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LIGHT-EMITTING DIODES

A light-emitting diode (LED) is nothing more than a semicon-
ductor p—n junction that emits visible, infrared, or ultraviolet
radiation. This is a result of injection of electrons and holes
into a region of the semiconductor where they recombine and
in the process emit photons with energy nearly equal to the
bandgap. For light emitters, LEDs are no exception, direct
bandgap semiconductors are chosen in which the recombi-
nation process is very efficient. The III-V semiconductors
such as GaAs, GaP, AlGaAs, InGaP, GaAsP, GaAsInP, and
AlInGaP are the common constituents used for LEDs. How-
ever, which material should be used for which type of LED
depends on the desired color, performance, and cost.

Inside the prominent epoxy dome, a typical semiconductor
chip embodying an LED has a size of 250 X 250 um? and is
mounted on one of the electrical leads. The top of the chip is
electrically connected to the other lead through a bond wire.
The epoxy dome serves as a lens to focus the light and hold
the package together, as depicted in Fig. 1. For red LEDs,
which are the most common, the usual operating currents are
approximately 10 mA to 50 mA and a forward voltage is
approximately 2 V.

The external quantum efficiency is defined as the number
of photons produced for each electron passing through the de-
vice. In the absence of external losses this figure also is a mea-
sure of the power efficiency of an LED, and ranges from less
than 0.1% to more than 10%. In visible LEDs, however, the per-
ception by a human eye is the determining parameter, not the
power measured in a laboratory setting. Consequently, the
luminous performance of visible LEDs is obtained by multi-
plying the power efficiency by the eye sensitivity curve; the
efficacy curve, which is defined by the Commission Internatio-
nale de L’Eclairage, or CIE. Moreover, photometric terms
such as lumens and lumens per watt, in place of radiometric
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Figure 1. Schematic diagram depicting the epoxy package con-
taining an LED.
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terms such as watts and power efficiency, are used as figures
of merit for power and efficiency of an LED. The performance
of visible LEDs is typically in the range of 1 Im/W to 10 lm/
W, although performances as high as 20 Im/W have been
achieved in the spectral region with good eye sensitivity. This
is comparable to the 10 Im/W to 15 Im/W performance of an
incandescent bulb. Because they canoperate even at less than
0.1 W, LEDs are suitable for low level room illumination. The
wider appeal of LEDs, however, is in the areas of large-area
displays, traffic lights, moving signs, exterior lighting on vehi-
cles, and potentially for lighting (1).

High-volume production of LEDs was implemented in 1968
following the introduction of GaP:(Zn,0) LEDs (2). Both
GaAsP and GaP : (Zn,0) LEDs exhibited an efficiency of about
0.1 Im/W and were available only in red. In the late 1960s
and early 1970s, it was discovered that nitrogen can provide
an efficient recombination center in both GaP and GaAsP
(3,4). This discovery led to the commercialization of red, or-
ange, yellow, and green GaAsP:N and GaP:N LEDs with a
performance improvement of approximately 1 Im/W. Later, it
was discovered that both homostructure AlGaAs and hetero-
structure AlGaAs LEDs are capable of offering potential per-
formance advantages over GaAsP and GaP homojunction
LEDs (5). But, it was not easy to produce AlGaAs-based de-
vices at high volume and low cost because liquid-phase-epi-
taxy (LPE) reactors, which were employed at the time, capa-
ble of growing high-quality multilayered device structures
were cumbersome. As a result, these LEDs did not become
commercially available until the early 1980s when the pro-
duction problems were solved with the advent of metal or-
ganic vapor phase epitaxy (MOVPE). The performance of
these red LEDs was significantly improved, ranging from
2 Im/W to 10 Im/W depending upon the structure employed.
Thus, for the first time, LEDs broke the efficiency barrier of
filtered incandescent bulbs, enabling them to replace light
bulbs in many outdoor display applications.

As a result of relentless development efforts, AlInGaP
based orange and yellow LEDs with efficiencies above 10
Im/W were developed in the early 1990s (6). Interestingly,
conventional techniques such as LPE or halide-transport va-
por phase epitaxy (HVPE) proved intractable for the growth
of these LEDs. Again, the MOVPE method was eventually
employed for a more controlled growth of heterostructure
AlInGaP LEDs. The performance of these LEDs was satisfac-
tory. Although the available green LEDs were adequate, the
missing link to full color displays was a blue LED. In the
early 1990s SiC-based LEDs emerged as potential blue color
emitters to fill that gap (7). The SiC carbide LEDs had to rely
on donor acceptor transitions in an indirect semiconductor
with resulting low efficiencies and brightness.

This necessitated the use of five or more SiC LEDs for each
red LED for color balance. The stage was therefore set for
the development of brighter blue and green LEDs using III-V
nitride and ZnSe based semiconductors (8). Successful labora-
tory demonstrations in 1990 eventually led to the emergence
of nitride-based LEDs in the marketplace for bright blue and
green LEDs in 1993 and 1994, respectively.

A DEVICE PHYSICS PRIMER

p-n Junctions

The structure of an LED comprises a single p—n junction as
previously indicated and as appears in Fig. 2. When this junc-
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Figure 2. Schematic diagram of a p—n junction forward-biased LED,
(a) biasing conditions, (b) heterojunction, (¢) homojunction.

tion is forward biased, electrons are injected into the p-type
region and holes are injected into the n-type region. The in-
jected minority carries recombine with majority carriers, re-
leasing energy, which in direct bandgap semiconductors is
primarily in the form of photons. Heterojunction varieties are
more efficient as electrons and holes are confined, placing
them close to one another. Moreover, the active layer can be
lightly doped, and both types of carriers can be injected effi-
ciently from the barrier layers. The turn-on voltage for sub-
stantial current flow ranges from 0.8 eV to 1.5 eV for infrared
emission, from 1.5 eV to approximately 3.0 eV for visible
emission, and larger than 3.5 eV for ultraviolet emission. The
reverse breakdown voltage is generally determined by the
carrier concentration in the region with heavier doping, which
is generally the n-type region. It ranges from 5 V to 10 V for
heavily doped devices, and to more than 50 V for visible LEDs
utilizing large bandgap semiconductors in which carriers re-
quire larger energies for avalanche breakdown.

The slope of the current-voltage characteristics after they
are turned on in the forward direction yields the dynamic re-
sistance. This resistance is determined by the area of the
junction, the ohmic-contact technology, and the conductivity
of the semiconductor materials involved. The dynamic resis-



tance is about 1 () for a high-current-operation infrared LED.
For a visible LED optimized to yield high light output at 30
mA or less, this dynamic resistance can be more than 10 (.
It should be noted that the power drop across this resistance
is a pure loss that degrades the wall-plug efficiency of the
device.

Radiative and Nonradiative Recombination
and Internal Quantum Efficiency

When injected minority carriers recombine with majority car-
riers, the energy can be converted into light or heat. Heat
is released when the recombination is nonradiative, which is
undesirable. The energy is given off as light if the recombina-
tion is radiative. The internal quantum efficiency of an LED
is given by the number of photons generated over the number
of injected minority carriers. In other words, it is determined
by the radiative recombination over all the recombination
events. Thus, the performance of an LED would be high if the
nonradiative carrier lifetime 7, were much larger than the
radiative carrier lifetime 7,. The nonradiative lifetime 7, of
carriers is a function of the quality of the material, and is
generally in the tens of nanoseconds for good materials. If the
nonradiative path is minimized, 7, can be as large as a micro-
second or even larger. Unlike 7, 7. should be as small as pos-
sible for a high efficiency LED. If B is the recombination rate
constant for a given semiconductor material, and n and p are
the electron and hole concentrations in the recombination re-
gion, then at low minority carrier injection levels, the radia-
tive recombination rate may be given by n/7. = Bnp so that
7. = (Bp)~L. It is therefore, apparent that to minimize 7,, the
hole concentration p should be as large as possible without
degrading the quality of the material and decreasing 7,.. Un-
fortunately, the material quality degrades if it is doped be-
yond a certain maximum hole concentration (~10' to 10%
cm™3, depending on the material) which causes 7, to decrease
rather sharply. Thus the doping level must be optimized.
The radiative constant B is material dependent and as-
sumes the value of about 2 X 107! cm?/s for GaAs. Thus, for
p = 10%/em 3, which is the usual hole density in the p region,
the radiative decay time for a GaAs device is approximately
7, = (Bp)™' = 5 X 107 s. The nonradiative decay time 7, for
the same GaAs is ~1077 or longer. These values of 7, and 7,
yield an internal quantum efficiency approaching 100%. For
most materials the situation is, however, far from ideal. Be-
cause of low material quality and the fact that the recombina-
tion rate is smaller, the internal quantum efficiency in these
semiconductors is much lower than 100%. This is particularly
true for indirect bandgap semiconductors for which B is sev-
eral orders of magnitude smaller. The external quantum effi-
ciency is defined as the internal quantum efficiency
multiplied by the light extraction factor. The light extraction
from the interior of an LED chip is difficult to determine, be-
cause the light emission is random in direction. Thus, the ex-
ternal quantum efficiency can also be lower than the internal
quantum efficiency by more than an order of magnitude.

MODEL

To put forth a theoretical model (9) for various parameters of
an LED, let us consider a p—n junction LED (see Fig. 2) that
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is forward biased and has n and p regions doped relatively
heavily. As the active region is p-type, we will effectively deal
with electrons as minority carriers. Assuming a one-dimen-
sional transport equation, the continuity equation for these
electrons can be expressed as:

3%n n—n an
(LB, (2 1
(8x2) T te (87,‘) W

where n and n, are the instantaneous and equilibrium minor-
ity carrier concentrations, respectively. Among others, D, g,
and 7 are the electron diffusion coefficient, generation rate,
and the carrier lifetime, respectively, and x is the distance.

If we consider steady-state conditions and large injection
levels, which generally prevail for LEDs, the time dependence
of carrier concentration n, the generation rate g, and the equi-
librium minority carrier concentration n, become negligible.
All these lead Eq. (1) to reduce to

d’n n

The general solution of Eq. (2) is

n(x) = Aexp (%) + Bexp (%)

3)

where A and B are the unknown constants to be determined
by the boundary conditions, and L is the minority carrier dif-
fusion length, L = (D7)'2 In the p region,

n(x) = Asinh (?) +Bcosh<w£x) (4)

For an LED, the rate of change of carrier concentration at
x = 0 is the difference between the injection rate and inter-
face recombination rate. The rate of change of carrier concen-
tration at x = w is the difference between injection rate at x
= w and interface recombination rate at x = w. More specifi-
cally,

dn _ Jgun(0)  ven(0) _
‘(a)x:;q—p‘ p - =0 ®)
and
dn _ Jgpw) _ usn(w) B
(dx)x=w_ 4D — atx =w (6)

where q is the electronic charge, Jyy is the diffusion current
density, and v, is the interface recombination velocity (cm/s).
As is apparent from Eqgs. (5) and (6), the rate of change of the
minority carrier is always negative. Furthermore, if the p
layer is thicker than the diffusion length, the diffusion cur-
rent Jyx(W) is negligible.

With the help of Egs. (5) and (6), the solution to the conti-
nuity equation is obtained as

w—Xx . w—x
_ Sadain® =0) cosh (T) + £40s sinh ( L )
- W =
q (§4v% 4+ 1) sinh (Z> + 2405 cosh <f)
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where & = (7/D)Y2. Also, Jgz(x = 0) is the value of Jgy at x =
0. As the hole injection is negligibly small, this Jg:(x = 0) can
be assumed to be identical to the terminal current.

The average electron concentration in the active region can
then be calculated from

ﬁ:l/ n(x) dx = 2t (8)
w Jo quw

The substitution of the electron concentration from Eq. (7)
into Eq. (8) leads the effective carrier lifetime to be

-1 -1 Us -1 -1 Us
Teff — T +2 (;) = Trad + Thrad +2 <E> 9)
Note that, if (w/L) < 1, (é%?) < 1. Furthermore, in the ab-
sence of interface recombination, the effective lifetime reduces

to .

DEVICE STRUCTURES

The LED business is a very cost driven one and as such the
simplest and the least expensive LEDs win out. Homojunc-
tions in which the entire epitaxial structure, and sometimes
the substrate, consists of the same compound or alloy are
therefore desirable unless heterojunctions can be produced
with similar ease or cost. The p—n 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 pro-
cess. In terms of the fabrication issues, there is not much cost
difference between the homo- and heterojunction devices, and
yet the heterojunctions can offer several additional advan-
tages. For example, carrier injection can be more efficient in a
heterostructure LED than in a homostructure LED. The LED
structure with the best efficiency is, however, a double hetero-
structure, that is, one in which an active region possessing a
lower energy gap is sandwiched between two cladding layers
of higher energy gaps. Among them, the upper one is called
the window layer and the lower one the confining layer. If the
cost of production is acceptable, which fortunately is the case
owing to recent developments in epitaxial deposition tech-
niques, a double heterostructure LED has the advantage of
reduced absorption of the generated radiation. The active re-
gion of this LED can be made quite thin, typically 0.01 um to
3 wm. The thinner this layer, the smaller is the self-absorp-
tion. The carrier confinement coupled with low interface re-
combination velocity insures that the recombination takes
place predominantly in the active region. The confinement of
the carriers to a narrow region also results in fast and effi-
cient recombination because of the proximity of the electrons
and holes.

LEDs made of one or more quantum wells have also been
fabricated. However, it is noted that advantages do not out-
weigh the associated complications. Consequently, devices of
this type are not widely used in LED applications at the pres-
ent time.

SEMICONDUCTOR MATERIALS USED

An ideal compound or alloy composition for an LED is one
that exhibits an energy band gap E, suitable for the desired

emission wavelength. It should preferably have a direct en-
ergy gap and be doped easily, both n and p type. For infrared
(IR) and red emission, E, should be less than 2 eV, a range
possessed by GaAs, AlGaAs, and GaAsP (with Al or P mole
fraction x = 0.4 (see Table 1). If the energy bandgap of the
chosen compound is larger than desired, the emission energy
must be reduced by introducing non-band-edge recombination
centers such as isoelectronic dopants which also have the
added benefit of increasing the radiative recombination effi-
ciency. This is indeed a very useful technique because indirect
bandgap materials such as GaP and GaAsP (x > 0.5) can be
widely used for LEDs if doped with isoelectronic impurities
such as nitrogen. LEDs emitting in orange, red, and yellow
colors can be made also from AlInGaP alloy system (E, ~ 2.0
eV). Although many II-VI materials such as ZnSe have a
large enough direct bandgap, it has not been possible to form
suitable p—n junctions until recent developments in ZnSe.

Ideally, the substrate for an LED should have low defect
levels, be lattice matched to the epitaxial layers, and be trans-
parent to the emitted radiation. Unfortunately, it is not al-
ways possible to satisfy all these conditions simultaneously,
and a trade-off becomes inevitable. Consequently, when
GaAs, GaP, and InP are grown with some degree of cost-effec-
tiveness, the defect levels remain high, and yet low enough to
yield good LEDs. If silicon is used as a substrate for GaAs
devices, the GaAs layers turn out highly defective from poor
lattice mismatch.

PERFORMANCE CHARACTERISTICS OF
VISIBLE LIGHT EMITTING DIODES

The luminous performance of various LEDs is summarized
in Table 2. Among the LEDs tabulated, the Al.Ga; ,As,
(ALGa;_,),In; P, and InGaN based commercial LEDs demon-
strate the best performances and quantum efficiencies at
their respective wavelengths. This is most likely because
these aforementioned LEDs satisfy most of the desired design
criteria, such as direct energy bandgap of the active region,
employment of double heterostructures, and, in the case of
the conventional ITI-V semiconductors, lattice matching with
the substrates. At the present time, Al,Ga, As and
(ALGa;_,),In;_,P LEDs are relatively expensive as compared
to GaP based ones and are used only for special-purpose ap-
plications such as high-density optical read-and-write tech-
nologies. Lower cost homojunction GaAsP and GaP LEDs, al-
though inferior in quality, dominate the high-volume
applications. Improved production practices are beginning to
reduce the cost.

GaAsP- and GaAsP : N-Based Light Emitting Diodes

For a phosphorus mole fraction x = 0.45, GaAs, P, is a direct
energy gap semiconductor, and hence GaAs, P, LEDs can
emit in the IR and red spectral regions. These are homojunc-
tion devices with diffused junctions patterned by photolitho-
graphic means. As a result, they are very suitable for applica-
tions that require small emitting areas and/or more than one
emitting region on each LED chip. As GaAs and GaP have
substantially different lattice parameters, the GaAs,_,P, alloy
system is not lattice matched to GaAs (or GaP) substrates.
This leads to high defect density and internal absorption of
light, which lowers the efficiency. Nevertheless, GaAs,; P,



Table 1. Important Materials for LEDs
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Material System

Energy Gap (eV) at 300 K

Peak Emission Wavelength (A)

GaAs 1.43 direct 8670 infrared

GaP 2.26 indirect 5485 green

AlAs 2.16 indirect 5740 greenish yellow

InP 1.35 direct 9180 infrared

ZnSe 2.67 direct 4644 blue

GaN 3.42 direct 3626 ultraviolet

SiC (6H) 2.86 indirect 4800 blue

GaAs,_. P, 1.43-2.03 direct 8670-6105 infrared—red

x, = 0.49° 2.03-2.26 indirect 6105-5485 red—green
Al,Ga,_,As 1.43-1.98 direct 8670—-6525 infrared—red

x, = 0.437 1.98-2.14 indirect 6525-5790 red—yellow
GaJIn, P 1.35-2.18 direct 9180-5685 infrared—yellow
x, = 0.62° 2.18-2.26 indirect 5685-5485 yellow—green
(Al,Ga;-,)o5In, 5P 1.88-2.31 direct 6596—-5359 red—green

x. = 0.70° 2.31-2.35 indirect 5359-5277 green

GalnAsP 0.724-1.35 direct 17127-9185 infrared
W-InGaN 3.42 and down, direct 4100-5250 violet, blue, green
ZnSeTe 2.67 eV and down, direct 4644-5500, blue and green

@ x. is the mole fraction representing the direct—indirect bandgap cross-over point.

LEDs have been produced in large quantities because they
are relatively inexpensive and their performance is satisfac-
tory. In an attempt to increase the efficiency of GaAs, .P,-
based LEDs the phosphorus mole fraction in GaAs, P, was
increased beyond 0.45 (10). This has the undesirable conse-
quence of causing the band gap to be indirect, which was over-
come by introducing isoelectronic nitrogen impurities. When
grown on GaP substrate, which is transparent, the light ex-
traction ratio was improved to the point where GaAs, ,P,:N

Table 2. Characteristics of Visible LEDs

LEDs demonstrated higher luminous performance than both
GaAs, P, and GaAs LEDs. However, the performance was
still relatively low.

InGaAsP-Based Light Emitting Diodes

The In,; .GaAs,P;_, quaternary alloy is a potential candidate
for light sources for high-luminosity applications. It has a di-
rect energy bandgap of 2.25 eV (x = 0.74, y = 0.0) at 300 K.

Typical Epitaxial Growth
External Typical Method?

Color (Peak Quantum Performance Bandgap Lattice (p—n Junction
LED Type Wavelength, nm) Efficiency (%) (Im/W) Type Matched Structure® Substrate Formation)
GaAsgPo. Red (650) 0.2 0.15 Direct No Homo. GaAs VPE (diffusion)
GaP:(Zn,0) Red (700) 2 0.4 Indirect Yes Homo. GaP LPE (grown)
GaAsgs5Po65: N Red (630) 0.7 1 Indirect No Homo. GaP VPE (diffusion)
GaAsg 15PN Yellow (585) 0.2 1 Indirect No Homo. GaP VPE (diffusion)

Yellow-green
GaP:N (565) 0.4 2.5 Indirect Yes Homo. GaP LPE (grown)
GaP Pure green (555) 0.1 0.6 Indirect Yes Homo. GaP LPE (grown)
Al 5:GaggAs Red (650) 4 2 Direct Yes SH GaAs LPE (grown)
Aly5:GaggAs Red (650) 8 4 Direct Yes DH GaAs LPE (grown)
Al 5:GaggAs Red (650) 16 8 Direct Yes DH-TS GaAs LPE (grown)
(Aly11Gaggg)osP Orange (620) 6° 20¢ Direct Yes DH GaAs MOVPE (grown)
(Al 2sGagr9)osIngsP  Amber (595) 5¢ 20¢ Direct Yes DH GaAs MOVPE (grown)
Yellow-green

(Aly 45Gagsr)osIng ;P (570) 1¢ 6¢ Direct Yes DH GaAs MOVPE (grown)
SiC (6H) Blue (480) 0.02 0.04 Indirect Yes Homo. SiC CVD (grown)
InGaN Blue (450) 94 3.6 Direct No DH Al O, MOVPE (grown)
InGaN Green (525) 6.5¢ 20 Direct No DH AlL,O, MOVPE (grown)
ZnTeSe Green (512) 8° 25 Direct Yes DH ZnSe MBE (grown)

¢ Homo., homojunction; SH, single heterostructure; DH, double heterostructure; DH-TS, double heterostructure with transparent, epitaxially grown substrate

(original GaAs substrate removed).

® VPE, vapor-phase epitaxy; LPE, liquid-phase epitaxy; MOVPE, metal-organic vapor-phase epitaxy; MBE, molecular beam epitaxy.

¢ Best reported results (30). Typical commercial performance not yet established.
4 Private communication, Dr. S. Nakamura.
¢ Private communication, Prof. J. Schetzina.
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It can be grown on commercial GaAs,Py3 epitaxial sub-
strates with exact lattice match in the direct bandgap range
of 1.88 to 2.17 eV (660 to 570 nm). Recently, the potential of
this alloy system was tested successfully (11) with the fabrica-
tion and characterization of Ing3.GageP/Ing12GaggsAsgs4Po s/
Ing3,GagesP  double heterostructure LEDs grown on
GaAsePos substrates by LPE technique. It exhibited a for-
ward-bias turn-on voltage of 1.8 V with an ideality factor of
1.3 and a breakdown voltage of 16 V. The electroluminescent
spectra exhibited an emission peak at 620 nm (orange-red)
and a FWHM of approximately 15 nm at 20 mA. The external
quantum efficiency of 0.22% had been achieved for the bare
LEDs.

GaP:N-, GaP:(Zn,0)- and GaP-Based Light Emitting Diodes

GaP:N LEDs emit in the green and exhibit performance
somewhat better than GaAs;_.P,:N LEDs. This is because
GaP substrate and epitaxial layers are lattice matched and
have lower defect density in the bulk. Unlike GaP:N LEDs,
GaP:(Zn,0) LEDs emit in the red (9). The zinc and oxygen
dopant atoms form a complex of large binding energy, creat-
ing a level for carrier transition in the red. In terms of perfor-
mance, these LEDs are slightly inferior to GaP:N LEDs, al-
though their quantum efficiency is better than that of GaP: N
LEDs. GaP can also be employed to form LEDs emitting in
the green. These GaP LEDs are dependent, not on nitrogen
doping, but rather on phonons to conserve momentum. Fur-
thermore, because the nitrogen recombination centers are ab-
sent, the radiative lifetime in these LEDs is higher by an or-
der of magnitude. However, the quantum efficiency was
reduced. Nonetheless, the reduction of quantum efficiency
was not very large because the absence of nitrogen dopant
atoms improves the crystal quality, thus leading to an in-
crease in the nonradiative lifetime 7,,. As the nitrogen traps
are not involved in the emission, the emission from GaP LED
is also closer to green (555 nm versus 565 nm).

AlGaAs-Based Light Emitting Diodes

The Al,Ga,_,As alloy exhibits a direct energy gap varying be-
tween 1.42 eV and 1.70 eV for Al composition x = 0.42 and
hence are used to produce highly efficient red and IR LEDs;
the latter type is usually intended for communications
applications. LPE is a good technique for the produc-
tion of Al,Ga;_,As red LEDs. However, a more complex
growth technology is necessitated for the growth of the
Al,Ga,_,As/GaAs/Al,Ga,_,As double heterostructure LEDs,
particularly with thin (1 um to 3 um) active regions and ultra
thick (>100 wm) confining layers. Almost identical lattice pa-
rameters of AlAs and GaAs allow the Al,Ga,_,As/GaAs DH
structure to be lattice matched to GaAs substrates. Conse-
quently, heterostructures of various types are grown without
any alarming levels of defects, as these efficiency killer de-
fects cannot be tolerated in this material system. Three types
of Al,Ga,; ,As LEDs are available (12) in large scale: single
heterostructure Al,Ga;_,As/GaAs LEDs on GaAs substrate,
double heterostructure Al,Ga, .As/GaAs/Al,Ga;_,As on GaAs
substrates, and a double heterostructure Al,Ga,_,As/GaAs/
Al.Ga; ,As LEDs with a thick confining Al,Ga,_,As layer but
the GaAs substrate removed. Naturally, when the absorbing
substrate is removed, the LED performance is enhanced. Un-
fortunately, the cost also increases with complexity, sug-

gesting that the selection of one type or another LED is very
much determined by trade-offs between price and perfor-
mance.

AllnGaP-Based Light Emitting Diodes

Currently grown by MOVPE technique, (Al,Ga;_,),In;_,P and
Al,Ga,In,P are important materials for LEDs (13). The simul-
taneous variations of x and y mole fractions in
(ALGa;_),In;_,P and of x, y, and z in Al,Ga,In,P allow the
emission wavelength to be varied from the visible to IR. Inter-
estingly, the simultaneous variations of x and y mole fractions
allow, for example, the (Al,Ga;_,),In;_,P alloy system to yield
lattice-matched direct bandgap heterostructures for colors
other than red. In view of the fact that InP and GaP have
lattice parameters approximately equal distances on opposite
sides of that of the GaAs substrate, lattice matching requires
that the In concentration be kept, as much as possible, close
to the sum of the Aluminum and Gallium compositions. Fur-
thermore, Aluminum and Gallium atoms allow the ratio of
Aluminum to Gallium to be changed conveniently to form het-
erostructures. The variations of x and y mole fractions, how-
ever, cause (AlLGa; ) In;, P to pass through the direct—
indirect crossover point in the greener spectral region and at
an estimated bandgap energy of 2.31 eV. As shown in Fig. 3,
three types of (Al,Ga,_,),In; /P structures are grown to form
LEDs. All of these structures are double heterostructures uti-
lizing GaAs substrates. The top window layer is grown rela-
tively thick (about 50 wm) to overcome the limitation imposed
by the extraction cone angle by extracting light from the edge
of the chip which would otherwise be reflected in. The top
window layer could in principle be a higher energy bandgap
(ALGa; ), In; ,P grown on a lower energy bandgap
(ALGa;_,),In;_,P active layer for transparency and increased
cone angle. However, (Al,Ga,;_,),In; P is a relatively high re-
sistivity material and is more costly as well. Thus, for the
sake of cost and control over technology, it is replaced by
Al.Ga; ,As and GaP. Among Al,Ga;_,As and GaP window lay-
ers, Al,Ga,_,As is lattice matched to (Al,Ga,_,),In, ,P, but ab-
sorbs some of the light if it is yellow or green. On the other
hand, GaP is transparent and inexpensive, but not lattice
matched to (ALGa; ,),In, ,P. Fortunately, the lattice mis-
match between GaP and (Al,Ga;_,),In; ,P can have limited
negative effect because the GaP layer is the last layer grown.
It is not surprising that, to date, the best results are obtained
in devices utilizing GaP window layers.

In Fig. 4, the external quantum efficiency and luminous
performance of (ALGa;_,),In, ,P LEDs are compared to those
of other LEDs (14). The external quantum efficiency of
(ALGa;_,),In;_,P LEDs for wavelengths larger than 590 nm is
approximately 5% but falls rapidly for shorter wavelengths as
it is affected increasingly by the direct—indirect transition.
The luminous efficiency increases with wavelength until ap-
proximately 590 nm and then falls off slowly, probably be-
cause of changes in the eye sensitivity (see the relative eye
sensitivity curve in Fig. 4) and internal efficiency. From Fig.
4, it is apparent that (Al,Ga;_,),In;_,P LEDs are superior to
other LEDs at least in the wavelength range of 590 nm to 620
nm. They may attain further superiority with technological
progress as this technology has been introduced only recently.
This is evident from a recent observation that a wafer-bonded
visible-spectrum transparent-substrate GaP-AlGalnP/GaP
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Figure 3. Cross-section of AlInGaP chip structures: (a) GaP window
layer, (b) AlGaAs window layer, (¢) AlGaAs window layer with a
blocking layer beneath the top contact and a Bragg reflector beneath
the active layer.

LED is capable of producing a very high external quantum
efficiency of approximately 23.7% at 635.6 nm and at an op-
erating voltage less than 2.1 V at 20 mA (15). This is apparent
also from the development of Alj33GagseIngssP/GaggsIngssP
double heterostructure LEDs exhibiting emission wave-
lengths around 615 nm and an external quantum efficiency of
0.156% at 20 mA (16). There is a good chance that
(ALGa;_,),In;_,P LEDs will demonstrate superb performance
for all wavelengths from 550 to 630 nm in the future, and
should even surpass AlGaAs at 650 nm if transparent-sub-
strate devices can be developed. Currently, these devices are
relatively expensive. However, it is expected that, as the tech-
nology is refined, the cost will rapidly decrease.

GaN-Based Light Emitting Diodes

GaN and its alloys with InN and AIN have direct energy gaps
that make them suitable for blue LEDs (17). Two problems
with GaN growth; namely the nonavailability of suitable sub-
strates and the difficulty of forming p—n junctions, have de-
layed the application of GaN. Currently the most commonly
used substrate for GaN growth is sapphire. The advantage
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of using a sapphire substrate is that it is transparent. The
disadvantage of this substrate is that it is very poorly
matched both structurally and thermally to GaN, which leads
to the generation of high defect density in the bulk. Other
substrates such as SiC, MgO, and ZnO used for GaN growth
have their own advantages and disadvantages as well. Ad-
vancements in low-temperature buffer layers which led to a
substantial reduction in defect concentration combined with
the nature of a recombination process dominated by localiza-
tion have all but eliminated the early obstacles as far as stan-
dard LED applications are concerned.

One of the early obstacles for achieving p-type GaN was
the large n-type background caused by nitrogen vacancies.
Following the reduction of high n-type background, p-type
GaN was produced by MOCVD using Mg as a dopant followed
by an electron beam irradiation or a 700°C thermal treat-
ment. Later it was shown that p-type GaN can be obtained
by molecular beam epitaxy (MBE) without any postgrowth
procedure. Following the attainment of p-type GaN, GaN
based pn junction LEDs were developed mainly by two groups
in Japan (18,19). Both GaN homojunction LEDs and AlGaN/
GaN/AlGaN double-heterojunction (DH) LEDs have been in-
vestigated (10% Al in the AlGaN barrier layer). In GaN homo-
junction LEDs, the dominant emission is in the 430 nm to
480 nm wavelength range (violet to blue) in a relatively broad
band (55 nm) originating from the p-side. Since the bandgap
emission in GaN would be in the UV portion of the spectrum,
the said emission inevitably involves the deep levels created
by the presence of magnesium, which is used to achieve p-
type GaN, in the growth environment. The maximum exter-
nal efficiency reported for the homojunction LED is 7., = 1.5%
at 1.5 mW output (30 mA/5 V bias); the maximum output
power for DH LEDs was 4 mW for 7., = 0.5% (30 mA bias).
Reliability of p—n junction LEDs is superior to the older MIS
LEDs that have shown a reduction of only 20% in light output
after 10* h of operation. The early versions of the blue and
blue-green LEDs developed by Nichia Chemical Industries,
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sensitivity as functions of peak wavelength of various LEDs. After
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Ltd. initially relied on the transitions to deep Zn centers in
InGaN (19). This was necessitated by the need to extend the
wavelength to the desired values while keeping the InN molar
fraction within a level yielding good crystalline quality. These
LEDs suffered from wide spectral widths and saturation in
the output power with injection current at the intended wave-
length of operation. The large spectral width spoiled the color
saturation with the undesirable outcome that not all the col-
ors could be obtained through color mixing.

In a more recent development (19), GaInN quantum well
(QW) LEDs with GaN barriers have been fabricated by Nichia
Chemical Industries, Ltd. With this so called quantum well
approach, the InN molar fraction could be increased to about
70%, paving the way for excellent UV, violet, blue, green, and
even yellow LEDs. Figure 5 depicts all LED performance
throughout the visible range fabricated in conventional III-V,
III-nitrides, ZnSe based II-VI semiconductors and organic
materials. The performance of organic LEDs is shown as the
wide band. The nitride based LEDs exhibit power levels of 5
mW and 3 mW at 20 mA of injection current for the wave-
lengths of 450 nm and 525 nm, respectively. Very important
is the fact that the FWHM of the spectrum was 20 nm and
30 nm for blue and green LEDs, respectively, owing to the
fact that these new LEDs take advantage of nearly band-to-
band transitions [Fig. 6(a)]. (A detailed investigation of these
LEDs shows that the transitions are associated with band tail
states.) The In mole fractions used are 20 and 43 for the 450
and 525 nm emission, respectively. The output power as a
function of injection current for the blue and green LEDs
mentioned above are shown in Fig. 6(b). At the wavelength
corresponding to green, 3 mW, which corresponds to 12 cd in
a 10° viewing cone, was obtained with an efficiency of 6.3%.

ZnSe-Based Light Emitting Diodes

Semiconductor materials such as alloys ZnS and ZnSe from
columns IT and VI of the periodic table have direct energy
band gaps exceeding 2.5 eV. These are, therefore, suitable for
blue LEDs (20). Over the years, several shallow acceptors

were considered to be suitable for ZnSe. This process was as-
sisted by a gradual reduction of unwanted background impu-
rities to a level of less than 10*/cm?. The availability of puri-
fied zinc and selenium sources and the advancement in the
MBE growth of ZnSe led to a better control of the background
donor concentration, and also provided consistency in quality
layers. One major advantage of ZnSe materials is that, unlike
GaN, they can be nearly lattice matched to GaAs substrates.
As in the case of wide gap nitrides, ZnSe based material sys-
tems also suffered from the lack of p-type material. With the
attainment of p-type ZnSe through the use of activated nitro-
gen sources, fabrication of LEDs emitting in the blue-green
spectral region became possible. However, these devices suf-
fer from reliability problems. The main disadvantage is the
poor covalent bond strength that leads to defects in the pres-
ence of high-energy photons.

To overcome the difficulty of pn junction LEDs, short-pe-
riod superlattice (SPSL) LED structures grown by MBE have
also been tried for blue emission. The devices consisted of an
ZnSe active layer, SPSL MgZnSSe cladding layers and a
ZnSe/ZnTe digitally graded contact layer. High purity blue
emission occurred at 460 nm at room temperature with a 13
nm full width at half maximum. Operating at 14 A/cm?, the
half-intensity lifetime of the LED was more than 13 h at room
temperature and the external quantum efficiency was about
0.1%.

The above ZnSe-based LEDs were realized on GaAs sub-
strates with reliability falling short of requirements. In addi-
tion, the substrate absorbs the radiation reducing the light
intensity that can be extracted. The short lifetimes have been
attributed to stacking faults, which presumably were over-
come by utilizing ZnSe substrates. Additionally, the luminous
efficiency of approximately 25 lm/W at green was also ob-
tained. This breakthrough came about through a collabora-
tive effort between Prof. Schetzina of North Carolina State
University and Eagle Picher of Miami, Oklahoma. The ZnSe/
ZnTeSe/ZeSe double-heterostructure LEDs emitting at 512
nm exhibited a spectral half-width of 40 nm, and an output
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Figure 6. (a) Electroluminescence of blue and green single quantum
well InGaN/GaN LEDs at a forward current of 20 mA. (b) The output
power of blue and green single quantum well InGaN/GaN LEDs as a
function of forward current. Courtesy of Dr. S. Nakamura, Nichia
Chemical Industries, Ltd.

power of 1.69 mW at 10 mA. The diode voltage was 2.4 V, the
external quantum efficiency and power efficiency (wall plug
efficiency) of 6.9% and 6.5%, respectively, and an operation
lifetime of greater than 10,000 h have been attained. Due to
low resistance, ohmic contact, and reduced carrier leakage,
the quantum efficiency and wall plug efficiency were very
similar.

SiC-Based Light Emitting Diodes

6H-SiC is a column IV material with an indirect energy band-
gap of 2.86 eV. The common procedure for forming these de-
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vices is to grow epitaxial SiC on SiC substrates by using subli-
mation VPE or LPE technique. Because SiC can be easily
doped p-type by using aluminum dopant atoms, and n-type
by using nitrogen dopant atoms, prn homojunctions can be
readily obtained. The major problem with this material is
that it has an indirect energy bandgap which causes the effi-
ciency to be relatively low. Yet, the light output has steadily
improved as the material growth technology underwent a se-
ries of refinements. To overcome the difficulties resulting
from its indirect energy bandgap, various isoelectronic impu-
rities have been added over the years. The effort has been
reasonably successful in the sense that SiC thus has been
made to show electroluminescence across the entire visible
spectrum. The SiC blue LEDs developed recently by Cree Re-
search Inc. (22) exhibit blue emission centered at 470 nm Fig.
7(a) and (b)]. These devices radiate optical power levels of ap-
proximately 18.3 uW at 25 mA (3 V) with a spectral half-
width of 69 nm and an efficiency in the range of 0.2% to 0.03%
with recently released devices exhibiting even higher power
and better efficiencies. Fortuitously, low efficiency and power
is somewhat compensated for by operating these robust SiC
LEDs at high currents. For example, 36 uW of output power
has been achieved at a current level of 50 mA. At this current
level, typical degradation of these LEDs is only 10% to 15%
over 10* h, which is significantly less than what is observed
with GaP LEDs. Other groups at Siemens AG, Sanyo, and
Sharp have also been successful in developing prototype de-
vices. However, to our knowledge, they have not yet reached
the status achieved by Cree’s blue LEDs. The primary light-
producing mechanisms have been identified to be donor-to-
acceptor (DA) recombination (480 nm), bound exciton recom-
bination at localized aluminum centers (455 nm) and free ex-
citon recombination (425 nm). Importantly, it is found that
the key to reaching shorter wavelengths is to reduce the back-
ground nitrogen contamination. The reduction in background
nitrogen contamination leads to an increased exciton-related
luminescence. If measures are taken to increase the power
levels significantly, the efficiency decreases probably because
of a saturation of the DA levels. To curtail this problem, it
may, therefore, be necessary to increase DA density, which
would result in an overall increase in the high-power effi-
ciency of SiC LEDs. The advent of GaN-based LEDs operating
in blue and green are certain to make SiC obsolete.

Organic Light Emitting Diodes

Organic semiconductors are nowadays increasingly used to
make visible LEDs. Unlike LEDs from inorganic semiconduc-
tors, those from organic semiconductors can be designed as
large-area light-emitting panels that are operative at low
drive voltages. Generation of light in these materials takes
place from the recombination of holes and electrons injected
from the electrodes. Such recombination in the emitting layer
then excites the emitter material. The emitter layer can ei-
ther be low-molecular-weight materials or high-molecular-
weight polymers. Among polymers, conjugated semicon-
ducting polymers in particular have been widely used as the
emitting layer in LEDs. One perfect example is poly(1,4-
phenylenevinylene), which yields green color emission and
other colors of longer wavelengths (23). Nonconjugated poly-
mers such as poly(methyl methacrylate), which are abbrevi-
ated as PMMA, are also used as the emitter layers in LEDs
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Figure 7. (a) Variation of relative intensity as a function of wavelength of Cree Research SiC
LEDs. (b). Variation of radiant flux (small squares) and efficiency (small solid circles) with for-

ward current in Cree Research SiC LEDs.

(24). Blue emission peaking at 410 nm and a luminance of
700 cd/m? were achieved from poly(IN-vinylcarbazole) LEDs
(25) at a drive voltage of 14 V. Figure 8 shows a schematic
representation of one such organic LED with the light being
collected through the transparent glass substrate.

INFRARED LIGHT EMITTING DIODES

Infrared LEDs are most commonly used for communication
applications and sport various configurations, some similar to
the visible LEDs some designed specifically for coupling to
optical fibers. For communication applications, the interest is
in the 0.85, 1.3, and 1.5 um regions, which can be attained
with the AlGaAs ternary and InGaAsP quaternary alloys. The
advantages of LEDs over lasers for optical fiber communica-
tions are their smaller temperature dependence, higher tem-
perature operation, simpler device designs and simpler drive
circuits. The disadvantages include lower modulation band-
width and light intensity and wider spectral line widths (26).

ITO

anode

Figure 8. Schematic diagram of an organic LED on a glass
substrate.

The IR LEDs also utilize basically two kinds of configura-
tions, namely, the surface and edge emitting types. Of course,
in the instant case, the goal is to couple the light to a small
optical fiber. The surface emitters rely on a well etched into
the substrate side of the diode material in such a way as to
allow insertion of the fiber (27). The edge emitters are very
similar to lasers with built in optical guides. The optical fiber
must be butted against the edge of the diode where the light
exits the semiconductor. The direct beam nature of the emis-
sion in edge emitters increases the coupling efficiency to a
fiber with small acceptance angle.

The frequency response of an IR LED is an important fac-
tor and must be taken into consideration in the device design.
The ultimate modulation bandwidth is determined by the car-
rier lifetime. The frequency response of LEDs can be de-
scribed by a single pole circuit as

Pl = LOF

14 (0r)? (10)

Low work function
cathode

[ 1

Electron transport
layer

Light emission layer

e
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where P(w) and P(0) represent the optical power emitted at
frequencies of w and dc, and 7, is the overall carrier lifetime.
The 3 dB point or the frequency at which the optical power
drops to half of its low-frequency value is defined as the mod-
ulation bandwidth or the cut-off frequency and is given by

fc_ ! (11)

2w T,

The injected carrier concentration is related to injected cur-
rent through

B Jt,
=

An (12)

where w and JJ represent the active layer thickness and the
current density, respectively. Utilizing 7.! = BAn, we obtain
for the cut-off frequency

1 [BJ Y2
=5 L
T | qw

(13)
Clearly, the cut-off frequency is proportional to the square
root of the recombination rate and current density product. It
is inversely proportional to the square root of the active layer
thickness. Note that the above expressions have been derived
under the assumption that the recombination is a bimolecular
process and that the doping level in the active layer is light.
Modulation bandwidths of about 1 GHz (28) and 1.2 GHz (29)
are possible with increased doping as it increases the recom-
bination rate and reduces the carrier lifetime in AlGaAs and
InGaAsP LEDs, respectively. Reducing the carrier lifetime
with creation of nonradiative recombination centers also re-
duce the light intensity for a given current and should be used
as a last resort.

CONCLUSIONS

The prospects and progress of visible LEDs have been re-
viewed. It appears that, among various LEDs, the (In,Ga)N
LEDs, which show high performance in the green to violet
region of the optical spectrum have great potential for further
improvement. Organic/polymeric LEDs will also expand their
bases, particularly indoor active display and background
lighting applications, chiefly because of their cost effective-
ness and large area capabilities. Recent development of GaN-
based blue-green LEDs permits the fabrication of full-color,
large-area, sunlight-viewable flat-panel displays, traffic
lights, and moving signs. With further improvements in blue
and red primary colors, it may be possible for LED to make
inroads in lighting applications.
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