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ABSTRACT

Quantum dots (QD) offer significant advantages over quantum wells (QW) as the active material in high power lasers.
We have determined power density values at catastrophic optical mirror damage (COMD), a key factor limiting high
power laser diode performance, for various QW and QD red and NIR emitting structures in the in the AlGalnP system.
The devices used were 50 um oxide stripe lasers mounted p-side up on copper heatsinks operated pulsed. The COMD
power density limit decreases as pulse length increases. At short pulse lengths the limit is higher in QD (19.1«1.1
MW/cm?) than in QW devices (11.942.8 MW/cm?” and 14.3+0.4 MW/cm? for two different spot sizes). We used the high
energy Boltzmann tail of the spontaneous emission from the front facet to measure temperature rise to investigate the
physical mechanisms (non-radiative recombination of injected carriers and reabsorption of laser light at the facet)
leading to COMD and distinguish between the behaviour at COMD of QW and QD devices. Over the range 1x to 2x
threshold current the temperature rise in the QW structures was higher. Scanning electron microscopy showed a
difference between the QD and QW lasers in the appearance of the damage after COMD.

Keywords: COMD, AlGalnP, quantum dot, power density, spontaneous emission, facet, non-radiative recombination,
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1. INTRODUCTION

There is demand for high power single emitter red-emitting semiconductor lasers: uses are found in DVD RW
applications (where backwards compatible capability is being built into Bluray systems), various medical applications
such as photodynamic therapy 1, pump lasers and projection applications where high power, good energy conversion
efficiency and good beam quality are required. The spot size of the beam at the facet (d/I" where d is the well width and
I" is the confinement factor) can have an effect on the likelihood of Catastrophic Optical Mirror Damage (COMD).
COMD occurs when heating occurs locally at the facet causing a temperature spiral which results in local melting and
destruction of the laser facet with a partial or complete, irreversible drop in output laser power. It is a key factor limiting
high power operation of laser diodes. The facet damage occurs at a critical power density which varies with the material
system used: in the GaInP/AlGalnP system values as low as 3.5 MW/cm?* > cw are seen.

The phenomenon of COMD has been and continues to be extensively studied. Early workers examined the defects
created at and propagating from the heated facet regions and proposed models to explain the COMD temperature spiral.
Henry suggested absorption of the laser light generated electron-hole pairs which then undergo non-radiative
recombination causing heating of the facet and bandgap reduction followed by further absorption * . Chen and Tien
suggested non radiative recombination of carriers at the facet causing heating, bandgap reduction and absorption in the
cladding layer * as the starting point. Tang suggested a critical facet temperature had to be reached for the destructive
spiral to take place °. Any defects at the facet act as centres for absorption and non-radiative recombination: dangling
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bonds are left when any surface is produced by cleaving in addition to damage such as crystalline defects or oxidation
caused when a laser with as-cleaved facets is operated.

Many processes exist to prevent or reduce the likelihood of COMD °. Facets can be passivated to reduce non-radiative
recombination due to dangling bonds and coated to prevent oxidation. Current blocking layers can be used to prevent
injected carriers migrating to the facet and recombining non-radiatively. Non-absorbing mirrors can be created by
disordering of the quantum wells thus increasing the bandgap. These extra processing steps increase manufacturing costs
and tend to increase the power density leading to COMD rather than preventing it completely. Use of a quantum dot
(QD) as opposed to a QW active region could make such extra manufacturing steps unnecessary due to the different
physical properties of QD active regions or increase the COMD limit still further. In addition quantum dots offer
significant advantages as the active material in high power lasers, having threshold current density that is both low and
insensitive to temperature and routinely low values of modal loss (a;) enabling long lasers to be used.

Among the physical parameters that are advantageous in QD material is the surface recombination velocity: a parameter
which quantifies the rate of in-plane carrier diffusion and thus directly affects the rate of non-radiative recombination
and heating at the facet. It has been established that this is reduced by an order of magnitude in quantum dot lasers ’ at
980/1280 nm in the GalnAs system. In addition reduced filamentation has been observed in QD as compared to QW
lasers * ? leading to a uniform distribution of power at the facet with no hot spots to seed COMD as well as higher optical
beam quality.

We investigated these potential advantages with a number of experiments comparing the COMD limit for QW lasers of
different spot size, QW with QD, QW as a function of pulse length, and also made some comparisons with different
aluminium fractions in the cladding layers. All the devices emitted in the red/NIR region and were fabricated in the
InP/GalnP/AlGalnP material system. We then made measurements of facet temperature rise in order to further
investigate the differences observed between QW and QD.

2. DETERMINATION OF COMD POWER DENSITY VALUES
2.1 Structure and COMD power density values for QW structures

The QW structures used were commercial DVD laser designs chosen for their very different spot sizes: 0.541 um and
0.373 pm although both had the same narrow farfield of about 18° FWHM '°. The active regions of both structures
consisted of three 5 nm compressively strained GalnP QWs separated by 5.5 nm (Alj 5Gag s)InP (lattice matched) barriers
in (Aly,Gag3)InP waveguides. (Figure 1). Both structures emitted at about 660nm.
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Figure 1 Structure of QW devices used in COMD experiments. Both structures have three compressively strained GalnP
QW with AlGalnP waveguides and barriers. Dimensions shown on the diagram are in pum. The left hand structure has a
spot size of 0.541um and the right hand one has a spot size of 0.373 um. Both structures operate at wavelengths of
about 660 nm.
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Sets of about ten 50 pm wide oxide isolated stripe lasers were prepared for the COMD measurements with as cleaved
facets, mounted p-side up on copper heatsinks using conductive epoxy. The devices were operated pulsed (between 400
ns and 1000 ns at a repetition rate of 1 kHz) in order to ensure we were testing the intrinsic laser properties and not the
effects of heating.

For the COMD experiment we first measured the nearfields of the devices which were then placed in an integrating
sphere where the average optical power over the cycle was measured as a function of current. Using the known values of
the duty cycle the peak optical power could be calculated. The COMD limit was determined when the optical power
dropped abruptly to a small fraction of its previous value. The shapes of the P-I characteristics were checked to ensure
COMD and not merely thermal rollover had taken place. The appearance of the facets was examined with optical and
scanning electron microscopy (SEM) and damage typical of COMD was observed. (Figure 2) The beam area intersecting
the facet was obtained by multiplying the FWHM nearfield by the calculated spot size and used with the peak power to
obtain the power density at the facet. The group of three or so devices with the highest values was averaged to give the
COMD value for that structure.
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Figure 2 SEM pictures of a device that had undergone COMD. The whole of the facet is seen in the left hand diagram (the
scale is given on the micrograph — 100 um). A higher magnification picture of the same device is shown on the right
hand (scale of 1 pm) showing the molten spheres extruded as COMD took place.

The peak powers obtained at COMD were 11.9 (£ 2.8) MW/cm?® for the large spot size structure and 14.3 (£ 0.4)
MW/cm? for the small. (Table 1). The errors here were taken as the maximum deviation from the mean value. Taking
into account the experimental uncertainty the COMD power density limit was the same for both spot sizes.

2.2 COMD power density as a function of pulse length

It is known that pulse length affects the COMD limit '' . If the length of the pulse is short any heat generated in the facet
has time to dissipate before the next pulse. The heat from longer pulses or cw pumping causes a larger facet temperature
rise due to the finite thermal conductivity of the epitaxial layers in the structure in addition to bulk joule heating. As the
heat builds up in the device a critical facet temperature '* is reached beyond which COMD proceeds very rapidly. A
simple 1-d analytical model ", assuming a monolithic block of material, predicts 1/t"* dependence of the temperature
rise at the facet, where t is the pulse length. The results obtained in practice for a three dimensional multilayered
structure show a similar trend. (Figure 3). It was thus necessary to carefully control the pulse length when comparing
different structures.
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Figure 3 The COMD power density limit as a function of pulse length for a QW structure (small spot size QW)

2.3 Comparison of COMD power density values for QW and QD structures

The QW structures were then compared with a QD structure operated under the same conditions (400ns pulse length at 1
kHz). The QD structure, illustrated in Figure 4, consists of 5 layers of InP self assembled quantum dots in 8 nm GalnP
quantum wells separated by 16 nm AlGaInP spacer layers, in AlInP cladding layers. These structures, which are still
under development, were designed with a high confinement factor resulting in a small spot size of 0.251 pm. The
COMD limit obtained was 19.1 (£ 1.1) MW/cm® : outside the uncertainty limits of the measurements for the QW
structures and thus significantly higher than the limit for both QW structures. (Table 1).
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Figure 4 Comparison QD structure consisting of 5 layers of InP self assembled quantum dots in 8 nm GalnP quantum wells
separated by 16 nm AlGalnP spacer layers, in AlInP cladding layers. Dimensions on the figure are in pm. The structure
emitted at about 715 nm.

Table 1 showing COMD limit and spot size for two QW and one QD structures (operated at 400 ns pulse length 1 kHz
repetition rate)

Spot size (um) COMD power density MW/cm?)
QW large spot size 0.541 11.9 (£2.8)
QW small spot size 0.373 14.3 (£0.4)
QD 0.251 19.1 (£1.1)
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Results for the COMD power density limit were obtained for a variety of structures looking at different spot sizes, pulse
lengths, Al fractions in the cladding layers and different width spacer layers in the QD structures, some of which were p-
doped. None of the factors investigated substantially affected the COMD limit apart from the pulse length and the
QD/QW nature of the active region at short pulse lengths. (Figure 5.)
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Figure 5 COMD power density limit for several different QW and QD structures including different spot sizes, pulse
lengths, Al fractions in the cladding layers and different width spacer layers in the QD structures.

3. FACET TEMPERATURE MEASUREMENT
3.1 Factors affecting the facet temperature

In order to help explain the difference in behaviour between QD and QW at short pulse length in terms of physical
processes we investigated the temperature rise at the facet in both QD and QW as a function of laser power at pump
currents of up to twice threshold. This is the region of most interest, because in this range it should be possible to
differentiate between the effects of non-radiative recombination of injected carriers, which saturates at threshold '* and
reabsorption of laser radiation leading to generation and non-radiative recombination of carriers at the facet,
accompanied by heating,"”, which starts at threshold and increases with laser power. This should confirm whether the use
of QD active regions gives a significant advantage.

Various direct and indirect methods exist to obtain the facet temperature such as micro-Raman spectroscopy,
thermoreflectance and infra-red thermography which have different capabilities in terms of probe depth and spatial and
temporal resolution. With some methods the probe used actually affects the operation of the device, for example the laser
used in micro-Raman can cause surface heating. Examination of the spontaneous emission from the facet does not
interfere with the operation of the device.

The spontaneous emission from a quantum well can be written '® 7

Boltzmann factor as

in terms of the photon energy, the absorption and the

-E
L(E) o« a(E) E* exp| —
(E) (E) ka

B

where E is the photon energy, L(E) is the spontaneous emission, a.(E) is the absorption, kg is the Boltzmann constant and
T is the electron temperature. We are assuming the electron and lattice temperature are in equilibrium.

It follows that T can be obtained " from a region of the spectrum where a(E) is constant, which will occur in a region
where the density of states is constant: in other words away from any transitions. In practice the region used was away
from the quantum well on the short wavelength side where the Boltzmann approximation is valid. The temperature can
be obtained from the slope (-1/kgT) of a plot of In (L/E?) against E which will be linear if the criteria described above are
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satisfied. The absorption at this wavelength is high enough to ensure that any light emitted from the bulk interior regions
of the device is absorbed and only the light from the surface layers is detected: thus the facet temperature and not the
bulk temperature is obtained. Temperatures up to the melting point of GaAs or GalnP are not observed because once the

critical temperature is reached COMD takes place very rapidly (less than 2.3 ms '’) compared to the temporal resolution
of the measurement.

3.2 Experimental setup for facet temperature measurement

The spontaneous emission (SE) from the region where the laser light emerges from the facet is emitted in all directions.

If the sample is rotated through a large enough angle (40°) any amplified spontaneous emission and the laser light itself
can be rejected. (Figure 6).
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top view SE ™.
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Figure 6 The experimental setup for collecting the spontaneous emission from the facet while rejecting the laser emission

and amplified spontaneous emission. Any shift of the lasing wavelength was monitored using an optical spectrum
analyser to check for bulk heating of the device.

To illustrate the technique the SE from the facet of a 50 um wide oxide isolated stripe QW laser was used to obtain
temperature as a function of pump current (up to 30x 1, ). (Figure 7).
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Figure 7 Log of spontaneous emission intensity as a function of wavelength for currents up to 30 X Leshora for a 50 pm
oxide stripe QW laser. (left) A peak due to scattered lasing light can be seen at ~ 660 nm which shifts with current at
these very high pumping levels indicating bulk heating. The linear region at shorter wavelength ranges was used to
obtain the facet temperature (right) from the slope (-1/kgT) of a plot of In (L/E?)

Proc. of SPIE Vol. 7230 72300X-6



3.3 Facet temperature results

After this the SE from 5 pm wide ridge QW and QD (two of each) lasers was recorded using a grating spectrometer and
CCD camera at currents (pulsed) of up to 2x threshold. The lasing spectrum was monitored using an optical spectrum
analyzer (OSA) to obtain the bulk temperature of the devices. This could be subtracted from the measured facet
temperature (which included both bulk and facet heating contributions.) Ridge lasers were used to ensure the temperature

was measured in the region where the largest temperature increase took place. Temperatures were measured as a function
of current for three different pulse lengths.

A distinct change of slope was observed at threshold for the QW lasers with a difference in the slope above threshold for
different pulse lengths. (Figure 8.).
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Figure 8 An example of temperature data as a function of pumping current in a QW ridge laser for two different pulse

lengths. Threshold current was about 180 mA. A distinct change of slope was observed at threshold with a change in
the slope above threshold for different pulse lengths.
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Figure 9 An example of data comparing the temperature rise in QW and QD at a pulse length of 600 ns. Currents have been
normalised to Liesnolq and temperature changes referenced to the temperature at 0.4X L reshold-
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The measurements were then repeated in QD devices and a comparison made (Figure 9). In order to compare below and
above threshold data for QW and QD the temperature data was normalised to multiples of Lyesnoiq and temperature
change from 0.4xIyesnolq Was plotted. Lasing wavelength measurements, with the aid of separate calibration runs, were
used to establish the change in bulk temperature was less than 5K but the data was not precise enough to subtract from
the facet temperature data. Instead we calculated the temperature rise between 1x and 2x threshold for the QW and the
QD devices. If the difference in temperature rise between QW and QD devices was greater than 5K (the maximum bulk
temperature rise) it could be said that there was a difference in performance between the QW and QD devices. (Table 2)

Table 2 Facet temperature rise between 1x and 2x threshold current for QW and QD ridge devices. The differences are
greater than the maximum possible bulk temperature rise indicating a difference in physical characteristics of QW and
QD active regions.

pulse length facet temp | error facet temp | error difference
rise QW (K) rise QD (K) | (K) QW-QD
) &)

340 ns 12.3 +0.7 3.8 +3.8 8.5+3.8

600 ns 13.8 +04 5.8 +1.8 8.0 1.8

1000 ns 15.2 one set 53 +1.6 9.9+1.6

4. SCANNING ELECTRON MICROSCOPY (SEM)
4.1 SEM studies of COMD

1
D1469 Raith50

pot Magn  Det WD Exp

4 15000x SE 193

Figure 10 In SEM the damage sustained by a small part of the facet under the oxide stripe during COMD in a QW device
shows more extreme damage than in a QD device, with dark and light areas and linear regions that may indicate
damage at the quantum wells themselves
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Figure 11 SEM image of the facet of a QD device that has undergone COMD showing more diffuse and less severe damage
than a QW structure.

We observed a difference in the nature of the damage between QW and QD. In QW lasers (figure 10) the damage
appeared to be more severe than in QD (Figure 11). In both optical microscopy and scanning electron microscope
pictures (SEM) the QW structures showed much greater contrast between different spatial regions on the facet compared
to QD, with regions varying from black to white through shades of grey at the quantum well area of the facet in the
pumped area under the stripe. QW devices also showed the presence of ejected spheres of molten material, which were
never seen in QD devices. SEM images of the facet of QD devices that had undergone COMD showed more diffuse (the
focus of these images is sharp) and less severe damage with less colour contrast than a QW structure. These differences
were observed for several different samples.

5. SUMMARY

Quantum dots (QD) offer significant advantages over quantum wells (QW) as the active material in high power lasers.
We have determined power density values at catastrophic optical mirror damage (COMD), a key factor limiting high
power laser diode performance, for various QW and QD red and NIR emitting structures in the in the AlGalnP system.
The devices used were 50 um oxide stripe lasers mounted p-side up on copper heatsinks operated pulsed. We found the
COMD power density limit decreases as pulse length increases with a higher limit in QD (19.1£1.1 MW/cm?) than in
QW devices (11.9+2.8 MW/cm® and 14.3+0.4 MW/cm? for two different spot sizes) at short pulse lengths. We used the
high energy Boltzmann tail of the spontaneous emission from the front facet to measure temperature rise in order to
investigate the physical mechanisms (non-radiative recombination of injected carriers and reabsorption of laser light at
the facet) leading to COMD and distinguish between the behaviour at COMD of QW and QD devices. Scanning electron
microscopy showed a difference between the QD and QW in the appearance of the damage after COMD.

These results support the idea that quantum dots can lead to less facet heating and therefore a higher COMD power
density limit for short pulse operation. They do not explain the similar behaviour seen in figure 5 for QW and QD
devices at longer pulse lengths. We assume that conduction of heat away from the facet becomes more important at
longer pulse length which may be due to the packaging or the particular structures that we have used. Further work is
necessary to confirm these assumptions and to establish whether quantum dots can produce advantageous behaviour
under cw operation.

Our study shows the COMD limit is higher for quantum dot than quantum well samples and demonstrates progress in the
achievement of high powers in a quantum dot structure.
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