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High-Luminosity Blue and GaP green, two AlGaAs amber, and two 
AlGaAs red LEDs (6). With the recently 

Blue-Green Gallium Nitride introduced bright blue GaN-based LEDs, 
the number of blue devices needed can be 
reduced. If used in place of incandescent 

Light-Emitting Diodes about light bulbs, 10 to these 20% LEDS of the would uower consume for the same only 

H. Morkoc and S. N. Mohammad 

Compact and efficient sources of blue light for full color display applications and lighting 
eluded and tantalized researchers for many years. Semiconductor light sources are 
attractive owing to their reliability and amenability to mass manufacture. However, large 
band gaps are required to achieve blue color. A class of compound semiconductors 
formed by metal nitrides, GaN and its allied compounds AlGaN and InGaN, exhibits 
properties well suited for not only blue and blue-green emitters, but also for ultraviolet 
emitters and detectors. What thwarted engineers-and scientists from fabricating useful 
devices from these materials in the past was the poor quality of material and lack of p-type 
doping. Both of these obstacles have recently been overcome to the point where high- 
luminosity blue and blue-green light-emitting diodes are now available in the marketplace. 

W h i l e  semiconductor coherent light 
sources. or lasers. continue to lure scientists 
and engineers, their cousins, light-emitting 
diodes (LEDs), have improved remarkably 
in terms of bothbrightness and the range of 
wavelengths of emission available (1 ). Early 
LEDs were limited to red light and lumi- 
nous fluxes (2)  of about 0.1 to 0.2 1mIW. . , , , 

which restricted their application. Over the 
years, red, orange, amber, and green emit- 
ters have been made with considerable en- 
hancements in performance. With the re- 
cent introduction of blue LEDs, these emit- 
ters now span the entire range of visible 
wavelengths with luminous flux sufficiently 
high to pave the way even for outdoor LED 
displays and lighting. 

The authors are at the University of Illinois at Urbana- 
Champaign, Materials Research Laboratory and Coordi- 
nated Sc~ence Laboratory, Urbana, IL 61801, USA. 

Current LEDs are very reliable and have 
many applications. These ubiquitous devic- 
es will continue to expand their applica- 
tions in -displays, lighting, indicator lights, 
advertiseinent, traffic signs and traffic sig- 
nals, light sources for accelerated photosyn- 
thesis, and medicine for diagnosis and treat- 
ment 13. 4)..As lieht sources. LEDs are , ,  , 

likely to ,be more efficient and reliable than 
incandescent lighting. In addition, white 
light illumination (5) by means of primary 
color addition is simple and has the advan- 
tage of achieving any desired color tone in 
the chromaticity diagram by appropriately 
mixing those colors in a light scrambling 
configuration. This requires bright green 
and blue sources in addition to the bright 
red LEDs that are already available. Made 
from commercially available LEDs, a display 
chip made in Japan uses six S i c  blue, four 

luminous flux with the added advantage of 
compactness and much longer lifetime, 
2000 hours for the former as o ~ ~ o s e d  to tens 

L L 

of thousands for the latter. 
Traffic lights at present rely on filtration 

of incandescent light to achieve a particular 
color, which is an energy-inefficient tech- 
nique. Moreover, they require large repair 
crews for maintenance. With recently intro- 
duced blue-green 500-nm LEDs, the traffic 
lights can be replaced with efficient LEDs 
that have superior longevity. Along similar 
lines, the high mounted brake lights in re- 
cent model automobiles and running lights 
in trucks make use of red AlGaAs LEDs. It is 
expected that other colors will follow. 

Light Emission from Diodes 

LEDs are very efficient converters of elec- 
tricity to light. This phenomenon results 
from the intrinsic or inherent propertie2 of 
the semiconductors from which they are 
made. Semiconductors represent an impor- 
tant class of materials characterized by two 
energy bands: the valence band and the 
conduction band. In an intrinsic semicon- 
ductor under normal conditions, the va- 
lence band is filled with a largenumber of 
electrons, whereas the conduction band, ly- 
ing at a higher energy, is practically empty. 
Electrical conductivity is attributable to the 
transport of electrons in the conduction 
band and can be changed by filling the 
conduction band with electrons donated by 
appropriate impurity atoms. The  electrons 
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populating the conduction band are not 
onlv mobile but also make the transition 
across the band gap to the valence band. In 
direct-band gap semiconductors, where the 
valence band and conduction band minima 
occur for the same (typically zero) momen- 
tum value, this transition is radiative, 
meaning it results in the emission of pho- 
tons. When an injected electron recom- 
bines with a hole in the valence band with- 
out the involvement of defect states, an 
electron-hole recombination takes place, 
and the loss of energy of the electron ap- 
pears as photons (Fig. 1) (7). The  energy of 
the photon is approximately equal to the 
energy difference E, across the band gap at 
the ~ o i n t  where recombination occurs, un- 
less impurity transitions are involved, 
which is the case for InGaN. The  mos? 
favorable situation under which a radiative 
recombination takes place is at zero mo- 
mentum for both electrons and holes. De- 
pending on Eg, different wavelengths of the 
radiative uhotons result. The  LED devices 
are optimized for this emission. 

A laser diode remesents an extension of 
the LED and incorporates a region of light 
guide. This light guide contains a region 
where photons multiply and optical gain is 
~rovided.  A feedback svstem converts the 
photon amplifier into a; optical oscillator. 
Being more complex than an LED, it needs 
to satisfy a few more optical and design 
criteria as well. 

Detection and measurement of radiant 
electromagnetic energy is called radiometry, 
which when applied to the visible portion of 
the spectrum involving the human eye is 
termed photometry (8, 9). The nomencla- 
ture for the latter delineates itself from the 
former bv adding the adiective luminous to 
the terms used f;;r the firmer. For example, 
energy in the former is called the luminous 
energy in the latter. Values can be converted 
between the two if the perception of color by 
the human eye, eye response, is known. In 
daylight, the human eye is most sensitive to 
light with a wavelength of 555 nm with a 
maximum sensitivity of 683 l m w .  This is 
called the photopic vision. In low light and 
night situations, the peak sensitivity blue- 
shifts to 507 nm. This is classified as the 
scotopic vision. The maximum sensitivity for 
the scotopic vision is 1754 l m w .  A t  the red 
and blue extremes, the sensitivity of the 
human eye drops dramatically. Consequent- 
ly, light sources near these extremes must be 
very efficient emitters to be practical. 

Structure and Synthesis 

A n  LED, in its simplest form, is produced by 
growing an n-type material on a p-type base, 
or vice versa. A n  n-type material is realized 
by doping an intrinsic material with donor 
atoms, and a p-type material by doping it 

with acceptor atoms. Donors are elements 
that have one or more valence charge than 
the host, whereas acceptors have one less 
valence charge than the host. Thus, an 
n-type region has an excess of electrons, and 
a p-type region an excess of holes. Forward 
biasine results in an increase in the number u 

of electrons on the p side and of holes on 
the n side, thus providing an increased 
probability of radiative recombination of 
electron-hole nairs. The reeion that has an " 
abundance of both types of carriers can be 
limited to a small volume bv flanking both " 

sides of that region with a semiconductor 
with a large band gap. Such recombinations 
are responsible for light emission in LEDs. 

In order to develop' bright LEDs with 
desired colors, the manufacturer ,must fabri- 
cate them from semiconductors of very high 
quality. During the past few years, 111-V 
nitride films have been grown from the 
v a ~ o i  ~ h a s e  bv several well-known tech- . L 

niques such as high-pressure (10) and low- 
pressure (1 1 ) chemical vapor deposition 
(CVD) and plasma-enhanced molecular 
beam epitaxy (MBE) (12). In one high- 
pressure growth technique, Ga  metal or 
GaN powder sublimed at high temperature 
under a significant N2 or NH3 overpressure 
is transported to a reaction zone to grow 
single-crystal 111-V nitride films, unfortu- 
nately with marginal success. For substrates, 
the ubiquitous substrate material sapphire 
was used, which is not very well lattice- 
matched to 111-V nitrides: lattice Darameters 
and coefficients of thermal expansion for 
sapphire are respectively about 23% and 
25% higher than th: corresponding figures 
for GaN (a = 3.189 A) .  Yet this transDarent 
material found wide application as subkrates 
in the growth of nitride films. Alternative 
s~bs t ra tes~inc luding  silicon carbide (Sic,  
a = 3.08 A,  lattice mismatch of abo;t 4%), 
magnesium oxide (MgO, a = $.216 A) ,  and 
zinc oxide (ZnO, a = 3.252 A, lattice mis- 
match of about 2%)-have been ex~lored.  
Silicon carbide is now available commer- 
ciallv and is under consideration for use in 
lieu of sapphire, which is currently used in 
commercial InGaN LED production. 

Commercial InGaN LEDs have been 
uroduced with a variant of the CVD tech- 
nique known as metal organic chemical 
vapor deposition (MOVPE) (1 1, 13). Or- 
ganic chemicals such as trimethylgallium, 
trimethylaluminum, and trimethylindium 
are allowed to react with ammonia at a 
substrate temperature of roughly 1000°C. In 
improved versions of MOVPE reactors, re- 
actant gases diluted with Hz enter the 
growth area through a quartz nozzle that 
directs the flow down onto the rotating 
substrate. Ammonia is directed downward 
on the heated substrate for efficient decom- 
position and reaction. This so-called verti- 
cal design is credited with the improvement 

Electron @ + pAlGaN 

lnGaN 

Zn level hv 

t @ Hole injection 

Fig. 1. Conduction and valence band edges of a 
pn double heterojunction InGaN-AIGaN LED un- 
der injecting conditions. 

of the interaction of the reactant gases with 
the substrate stemming from a downward 
flow of H, and N,. The  MOVPE Drocess is 
inherently very complex to understand. To  
this end. the MBE techniaue. which is sim- 

L ,  

pler, is gaining considerable interest for 
comprehensive investigations and the pro- 
duction of novel structures. 

Control of the 111-V nitride electrical 
properties, particularly the electrical con- 
ductivity, has traditionally been, and still is, 
one of the greatest challenges facing 111-V 
nitride researchers. In general, good con- 
ductivitv results when an n-tvue semicon- , L 

ductor's donor levels lie close to the con- 
duction band edge or a p-type semiconduc- 
tor's acceptor levels lie close to the valence 
band edge. Thus, lying in "shallow" levels, 
the dopant atoms are easily ionized at de- 
vice operating temperatures, creating free 
carriers in the respective bands. Uninten- 
tionally doped (a  term used to describe 
semiconductors that naturally contain de- 
fects in addition to those introduced by 
doping) GaN and InN suffer from n-type 
background carrier concentrations, except 
in films of poor quality, which are compen- 
sated by deep levels. With improved crystal 
growth techniques, researchers in several 
laboratories have succeeded in reducing the 
background electron concentration n to as 
low as 1016 ~ m - ~ .  Nakamura et  al. (14) 
have reported GaN bulk mobility of y, = 

600 and 1500 cm2 V-' s f1  at 300 and 77 K, 
respectively, in an undoped sample having 
n = 4 x 1016 cmP3. The lower the back- 
ground concentration, the better- the 
chances for the semiconductor to obtain n 
or p type. Moreover, the properties of the 
semiconductor can be analvzed with better 
sensitivity now that the camouflaging ef- 
fects of unintentional doping are no  longer 
present. The InN films have proved more 
difficult to grow and usuallv' have back- - 
ground electron concentrations well in ex- 
cess of 10" ~ m - ~ .  Generally, A1N is ob- 
served to be insulating, although recent Ge- 
doped samples show electrical conduction; 
this is attributed to its donor, acceptor, and 
defect levels lying deep within the band gap. 

Successful p doping has been the major 
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Fig. 2. A schematic cross-sectional 
view of the Nichia InGaN-AIGaN- 
GaN double heterojunction LED on 
sapphire. The insulating nature of 
the substrate necessitates surface 
electrodes, and the light can be col- 
lected from the top or the bottom 
because the substrate is transpar- 
ent to the wavelength of emission. 

Electrode 
150-nm 
rrAlGaN 
1 

Sapphire substrate 

catalyst in the resurgent interest in the 
nitrides. Until recently, efforts to dope GaN 
to convert it to p type have led to compen- 
sated high-resistivity material. In fact, in 
the original metal-insulator LEDs devel- 
oped in the early 1970s by Pankove et al. 
(15), then at RCA Laboratories, a high- 
resistivity region was used as host for recom- 
bination with ensuing photon emission. A n  
observation that compensated Mg-doped 
GaN could be converted into conductive 
p-type material by low-energy electron 
beam irradiation (LEEBI) (16) marked a 
breakthrough, which led Nakamura et  al. 
(1 7) to use LEEBI to achieve GaN with p = 
3 x 10'' ~ m - ~  and a resistivity of 0.2 
ohm-cm. It was thereafter discovered that 
thermal annealing at 700°C under an N, 
ambient converted the material to p type 
equally well. The  process was observed to be 
reversible, with the GaN reverting to insu- 
lating compensated material when an- 
nealed under NH3. Hydrogen was thus 
identified as the critical compensating 
agent. Workers in several laboratories have 
used hydrogen-free growth techniques, no- 
tably electron cyclotron resonance (ECR)- 
based MBE, to achieve p-type conductivity 
in as-grown wurtzite and zincblende GaN 
(12). Because the binding energy of Mg is 
not as close to 500 MeV as it is for Cd and 
Zn, acceptor activation ratios of only lo-' 
to are typically achieved. Therefore, 
very large amounts of Mg must be incorpo- 
rated to obtain high doping levels. Van 
Vechten et  al. (18) have proposed a plausi- 
ble model describing H acceptor compensa- 
tion in GaN in which Mg-H defect com- 
ulexes are converted to conventional ac- 
ceptor impurities by annealing or LEEBI. 
With the realization (16) of p-type GaN by 
LEEBI, the fabrication of the pn-junction 
GaN LED was possible for the first time. 
Soon after, AlGaN was introduced as a 
barrier material (19) to block the escape of 
injected minority carriers (Fig. I ) ,  which 
was used by Nichia Chemical Industries and 
Toyota Gosei to develop impressive GaN- 
based LEDs. 

In an effort to realize reduced substrate 
temperatures and a hydrogen-free process, 
many groups have turned to MBE, where 
reactive N species are supplied from ammo- 
nia gas or N, predominantly by an ECR 
source. Other energetic sources that impart 
kinetic energy to nitrogen molecules-such 

as supersonic jet sources with and without 
radio frequency (RF) augmentation, RF 
sources, and mass-selective sources with neu- 
tralizers-are being considered. The reduced 
temperatures and greater flexibility of MBE 
hacie allowed many other substrate materials 
to be investigated, including GaAs, MgO, 
and ZnO. Researchers have also demonstrat- 
ed that ptype Mg-doped GaN can be grown 
directly with MBE without the need for post- 
growth, processing, as a result of the H-free 
growth environment (20). 

Performance of LEDs 

The injection of electrons on the p side of 
an  LED and holes on the n side, accom- 
plished by forward biasing, increases the 
probability of radiative recombination. If all 
of the injected electrons recombined and if 
all the recombinations were radiative, the 
internal quantum efficiency of the LED 
would be 100%. Unfortunately, nonradia- 
tive recombinations, which usually occur at 
lattice imperfections of the crystals, and 
light absorbed and trapped in the semicon- 
ductor after emission lower the effective 
efficiency, which is called the external ef- 
ficiency. The latter is taken care of in a 
laser diode as the light is guided and cou- 
pled out of the semiconductor. Additional 
loss of power occurs in converting electric- 
ity to optical power, such as loss across 
parasitic resistances. 

Appropriate engineering techniques are 
used to increase the efficiency, which in- 
volves the use of heterojunctions so that 
self-absorption of the light is avoided (Fig. 
2). Because sapphire is not conductive, elec- 
trodes for both n-type and p-type regions 
must be made on the GaN side. Absomtion 
by the substrate is eliminated by using either 
semiconductor light reflectors or transDarent - 
substrates. In iddition, attempts to increase 
the angle'of the cone of emission by growing 
thick surface layers with small refractive in- 
dices have been quite successful. Blue and 
blue-green InGaN LEDs take advantage of 
the transparent nature of the sapphire sub- 
strates on which they are grown and the high 
refractive index of InGaN. The LEDs also 
form regions similar to auantum wells that 

%, 

confine electrons and holes to a small vol- 
ume. Similar to donor- and acceptor-type 
impurities, which capture electrons and 
holes for radiative recombination, these re- 

eions can cause an increase in the number of 
%, 

electron-hold interactions, leading to more 
efficient recombinations. 

The combination of high doping on both 
the n and p sides and breakthroughs in mak- 
ing low-resistance metal-semiconductor 
ohmic contacts have reduced the resistive 
losses so much that they do not represent 
any major obstacle to commercial imple- 
mentation. To  maximize external auantum 
efficiency, designers like to dope both sides 
of the pn junction heavily to push the ab- 
sorption edge to higher energies and also to 
reduce the series resistances in an effort to 
increase the power conversion efficiency. 
Other approaches such as layers with larger 
band gaps along with heavy doping are more 
attractive because they avoid absorption 
tails. To  date, commercial LEDs emitting in 
the red (650 to 660 nm) have the highest 
conversion efficiencies at 16%, with lasers 
exhibiting figures as high as 75%. The high- 
briehtness semiconductor LEDs available " 

commercially are based primarily on 111-V 
semiconductors with direct band gaps, such 
as AlGaAs, InGaAlP, and InGaN (Table 1). 
In the laboratory, ZnTeSe LEDs emitting in 
the green and even in the blue have also 
been achieved (21). The lifetime for the 
green ZnSe LEDs is on the order of 1000 
hours. Using a growth technique called seed- 
ed physical vapor transport, the scientists at 
Eagle-Packer have grown large, high-quality 
ZnSe crystals for substrates with a prospect of 
building brighter blue ZnSe LEDs. The 
wavelength of emission of presently avail- 
able LEDs varies between 450 and 700 nm 
(laboratory LEDs based on GaN emitting at 
about 370 nm are available). The luminous 
intensity (22) of these LEDs is in the range 
of 0.4 to 20 I m w ,  depending on the wave- 
length and the semiconductor used, which is 
suitable for indicator lamps and numerical 
readouts. 

The external auantum efficiencv of an 
LED equals the internal quantum efficiency 
multiulied bv its extraction efficiencv. Be- 
cause'of absdrption losses, reflections kt the 
junctions, and total internal reflection at 
emission angles, which are about 25' for 
epoxy-encapsulated diodes, the external 
quantum efficiency is commonly as low as 
4% (as was found in the Nichia blue LED) 
if the active layer is thin. Extraction effi- 
ciency, which measures the extraction of 
photons from an LED'S semiconductor chip, 
is normally much less than unity. 

GaN and Its Alloys for ~ i u e  and 
Blue-Green LEDs 

A n  excellent class of semiconductor candi- 
dates having the large band gaps necessary 
to produce visible light on the blue end of 
the spectrum is GaN and its alloys with InN 
and AIN. Values of band gap versus lattice 
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constant, the latter being a measure of the 
proximity of the nearest atoms, for the ni- 
trides in question and various substrate ma- 
terials are shown in Fig. 3. These large- 
band gap semiconductors, researched and 
coveted for the past quarter of a century, are 
the sources of much current enthusiasm. 

The band edge emission in GaN is at 
365 nm, which is in the ultraviolet. In order 
to red-shift it, researchers have used impu- 
rity-assisted transitions and addition of InN 
to GaN, forming the alloy InGaN. The 
fervent auest for blue lieht sources and the - 
resilience on the part of nitride researchers 
finally culminated in the attainment of 
bright blue and blue-green LEDs. Consider- 
able effort was expended to understand the 
properties of these materials, leading to the 
breakthroughs outlined earlier. Studies di- 
rected toward high-quality single-crystal 
growth of films also resulted in remarkable 
success. and a~~lications of GaN and its 

L .  

alloys started showing encouraging signs of 
transforming many facets of optoelectronic 
engineering and technology (23). 

Bright blue and blue-green LEDs based 
on the InGaN-AlGaN double heterojunc- 
tion structures are now available from Nichia 
Chemical Industries of Japan. In addition, 
blue LEDs, also based on the InGaN system, 
are also available from Tovota Gosei. The 
spectral responses of the ~ i c h i a  blue and 
blue-green LEDs at an injection level of 30 
d are shown in Fig. 4. Although the spec- 
trum for both devices is wide, the wak 
response is at 450 and 500 nm for the blue 
and blue-green LEDs, respectively. This is 
due to reliance on the Zn im~uritv transition 
for red-shifting the waveling& from the 
band edge emission of Ino.lGq,9N. For the 
blue device, the band edge emission would 
be below 400 nm, which is not considered 
blue. Increased InN mole fraction in GaN 
would also red-shift it to 450 nm, but at the 
expense of introducing additional structural 
defects because InGaN is not lattice 
matched to GaN. Lattice-mismatched films 
can be grown up to a certain thickness for a 
given composition. The larger the composi- 
tion, the smaller the critical thickness. The 
smaller the thickness, the smaller the output 
power. Considerable debate has ensued, and 
there is much effort aimed at optimization, 
and in this case, a 50-nm InGaN 'was 
deemed optimum. 

The blue-green diode, intended for traf- 
fic lights, produces an optical power of 
about 1 mW at 30 d ,  corresponding to a 
luminous intensity of about 2 cd with an 
associated external quantum efficiency of 
1.4% (Fig. 5). At lower injection levels, the 
efficiency increases to 1.5%. The peak 
emission wavelength is 500 nm with a full 
width at half maximum of about 80 nm at 
an injection level of 20 d. An advantage 
of the InGaN-AlGaN double heterojunc- 

MgO 8 eV Fig. 3. Energy gap ver- 
7 b i sus lattice spacing for 

wurtzite and cubic ni- 
trides and some of the 
substrates on which 
epitaxial growth have 
been commonly ac- 
complished. The color 
bar is not representatwe 
of the CIE diagram. 

8' - 
.+ 

Lattice constant (A) 

Table 1. Performance of red through blue LEDs. 

Emission Color Conversion Performance 
LED type wavelength (nm) Structure' efficiency (%) (Im/W) 

GaP:Zn,O 
AlGaAs 
AllnGaP 
InGaAlP 
InGaAlP 
Gap 
ZnTeSe 
lnGaN 
sic 
lnGaN 

Red 
Red DH-Trans. sub. 16 

Orange DH 6 
Yellow DH 5 

Yellow-green DH 1 
Green HJ 0.1 

DH 3 
Blue-green DH 1 

HJ 0.03 to 0.04 
DH 4.5 

'DH, double heterojunction; Trans. sub., transparent substrate; and HJ, single heterojunction. tlaboratory per- 
formance. Laboratory models of lnGa4lP LEDs emitting at 600 nm with transparent substrates exhibit a perfcnmance of 
40 ImIW. 

tion LED over the others is that in this 
LED, except for the InGaN layer, all of the 
layers and the substrate are transparent. As 
mentioned earlier, the substrate would thus 
not absorb the light incident downward on 
it. Rather it will reflect the light, providing 
an increase in the extraction efficiency of 
the LED. 

The external quantum efficiency and to- 
tal output power of a Nichia blue LED is 
shown in Fig. 6. The Nichia LED produces 
4.5 mW at a forward current of 40 d. This 
compares with 90 pW reported for the Sic 
LEDs produced by Cree Research emitting 
at 470 nm. In addition, the blue InGaN 
LED exhibits an external quantum efficien- 
cy of about 4% at a power level of 4.5 mW, 
as compared to a figure that is roughly two 
orders of magnitude smaller for S ic  LEDs. 
In photometric terminologies, the blue- 
green LED produces, assuming a monochro- 
matic source at 500 nm, luminous fluxes of 
105 and 372 mlm at forward currents of 10 
and 40 d ,  respectively. A luminous effi- 
cacy of 300 lm/W was used for the conver- 
sion. The performance of the same (that is, 
the blue-green LED) is 3.2 and 2.44 lm/W 

at 10 and 40 d ,  respectively. For the blue 
LED, the luminous flw at 10 and 40 d is 
37.5 and 112 mlm, again assuming a mono- 
chromatic source at 450 nm, if a luminous 
efficacy of 25 lm/W is used. Because the 
spectral response of the blue LED is wide 
and the eye response is very wavelength 
dependent, a convolution must be used to 
get the accurate luminous flux figures, 
which will be larger than that reported 
above. If this correction is made, the lumi- 
nous performance efficiency at 10 d of 
injection current is measured to be 3.6 
lm/W as shown in Table 1. This is obtained 
by dividing the luminous flux at that par- 
ticular injection current by the electrical 
power that generated it. The power conver- 
sion efficiencies are about 1% and 4.5% at 
10 d for blue-green and blue LEDs. 

Nitrides have also attracted attention in 
the field of digital information storage. Un- 
like display and lighting applications, digi- 
tal information storage and reading require 
coherent light sources, namely lasers. Gen- 
erally, LEDs are precursory to semiconduc- 
tor lasers. The out~ut  of these coherent 
light sources can be iocused to a diffraction- 
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Fig. 4. Light output spectra obtained at 30 mA for 
a blue and a blue-green Nichia GaN pn-junction 
lnGaN double heterojunction LED. The response 
of the blue-green LED is amplified 10 times. 
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Fig. 5. The output power and the external quantum 
efficiency versus the injection current in a Nichia 
lnGaN blue-green double heterojunction LED un-  
der continuous-wave conditions ur, to 40 mA. 
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Fig. 6. The output power and the external quan- 
tum efficiency versus the iniection current in a 
Nichia lnGaN blue double heterojunction LED un-  
der continuous-wave conditions ur, to 40 mA. 

limited spot, permitting a n  optical system in 
which bits of information can be recorded 
and read with ease and uncommon accuracy. 
As the wavelength of the light gets shorter, 
the focal diameter gets smaller. Significant 
gains in  recording density can be achieved 
by using GaN-based lasers that operate at 
shorter wavelengths. The  nitride-based ma- 
terials system, when adapted to semiconduc- 
tor lasers in blue and ultraviolet wave- 
lengths, offers increased data storage density 
possibly in excess of 1 gigabyte per square 
centimeter. These prospects lured numerous 

corporations across the globe to rush to build 
lasers for a n  affordable compact digital in- 
formation storage system. Present approach- 
es rely on wavelength doubling of high- 
power red lasers. They are bulky and expen- 
sive, and thus, compact coherent sources 
emitting at  the wavelength of interest are 
preferable. Although 11-VI compound semi- 
conductors. such aszinc selenide (E- = 2.67 

' Y  

eV) and its pseudomorphic ternary and lat- 
tice-matched quaternary alloys, have led to 
the demonstration of 490-nm diode lasers 
124), thev suffer from several weaknesses. , . .  , 

For example, ZnSe has low thermal conduc- 
tivity and thus poor thermal stability, large 
ohmic contact resistances, and a low damage 
threshold, making lifetimes of these devices 
very short. Moreover, shorter wavelengths 
in the ultraviolet, which are ou.tside the 
reach of Dresent ZnSe-based devices, would 
be better for higher density. 

Conclusions 

Researchers have made great strides in re- 
cent years in  fabricating LEDs from GaN. 
T h e  use of nitrides ~ a v e d  the wav for the 
attainment of blue emitters having longev- 

ity and luminous performance acceptable 
for outdoor display applications. These de- 
velopments are in part possible because of 
the innate bond strength of this material 
svstem in that the eeneration and mobilitv " 

of killer defects during operation is low. 
In order to obtain reliable lasers for dig- 

ital recording applications, researchers must 
reduce the structural defect concentration, 
which currently runs in the 10' to 10" 
cmP2 range, by innovative defect control 
coupled' with appropriate advances in sub- 
strate development and deposition. The  
blue emission of Nichia LEDs has a s~ec t ra l  
width of several hundred millielectron 
volts. These LEDs take advantage of the 
deep, acceptor-like states of Mg or Zn (or 
both). Whether this deep-level nature will 
suit the diode laser, which requires popula- 
tion inversion for gain, should be addressed. 
Although hydrogen was identified as the 
critical compensating agent for the growth 
of p-GaN, the role of the hydrogen-free 
environment has not yet been fully estab- 
lished. T h e  ~rob lems  with p-type doping, 
particularly using the MBE technique, are 
still far f y m  being completely resolved. 

All these and other issues to the afore- 
mentioned problems are being vigorously 
explored. In a few short years time, it is 
expected that many advantages offered by 
nitrides will come to fruition. In short, the 
light emitters based on GaN and its allied 
alloys are extremely bright and so is the 
future for this ubiquitous material system. 
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