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INTRODUCTION

A light-emitting diode (LED) is a semicon-
ductor device that emits visible or infrared
radiation when electric current is passed
through it. The basic device consists of a
single p-» junction. The energy of the emitted
photons, which determines the color, is usu-
ally approximately equal to the energy gap of
the semiconductor material in the active re-
gion of the LED. Materials that are generally
used for LEDs are compounds of elements
from columns IIT and V of the periodic chart
such as GaAs, GaP, AlGaAs, InGaP, GaAsP,
GaAsInP, and more recently AlInGaP . The
specific material is chosen on the basis of
color, performance, and cost. A cross section
of a LED lamp is shown in Fig. 1. The semi-
conductor chip is typically 2503¢250 pm? and
is mounted on one of the electrical leads. A
bond wire electrically connects the top of the
chip to the other lead. The epoxy dome serves
as a lens to focus the light and as a structural
member to hold the device together. Operat-
ing currents are usually in the range of 1-50
mA, and forward voltages are about 2 V.

The external quantum efliciency {photons
_out per electron passed through the device),
which is roughly equal to the power efficiency
of visible LEDs, ranges from less than 0.1% to
more than 10%. The luminous performance
of visible LEDs is obtained by multiplying the
power efficiency by the eye sensitivity curve as
defined by the Commission Internationale de
L'Eclairage, or CIE. LEDs typically have per-
formance in the range of 1-10 LYW, but LEDs
with performance as high as 20 LW have
been observed. This compares favorably with
incandescent bulbs that are typically in the
range of 15 /W. LEDs usually operate at
power levels of less than 0.1 W, and so they
are not suitable for room illumination. How-

5.4.3 Dicing ......oovviveiinins, 512
55 Assembly .............. ... 512
5.5.1 Die Attachment............... 512
5.5.2 Wire Bonding................ 512
5.5.3 Encapsulation................ 512
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ever, they are widely used for large-area dis-
plays and for exterior lighting on vehicles.
The evolution of visible LEDs is shown in
Fig. 2. Red GaAsP LEDs were first introduced
commercially by General Electric in 1962 in
very low volumes following the work of Ho-
lonyak and Bevacqua (1962). High-volume
production of GaAsP emitters began in 1968
(Herzog et al., 196%) and was soon followed
by the introduction of GaP:(Zn,0) LEDs (Saul
et al,, 1969). Both of these types of emitiers
had efficiencies of approximately 0.1 /W and
were only available in the color red. In the late
1960s and early 1970s, it was discovered that
nitrogen provided an efficient recombination
center in both GaP (Logan ef af,, 1968) and
GaAsP (Groves ef al., 1971). This led to the
commercial introduction in the mid-1970s of
red, orange, yellow, and green GaAsP:N and
GaP:N LEDs with performance in the range of
1 1YW, Early work (Rupprecht ef al., 1967,
Alférovet al, 1973) had indicated that AlGaAs
and heterostructure AlGaAs LEDs offered po-
tential performance advantages over GaAsP

Clear Epoxy Dome

LED Chip in Reflecting Cup

L

FIG. 1. Cross sectional view of a typical LED lamp. The
LED chip, typically 260 250 % 250 um?, is mounted in
a reflective cup formed in a lead frame. Clear epoxy
acts as a lens, an index-of-refraction matching medium
to help extract light from the chip, and a structural
member to hold the package together.

Metal Lead Frame

FIG. 2,
doping|
doping{
Double;
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FIG. 2. Schematic illustration of the evolution of visible LEDs. Early LEDs oniy emitted red. The addition of nitrogen
doping in GaAsP (GaAsP:N) impraved red performance, and made orange and yellow possible. In GaP, nitrogen
doping {GaP:N) made green available, and during the 1980s, GaP gradually improved to ~ 2.5 I/W (nct shown).
Double-heterostructure (DH) red-emitting AlGaAs devices now offer better performance than red-filtered incan-
descents and are used in some automobile taillights. AlinGaP has the potential to be brighter than AlGaAs in yellow

and possibly red and green.

and GaP homojunctions. However, more than
a decade of development was required to
create high-volume liquid-phase—epitaxy {(LPE)
reactors capable of growing high-quality mul-
tilayer device structures (Nishizawa and Suto,
1977). It was not until the early 1980s that
such LEDs became commercially available,
The performance of these LEDs ranged from
2 to 10 1YW (depending upon the structure
employed), and for the first time, LEDs broke
the efficiency barrier of filtered incandescent
bulbs, enabling them to replace light bulbs in
many outdoor lighting applications.

Finally, in the early 1990s orange and
vellow AlInGaP devices with efficiencies
greater than 10 LYW were developed (Kuo
et al., 1990). The growth of such LEDs by
conventional techniques such as LPE or halide-
transport vapor-phase epitaxy proved intrac-
table. The emergence of metal-organic vapor-
phase epitaxy (MOVPE) as a crystal-growth
technique beginning in the late 1960s (Mana-
sevit and Simpson, 1969) and yielding high-
performance AlGaAs devices in the late 1970s
(Dupuis and Dapkus, 1977) later made possi-
ble the controlled growth of heterostructure
AlInGaP LEDs. Their performance is expected
to improve significantly over the next decade
as more is learned about this crystal-growth
process.

Blue SiC LEDs are also available but they
are much less efficient than the other types.
The development of brighter blue LEDs, pos-
sibly using ZnSe or GaN, which have shown
promise in the research laboratory, is ex-
pected to be a major development area in the
1990s.

The discovery that diffusedjunction GaAs
diodes were efficient sources of infrared radi-
ation (Keyes and Quist, 1962) led to the
commercial introduction of infrared LEDs in
the early 1960s as well. These Zn-diffused
GaAs diodes had typical external quantum
efficiencies of approximately 1% in air. In
1966 it was discovered (Rupprecht et af., 1966}
that Si-doped GaAs dicdes with grown-in p-»
junctions could provide efficiencies greater
than 6%. Even higher efficiencies (up to 12%)
were obtained by silicon doping a thick
AlGaAs layer and then removing the original
(absorbing) GaAs substrate (Dawsaon, 1977},
Plastic-encapsulated GaAs:Si and AlGaAs:Si
LEDs such as these have output powers in the
12-26-mW range when driven at 100 mA and
can be reliably driven at peak currents up to
1.5 A. They have been extensively used in
remote control applications for TVs and VCRs.
Their switching times, however, are quite long
(approximately 1 us), and so they are unsuit-
able as sources for high-speed data communi-
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cation. The need for fast light sources that
could be used in fiber-optic links led to the
development of small-area, high-radiance
AlGaAs and InGaAsP LEDs in the 1970s and
1980s (see Saul er al, 1985; Pearsall, 1982).
They are used in medium-distance { < 10 km)
and low~data-rate (10 to 200 Mbit/s} applica-
tions while semiconductor lasers are used for
longer-distance or higher-data-rate communi-
cations.

1. BASIC DEVICE PHYSICS

1.1 p-n Junction

The basic structure of an LED is among the
simplest of semiconductor devices since it
consists of a single p-n junction, where p-type
(excess positive charge carriers called holes}
and n-type (excess electrons or negative charge
carriers} semiconductor materials are in single-
crystal contact with each other as indicated in
Fig. 3. When the junction is biased in the
forward direction, electrons are injected into

the p-type region, and/or holes are injected
into the »-type region. These injected minority
carriers can then recombine with majority
carriers, giving up energy.

When biased in the forward direction, LED
junctions begin to conduct significantly at
voltages approximately equal to the semicon-
ductor energy gap of the material involved.
This can range from 0.8 to 1.5 V for infrared
emitters and from 1.5 to more than 3.0 V for
visible emitters (see Secs. 3.2.1 and 4.2.1). The
reverse breakdown voltage is generally lim.
ited by the carrier concentration in the n-type
region and can range from 5-10 V for heavily-
doped devices to more than 50 V for many
types of visible emitters.

The slope of the current-voltage character-
istic after turn-on in the forward direction is
known as the dynamic resistance. The dy-
namic resistance is determined by the area of
the junction, the Ohmic-contact technology,
and the conductivity of the semiconductor
materials involved. The dynamic resistance
can range from about 1 O for an IR device
designed for high-current operation to 10 Q or

3 Conduction Band

e
e 0000
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FIG. 3. Schematic of an LED and forward-
biased LED junction. Radiative processes,
which resuit in pholon emission, and non-

o3

o

o E

c Eg g

w Radiative

® Recombination
._E

g CRCNCHCIAN
= P — Type Region ®

Valence Band

Distance

N — Type Region

radiative processes, which generate heat,
are ilustrated. fn indirect-band-gap mate-
rial they are forbidden. Reprinted from
Tannas (1985), courtesy of Van Nostrand
Reinhold Company, Inc. Copyright ® 1985,

mor
high
oper

Tint



njected
inority
\ajority

n, LED
ntly at
micon-
volved.
ifrared
IV for
1).The
ly lim-
n-type
eavily-
nany

racter-
ttion is
he dy-
area of
wology,
ductor
Sstance
device
00 or

wward-
;esses,
1d nan-
e heat,
) mate-
i from
ystrand
> 1985,

4

more for a visible LED that is optimized for
high light-output efficiency and designed to
operate at 30 mA or less.

1.2 Radiative and Nonradiative
Recombination and Internal Quantum
Efficiency -

When injected minority carriers recom-
bine with majority carriers, the energy can be
converted into either light or heat, depending
upon whether the recombination is “radia-
tive” or “nonradiative” as shown in Fig. 3.
Typical radiative and nonradiative recombi-
nation processes are listed in Table 1. The
internal quantum efficiency of the LED, the
number of photons generated divided by the
number of minority carriers injected, is deter-

]
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Table 1. Examples of recombination routes.

Radiative Nonradiative

Phonon emission
Band to acceptor At dislocations
Donor to acceptor At impurities
Through isoelectronic centers At lattice vacancies
At interstitials

Band to band

mined by the relative radiative and nonradi-
ative recombination rates. This is shown be-
low for the case of electron injection into a
p-type active region, which is generally the
case for LEDs. The total recombination rate
for electrons can be expressed as the number
of electrons, #, divided by a characteristic
lifetime 7 :

Total recombination rate=#/r=radiative rate+nonradiative rate=n/r.+n/7

=n{1/1.+ 1/ 7).

where 7, and r,, are the radiative and nonradiative decay times, respectively.

radiative rate

Internal quantum efficiency="1;,,=

n/r /7,
n/r L/r+1/7,

Nine™

Therefore

1

Nint 147, /an

In order to have high-performance devices,
we want 7. to be large compared to . The
nonradiative lifetime is determined by the
quality of the material, and if the nonradiative
paths shown in Table 1 are minimized, r,, can
be as long as a microsecond or even longer;
but even in good material, r,. is more typi-
cally in the tens of nanoseconds range.

We would like to have r, as small as
possible. At low minority-carrier injection lev-
els, the radiative recombination rate can also
be expressed as n/r.=Bnp or r,.=1/Bp where
B is the recombination rate constant for a
given type of semiconductor material, and n
and p are the electron and hole concentra-
tions. In order to reduce 1, we want to have
the hole concentration g as large as possible
without degrading the quality of the material

total recombination rate’

|

and hence decreasing .. When materials are
doped above a maximum hole concentration,
which is different for different materials, and
can range from about 107 to 10! cm™3, the
material quality is degraded, and r, de-
creases sharply.

The radiative constant is determined by the
material system involved. For GaAs, B is
about 2x 107! ¢m3/s 1 (Casey and Panish,
1978). Thus if p=10' cm~? r=1/Bp
=5x10~? s which is a typical radiative decay
time for a GaAs device. The nonradiative
decay time for good-quality GaAs material is
generally 107 s or longer so that the internal
guantum efficiency approaches 100%. In most
semiconductors, the internal quantum effi-
ciency is much lower than 100% because of
material quality problems or the fact that the
recombination constant is smaller. The latter
is the case for indirect materials where B can
be orders of magnitude smaller as described
in Sec. 1.3. The external guantum efficiency,
which is the internal quantum efficiency mul-




490 Light-Emitting Diodes

tiplied by a light extraction factor, is lower,
sometimes by more than an order of magni-
tude, than the internal efficiency because of
the difficulty in extracting light from the inte-
rior of the LED chip. This is discussed in
Sec. 1.8.

1.3 Direct and Indirect Energy Gap

The energy gap of a semiconductor is the
minimum separation between the valence
band, which is the continuum of allowed
energy versus momentum states for the holes
or p-type charge carriers, and the conduction
band, which is the same characteristic for the
electrons. This energy gap is the primary
factor that determines the color of an LED, as
described in Sec. 1.6. However, the separation
between the conduction band and the valence
band changes as a function of the momentum
of the electrons and holes, and the relative
momenta of the electrons and holes at the
point where the energy-gap separation is a
minimum is a key factor in determining the
suitability of the material for the fabrication
of efficient LEDs.

In a direct semiconductor, the minimum
energy gap occurs at the point where both the
electrons and holes have zero momentum.
The electrons and holes are concentrated
around this region as shown in Fig. 4. Radia-
tive recombination occurs readily in this sit-
uation since the electrons and holes can re-
combine emitting a photon that has an energy

cmmmmareaan

=
o
-
0
c i
w i
€ '
g :
£ :
i z '
2 ~fe '
w E !
i v : i
l R :
e Py— ;
' Momentum ' Momentum
Birect Indirect

FIG. 4. Schematic diagram of conduction and valence
bands in direct and indirect semiconductors. Electron
energy is plotted as a function of momentum (k). In
direct-band-gap material band-to-band radiative tran-
sitions are allowed. In indirect-band-gap material they
are forbidden. Reprinted from Tannas {1985), courtesy
of Van Nostrand Reinhold Company, Inc, Copyright ©
19885, .

equal to that given up in the recombination
process—thus conserving energy. Momentum
is also conserved since the photon has negli-
gible momentum and both the electron and
hole had nearly zero momentum in the begin-
ning.

In an indirect semiconductor, on the other
hand, the electrons and holes have different
momenta at the point where the band separa-
tion is a minimum. The holes are still concen-
trated in a region with nearly zero momen-
tum, but the electrons are concentrated in the
conduction-band minimum with non-zero mo-
mentum as shown in Fig. 4. In this situation,
radiative transitions can no longer readily
occur, Although energy conservation can be
achieved with the emission of a photon, mo-
mentum conservation cannot, since photons
have nearly zero momentum and cannot make
up for the momentum difference between the
electron and hole.

Radiation can only occur in indirect semi-
conductors with the invelvement of an addi-
tional interaction that allows momentum to
be conserved. This interaction can occur with
lattice vibrations {phonons) resulting in heat
being transferred to or absorbed from the
crystal lattice. This process yields an emitted
photon with an energy that is different from
the energy gap by an amount equal to the
energy of the phonon that is simultaneously
generated or absorbed. Processes of this type
are relatively unlikely compared to direct
recombination, and so . is longer, the ratio
o/ The 18 larger, and high quantum efficiencies
are difficult to achieve in pure indirect semi-
conductors,

1.4 Isoelecironic Impurities

In spite of the problem presented by the
band structure, indirect semiconductors are
widely used for LEDs. Acceptable quantum
cfficiencies are achieved by intentionally add-
ing isoelectronic impurities, which act as ra-
diative recombination centers, to the crystal.
An “isoelectronic” impurity comes from the
same column of the periodic chart as the host
crystal, and hence it has an electronic charge
no different from that of the element it re-
places. The isoelectronic impurity introduces
a highly localized region of strain in the
crystal that traps an electron, Since the trap is
highly localized, the uncertainty in position is
small and so, according to the Heisenberg

Energy (eV)
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FIG. 5. Energy-band structure for an indirect semicon-
ductor with an isoelectronic impurity (GaP with nitrogen
doping is shown). The shaded region shows the
probability distribution for an electron associated with
the nitrogen impurity, and it ¢can be seen that there is
a significant probability that the electron will be near
zero momentum so that it can recombine radiatively.
Reprinted from Tannas {1985), courtesy of Van Nos-
trand Reinhold Company, Inc. Copyright © 1985.

uncertainty principle, the uncertainty in mo-
mentum is large. Thus, electrons trapped at
isoelectronic impurities are widely distrib-
uted in momentum, and there is a significant
probability that the electrons can have zero
momentum and can combine radiatively. This
situation is illustrated in Fig. 5 for GaP with
nitrogen doping. Even with the addition of
isoelectronic impurities, however, the recom-
bination lifetime is longer than that for direct
semiconductors, and the internal quantum
efficiencies are typically much less than 100%.

1.5 Direct-Indirect Transition

Ternary (three-element) and quaternary
(four element) alloys are used for many
types of LEDs. Examples are GaAs,_.P,,
Al Ga;_,As, and (Al,Ga,_,}p5IngsP. The en-
ergy gap changes with alloy compeosition, and,
in many cases, a transition from a direct-band-
gap to an indirect~band-gap semiconductor
occurs at some composition (x,.}. This is illus-
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trated in Fig. 6. The quantum efficiency of the
LEDs changes, typically by orders of magni-
tude, as this transition is crossed. The quan-
tum efficiency as a function of alloy composi-
tion can be calculated if we assume that only
electrons in the direct conduction-band min-
imum can recombine radiatively and that the
nonradiative lifetime is the same for both
direct and indirect electrons.

The total number of electrons is equal to
the number of electrons in the direct mini-
mum plus the number of electrons in the
indirect minima:

n=nD+n!.

According to Boltzmann statistics, the ratio of
the number of electrons in the indirect min-
ima to the number in the direct minimum can
be written

«
[=]

GaAs 1.4 Py

[ T S CR
(=T T S - -

Energy Gap, Eg { eV )

e

A 1.l
Gats Gal
Mole Fraction GaP { x)

Efficiency

=]
L

T T

10-5 ! ! L !
y] 02 04 08 D08 1.0
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Mole Fraction GaP ( x }

FIG. 6. Direct and indirect energy gaps plotted as
furetions of allay composition. The quantum efficiency
is high in the direct region to the left of the direct-
indirect transition, and is orders of magnitude lower to
the right. The data points are from Herzog et al., 1969.
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F=n;/npe=Ne 23X/

where F is the fraction of carriers in the
indirect minima, N is the relative density of
states in the indirect minima (typically & is
>10), and AE(x) is the separation between
the direct and indirect minima.

Now, the radiative recombination rate=np/
T, the nonradiative recombination rate=#,"
Tos+1p/ The=1/Tyy, and therefore -

internal quantum efliciency
np/ 7
R/ To+ 1/ Ty
1
Tk (7 7o) (14 Ne 3BT

=Nim=

The quantum efficiency now depends on the
lifetime ratio as well as the fraction of carriers
in the indirect minima and drops exponen-
tially as the separation between the minima
becomes small.

1.6 Emission Wavelength versus Energy
Gap and Doping

The wavelength of an LED is inversely
proportional to the energy of the emitted
photon, E, according to the relationship A
=he/E, where A is the wavelength of light,
is Planck’s constant, and ¢ is the velocity of
light. The energy of the photon is equal to the

Table 2. Types of LEDs grouped by structure type.

energy gap if free electrons and holes are
recombining, or to the energy gap minus the
energy of the trap, impurity level, or phonon
if these processes are involved. This can be
represented as A = he/(E—E,) where E_ is
the energy of the trap, etc. Typical n-type
dopants have level depths of a few thou-
sandths of an electron volt and p-type dopants
have depths of a few tens of thousandths of an
electron volt, both of which are small com-
pared to the band gaps of LEDs. Therefore for
most types of LEDs, the peak emission wave-
length 4 = e/ E,. This is not necessarily the
case for materials with iscelectronic traps,
which can have trap depths of more than 0.1
eV.

1.7 Device Structures

1.7.1 Homofjunctions. The simplest and
generally least-expensive LEDs are homojunc-
tions in which the entire epitaxial structure,
and sometimes the substrate, consists of the
same compound or alloy composition, Exam-
ples of common homojunction LEDs are given
in Table 2, and a GaP homojunction device is
shown in Fig. 7{a). The p-» junction can be
formed by p-type diffusion into an n-type
epitaxial film, or can be grown by changing
the dopant type during the epitaxial growth
process.

The optimum junction depth is a compro-
mise between two conflicting requirements.

Desirable device characteristics

Epitaxial Low Good Good Low
1 piaxia defect injection carrier internal
Structure BYST sSubstrate  density efficiency confinement absorption Manufacturability
Homojunction  GaAsP/GaAs No No No No Excellent
GaAsP:N/GaP No No No Yes Excellent
GaP:(Zn,0)/GaP Yes No No Yes Excellent
GaP:N/GaP Yes No No Yes Excellent
GaAs:8i/GaAs Yes No No Yes Excelient
Single AlGaAs/GaAs Yes Yes No No Good
heterostructure
Double AlGaAs/GaAs Yes Yes Yes No Good
heterostructure
AlGaAs/AlGaAs  Yes Yes Yes Yes Fair but
improving
AllnGaP/GaAs Yes Yes Yes No New (TBD)?

*TBD stands for “ta be determined”
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FIG. 7. Cross sections of various types of LED struc-
tures. {a) The simplest type Is a homojunction in which
both the p-type and n-type regions are similar material
as in a GaP:N LED. {b) A single heterostructure has
different material compositions on the p-type and
n-type sides as in an AlGaAs/GaAs LED. (c) A double
heterostructure has an additional layer on the cther
side of the active layer ta confine the injected electrons
and/or facilitate light extraction.
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The junction must be deep enough so that only
a small fraction of the injected carriers reaches
the surface (where they generally recombine
nonradiatively), and so that the sheet conduc-
tivity of the p-type region is high enough to
avoid current crowding around the contact.
On the other hand the junction should be as
shallow as possible to minimize absorption.
This latter requirement is particularly impor-
tant for direct-band-gap devices because the
absorption coefficient for near—band-gap radi-
ation is ~10* cm~*, Consequently, junctions
in direct-band-gap homojunctions, which uti-
lize a near-band-edge recombination pro-
cesses, are generally less than 3 pm deep.

In the case of indirect semiconductors, the
absorption coefficient near the band edge is
only ~10* cm™!, and the junction can be
deeper. In addition, most indirect-band-gap
LEDs utilize isoelectronic impurities where
the transition energy is below the band edge
and the absorption is substantially reduced.
Consequently, in indirect-band-gap LEDs, the
junction depth is often more than 10 um,
particularly for devices with grown-in junc-
tiens. The doping levels on the p and # sides of
the junction are optimized both to maximize
the injection of minority carriers into the
preferred active region of the devices and to
have the radiative lifetime in the active region
be as short as possible to minimize nonradia-
tive recombination. These are also conflicting
requirements. The p-type region is generally
the preferred active region, and it would be
desirable to dope it as heavily as possible,
without introducing crystal damage, in order
to minimize the radiative lifetime relative to
the nonradiative lifetime. It would also be
desirable to dope the n-type region heavily to
achieve effective injection. In practice it is
generally found that heavy n-type doping re-
sults in shortened nonradiative lifetimes, and
50 the desired doping level cannot be achieved
and device efficiency is compromised. Many
of the limitations of homeojunctions can be
overcome with the formation of heterostruc-
tures.

1.7.2 Single Heterostructures. A single-
heterostructure device has two different ma-
terials or alloy compositions on opposite sides
of the junction. Devices of this type are gen-
erally not much more difficult to produce than
homojunction LEDs, and they have several
advantages. Consider, for example, a device
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with an #-type AlGaAs “window layer” grown
on a p-type GaAs active layer (or AlGaAs layer
of lower aluminum concentration) as shown
in Fig. 7(b). The AlGaAs layer has a higher
band gap and is transparent to the radiation
generated in the GaAs active layer. Therefore
the AlGaAs layer can be thick enough to give
good current spreading and a minimum of
surface recombination. Furthermore, efficient
injection can be achieved since it is energeti-
cally favorable for the electrons to flow from
the wider-band-gap region into the lower—
energy-gap active region even if the n-type
region is much more lightly doped than the
p-type region. One limitation of this structure
is that some of the injected electrons can
penetrate quite deeply into the p-type region
before they recombine, and much of the radi-
ation that is generated will be absorbed before
it can escape. Also, any radiation that is
emitted downward will be absorbed. These
limitations can be minimized with the growth
of appropriate double heterostructures.

1.7.3 Double Heterostructures. The LED
structure with the best efficiency is a double
heterostructure in which an active region with
a lower energy gap is sandwiched between
two layers with higher energy gaps: an upper
“window” layer and a lower “confining” layer.
This structure has the advantages of a single
heterostructure and, in addition, reduces the
absorption of the generated radiation. The
active region can be quite thin, typically 1-3
um, since the wider band gap of the “confin-
ing” layer keeps the injected electrons from
penetrating beyond the heterostructure inter-
face. The confinement of the carriers to a
narrow region results in fast and efficient
- recombination. The issue of fast recombina-
tion s important primarily for applications
related to electronic switching or communi-
cation. Devices for these applications also
often have small junction areas to minimize
capacitance.

The thin active region minimizes absorp-
tion, and if the confining layer is relatively
thick, some of the light that is generated can
escape from the edges of the confining layer,
thereby increasing the external efficiency of
the device. Optimally the confining layer is
grown thick enough (> 100 um) so that the
substrate can be removed altogether [see Fig.
7(c)], resulting in a “transparent substrate”

which gives the optimal efficiency as de-
scribed in Sec, 1.8.1.

An alternative approach to growing a thick
confining layer is to grow a Bragg reflector,
using alternate one-quarter-wavelength-thick
layers of semiconductor material with differ-
ent indices of refraction in order to reflect the
light back up into the chip instead of going
down into the substrate. These reflectors are
very effective for nearly on-axis radiation but
are not effective for low-angle reflections.
Therefore they work very well for surface
emitting lasers but are less effective for LEDs
than transparent substrates. The only disad-
vantage of double heterostructures compared
to the structures described earlier is that they
are more complicated and difficult to grow,
thus adding to the cost. The thin active region
and Bragg reflector layers, if utilized, may be
harder to control in a production environ-
ment. Thick confining and/or transparent
substrate layers are also somewhat harder to
control and add time and cost. However, as
production technology evolves, many of these
structures will become more widely used.

1.7.4 Quantum Wells and Other Siruc-
tures. LEDs with complex active regions
containing one or more quantum wells have
been fabricated. These structures, which are
widely used for injection lasers, could give
better LEDs since less absorption might be
expected and injected-carrier densities in the
active regions can be higher, resulting in fast
radiative recombination. However, it has gen-
erally been found that the benefits gained
from the added complexity are less for LEDs
than lasers and have been more than offset by
the anticipated cost and difficulty encoun-
tered in producing devices of this type in high
volume. Consequently, devices of this type are
not widely used in LED applications at this
time but may become more viable in the
future.

1.8 LED Performance and Extraction
Efficiency

The usefulness of an LED depends upon its
external performance. For visible LEDs this
performance is generally expressed in terms
of the luminous flux emitted divided by the
power input, in units of lumens/watt. For
infrared LEDs the performance is determined
by the external quantum efficiency (the ratio
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of number of photons emitted to the number
of electrons injected) expressed in percent, or
as power efficiency (watts output divided by
watts input), also expressed as a percentage.
This section discusses the issues related to
extracting radiation from the LED chip and
the relationships between internal quantum
efficiency, power efficiency, and luminous per-
formance.

1.8.1 Light Extraction. The external ef-
ficiency of LEDs is much lower than the
internal efficiency because of the difficulty of
extracting light from the semiconductor chip.
The ratio of external quantum efficiency to
internal guantum efficiency can be defined as
an extraction ratio Rg. The problem of inter-
nal absorption for different types of structures
was discussed in Sec. 1.7, and extraction effi-
ciencies for different types of LED structures
are summarized in Table 3. Internal absorp-
tion is a major problem for LEDs because the
semiconductor chip has an index of refraction
of about 3.5, resulting, according to Snell’s
Law, in a critical angle [8,=sin™ ! (r1,/#}] for
internal reflection of typically 17° when the
chip is in air. In most cases, the LED chip is
encapsulated in epoxy, with an index of about
1.5, and this critical angle increases to about
25°. Nevertheless, for the case of an LED on an
absorbing substrate with a thin epitaxial layer
such that edge emission is negligible, only the
light that is emitted upward within a cone of
25° will escape from the chip. The extraction

Table 3. Extraction ratios lor encapsulated LEDs.
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ratio for this upward cone can be calculated to
be (1--cos 8.)/2. One must also correct for
Fresnel reflection losses (1n;/13— 132/ (1,775
+1)% at each interface {assuming normal
incidence). The emission cone gives an extrac-
tion ratio of 0.05 and Fresnel losses are about
0.2, counting both interfaces. This results in
an extraction ratio of only 0.04, or an external
quantum efficiency of 4% even if the internal
quantum efficiency is 100%. To make matters
worse, the presence of the electrical contact
on top of the chip can also block much of the
light so that the extraction ratio can be sub-
stantially less than 0.04. However, in well-
designed LEDs, the epitaxial layer is from
several micrometers to several tens of mi-
crometers thick, to get both good current
spreading and edge emission, and the extrac-
tion ratio can be more than 0.1 even for
absorbing-substrate devices.

In the case of transparent-substrate de-
vices, much of the light that is emitted down-
ward can bounce off of the back of the chip
and escape, resulting in a (2-3)x improve-
ment in extraction efficiency. Generally, the
extraction ratio does not exceed about 0.3
even for transparent substrate devices as a
result of residual absorption losses at the
contacts or in the active layer, or free-carrier
or other types of absorption in the layers or at
the chip surface.

As much as 75% of the emitted light from
LEDs can come from the edges instead of the
top of the LED chip. This edge light is useful
for most applications since typically the LED
chip is placed in a cavity that reflects the light

Calculated Estimated

Epitaxial

structure Substrate Emission

type type region

Thin layers Absorbing  Top only
(<10 pm)

Thick layers  Absorbing  Top and
{(>40 uym) four sides

(~3 cone each)
Any thickness Transparent Top, four sides,

and reflection from

back surface

Number extraction actual Typical

of cones ratio® ratio? device
0.04 — GaAsP/GaAs
0.12 G.12 AlGaAs/GaAs
0.24 0.3 AlGaAs/AlGaAs

? The calculation assumes that there are no absorption losses or randomization within the chip. If
randomization occurs (due to light scattering at the chip surface) the light can make multiple passes and

more can escape than predicted by the calculation.

P These estimates are based on measured external quantum efficiency and estimated internal quantum
efficiency. The internal quantum efficiency is estimated from efficiency versus temperature measurements.
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in an upward direction. In some applications, such as coupling to an optical fiber or in a
direct-view display, only the top-surface emission is utilized. Different light-extraction conditions
pertain in this case, and a Bragg reflector as discussed in Sec. 1.7.3 may be more effective than

a transparent substrate.

1.8.2 Quantum Efficiency and Power Efficlency. The external quantum efficiency is the
internal quantum efficiency multiplied by the extraction ratio,

Nexe=R i -
The power efficiency (Pg) is the power output divided by the power input:
{photons/second) x {emission energy/photon) Eq
E™ (electrons/second) x (applied voltage) ~exy

where Ejy is the energy of the emitted radia-
tion,

The applied voltage is the voltage applied
directly to the junction (approximately the
energy gap) plus the voltage across the series
(dynamic) resistance of the LED diode:

V:Eg-‘rlR.

Ep is generally approximately equal to the
semiconductor energy gap for near-band-
edge recombination processes. The turn-on
voltage for the LED is also approximately
equal to the energy gap. Therefore, for low
currents, where the voltage drop due to series
resistance is relatively small, we have Pg
= Mexrr

This approximation is accurate to within
approximately 10% for most LEDs since the
series resistance is typically less than 10 0
resulting in fess than a 0.2 volt increase in
voltage at a typical operating current of 20
mA, while the energy gap voltage is typically 2
V.

1.8.3 Luminous Performance. For visi-
ble LEDs, the human eye is the detector, and
the luminous performance, expressed in ei-
ther lumens/watt or lumens/amp, is the key
performance parameter.

The luminous efficiency, or the sensitivity
of the eve to radiometric energy of different
wavelengths, has been established by interna-
tional agreement (CIE curve). The relative
eve sensitivity peaks at 1.0 at a wavelength of
555 nm. At this wavelength, 1 W of radiomet-
ric power yields 680 1. The relative eye sensi-
tivity ¥{A) drops sharply on either side of 555
nm and is about 0.5 at either 510 or 610 nm.

The luminous performance of a visible
LED in units of lumens/watt is determined by

T
multiplying the radiometric performance by
the relative eye sensitivity curve, 680V(A) P
In some cases it is desirable to have the
luminous performance expressed in lumens/
ampere, which can be obtained as follows:

luminous performance (17A)

=680V(A) 7y En.

1.9 Reliability

1.9.1 Radiation-Enhanced Degradation.
LEDs are inherently highly reliable devices
since the recombination is a normal solid-
state electrical process that does not necessar-
ily give rise to any damage to the semiconduc-
tor. However, there is a substantial amount of
energy released locally (1-2 eV) with each
electron-hole recombination event, and this
can cause the formation or migration of point
defects or dislocations, resulting in “radiation-
enhanced” light output degradation. The deg-
radation is generally accelerated by high cur-
rent densities and high temperatures
{Kimerling and Lang, 1975). Under extreme
drive conditions (at current densities greater
than =300 A/cm?), networks of dislocations
can form and grow rapidly around crystalline
defects that may be present. Carriers tend to
recombine nonradiatively when they are near
these dislocation networks, and “dark lines”
appear in the light-emitting area. Such dark-
line defects (DLDs) often occur in small-
emission-area AlGaAs LEDs (Fukuda, 1991)
that are used as light sources for fiber-optic
communications. Because the emission areas
are small, extremely large current densities
are common. Such devices must typically pass
a “burn-in” test that verifies that they are free
of the crystalline defects that lead to DLD

Efficiency/Initial Efficiency
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formation before they can be incorporated
into final products.

1.9.2 Package-Related Degradation. Deg-
radation can also be caused by the packaging
methods. The encapsulating epoxy is particu-
larly troublesome, since it has a much higher
thermal coefficient of expansion than the semi-
conductor chip. When the LED is cooled to
low temperatures, typically —20 °C or below,
the epoxy contracts and substantial compres-

. sive stress is applied to the chip. When the

LLED is operated at low temperatures, this
stress can provide a driving force for defect
formation and/or migration, which results in
accelerated degradation. In some cases, par-
ticularly with AlGaAs devices, DLDs can form
and grow, When the LED is cooled, or tem-
perature cycled, but not forward biased, this
degradation does not occur. Another type of
package-related degradation, which occurs in
outdoor applications, is the discoloration of
the epoxy due to ultraviolet light. The discol-
ored epoxy absorbs some of the light emitted
from the LED chip and reduces the light
output of the package. Packaging-related deg-
radation can be affected by such parameters
as the proper selection of epoxy, and epoxy-
curing cycles, LED chip shape, and metal
reflector shape and size. Some LED materiais
are much more susceptible to this type of
degradation than others.

1.9.3 Typical LED Degradation Character-
istics, Typical LED degradation data are
shown in Fig. 8. Degradation in the range of
5% to 20% is usually observed after 1000 h of
operation at normal operating currents at
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535°C. The degradation generally decreases
roughly linearly on a semilog plot as shown,
and so the device should not reach half-
brightness for more than 10° h. In most
applications, a change in light output by less
than a factor of 2 will not be noticed, and so
LED reliability is generally more than ade-
quate, particularly for indoor applications.
High-performance LEDs used for outdoor ap-
plications, requiring low-temperature opera-
tion, are more susceptible to package-related
degradation (Sec. 1.9.2), and must be care-
fully engineered to avoid nonuniform and
occasionally severe degradation.

2. SEMICONDUCTOR MATERIALS
ISSUES

2.1 Desirable Characteristics

Figure 9 shows the band gaps of various
binary compounds and alloy systerns plotted
as a function of lattice parameter. In order to
fabricate high-performance LEDs, it would be
desirable to choose compounds and,/or alloys
from this set that have the following charac-
teristics:

1. a direct energy gap corresponding to the
emission wavelength desired,

2. higher—energy-gap materials that can be
lattice matched to the active [ayer for the
growth of injection, window, and confining
layers for heterostructures,

3. alow-defect-density substrate that is lattice
matched to the epitaxial structure and that
is transparent to the emitted radiation,

1.20 T T TTTTIT [ T T T TTTIIT | H T TTT7T
- .
(%]
5 110 DH AlGaAs -
= 2
'S (47 Afem?)
= 1.00 ~
© Red GaAsP
:'é' 080 (78 Alcm?) ]
; Green GaP:N
O 080 (38 Alem?) -
c : FIG. 8. Degradation data versus time are
.g Eez‘;i?'qsf N shown for several diferent types of visibte
L2 070l em<) LEDs at 55 °C . Most LEDs degrade by
] (5-20)% in light cutput by 1000 h, but do not
0.60 g sl T P fall below 50% of their initial brightness for
e 100 1000 ioopo  mMore than 10° hours. The current densities

Hours of Stress ( T = 55°C)

shown correspond to typical drive condi-
tions,
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4. the ability to add impurities to the structure
to obtain a low—defect-density p-» junction
and a low series resistance, and

5. a materials growth technology that can
reproducibly and costeffectively produce
the structure as designed.

One would also like to have the lowest possi-
ble cost. Unfortunately it is not often possible
to have all of these desires met simulta-
neously.

2.2 Energy Gap

A compound or alloy composition with an
energy gap that gives the desired emission
wavelength must be chosen, and, if possible,
the material should have a direct energy gap.
Table 4 lists energy gaps and energy-gap ranges
for a variety of compounds and alloys. For
infrared and red LEDs requiring energy gaps
less than 2 €V, GaAs, Al Ga;_.As, and
GaAs,_ P, with appropriate compositions
(x50.4) are good choices. If a compound is
chosen and the energy gap is larger than
desired, it may be possible to reduce the

emission energy (increase the wavelength) by
introducing non-band-edge recombination cen-
ters such as isoelectronic dopants. Materials
with indirect band gaps and isoelectronic
impurities such as GaP:N and GaAs,;_. PN
with x > 0.5 are widely used for LEDs because
direct materials with energy gaps larger than
about 2 eV, which are required for orange,
vellow, and green LEDs, have not been avail-
able until the recent development of the Alln-
GaP alloy system. Materials such as ZnSe have
a large enough direct band gap, but it has not
been possible to form stable p-» junctions in
ZnSe or other II-VI materials until recently.

2.3 Lattice Matching

The epitaxial layers in the device structure
should, if possible, have the same lattice spac-
ing between atoms and should match the
substrate spacing as closely as possible. In
other words one should try to stay on a
vertical line in Fig. 9. AlGaAs and AllnGaP
alloy systems grown on GaAs substrates are
good examples, as is the GalnAsP system
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Table 4. Materials important for LEDs.
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Material system

Energy gap (eV} at 300 X

Peak emission wavelength (A)

GaAs 1.43 direct

GaP 2.26 indirect

AlAs 2.16 indirect

InP 1.35 direct

ZnSe 2.67 direct

GaN 3.39 direct

SiC (6H) 2.86 indirect

GaAs,_ P, 1.43-2.03 direct
x,.=0.49* 2.03-2.26 indirect

Al Ga,_.As 1.43-1,98 direct
x.=0.43 1.98-2.14 indirect

Ga,ln,_,P 1.35-2.18 direct
z,=0.62 2.18-2.26 indirect

(ALGa;_,),sInesP 1.88-2.31 direct
x,=0.70 2.31-2.35 indirect

GalnAsP 0.724-1.35 direct

8670 infrared

5485 green

5740 greenish vellow
9180 infrared

4644 blue

3658 ultraviolet

4800 blue

86706105 infrared —red
6105-5485 red —green
86706525 infrared —red
6525-5790 red - yellow
9180-5685 infrared — yellow
5685-5485 yellow—green
6596-5359 red-green
$359-5277 green
17127-9185 infrared

“x, is the mole fraction at which the materials system switches from having a direct-gap band structure

to an indirect-gap band structure.

grown on InP. If good lattice matching can be
obtained, defects and nonradiative recombi-
nation can be minimized. It is also important
to try to match the temperature coeflicient of
expansion because otherwise epitaxial layers
that are grown lattice matched at high tem-
perature will be strained at room tempera-
ture. If heterostructures are used, an alloy
system must be chosen that allows lattice
matching for alloy compositions with differ-
ent energy gaps in order to permit the forma-
tion of “window” and “confining” layers with-
out the introduction of defects at the interfaces
between the layers. Some injection lasers and
LEDs have been fabricated in which the active
layer does not lattice match the confining
layers but is so thin that it “stretches” to
conform to other layers rather than creating
defects. These “pseudomorphic” structures
have, to date, been more effective for lasers
than LEDs since the active regions must be
very thin.

2.4 Substrates

Ideally the substrate should have low de-
fect levels, be lattice matched to the epitaxial
layers, and be transparent to the emitted
radiation. Unfortunately, these conditions can
rarely be simultaneously met. GaAs, GaP, and
InP can be cost-effectively grown with reason-
able levels of defects and are most commonly
used. SiC and sapphire are also used in limited

quantities for blue emitters. Germanium is
sometimes used as a lower-cost substitute for
GaAs but germanium contamination can de-
grade LED performance if not controlled.
Silicon has also been occasionally used as a
substrate for GaAs devices but the lattice
match is poor and the GaAs layers are highly
defective.

2.5 Dopants and Impurity Incorporation

Generally the II-V compounds, with the
exception of GaN, can be easily doped either
p-type or n-type so that the formation of a p-n
junction is straightforward. Typical dopant
impurities are listed in Table 5. The most
common p-type dopant is zinc because it is

Table 8. Typical dopant impurities,

ptype ntype Isoelectronic

III-V compounds  Zn Te N
Be Se
C S
Mg Si
Si Ge
I-VI compounds Li Al
Na Cl
N I
IV compounds B P
‘ Al N
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safe and easy to handle, high doping levels can
be achieved, and it can readily be diffused into
most materials if photolithographically de-
fined junctions are desired. Magnesium is
often used in grown junctions instead of Zn
since it diffuses less rapidly and is more stabie
in thin layer structures where dopant migra-
tion during operation could affect device per-
formance. Carbon doping is increasingly used
for similar reasons, but some materials can-
not be doped p-type with carbon since it is a
column-IV element and can be incorporated
on either a column-III site where it would be
ntype or a column-V site where it would be
expected to be p type. Beryllium is also used as
a p-type dopant. It can generally be incorpo-
rated in high concentrations, but it is a haz-
ardous material to work with, and its use has
been declining.

The impurity most commonly used for
n-type doping is tellurium, although selenium
and sulfur are also widely utilized. Silicon and
germanium are also used for n-type dopants
particularly for infrared applications.

Dopants that work well for infrared emit-
ters in the direct-band-gap region may not be
suitable for visible emitters in the vicinity of
the direct-indirect transition. Deep donor lev-
els associated with sulfur in GaAsP and silicon
and other dopants in AlGaAs cause nonradia-
tive transitions. One reason tellurium is so
widely used for LEDs is that it has less often
exhibited behavior of this type (Craford er 4.,
1991).

Silicon carbide, which is used for blue
LEDs, is a column-IV material and is gener-
ally doped with Al for p-type and N for n-type
doping. Other wide-band-gap materials capa-
ble of blue emission such as GaN, and II-VI
compounds such as ZnSe can easily be doped
n type but are difficult to dope p type. It is only
recently that it has been possible to form p-n
junctions in these materials and to achieve
blue-emitting devices. The performance and
stability of these devices are not yet suitable
for commercial LED applications.

3. VISIBLE EMITTERS

3.1 Materials Performance Characteristics

3.1.1 Comparison of Different Types of
LEDs. The [uminous performances for dif-
ferent types and colors of LEDs are summa-

rized in Table 6. The AlGaAs and AlInGaP
devices have the highest [evels of performance
and quantum efliciency. These devices satisfy
most of the selection criteria discussed in Sec.
2, such as direct band gap, lattice-matched
epitaxial structures and substrates, and dou-
ble heterostructure device structures. At the
present time, these devices are also among the
most expensive and are primarily utilized
only in applications requiring the maximum
in performance. Lower-cost homojunction
GaAsP and GaP devices dominate high-vol-
ume LED applications even though their per-
formance is an order of magnitude lower.

3.12 GaAsP and GaAsP:N. GaAs, P,
LEDs were the first LEDs commercially pro-
duced, and they continue to be used in high
volume since they are inexpensive and have
adequate performance for many applications
(Herzog et al, 1969), GaAs,_ P, has a direct
energy gap, for x<0.45, and emits in the
infrared and red spectral regions. LEDs of this
type have diffused homojunctions that can be
photolithographically patterned, making them
suitable for applications that require small
emitting areas and/or more than one emitting
region on each LED chip. The efficiency is
relatively low because of internal absorption
and a high defect density, due in part to the
fact that GaAs and GaP have substantially
different lattice parameters so that the GaAsP
mixtures are not lattice matched to the GaAs
{or GaP) substrates.

GaAs;_ P, with x>0.45, has an indirect
band gap, and isoelectronic nitrogen must be
added to achieve acceptable performance
(Groves et al, 1971; Craford et al,, 1972). The
performance is still relatively low because of
the indirect band gap and lattice mismatch
with the GaP substrate. However, the GaP
substrate is transparent, and so the extraction
ratio is improved and GaAsP:N has higher
luminous performance than direct-band-gap
GaAsP on GaAs.

3.1.3GaP:N, GaP:(Zn,0),and GaP. GaP:N
is a green emitter with performance some-
what better than GaAsP:N, This improvement
is due to a lower defect density since the GaP
substrate and epitaxial layers are lattice
matched (Logan er al., 1968).

‘GaP:(Zn,0) emits in the red since the Zn
and O atoms form a complex with a large
binding energy {Saul et al, 1969). The perfor-

Table 6. Characteristies of visible LEDs,
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502 Light-Emitting Diodes

mance of these devices is low compared to
GaP:N, even though the quantum efficiency is
higher, because the eye sensitivity is an order
of magnitude lower for the 700-nm GaP:(Zn,0)
emission than that for the green GaP:N emis-
sion.

Green-emitting LEDs can also be con-
structed in GaP without nitrogen doping. These
devices depend upon phonons to conserve
momenturn (see Sec. 1.3). The absence of the
nitrogen recombination center increases the
radiative lifetime by about an order of mag-
nitude. This reduces the quantum efficiency,
but, since the absence of nitrogen also im-
proves the crystal quality somewhat so that
the nonradiative lifetime is also increased, the
quantum efficiency is only (3-4) x lower than
that for GaP:N. GaP devices also have an
advantage in that the emission is greener (555
nm vs 565 nm} since the nitrogen trap is not
involved.

3.14 Al Ga,_,As. The Al,Ga;_,As mate-
rial systemn has a direct energy gap for com-
positions x<0.4 and can be used to produce
highly efficient red and infrared emitters.
Since AlAs and GaAs have nearly the same
lattice parameters, the system is well matched
to GaAs substrates, so that defects can be
minimized and heterostructures of various
types can be grown (Nishizawa and Suio,
1977; Cook ef al., 1988). Three types are com-
mercially available: single heterostructure on
a GaAs substrate, double heterostructure on a
GaAs substrate, and a double heterostructure
with a thick confining layer and the GaAas
substrate removed.

As indicated in Table 6, the performance
increases as the structural complexity in-

. creases primarily because of reduced absorp-

tion as discussed in Sec. 1.7. The cost also
increases with complexity, and so all three
types of AlGaAs structures are utilized depend-
ing upon the price-performance trade-off de-
sired.

Visible AlGaAs LEDs are produced by liquid-
phase epitaxy {see Sec. 5.3.2). This is a mature
technology that is also used for GaP LEDs.
However, the growth of the muitilayer AlGaAs
heterostructures, particularly with thin 1-3-
pm-thick active regions and ultrathick { > 100
pm) confining layers, requires substantially
more complex growth equipment than that
used for the relatively simple GaP devices.

3.1.5AlInGaP. The AllnGaP material sys-
tem has a direct-indirect crossover in the
green spectral region at an estimated energy
of 2.31 eV (Cao and Stringfellow, 1990). It is
the only system in which lattice-matched
direct-band-gap heterostructures for colors
other than infrared and red can be readily
fabricated at this time. Lattice matching re-
quires that the indium concentration be kept
equal to the sum of the Al and Ga composi-
tions since InP and GaP have lattice parame-
ters about equal distances on opposite sides of
that of the GaAs substrate (see Fig. 9). The
ratio of Al to Ga can be changed to form
heterostructures since Al and Ga are the same
size atoms. Other wide-band-gap materials
are beginning to show promise but are not yet
commercially viable.

The three types of AllnGaP structures grown
are shown in Fig. 10. All consist of double
heterostructures on a GaAs substrate. The top
window or spreading layer is grown relatively
thick (~30 um) to maximize the extraction of
light from the edge of the chip (see Sec. 1.8.1),

Cathode Contact

3
GaP Top Window

AlinGaP Window

-— AlinGaP Active

AlinGaP Canfining

GaAs Substrate

(CI) «— Cathode Gontact

Anode Contact —= == . Gads
AlGzaAs Top Window
AllnGaP Window

-— AllnGaF Active

AllnGaP Confining

Gahs Substrate

(b) -«— Cathode Contact

Anode Contact s - p-Gahs

p-AlGaAs Top Window
n-AthGaP
Blocking S -« p-AllnGaP Window
AllnGaP Acti
n-AlnGaP —» < AllnGaP Active
Confining - Bragg Rellector
n-GaAs
(C) -+ Cathode Centact

FIG. 10. Cross section of AllnGaP chip structures: (a)
GaP window layer, (b) AlGaAs window layer, and (c)
AlGaAs window layer with a blocking layer beneath the
top contact and a Bragg reflector beneath the active
layer.
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FIG. 11. AllnGaP quantum efficiency
as a function of wavelength compared
to other LED technolegies. For red and
yellow wavelengths beyond 590 nm,
the devices have 5% external effi-
ciency into air. The efficlency drops at
shorter wavelengths as a result of the
appreaching transition from a direct to
an indirect semiconductor. SH stands
for single heterestructure and DH stands
for double heterostructure. The CIE
eye-response curve is also shown. Re-
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Peak Wavelength ( nm )

The top window layer could, in principle, be
grown of AllnGaP; but AllnGaP has a high
resistivity and is costly to grow, and so AlGaAs
and GaP have generally been substituted (Kuo
et al.,, 1990; Fletcher er al, 1991; Sugawara
et al., 1991; Huang et al., 1992). AlGaAs has
the advantage that it is lattice matched but the
disadvantage that it absorbs some of the light
in the case of yellow and green emitters. GaP
is transparent and inexpensive, but it is not
lattice matched. This does not appear to intro-
duce defects in the active region since the GaP
layer is the last layer grown, and the best
results, to date, have been obtained with a GaP
window.

-+— Green—= «Qrange—»

540 560 580 600 620 640 660

«Yallow—» a—— Red ——»

688 of the Institute of Electrical and Elec-
tfronics Engineers, inc. Copyright ©
1992 |EEE.

The quantum efficiency and luminous per-
formance of AllnGaP devices compared to
other types of L.LEDs are shown in Figs. 11 and
12, respectively. The external quantum effi-
ciency for wavelengths greater than 390 nm is
about 5% but falls rapidly for shorter wave-
lengths as the direct-indirect transition is ap-
proached. The luminous performance peaks
in the region of 590 nm and falls on both sides
as a result of changes in both the eye sensitiv-
ity (also shown in Fig. 11) and internal efh-
ciency.

AllnGaP devices are clearly superior to any
other technology from 590 to 620 nm and can
be expected to continue to Improve since the
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to other LED technelogies. Luminous
performance is the product of power
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efficiency} and the eye’s response.
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technology has only recently been introduced.
It is reasonable to expect that AlInGaP devices
will have superior performance for all wave-
lengths from ~ 3550 to ~630 nm in the future
and should even surpass AlGaAs at 650 nm if
transparent-substrate devices can be devel-
oped.

AlInGaP is grown using the metal-organic
vapor-phase epitaxy technique (see Sec. 5.3.4),
which is still evolving as a production tech-
nology. As a consequence, these devices are
now relatively expensive but can be expected
to decrease rapidly in cost as the technology is
refined.

3.1.6 GaN. GaN has a direct energy gap
of 3.4 eV, which is suitable for blue LEDs, but
there are two problems that have limited the
application of GaN. There is no substrate that
provides a good lattice match, and it is difficult
to form p-u junctions.

The most commeonly used substrate is sap-
phire (Al,03). Sapphire is transparent, which
is good, but is so poorly matched both struc-
turally and thermally that the defect density is
high. Other materials such as SiC, Mg0O, and
Zn(Q are being investigated.

GaN is generally » type as grown, probably
as a result of nitrogen vacancies. It has been
extremely difficult to produce high-quality
p-type GaN. Recently GaN doped with Mg has
been converted to p-type through the use of
electron-beam irradiation, and p-# junctions
have been formed (Nakamura er al., 1991b;
Amano ef al, 1990). If this process can be
commercialized, low-voltage GaN devices
should become available. At the present time
GaN devices are generally higher-voltage
metal-insulator~-semiconductor devices.

In the future, the AlInGaN material system
can be expected to be developed. Since AIN
has an energy gap of 6.2 eV, devices with
wavelengths ranging into the ultraviolet should
become possible.

3.1.7 ZnSe. Materials from columns II
and V1 of the periodic chart, such as ZnS and
ZnSe mixturcs, have direct energy gaps ex-
ceeding 2.5 eV and are also suitable for blue
LEDs. These materials can be lattice matched
to GaAs substrates, which is a major advan-
tage compared to GaN. However, p-n junc-
tions have also been difficult to form in ZnSe.
Recently, nitrogen doping has been used to
produce p-type material and to fabricate in-

jection lasers and LLEDs emitting in the blue-
green speciral region (Haase et al, 1991; Jeon
et al,, 1992). These devices are promising but
have had reliability problems. At the time of
this writing, it is not clear whether these are
fundamental limitations or if they can be
improved to yield satisfactory commercial
emitters.

3.1.8 SIC. Silicon carbide is a column-TV
material with an indirect energy gap of 2.86
eV. It is the most widely utilized type of blue
emitter at this time (Edmond ef al, 1992).
Devices are formed by growing a 8iC epitaxial
film on a SiC substrate using either MOVPE or
LPE. p-n junctions can be readily obtained by
doping with Al for p-type and N for r-type
material. The efficiency is relatively low be-
cause of the indirect band gap. The light
output has been steadily improving as the
materials growth technology is refined and, if
a suitable isoelectronic impurity can be found,
as in the case of GaP:N, it may be possible to
improve the light output significantly.

3.2 Operating Characteristics

3.2.1 Current-Voltage Characteristics.
Turn-on voltages for LEDs typically range
from about 1.5 V for red devices to more than
5 V for blue devices depending upon the
material system and whether or not a pn
junction can be formed. Some typical current-
voltage characteristics are shown in Fig. 13.

The operating current for visible LEDs can
range from 1 mA or less for indicator appli-
cations to 100 mA or more for illumination
applications such as automotive exterior light-
ing. The operating voltage is the sum of the
voltage at the junction plus the voltage due to
the product of the forward current and the
device dynamic resistance. The dynamic re-
sistance will be higher if the LED chip is
smaller in area, thicker, or made of less-
conductive {more lightly doped and/or lower-
mobility) material. Unfortunately, it is often
desirable to use small chips to reduce cost,
thick chips to get efficient light extraction
from the edges, and lightly doped material to
minjmize nonradiative recombination. These
conflicting requirements result in different
optimal LED chip designs for different appli-
cations.

The reverse breakdown voltage is generally
limited by avalanche breakdown in the #-type
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region of the LED, which is determined by the
carrier concentration. In some double hetero-
structure devices, reverse breakdown can also
occur as a result of “punch through” when the
depletion region reaches an interface. In ei-
ther case, the reverse breakdown voltage is
generally substantially more than 10 V for
visible LEDs. This is large enough for most
applications, and breakdown voltage is gener-
ally not an issue as long as a high-quality p-n
junction is utilized and reverse-current leak-
ape is minimized.

3.2.2 Performance versus Current. The
LED performance shown in Table 6 corre-
sponds to a typical operating current in the
range of 20 mA. LED performance will change
with current (or current density} depending
upoen a variety of factors such as the concen-
tration of nonradiative centers in the vicinity

30 35

of 20-30 Q. Reprinted from Tannas
(1985), courtesy of Van Mostrand Rein-
hold Company, Inc. Copyright © 1985,

of the junction and heating due to both non-
radiative recombination and Joule heating
associated with the dynamic resistance. Typi-
cally LED efficiency will go through three
stages—superlinear, linear, and sublinear—as
a function of increasing current. This is illus-
trated in Fig. 14.

At low currents, the light cutput is super-
linear, since nonradiative centers provide a
shunt path that saturates as the current den-
sity increases. GaAsP devices with high defect
densities typically show more superlinearity
than AlGaAs devices, which are lattice matched
and have low defect densities.

At moderate current densities the light
output remains linear with current (and the
efficiency is constant). At higher current den-
sities, heating causes the efficiency to drop
and the light output becomes sublinear with

- W R

1 ] 1

150 = ” -
¢ FG. 14. Efficiency and light output as
4100 ™ a function of d.c. current for a double-
“= heterostructure AlGaAs LED. At low
currents, the light output is superlinear.

25 50 75
Forward Current { mA)

Luminous Efficiency ( Im/A )
[e]

linear function of current, and above 20
mA, the light output becomes sublinear
because of heating effects.

3
§ From 5 to 20 mA the light output is a
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current and will eventually decrease with
increasing current as the heating becomes
severe.

For most LEDs the light output drops at the
rate of between 0.5% and 2% per degree
centigrade measured at the junction. This rise
in temperature of the p-n junction can be
estimated in a given application if thermal
resistance (the ratio of the steady-state rise in
temperature to the power applied) for a given
package is known. The thermal resistance of a
typical LED lamp is 220 °C/W.

3.3 Applications

3.3.1 Overview. Traditionally, visible
LEDs have been used for indicators on instru-
ments, computers, and consumer electrical
equipment. LEDs are used in the form of
discrete LED lamps, numeric displays, or
alphanumeric displays. These applications are
particularly cost-sensitive and are dominated
by lower-cost and -performance LED technol-
ogies. Emerging LED markets such as outdoor
large-area displays and exterior lighting for
automobiles often require LEDs with the max-
imum possible performance and, in addition,
require devices that are robust when operated
in outdoor environments. Visible LED appli-
cations are summarized in Table 7.

3.3.2 Instrument and Computer. Inthese
markets LEDs are used both as discrete indi-
cator lamps and as numeric and alphanu-
meric displays. Most of these applications are
not battery powered, and traditional LED
performance {~1 /W) is often adequate.
However, operation at low currents so that the
LEDs can be driven directly from integrated

circuits can be important, and may require
higher-performance devices. Reliability is a
key concern in these markets, and this gives
LEDs an important advantage. Cost pressure
from competitive technologies such as liquid-
crystal displays is severe, particularly for nu-
meric and alphanumeric display applications.
LEDs are often used to backlight liquid-crystal
displays, and for this purpose higher-perfor-
mance LEDs are often utilized.

Surface-mounted LED packages have be-
come increasingly important as LED users
automate their processes in order to improve
quality and reduce cost,

3.3.3 Consumer Electronics. These mar-
kets also generally use LEDs in the form of
either discrete lamps or numeric displays.
Applications include audio equipment, home
appliances, clocks, radios, TV-channel tuning,
toys, etc. This is a very-high-volume market
and cost is the most critical issue. Standard
lower-performance LED technologies are gen-
erally utilized. For many of these applica-
tions, the oldest and lowest-performance LED
technologies [red GaAsP and GaP:(Zn,0)] are
widely utilized.

3.3.4 Large-Area Display. The large-area
display market has been growing rapidly.
These displays can be “electronic billboards”
as large as several meters high and wide, or as
small as several inches high and wide. Some
applications are outdoors, in which case high-
performance LED technologies are required
to provide sunlight viewability,

Indoor applications generally utilize the
lower-performance technologies, often using
red GaAsP:N and green GaF:N devices in

Table 7. Main technologies for different applications. Key: ®, primary technology; @, secondary

technology; ©, potentially important.

Technology
Red, yellow, Yellow,

Application Red Red orange Green Red orange Blue
area GaAsP/GaAs GaP:i(Zn0) GaAsP:N GaP:N  AlGaAs AllnGaP SiC
Consumer ® ® ® ] ¢
Industrial @ o] [ ) ® > o
Automotive

Interior ] ] O

Exterior Y o
Large-area displays

Interior ] [ ] ¢ ] o] @]

Exterior U ® * o

Electrophotographic @
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pairs, By adjusting the drive current to the two
LEDs, the perceived color can be changed
from red to green. Blue is required to achjeve
full-color displays, and this is one of the major
potential markets for the emerging blue tech-
nology.

The high-brightnessred, orange, and yellow-
amber AlInGaP and AlGaAs technologies are
generally used outdoors. Electronic highway
signs, where amber is generally desired, and
advertising signs, where any color can be
used, are among the applications.

3.3.5 Vehicular Lighting. LEDs are in-
creasingly popular in and on vehicles because
of their reliability and ruggedness as well as
for styling reasons. LEDs are small and thin
and do not burn out. AlGaAs and AllnGaP
LEDs are incorporated in automobile trunks
and “spoilers” to serve as brake lights, and
they are being used on trucks and automo-
biles as side markers and “running lights.”

LEDs are also used as indicator and display
devices on the interior of vehicles. Dashboard
displays generally use the GaAsP:N and GaP:N
technologies, although higher-performance
technologies are sometimes used to backlight
liquid crystal displays.

3.3.6 Electrophotography. LEDs are gen-
erally used in electrophotographic equipment
either to “write” or to “erase” a message on a
revolving photoconductive drum. The LEDs
are configured in a thin bar as long as the
paper is wide. The drum picks up toner in
selected areas determined by the LED “write”
function and deposits the toner on the paper.

The LED “write bar” consists of an array of
several thousand LEDs with a linear density
of typically 300/in. The arrays typically con-
sist of a series of red-emitting GaAsP mono-
lithic chips, where each chip has 64 or 96
2-3-mil-diam junctions in a row. The drum is
then “erased” by light from the LED “erase
bar.” The LED erase bar is a lower-resolution
linear array, and discrete AlGaAs LED chips
are commonly employed.

LED “write bars” compete with laser print-
ers and at this time have a small share of the
market, LEDs can provide very high-speed,
high-quality printing, but the cost of LED
printers is generally higher than that of laser
printers.
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3.3.7 Trends and Future Developments,
Visible-LED markets will grow and new ap-
plications will emerge as electronics becomes
increasingly pervasive. The standard LED tech-
nologies will continue to be used for applica-
tions where their light output is adequate. The
higher-performance technologies will decrease
in cost and will be used where high light
output or low drive currents are important.
Large-area displays and vehicular lighting are
expected to become large markets. The devel-
opment of a high-performance blue technol-
ogy should occur, which would make full-
color large-area displays possible and help the
outdoor large-area-display market to grow
rapidly,

4. INFRARED EMITTERS

4.1 Materials Performance Characteristics

4.1.1 Comparison of Different Types of
Infrared LEDs. The detectors used for in-
frared LEDs are photodiodes or phototransis-
tors instead of the human eye, The radiomet-
ric power output of the LED is therefore a key
performance parameter. The rate at which
data can be transmitted is determined in part
by the LED switching speed, and thisis also an
important performance parameter for IR LEDs
{one that is totally unimportant for most
visible applications). A summary of perfor-
mance characteristics for several types of IR
emitters is shown in Table 8.

4.1.2GaAs:Zn. The first IR emitters avail-
able were diffused-junction devices similar to
the GaAs) _ P, LEDs described in Sec. 3.1.2
(Keyes and Quist, 1962). There is a similar
trade-off (Herzog et al., 1972) between avoid-
ing surface recombination problems (deep
Junction optimal) and reducing internal ab-
sorption (shallow junction optimal}. Because
of their low power output, they are no longer
extensively used.

4.1.3 GaAs:Si and AlGaAs:Si. At liquid-
phase epitaxial (LPE) growth temperatures
>820°C, Si incorporates as an n-type dopant
in both GaAs and AlGaAs, while at lower
temperatures it incorporates as a p-type dop-
ant. By simply cooling a GaAs or AlGaAs melt
on a GaAs substrate through this temperature,
a p-# junction can be grown. The dominant
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Table 8. Characteristics of IR LEDs.

Typical Epitaxial
performance 90% growth
External output to 109 method
quantum power? fall (pn
Wavelength efficiency (mW at time  Device® junction
LED type (nm} (%) 50 mA) (ns) structure Substrate formation)
GaAs:Zn 500 34 2-3 50 Homo. GaAs BG® (diffusion)
GaAs:Si 940 9-14 6-9 1000 Homo. GaAs LPE (grown)
AlGaAs:Si 880 11-18 8-13 500 Homo. GaAs LPE (grown}
AlGaAs 780-880 4-6 3-5 20-40 SH GaAs LPE (grown}
AlGaAs 780-880 10-14 7-10 2040 DH GaAs LPE (grown)}
AlGaAs 780-880  20-27  15-20 2040 DH-TS Gads  LPE (grown)
SEAY AlGaAs  820-880  — — 415 DH GaAs  LPE/MOVPE
(grown/diffusion)
SEAY InGaAsP 1300-1500 — — =23 DH InP LPE/MOVPE
{grown)

*Encapsulated lamp form.

bSee Table 6 for definitions.
‘Horizontal Bridgeman.

YSFA stands for small emission area.

recombination process that occurs is between
donor and acceptor band-tail states, and sub-
band-gap light is generated. The rest of the
crystal is fairly transparent to the light gener-
ated in GaAs:Si LEDs, and thus they have high
output efficiencies (Rupprecht et al, 1966). In
AlGaAs:Si LEDs, the GaAs substrate is typi-
cally removed (see Fig. 15), and the device is
processed “m-side-up” to reduce internal ab-
sorption (Dawson, 1977). This donor-accep-
tor recombination process is, however, quite
slow (=1 ps), and such LEDs cannot be used
in data communication applications at fre-
quencies greater than several hundred kilo-
hertz. Nonetheless, because of their high out-

p-Contact

J ________________

put power and low cost, they continue to be
used extensively as the light sources in remote
controls for televisions and VCRs.

4.1.4 Al,Ga,__,As. As was mentioned for
the visible emitters (Sec. 3.1.4), the small
variation in lattice parameter from GaAs to
AlAs has made possible the growth of very
high-quality heterostructure devices in the
Al,Ga;_,As materials system. Single-hetero-
structure, double-heterostructure, and “trans-
parent-substrate” double-heterostructure emit-
ters are also available in the infrared portion
of the spectrum. The internal eficiency of
these devices is near 100% (Alférov et al,

]
r 1
: GaAs Substrate
p-Gahs:Si : (Removed)
' +—01-C¢
n—GaAs:Si

n—GaAs Substrate

n-Al,Ga,_As:Si

p-Al Ga,_, As:Si

i W | = =3

n-Contact

GaAs:Si

A HAHRSE

p-Contact

AlGaAs:Si

e e

FIG. 15. Chip structures of GaAs:Si and
AlGaAs:Si infrared emitters. Both the p-type
and n-type epitaxial layers are grown by LPE
from & single melt. In AlGaAs:Si emitters, the
original GaAs substrate is removed (to re-
duce absorption) and the device is pro-
cessed “n-side up''.
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1975) and does not vary much as the emission
wavelength is changed from ~ 700 nm to 880
nm. High-quality devices can be grown in this
wavelength region by both MOVPE and LPE.
However, the thick layers necessary for effi-
cient optical extraction are most easily grown
by LPE. Double-heterostructure transparent-
substrate AlGaAs emitters provide more power
output than any other type of infrared LED
and are roughly 20 times faster than Si-doped
GaAs and AlGaAs emitters. Their use will
continue to expand as more efficient manu-
facturing processes are developed and their
cost decreases.

4.1,5 Small-Emission-Area AlGaAs and
InGaAsP. Most of the IR LED emitters de-
scribed above are unsuitable for fiber-optic
data-communication applications as they are
too slow, and it is difficult to couple the
emitted light efficiently into the small (=60
pm diameter for multimode and =7 pm di-
ameter single-mode) fiber cores. To improve
performance in both of these areas, the emis-
sion area is typically reduced. The resultant
increased current density shortens the life-
time, and the smaller erission area is easier
to focus into the fiber core. This reduction in
emission area is accomplished by either intro-
ducing current-blocking layers into the strue-
ture, etching mesas, or switching to a “stripe”
geometry and forming an edge emitter (see
Saul et af, 1985; Pearsall, 1982). The power
that can be coupled into a fiber is the impor-
tant performance parameter for these devices
and no values are listed in Table 8 for total
output power.

The wavelength of these emitters is chosen
to match regions of minimum attenuation in
optical fiber. The first minimum occurs at
~850 nm and AlGaAs emitters are used. Two
other minima occur near 1300 and 1550 nm,
and InGaAsP emitters are used.

4.2 Operating Characteristics

4.2.1 Current-Voltage Characteristics, As
with the visible LEDs, the turn-on voltage of
infrared LEDs varies with the band gap of the
material. InGaAsP emitters have turn-on volt-
ages of ~0.8 V while GaAs:Si and AlGaAs
emitters have turn-on voltages of 1.2 V. The
operating current varies dramatically depend-
ing upon the application. Some small-emission-
area AlGaAs LEDs used in data-communica-
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tion applications can be driven at currents as
low as 10 mA, while GaAs:Si emitters used in
remote-control applications are pulsed up to
1.5 A. Large chips (400 % 400 pm?) are used in
the high-current devices to reduce both the
thermal and the dynamic resistances of the
device. To keep the total forward voltage
below 3.0 V (two 1.5-V batteries in series) ata
current of 1.5 A, the dynamic resistance of the
LED must be kept below ~1 1,

Again, as with the visible LEDs, the reverse
breakdown voltage is limited by avalanche
breakdown and is determined by the doping
level on the most lightly doped side of the p-n
junction. As the infrared emitters are usually
more heavily doped than visible emitters,
their breakdown voltages are typically lower,
in the 7-60-V range.

4.3 Applications for Infrared Emitters

4.3.1 Remote Contrels. As was men-
tioned above, onc of the highest-volume ap-
plications for IR LEDs is for remote controls
that are used in televisions, audio equipment,
and VCRs. Here the information is sent from
the remote controi through the air in a se-
quence of pulses and a high-sensitivity Si p-i-»
detector is used as the receiver. The higher the
LED output power, the further one can be
from the receiver and still have it work. The
amount of data to be transmitted, however, is
quite small, and slow GaAs:Si or AlGaAs:Si
emitters are sufficient. These LEDs are driven
at currents up te 1.3 A in order to maximize
the transmitter-receiver distance.

4.3.2 Optocouplers. If the emitter and
detector are placed opposite each other inside
a light-shielded package [see Fig. 16(a)], sig-
nals can be “coupled” from one electrical
circuit to another without an electrical con-
nection. Devices of this type are called opto-
couplers and can be used to provide electrical
isolation of up to 3 kV. They are used to isolate
high- and low-voltage circuits and to eliminate
interference problems. GaAs:Si, AlGaAs:Si, vis-
ible GaAsP, and AlGaAs emitters are all used
in optocoupler applications depending upon
the speed-power-cost trade-off desired.

4.3.3 Sensors. If there is an optically
accessible path between an emitter and a
detector, the presence or absence of an object
in that path can be sensed. A typical example
is the slot interrupter shown in Fig. 16(b) in
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. Emitter

| —— Detecter

Clear Plastic Opaque Plastic

() Optocoupler

Emitter
Detector

{b} Slot Interrupter

FIG. 16. (a) Optocoupler and (b) slot interrupter con-
figuraticns for emitter—detector pairs. The emitter and
detector in an optocoupler are shielded from externat
light sources by opaque plastic while the optical path is
accessible in a siot interrupter. An object passing
between the emitter and detector in a slot interrupter
blacks the optical path and can therefore be sensed.

which an emitter and detector face each other
across the opening of a U-shaped plastic holder.
If an object passes between the emitter and
detector, the optical path is blocked and a
signal is generated. Typical applications for
slot interrupters are to count objects, to sense
paper in a copier, and to check for the write-
protection sticker on a floppy disk.

Such sensors can also be configured to
work in a reflective mode where the emitter
and detector are positioned close to each
other and face the same direction. If a reflec-
tive surface passes in front of them, light from
the emitter is reflected to the detector and is
sensed.

4.3.4 Optical Communications (g.r.). As
was mentioned in Sec. 4.1.5, LEDs with small
ermission areas that can be effectively coupled
into optical fibers have been developed and

are the emitters of choice for data rates below
200 Mbd and distances shorter than ~8 km.
For higher data rates and longer distances,
laser diodes are used. The wavelength of the
emitter is chosen to correspond to one of the
several minima in the absorption of optical
fiber. One minimum occurs at ~830 nm and
AlGaAs emitters are used. Two other minima
occur at 1300 and 1550 nm and InGaAsP
emitters are used.

4.3.5 Trends and Future Developments.
The remote-control and sensor markets are
fairly mature and are not expected to grow
rapidly. Data-communications applications
will continue to grow as more and more Cu
wire is replaced by optical fiber. Through-the-
air data-communication applications such as
wireless sound transmission from a television
to headphones or from a persconal computer
to a printer are also expected to grow rapidly.
These applications require both high power
and high speed, and thus double-heterostruc-
ture transparent-substrate AlGaAs emitters are
the best choice.

5. TECHNOLOGY

5.1 Overview

LED production technology consists of sev-
eral basic steps: substrate growth, epitaxial
growth, and wafer fabrication into finished
components. LED technology is similar in
many ways to the technology utilized to fab-
ricate silicon integrated circuits. However, the
materials used to fabricate LEDs are much
more complex than elemental silicon and are
more difficult to produce and process. As a
consequence, the evolution of compound-
semiconductor technology is far behind sili-
con in terms of the size of crystals grown,
defect densities, volumes of device produced,
and automation and cost reduction.

5.2 Substrate Growth

The most common LED substrates are Gads,
GaP, and InP. They are generally grown using
the liquid-encapsulated Czochralski (LEC)
technique. This technique is an extension of
the Czochralski technique used to grow sili-
con crystals (see CRYSTAL GROWTH). A single-
crystal “seed” is dipped into a molten solution
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of the material to be grown and, as the seed is
pulled from the melt and cooled, a single
crystal forms on the end. Liquid encapsula-
tion, which is a layer of boric oxide on top of
the melt, is required to keep the volatile As
and P from vaporizing from the melt. The
crystal growth occurs above atmospheric pres-
sure so that the boric oxide will stay in place
on top of the melt.

Typically crystals 2 and 3 in. in diameter
and less than 12 in. long are grown. These
crystals are then sliced into wafers 15 to 20
mils thick that are used as the substrates for
the epitaxial films.

5.3 Epitaxial Growth

5.3.1 Epitaxial Growth Overview. There
are four technologies used for the growth of
the epitaxial films; liquid-phase epitaxy (LPE),
vapor-phase epitaxy {VPE), metal-organic va-
por-phase epitaxy (MOVPE), and molecular-
beam epitaxy (MBE). LPE and VPE are well-
established high-volume technologies used to
grow GaAsP, GaP, and AlGaAs, which domi-
nate the production of LEDs at this time.
MOVPE is generally used for the growth of
AlInGaP and other quaternary materials and
is emerging as a LED production technology.
MBE is not widely used for LED production at
this time but is the only epitaxial technology
that has been successtully used to produce p-n
junctions in ZnSe. Thus, if ZnSe becomes the
technology of choice for blue emitters, MBE
could become an important LED growth tech-
nology.

5.3.2 Liquid-Phase Epitaxy. LPE is the
highest-volume LED technology. It is used for
the growth of various types of GaP, GaAs, and
AlGaAs LEDs. The LPE process consists of
placing a molten solution (hence the name
LPE} of Ga, which is saturated with the ma-
terial to be grown, in contact with the sub-
strate wafer at high temperature (generally
600-900°C). As the solution is cooled, an
epitaxial film is formed on the substrate wa-
fer. Successive layers with different composi-
tions or doping types can be grown by sliding
the substrate wafer from one Ga melt to
another. The growth apparatus consists of
graphite chambers that hold the melts and
substrates and facilitate transferring the sub-
strates from one melt to another.
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The LPE technique has the advantage that
it is relatively easy to grow high-quality layers,
However, it becomes more complicated as the
number of wafers and layers to be grown
increases, and it is not suitable for the con-
trolled growth of complex structures with
layer thickness much less than a micrometer
thick.

5.3.3 Vapor-Phase Epitaxy. VPEisahigh-
volume technology that is primarily used to
grow GaAsP and GaAsP:N layers. The sub-
strate wafers are placed in the coolest part of
a heated growth chamber and the material to
be grown is transported to the surface of the
wafer in gaseous form (hence the name VPE)
and deposited upon the relatively cool sub-
strates [see CVD (CHEMICAL. VAPOR DEPOSI-
TION}]. The gases consist of PH;, AsH,, and
gallium chlorides that are formed by passing
HCl over Ga metal. Hydrogen and dopant
gases are also present. The VPE technique has
the advantages that large numbers of wafers
can easily be grown upon simultaneously, and
the layer composition can be readily changed
as frequently as desired simply by changing
the gas composition during growth. VPE has
the disadvantage that AlGaAs and AllnGaP
cannot be grown because the aluminum-
bearing gases tend to attack the hot quartz
wails of the chamber and contaminate the
epitaxial films. This limitation is not present
in MOVPE.

5.3.4 Metal-Organic Vapor-Phase Epitaxy.
MOVPE (g.v.) is similar to VPE except that
metal-organic gases such as trimethylgallium
(TMG) are used to transport the growth met-
als, and the growth reaction is pyrolytic so
that the substrate wafer is in hottest part of the
growth chamber and the walls of the chamber
can stay relatively cool. This minimizes the
reactions of the growth gases with the walls
and enables aluminum-containing compounds
to be grown.

5.3.5 Molecular-Beam Epitaxy. MBE
{g.v.) is a high-vacuum technology. The sub-
strate wafers are placed in a special vacuum
chamber and held at an appropriate growth
temperature. The growth materials are then
evaporated from controlled source ovens. MBE
can grow extremely thin layers and complex
structures with a high degree of control. It has
not been used for cost-effective high-volume
production of LEDs. If MBE is needed to
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produce high-performance ZnSe blue LEDs,
high-volume production capability will have
to be developed.

5.4 Wafer Fabrication

5.4.1 Junction Formation. Generally the
p-# junction is formed during the epitaxial
growth step. However, for GaAsP and some
other types of devices this is not done. In this
case, p-n junction diffusion is the first step in
wafer fabrication. The junction is generally
formed by the diffusion of zinc into the crys-
tal. If a patterned junction or a monolithic
chip with several junctions is required, a
silicon nitride (SizNy) film is first deposited
and then holes are opened in the SizN, to
determine where the Zn will diffuse. The
diffusions are carried out in ampoules at
temperatures from 600 to 900°C for times
ranging from minutes to hours.

5.4.2 Ohmic Contact Formation. If the
p-r junction is formed during the epitaxial
growth step, as is generally the case, wafer
fabrication consists primarily of the forma-
tion of Ohmic contacts on the wafers. The
Ohmic contact consists of patterned metal
films, which may have several layers. Ohmic
contacts are formed using evaporation, e-beam,
or sputtering depending upon the contact
metals. Typical p-type contacts contain alloys
of Au-Zn or Au-Be. The n-type contacts typi-
cally use materials such as Au-Ge alloys. The
contact materials are deposited on the epitax-
ial wafers and then heated to typically about
400°C to form a low-resistance Ohmic con-
tact.

Multilayer contacts are often employed
because the surface of the contact must be
suitable for high-speed wire bonding. This
requires a relatively pure Au or Al film with a
minimum of oxides that can form if Ga or
other materials diffuse to the surface. Conse-
quently a barrier layer of W or similar mate-
rial is often deposited on top of the contact
followed by the deposition of a final Au or Al
layer. The contacts may be patterned using
photolithographic techniques or by carrving
out the depositions through metal masks.

5.4.3 Dicing. After the wafer fabrication
is complete, the wafers are separated into
chips. In some cases the wafers are tested for
optical and electrical performance before dic-

ing. Dicing is generally accomplished with a
dicing saw, which uses a thin circular diamond-
impregnated blade. Sometimes chips are
scribed and broken, but the chip quality is
better with a dicing saw. The wafer is placed
on an elastomer tape before sawing, and the
chips remain on the tape until they are die-
attached. The tape is usually expanded, sepa-
rating the chips further apart, before die
attachment.

5.5 Assembly

5.5.1 Die Attachment. The LED chips are
removed from the tape used in sawing or
scribing and placed in position in the device
assembly by high-speed die-attachment ma-
chines that operate at rates in excess of 3000
chips/h. These machines first deposit a drop
of conductive epoxy and then place the chip in
the epoxy. Following die attachment, the ep-
oxy must be cured prior to wire bonding.
Depending upon the final device type, the
chips may be attached to a metal lead frame,
a printed circuit board, or a ceramic substrate.

5.5.2 Wire Bonding. The wire bonding is
alsoc done by high-speed machines that can
perform more than 3000 bonds/h. They use
heat and pressure (thermocompression bond-
ing) and/or scrubbing {(ultrasonic bonding)
to achieve a bond, The bonding wires are
typicaily 1 mil thick and are gold or alumi-
num. Wire bonding is important in determin-
ing device reliability, and the quality of the
metal bonding pad on the LED chip and
process control in the bonding operation are
critical. If the integrity of the bond is not good,
the wire can pull off during encapsulation or
when the device is in operation, particularly
during temperature cycling. If the bonding
process is too severe, the LED chips, which are
quite fragile, can be cracked, which also causes
reliability problems. :

5.5.3 Encapsulation. Most LED devices
are encapsulated in some type of polymer,
generally epoxy. The epoxy serves to match
the index of refraction better (see Sec. 1.8.1)
so that more light is extracted, as a lens to
focus the light in the desired radiation pat-
tern, and as a structural medium to hold the
package together and protect the fragile wire-
bonded LED. However, the epoxy has a much
higher coefficient of expansion than the LED
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chip, and so during operation and tempera-
ture cycling, it can cause stress and damage
the chip instead of protecting it. In the case of
integrated circuits and most other electronic
devices, the encapsulating polymers are “filied”
with graphite fiber or some other material
that reduces the expansion coefficient. How-
ever, since LEDs must ernit light, opaque filler
cannot be used, and the selection and curing
of the epoxy encapsulant are critical reliabil-
ity issues. This is particularly true for exterior
application where large temperature extremes
are experienced.

The encapsulation epoxy may be com-
pletely clear so that the light can be focused in
a narrow beam, or may have a small amount
of diffusant, such as glass particles, added to
spread the light if wide-angle viewing is de-
sired. The epoxy may also be tinted to match
the color of the LED,

The encapsulation is usually done by cast-
ing, although transfer molding is sometimes
used. Injection molding has not been widely
used because the polymers that can be injec-
tion molded have not been compatible with
LED reliability requirements,
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