ for S00—1700 nm, with special coatings also being used to optimize contrast in this
wavelength range. While we did not have the facilities to do true optical bench
testing, the profiling that was done indicated that the resolution of the Olympus IR
objective was nearly double that of the best visible objective tested. One other
“infra-red” objective from Newport, was also tested: it provided performance no
better than the other visible objectives. The images from the Olympus objectives, as
well as from the best visible objective, are shown in Fig. G - 4.

While the images shown do not do justice
to the amount of additional detail which could be
seen with the better objective, it is obvious from
these pictures that the IR objective has higher

resolution and better contrast. The latter point can

' be made in a more quantitative manner by
Fig. G - 5: Line scans through the

images shown in Fig. G - 4. Note
the improved contrast (in terms of  section of the images, as shown in Fig. G - 5.
better peak-to-valley ratio) with the
IR objective.

comparing line scans through the same cross

G.1.2.3 Camera and Frame Grabber
Both the camera and frame grabber used were considered to be excellent

quality, scientific-grade components. However, normal cameras and frame grabbers
are optimized for a number of criteria which are not important to those doing EL.
For example, one of the key criteria is number of frames which can be acquired per
second (>100 fps is available in newer boards; 0.1 frames per second would be

—n M e
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adequate by my standards); another benchmark is timing accuracy, which affects
lateral resolution (our lateral resolution is limited solely by the optics discussed in the
previous section).

While having many attributes that we don’t need, the camera and frame
grabbers typically used lack many important attributes for good-quality EL. First,
there are a number of different brightness and contrast adjustments, both on the
frame grabber, on the camera, and built into the automatic gain control (AGC)
circuitry of the camera itself. While these are generally useful, they prevent accurate
photometry data from being taken, since with non-linear response curves, one no

longer knows what the relationship is between the actual photon intensity and the
acquired image brightness. Second, while the eye is able to average frames, and see
a great deal of filamentary detail in images, much of that detail is lost when capturing
the image. Even the best cameras with uncooled CCDs are only able to capture 6
bits of useful information; with ours 4 bits (i.e. 16 levels) was closer to the best
obtainable signal-to-noise ratio. Some improvement (which would get us closer to
the 6-bit level) could have been made by frame averaging. However, this feature
was not supported in our software. Finally, integration time on our camera was not
adjustable. On degraded devices, we occasionally had to make large increases in
currents to obtain adequate image brightness. Some work, such as PL imaging
(mentioned briefly in Chapter 3) could not be done at all, since the intensity could
not be further increased. In astronomical cameras, the image acquisition time can be
extended to increase sensitivity to weak sources.

These shortcomings in conventional cameras could almost entirely be
addressed by purchasing almost any astronomical camera with a cooled CCD and
built-in frame grabber hardware. The hardware and software is optimized to allow
photometry: i.e., precise, quantitative comparison of brightness from feature-to-
feature. Because noise is reduced greatly by cooling the CCD with a built-in
thermoelectric (TE) cooler, up to 12 bits of useful information can be gathered.
Further improvement is made by the fact the digitization takes place directly from the
CCD chip, without having to go through an intermediate step of being converted to a
video signal. Astronomical camera software always has a wide variety of features
such as frame averaging. It should go without saying that astronomical cameras
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have user-controllable integration times, and are capable of picking up even the

weakest images. More detail can be obtained at the helpful web site maintained by

Apogee Instruments (www.apogee-ccd.com).

G.1.3 Emission from DBRs
While it is attractive to attempt to image dislocations in the p-DBR (of the

sort shown in Chapter 4), this is very difficult to do conclusively using

electroluminescence. In the transparent contact images shown in Chapter 3, any

scratches (i.e. dislocations) at the surface created clear dark-lines in the image, so we
can certainly see dark lines which are outside the active region. However, it 1s
almost impossible to distinguish whether light is electroluminescence originating
from the active region, or whether it is photoluminescence from the mirror layers
which is the result of minority carrier injection. That is to say, it is very difficult to
tell what plane the luminescence is originating from. It is not clear whether confocal
electroluminescence would be useful: confocal microscopy allows one to view
luminescence from just one particular plane, and block light originating elsewhere.
Unfortunately, confocal microscopes are expensive and not widely available, so we
have not had the opportunity to try this technique.

G.2. Modal dynamics, spectral narrowing, and surface
roughness.

G.2.1 Basic principles: how surface roughness can create
dark and bright spots.
So far in this appendix, we have talked about the dark spots we can see with

filtered EL, and gone on the assumption that they are always due to dislocation
networks, or some other degradation phenomenon. However, this is not always the
case. VCSELs are so sensitive to mirror reflectivity that small phase shifts in a
selected area can prevent lasing in that region. Above threshold, non-uniformities in
the gain (either due to thermal lensing, or device degradation) can force filamentation
in the lasing structure. We refer to above-threshold filamentation as “modal
dynamics,” since it is unstable by its nature, and changes rapidly with drive current.
A number of tests can be used to distinguish dark areas due to degradation

from those due to rough mirrors. The first test would be simple optical microscopy

B N FTRET-A 0.1 CRAIN
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Appendix G: Spectrally-Filtered Electroluminescence 273
of the part in question. If there is visible surface roughness or imperfection, this is
likely to result in a non-uniform EL image, for reasons we will discuss at length
below, and show experimentally. Second, we can use filters to look for
“complimentary emission”: a dark spot at one wavelength appears to be a bright spot
at another wavelength. Complimentary emission never occurs with true
degradation, and is related to spoiled reflectivity through undesirable phase shifts.
This complimentary emission is shown in Fig. G - 6 (not a Honeywell device). By
tilting the filters off angle, we can shift the peak wavelength of the bandpass [3].
We can go from one image of G-6 to the other with as little as a 15° rotation of the
filter (~5 nm) under certain conditions. By comparison, no change in the image over
a very broad range of wavelengths is observed when dark spots are due to true
degradation. Any wavelength near or outside the DBRs pass band will show a
similar image of the “dark patches,” when such patches are due to true degradation
rather than surface roughness.

830 nm . 850 nm

1}-
L ]

Fig. G - 6: Complimentary emission is observed in filtered EL of large VCSEL with surface
defects. At lasing wavelength (right), rough spots appear dark, while off-resonance (left), the same
spots appear bright. Arrows identify complimentary pairs.

The principle behind complimentary emission is shown in Fig. G - 7.
Surface roughness, either in the coatings or in the epitaxial layers, creates an
undesired phase shift which spoils the resonance in the rough region. The
sensitivity of VCSELSs to even small changes in mirror thickness was demonstrated
by Dowd et al., who were able to dramatically change the modal characteristics by
removing only 60-70 nm from the top using FIB machining [4]. The surface
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roughness greatly reduces the efficiency of the stimulated emission needed for
lasing, and thus leaves a higher carrier population under the rough spots.

' Epi defect The spectra which result can be seen

Metal spoils (or roughness) Smooth : : . _ wi

refloetivity f,lowfr;l Smoot schematically in Fig. G - 8. Spectral narrowing
¢ ectiv H .

at edges reflectivity (high is well-understood phenomenon, and happens

reflectivity)
T even below threshold (where these images were

taken). At the peak resonance wavelength of the
mirror (850 nm), the intensity is higher where
the mirror is smooth. However, in the rough
spots where stimulated emission has been

spoiled, the greater spectral width makes the

‘ Stimulated emission  Spontancous emisson ~ FOuUgh  spots brighter off the resonance
dominates (low dominates (elevated ..
carrier population)  carrier population) wavelength (e.g., at 830 nm). Similar

“complimentary emission” can be observed b
Fig. G - 7: Cross section through device P ay y

shows stimulated emission lowers spatial hole burning above the lasing thresholds,

carrier concentration in smooth sections, as we Sha” ShOW below.

while in rough sections, carrier _ )
concentration is able to build up higher. If the defects of the sort shown in Fig.

G - 6 are in the epitaxy (rather than the

éi T ith good mirres coating), they will frequently serve as
'Z;? 32: nucleation sites for degradation.  Thus,
§ 0.4{With poor mimror - “rough” devices should be screened out of
%0-2‘ — o production lots. Using the off-resonance
A O a0 80 sw s st wavelength to image the EL seems to be the

Wavelength (nm) . ..
most obvious way of recognizing even small

Fig. G - 8: Spectral narrowing in smooth  defects which might be overlooked by optical
sections gives a higher peak, but less power

outside the peak. inspection.

G.2.2 Multifilamentary devices.
While the complimentary emission of the previous device in Fig. G - 6 was

unintentional, intentional surface patterning can be useful for making quasi-
incoherent devices. Quasi-incoherent VCSELs have advantages of both LEDs

-t s

.
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(fewer problems with modal interference effects), and advantages of lasers (high

switching speeds, high efficiency, and efficient fiber coupling). Such “multi-
filamentary” or “quasi-incoherent” devices [5] have a very broad, 5 nm FWHM, as
discussed earlier in Chapter 5.

Fig. G - 9 shows filtered EL from a normal 15-fim-aperture device [6].
Note the number of independent filaments, each of which is constrained enough
laterally to have a significant lateral k-vector of a non-uniform size, and thus each
filament lases at a slightly different wavelength. Consistent with our observations in
the previous section, complimentary emission is observed.

A=780 nm

Fig. G - 9: Unfiltered image (left) looks relatively homogeneous; 830 and 780 nm images both
show structure not visible without filters.

More through studies, using better optics (see section G.1.1.2) and more
wavelengths, are shown in Fig. G - 10. Careful comparison was made of images at
the lasing wavelength (830 nm), and other wavelengths, by overlapping images
which had been assigned different colors. It was found that the 820 nm image was
most nearly the opposite of the 830 nm image (i.e., spots that were bright in the 820
nm image were dark in the 830 image, and vice-versa). This is consistent with our
explanation of complimentary emission due to surface roughness in the previous
section. At shorter wavelengths, absorption and re-emission of luminescence by the
Al Ga,As DBR layers tends to interfere with the simple complimentary nature of
the image. Absorption and re-emission becomes more important as photon energy
increases, and with it the rapid rise in the AlGaAs absorption coefficient (see
Appendix F for details). Thus the 750 nm image was quite homogeneous in all
devices examined, with much lower contrast than images seen at non-absorbing

wavelengths.
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untihered

N20om

Fig. G - 10: Filtered EL images of a large (25-jm-aperture) multifilamentary VCSEL.
The stimulated emission

effects are very strong, even well
below threshold. We had
originally discounted them because
we were operating at currents only

a few percent of threshold current

for many of these images.

Fig. G - 11: EBIC images of 15-um-diameter multi- ] ]
filamentary VCSELs show reduced current collection However, studies which have been

efﬁcif:ncy in smoch areas where carriers are annihilated performed on VCSELs by Raddatz
by stimulated emission before they can be collected.

Normal image is shown at left: enhanced contrast et al. have shown how spectral
image is shown to the right. narrowing can take place even at

very low currents [7]. This affected every observation made, including EBIC (Fig.
G - 11) and cross-sectional NSOM, where the variations in carrier concentration
were immediately apparent as dramatic changes in brightness coming out the sides of

the sample.
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G.2.3 Above threshold: modal dynamics in ordinary VCSELs
Finally, we  show  that

complimentary emission is  also
observed in lasing devices with smooth
DBR mirrors (Fig. G - 12). Thermal

lensing creates filaments, where strong

lasing builds up, and the carrier

Fig. G - 12: Filtered EL of lasing VCSEL. 850
nm image (right) shows lasing filaments,
concentrated at the top of the device. 780 nm areas appear dark at wavelengths off the
image (left) shows dark areas of reduced
spontaneous emission where the lasing mode has
depleted the carrier population. spectral narrowing model presented

population is depleted. These filament

resonance peak, consistent with the

earlier.
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Appendix H: Observation of the changes in L-I, I-V, and
C-V curves with degradation.

H.1. Examining how the L-lI characteristics change with

time.
s — " — One of the major questions of our
st Increasing . .
_ Degradation research into VCSEL degradation has been,
; 4
E “granted, the p-DBR degrades under some
§ 2 circumstances, but does mirror degradation
-9
; : affect device operation directly?”’ This is an
! o . . . .
f’ . . incredibly difficult question to answer. and I

) 2 n 1 2
) {4] 20 0 40 50 4]

Current (mA) have no indisputable evidence showing how
mirror  degradation affects device

Fig. H - 1: L-I curves for a device as it is .
aged. performance. It should be noted that even if

there is no direct electrical or optical impact

of mirror degradation, dislocations from the p-DBR can nucleate dislocations in the
active region — something which may well happen according to evidence discussed
earlier in Chapter 4 [1]. One of the greatest hopes of resolving the question about
the effect of mirror degradation on device performance lay with careful analysis of
the light out vs. current in (L-I) characteristics. This sort of analysis is widely used
on undegraded semiconductor lasers to determine gain parameters, injection
efficiency, and cavity loss. It is best done with a range of different cavity lengths
for stripe lasers. To simplify theory somewhat. changes in p-mirror’s reflectivity
(e.g., due to dislocation formation)

result in reduced slope efficiency,

0.4

173

03 while changes in the sub-threshold

0.3
efficiency should be due to changes in

[7)

(£2uap1yyd adojs pioysayj-qns o)

0.25 |

0.2

active region efficiency alone. While

»n

ol this may be reasonable for in-plane

n

.08

lasers (with relatively low-reflectivity

Lasing slope efficiency (W/A)
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mirrors), there is substantial evidence

that stimulated emission is significant
Fig. H - 2: The sub-threshold output and slope

efficiency both fall as the device ages. in VCSELs well below lasing
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threshold, given the very high reflectivity of the mirrors. In Appendix G we have

shown that significant spatial hole burning (which is caused by stimulated emission)
occurs for currents as low as 80 HA on lasers with 4,000 WA threshold currents!
This has also been shown by Raddatz et al. [2]. It is in this context that I point out
that the sub-threshold efficiency data was taken near threshold (4 mA), as seen in
Fig. H - 2. While the power reduction was the same at lower (e.g., 1 mA) biases,
the test apparatus had significant, non-reproducible zero offsets that prevent accurate
measurement of slope efficiencies in the low micro-ampere range, where stimulated
emission could reasonably be neglected. We have shown L-I characteristics taken at
much lower currents in Section 3.8.2, using a better test apparatus. Taking data
| from the side of VCSELs, provided light is able to escape from the sides, is (in
i principle) a better way to be able to determine the true spontaneous emission as a
function of current.

The series of L-I curves taken in Fig. H - 1 have aging that is approximately
equal to 10-15 years per curve at room temperature (considerably less at higher
temperatures or powers). The sub-threshold characteristics, seen Fig. H - 2, fall
early-on, and dramatically, providing strong evidence that the active region is indeed
putting out less light, and that device degradation is not solely or primarily due to
reduced reflectivity of the p-DBR.

Another possibility raised was that the generation of minority carriers in the
p-DBR (i.e., the generation of electrons) by the optical pumping discussed in
chapter 5, would consume a significant fraction of the injection current, and thus
have a negative electrical effect on the device. However, this seems to me to be
double-counting. Since an additional hole is created for each electron injected, the
recombination event should have no net impact on the device's electrical
characteristics.

Detailed derivations to extract changes in active region efficiency and mirror
reflectivity were planned until the aging results from the red VCSELs were obtained,
as discussed in Section 6.4. Remarkably, laser performance actually improved
when VCSELs were aged at very high currents (15-20 mA for a |5 pm-diameter
active region device with a 3.5 mA initial threshold). The wallplug power
conversion efficiency actually doubled from 2% undegraded to 4% after aging.

e =7 N LTI

e ———_—— A
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Appendix H: L-I-V and C-V Characterization 281
Simplistic analysis of the data would have yielded the conclusion that the aging
process in this case reduced mirror loss — an exceedingly unlikely event. Far more
likely is an explanation of photo- or thermal annealing reducing the point defect
concentration in the active region, and thus improving its efficiency. This sort of
annealing has also been observed elsewhere [3].

While analysis of L-I characteristics can be valuable for extracting internal
parameters where many other parameters (e.g., active region performance, mirror
reflectivity) are known or at least constant, it seems of much more limited utility in
an instance such as ours, where both the active region and mirror characteristics are
changing simultaneously in unknown ways. Also, un-mentioned to this point is the
addition of optical loss in the active region. The dislocation network is extremely
dense through the entire active region (where optical flux is a maximum); on the
other hand, p-DBR dislocations are much sparser and located where the standing
wave intensity is quite low (near the surface). Thus, even if we could assume
predictable changes occurred in the active region, we could not reasonably expect to
de-convolve the joint effects of mirror loss and active region loss on the overall
cavity loss. Perhaps the best way to measure how the mirror characteristics change
is through a direct physical measurement. This is quite challenging on actual
degraded devices, since the area to be measured is about 10 pm in diameter, and
even a tiny change from 99.8% (the original p-DBR reflectivity) to 99.6% after
degradation would double the mirror losses, yet be almost undetectable using a
simple reflectivity measurement. However, with a high-resolution spectrometer,
and the right optical hardware, it may be possible to combine sufficient spatial and
spectral resolution to measure the cavity lifetime. The spectral width of the cavity
null is proportional to cavity loss. Thus, for the change in mirror reflectivity
mentioned above, even though the reflectivity has only changed by a small fraction
of a percent, the width of the null would double.

In the excellent paper by C.C. Wu et al.[4], the issue of loss at the edge of
the optical cavity is discussed. They note that their L-I curve becomes less “kinky”
as the device degrades, implying that a larger number of modes are supported in the
degraded device. Our findings are the opposite: the L-I curve becomes more kinky

as the device degrades.
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H.2. C-V and |-V Characterization
An array of VCSELs was aged at 60 mA (where the VCSELSs were past their

peak-power point, and putting out 0.5-1.0 mW at the start of device aging). Voltage
was 2.8 V. for 167 mW in, and an estimated junction temperature = 150 °C. The

devices were aged from 18—48 hours, until the threshold had measurably increased.
C-V measurements were then taken at | MHz with an HP 4912B LCR meter, while

[-V measurements were made using an HP 4145B parameter analyzer.

H.2.1 C-V characterization
C-V characterization has been used as a tool to study laser degradation nearly

25 years ago by Yang et al [5], who observed an increase in the trap density from
5x10'® cm™ before aging to 1.5x10'® cm™ afterward. Here, we do not deal with
deep-level transient spectroscopy (DLTS), which uses temperature-dependent
capacitance measurements to determine trap concentrations. Rather, we focus on the
more straightforward method of using changes in the C-V profile to indicate changes
in the dopant profile near the active region [5-8].

Relatively little change

YT

T Ty

—B-PZ (tot. deg.)

——B-aX (1.7 x th)
----- B-PX (undeg)

in capacitance was observed

- after aging, with a 4-8%

increase visible at -1 V (Fig. H
- 3). This increase could be

due to a number of causes,

Capacitance (pF)

with the two most likely

. ” e explanations being reduced
bias (V] depletion region width due to
zinc from the p-DBR diffusing

Fig. H - 3: Capacitance voltage characteristics for VCSELs

L& . into the confinement layers, or
in various stages of degradation.

due to lateral expansion of the
capacitor (nominally a 40 pm square) due to annealing of the proton implantation.
The data were analyzed in a number of methods for extraction of additional data,
including taking the derivative d(C3/dV vs. C (or V), which then allows Ny(x) vs.
X, to be plotted. The differences between devices were small enough that this data

o MRS X AT
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Appendix H: L-I-V and C-V Characterization 283
was lost in the noise; no additional information beyond that shown here was
gathered from this analysis.

This inconclusive finding is consistent with the back-of-the-envelope
analysis performed a few years ago, where I ruled out DLTS analysis for VCSEL
structures generally, due to low modulation of the depletion width in the highly-
doped DBR layers bounding the wide undoped 1-A region. It should be noted that
most of the C-V and DLTS papers published have used special, low-doped
structures to give maximum penetration of the intrinsic region under reverse bias
(e.g., [9]). The geometric
considerations are shown in Fig. H -

4. If the doping profiles are exactly

as specified in the design (with no

Fig. H - 4: The intrinsic region is able to sweep
across a wide portion of the device in a low-doped
LED, with the width increasing to the position mirrors), the intrinsic region will
depicted with the dotted lines when a strong reverse
bias is applied (left), but able to move only I nm in
an “as-designed” VCSEL (right). increased to -10V, and only a tiny

doping in the region between the

widen only | nm as the reverse bias is

volume will be swept by modulating the applied reverse bias.

H.2.2 [-V characterization
[-V characterization

0.07 ~———1+rrrrTr—rrrT T
g 006 | [Tatalydegraded j s asimple and common
= 0.05 | |-=--- Undegraded 3 method of characterizing
S 0.04 E laser diodes before and after

3 9 1
2 0.03f 3 degradation to look at how
g 0.02 . they have changed (8, 10,
£ o.01f ] 11]. Measurement s
0 . N S extremely accurate with the
¢ 0 I-Jorwarz'f%ias (\21) 2 3 right equipment (> 5

Fig. H - 5: Forward-bias [-V curve show a slight decrease in the decimal places), and

turn-on voltage for rapidly degraded devices. measurements can be taken
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across more than 10 orders of magnitude. A number of parts of the I-V curve can be

i characterized separately, giving a great deal of information about what’s going on

inside the device.
) The linear and logarithmic

0 T ——————— T
High-injection forward-biased -V curve are
2 (normal ] . .
= operation) 1 shown in Fig. H - 5 and Fig. H -
< Resistance- . GaA
I -4 L Thermal dominated 6, respectively. For normal s
< generation / /. Ideal regime 1 i inati
3 .6 recombination 4~~( dmus‘gﬂ ¢ ] diodes, the recombination of
] recombination) ] thermally generated current is
- —B-PZ (totally de 1.
-8 —g 9))(<(épaén§nyd33 i important below ~0.9V for most
----- undcaegrade
.10 o Sy s lasers, and follows the form I =

0 0-5 Applied v'onage (v) 2.5 3 exp (qQV/nkT), with the ideality

factor n = 2. However, on our
Fig. H - 6: Forward-biased I-V curve (log scale) shows .
increased current for a given voltage (or a reduction in VCSELs, it appears that a nearly

voltage for a given current). constant 200-230 MQ resistance is
present in this region. Between 0.9—1.5V, ideal recombination / diffusion (with n =
1) takes place in the ideal diode. For our lasers, the ideality factor “n” was
approximately 1.6-1.8. Above that, high-level injection increases n to 2, and finally,
series resistance limits any further attempt of the curve to follow the exponential
relationship [10, 12].

Note that the curves

'2 A2 I LI T T T T L3 s
3l change little after degradation,
-3 F o 7 . . . .
z 7 i except in the ideal diffusion-
- -4 F ’ 3 . . . . .
,-" 3 recombination regime, which is
[ 9 i 3
S5¢ A i1 expanded in Fig. H - 7. A
o s A ] .
o6 7 i number of explanations are
- [ . ] .
7L 7 |——%fztomv ), |{  possible for the lower voltage
: A B-PX undegraded{ 1 .
gt e T — 3 (for a fixed current) or the higher
. 9 1 . . . .
0-8 09 Ap;'bli1ed1Vc2>Itaige (v; 4 15 1 &  current (for a fixed voltage)
observed in the degraded
Fig. H - 7: Closeup of “ideal” portion of I-V curve below .
j lasing threshold. Current is increased by a factor of 4, or VCSELs. One  possible
: voltage reduced by ~0.08V, after degradation. explanation would be increased
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recombination at non-radiative centers around the device edges. We also expect
reduced contact resistance, and reduced lateral resistance under the proton implanted

regions due to the aging process.
Another method of analysis and

comparison is the use of the ideality
factor “n” defined above. We derive the
{ ideality factor from our data using the
1 definition n = (kT/q)/{d(In I)/dV}. The
1 result is shown in Fig. H - 8. We are not
2 2.5 able to draw useful information from this,

as were Magistrali et al., since resistance

Fig. H - 8: Ideality factor for a VCSEL before .
and after degradation. dominates the VCSEL curve across

30 . .

~T" T

N
n
\aRas

Undegraded
-

N
o
Ty

Totally
degraded -

Ideality factor (n)
o o

wn

Falan

o

0 0.5 1 1.5
Forward Bias (V)

almost the entire operating range, due to
the much smaller contact area present in VCSELs than in an ordinary stripe laser.
(Soderstrom et al. cite the series resistance of a VCSEL as being 30 Q, while it is
only 4 Q for a CD laser [13].). The “ideality factor” is not meaningful except in the
narrow “ideal range” V<0.9 or >1.6 V, due to the domination of resistive effects.
However, the leftward shift as well as the increase in differential resistance after
aging are clearly visible.

In reverse bias, from 0 to -7 V the thermo-tunnel current dominates [10]. At
reverse biases larger than -7 V,

0
s avalanche breakdown is evident, and
< 510t occurs earlier in aged VCSELs. The
5 2 4 ek e geae || reverse bias characteristics are seen in
5 R -—-—-B-PZ (totally-deg.) | ) .
o 1107 E | i Fig. H-9. Itis not clear what changes
E have taken place to lower the
R 5 2 S s . A .
18 10-10 -8 -2 o breakdown voltage, but the reduction

-6 -4
Reverse Bias (V) .
in breakdown may be a good marker
Fig. H - 9: Reverse-bias I-V curve shows reduced  for how far the degradation process has
breakdown voltage (and a softer “knee”) for rapidly

degraded devices. progressed.
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