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Gal-xlnxAs epitaxial layers have been deposited on GaAs 
substrates using the technique of organometallic pyrolysis 
(metalorganic chemical vapour deposition). The deposition 
was performed in a laminar flow, resistively heated, 
reactor. Both n and p-type (I017-I018 carriers/cm 3) 
epitaxial layers, several microns thick,were prepared, 
with values of x in the range 0 ~ x ~ 0.3. Epitaxial 
layer characterisation was carried out using conventional 
electrical, optical and x-ray techniques. Restricted 
emitting area (50-75 ~m diameter) zinc-diffused LED's 
were prepared in ungraded epitaxial layers with emission 
spectral peaks in the range 0.9 - 1.15 ~m. External 
quantum efficiencies of these devices decreased rapidly 
with increasing x, from ~0.4% for GaAs LED's to~0.02% 
for Gao.751no.25As LED's. 

Key words: Organometallic pyrolysis, Metalorganic CVD 
Gal_xlnxAs, Epitaxial growth, LED's. 

Introduction 

There is considerable current interest in the develop- 
ment of semiconductor materials for device applications 
for long-wavelength opt ica l - f ibre communication systems ( I ) .  
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Both ternary and quaternary I I I -V  compound al loys can be 
ta i lored to produce the required device materials, with 
optoelectronic properties appropriate to specif ic wave- 
length ranges (2). In th is area the major concentration 
of e f fo r t  for l i gh t  sources is on the development of 
p-n junction lasers based on lattice-matched GalnAsP 
quaternary al loys (3). LED's made from this (4) and 
other a l loy systems can of fer  some short term advantages, 
par t i cu la r l y  in the area of device r e l i a b i l i t y .  Alterna- 
t ive al loys for LED and detector applications can be 
formed from the ternary system Ga-ln-As, and devices 
made from th is ternary can, in pr inc ip le ,  cover the 
wavelength range 0.9 - 3.4 um. In recent years both high 
in tens i ty  LED's, 1.06 um emission (5),  and e f f i c i en t  
avalanche photodiodes, sensit ive in the range 1.0 - 1.6 ~m 
(6),  have been reported. This ternary a l loy system is the 
subject of the present invest igat ion. 

Epitaxial layers of Gal_xln~As, suitable for device 
applications~ have been preparea on GaAs substrates by 
chemical vapour deposition (CVD) (5), molecular beam 
epitaxy (7), and liquid-phase epi taxial  (LPE) techniques 
(8). Because of the lattice-mismatch between the 
Gal_xlnxAs and the substrate (~a/a ~2% for x ~0.3)  i t  is 
generally necessary to grade the epi taxial  layer to i ts  
f ina l  required composition in order to minimise the 
dislocations generated by the mismatch. Although this 
is re la t i ve ly  easy to accomplish with the CVD technique, 
i t  is d i f f i c u l t  with LPE. Unfortunately, CVD requires 
the simultaneous control of a number of independent 
temperature zones in the deposition furnace and is generally 
more complex than LPE. However, the more recently 
developed vapour phase technique based upon organometallic 
pyrolysis (OMP) (9) retains the capabi l i ty  to control the 
composition of the epitaxial  layer, while only requir ing 
the control of one heated zone. Furthermore, since there 
is no requirement for equ i l ib ra t ion of the car r ie r  gas 
system with heated sources, sharper compositional changes 
should be possible than with CVD. 

Since the pioneering work of Manasevit (9) on OMP, 
i ts  potential for  the production of high qual i ty  I I I -V  
compounds and al loys has been convincingly demonstrated. 
Device qual i ty  material for  such diverse applications 
as GaAs FET's ( I0 ) ,  GaAIAs-GaAs solar cel ls (11,12) and 
GaAIAs DH lasers (13,14) has been produced in recent years. 
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In this paper we report the results of the preparation of 
Gal_xlnxAs (x ~ 0.3) epi taxial  layers on GaAs substrates 
by OMP. These layers have been used in the preparation 
and evaluation of homojunction LED's emitt ing in the 
wavelength range 0.9 - 1.15 um. 

Materials Preparation 

a) Organometallic Pyrolysis (OMP) Deposition System 

The basic reaction used in the organometallic 
pyrolysis deposition of I I I -V  semiconductors involves 
the simultaneous thermal decomposition of an organo- 
metal l ic  compound containing a group I I I  element (e.g. 
Trimethylgall ium; TMG) together with a group V hydride 
(e.g. Arsine; ASH3) in a gaseous environment (15). 
Chemically the reaction for the formation of GaAs by the 
pyrolysis of TMG and AsH3 can be wr i t ten as: 

(CH3)3Ga + AsH 3 ~ GaAs~+ 3CH4 "A ( I )  

Similar reactions can be wr i t ten for the formation of 
most of the I I I -V  compounds, but the necessary gas phase 
concentrations and decomposition temperatures for optimal 
epi taxial  growth w i l l  vary from compound to compound. Of 
par t icu lar  in terest ,  however, is the s i tuat ion when 
there is more than one group I I I  organometallic present 
in the deposition zone, since this enables I I I -V  compound 
alloys to be formed. By varying the re la t ive  concentrations 
of the two elements in the gaseous phase one can, in 
pr inc ip le ,  vary the resul t ing a l loy compositions at w i l l  
throughout the whole of an al loys existence range. In 
pract ice, competing side reactions, ignored in Eq. I ,  may 
l im i t  the range of al loys that can be easi ly prepared. 
The work reported in this paper fol lows from the i n i t i a l  
work of Manasevit (16) and Baliga and Ghandi (17) on the 
GaAs-lnAs al loy system. Triethyl indium (TEl) and TMG 
were used as the sources of group I I I  elements, which 
together with AsH 3, enabled a range of Gal-xlnxAs al loys 
to be prepared. A schematic of the apparatus used is 
shown in Figure I .  TMG and TEl vapour were picked up by 
high pur i ty  Pd-diffused hydrogen which was bubbled 
through the l iqu id ,  semiconductor grade~ organometallics. 
Because of the high vapour pressure of TMG i t  was necessary 

*Alfa-Ventron Corporation 



604 Noad and SpringThorpe 

to cool i t s  bubbler to O~ Even wi th  t h i s  cool ing,  
however, very low gas flows were required ( I -3  cm3/min), 
which necessitated the use of mass-flow con t ro l l e rs  to 
ensure reproducible growth rates and a l l oy  composit ions. 
Since the vapour pressure of TEl is low at 30OK, much 
higher c a r r i e r  gas f low rates were required (100-500 cm3/min) 
and i t s  bubbler could be maintained at room temperature. 

E lec t r i ca l  doping was obtained using d i e t h y t e l l u r i d e  
(DET)t as a 9 ppm mixture in high p u r i t y  hydrogen for  
n-type samples, whereas p-type doping was achieved by 
the add i t ion  of d i e thy l z i nc  (DEZ) from a l i q u i d  source. 
In the case of the DEZ i t  was also necessary to cool i t s  
bubbler to -16~ to enable values of N in the range 
5xlO ]7 - 1019 cm-3to be obtained, a 

In add i t i on ,  the react ing gas mixture was d i lu ted  by 
mixing i t  w i th  a large excess of hydrogen (,--5 I /min)  p r i o r  
to i t s  enter ing the react ion zone. A complicat ion ar ises 
because of the react ion of TEl wi th AsH 3 at ambient 
temperatures (17). This react ion leads to the formation 
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Figure 1. 0MP Deposit ion System Schematic. 
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Figure 2.  Detai l  of  OMP Heater Assembly and Deposit ion 
Zone. 

of  non -vo la t i l e  organometal l ic o i l s  which s i g n i f i c a n t l y  
deplete the gas stream of TEl. In order to overcome th i s  
d i f f i c u l t y  the TEl gas stream entered the reactor  through 
a separate i n l e t  tube and was mixed wi th the other gases 

~4 cm before enter ing the heated zone. Even so th i s  
s t i l l  led to some deplet ion of  the TEl, which was 
observable as a yel lowish-brown deposit  on the cold wal ls 
of  the reactor .  

The py ro lys i s  of the gas mixture was achieved by 
passing i t  over a heated, angled (8 ~ ) carbon block on 
the surface of which pol ished GaAs substrate c rys ta l s  
were placed. Deta i ls  of  the deposi t ion zone and heater 
assembly are shown in Figure 2. Unlike most other 
deposi t ion systems (15,16,18-20),  heating of the deposi t ion 
zone was carr ied out i n d i r e c t l y  by means of an ex te rna l ,  
f l a t ,  carbon meander resistance heater. 900 W power 
d i ss ipa t i on  in t h i s  heater was s u f f i c i e n t  to ra ise the 
upper surface of the angled carbon block to a tempera tu re  
of~800~ Excel lent  temperature un i fo rm i ty  was obtained 
over an area o f ~ l O  cm 2 and the temperature could be 
cont ro l led  to be t te r  than •176 

The gas mixture was constrained to f low in an essen- 
t i a l l y  laminar manner over the surface of the angled 
block by means of  a quartz ba f f le .  The spacing from the 
carbon block at the rear of the ba f f le  was lower than at 
the f ron t  which resul ted in a concentrat ion of the gas 
mixture towards the rear ,  and compensated, to some ex ten t ,  
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for  material deplet ion. This enabled more uniform 
thickness, homogeneous composition, layers to be prepared. 

b) GaAs Epitaxial  Growth 

I n i t i a l  experience with the OHP deposit ion system 
was obtained by establ ishing the condit ions for  the growth 
of GaAs on Si-doped (n-type) andCr-doped (semi- insulat ing)  
(I00) GaAs substrates. In common with previous reports 
of OMP-GaAs i t  was observed that both the surface mor- 
phology and the e lec t r i ca l  propert ies of the grown layer 
were strongly dependent on the re la t i ve  amounts of 
gall ium and arsenic present in the gas stream (20-23). For 
[As]/ [Ga] ~ 4-6:1 the undoped layers were p-type with a 
re la t i ve l y  poor surface. However, as the ra t io  was 
increased beyond 8:1 the layers became n-type with an 
essent ia l l y  featureless surface morphology. The lowest 
values of undoped car r ie r  concentration (~lOZScm-3),to - 
gether with the smoothest epi tax ia l  surfaces,were found 
for  [As]/ [Ga] ra t ios  of ~12:1. Optimum growth temperature 
for  GaAs was in the range 675 - 725~ Typical growth 
condit ions for  an undoped layer were a flow of 3.0 cm3/min 
of H2 through the TMG bubbler (O~ 66 cm3/min AsH3 
(5% in H2), a d i l u t i ng  ca r r ie r  gas f low of 2.5 I/m]n H 2 
and a growth temperature of 700~ Under these condit ions 
growth rates were ~0.15 um/min. 

Excellent control over n-type doping was obtained 
using DET (9 ppm in H2) for  doping levels in the range 
5 x 1016 - 2 x I018 cm -3 Photoluminescence i n tens i t i es  
of typical  ep i tax ia l  layers at 300 K were comparable to 
those obtained from LPE GaAs of equivalent doping level .  
The high vapour pressure of DEZ made i t  d i f f i c u l t  to 
achieve very low acceptor levels.  Typica l ly ,  acceptor 
concentrations in the range 5 x I017 - 2 x I019cm -3 could be 
obtained. Nevertheless, i t  was possible to prepare abrupt 
p-n junct ion s t ructures,  with epi tax ia l  n and p layers 
(~3 ~m each). These s t ructures,  when fabr icated into 
large area LED's, had external quantum e f f i c ienc ies  as 
high as I%. Such values are comparable to those obtained 
for  conventional Zn-diffused LED's. 

On the basis of the above resu l ts ,  i t  was concluded 
that the OMP deposit ion system was capable of y ie ld ing  
epi tax ia l  GaAs of optoelectronic device qua l i t y .  By adding 
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an indium source (TEl) the invest igat ion was then extended 
to the preparation and evaluation of GalnAs al loy 
structures. 

c) Gal_xlnxAs Epitaxial Growth 

The deposition conditions established by Baliga and 
Ghandi (17) were used as a star t ing point for  th is 
invest igat ion,  and epitaxial  layers of Gal_xlnxAs were 
prepared with values of indium f ract ion (x) in the range 
0-0.3. Because of flow capacity l imi ta t ions of the 
hydrogen pu r i f i e r ,  a lower flow of d i lu t ing  car r ie r  gas 
was used ~51/min),  but th is did not af fect  the optimum 
deposition temperature of~600~ As with the previous 
work (17) a l inear relat ionship between the TEl bubbler 
flow rate and x was found, Figure 3, for a f ixed flow 
rate through the TMG bubbler. However, the l ine in 
Figure 3 is displaced from the or ig in  bye80 cm3/~lin TEl flow. 

== 
c -  

i i 

Composition - vs - TEl bubbler flowrate @ 25~ 

30 -TMG = 2.0cc/minat0~ 
AsH 3 66 cc/min 

20 

10 

H 2 = 5 I/min ~ /  

/ 

0 100 200 300 

TEl bubbler flow rate (cc/min) 

Figure 3. Indium Content of Epitaxial Layers as a Function 
of TEl Bubbler Flow Rate. 
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Figure 4 .  Gal_xlnxAs Ep i tax ia l  Layers on ( I00) GaAs. 

This displacement is  a t t r i b u t a b l e  to the loss of TEl by 
react ion wi th AsH 3 before the gas mixture entered the 
deposi t ion zone:-as mentioned before, the products of  t h i s  
react ion are v i s i b l e  as a yel lowish-brown deposit  on the 
up-stream wal ls of  the reactor .  To reduce th i s  loss is 
would be necessary to increase the c a r r i e r  gas f low s i gn i -  
f i c a n t l y  and/or place the e x i t  of the TEl c a r r i e r  tube 
closer to the heated zone. 

For the deposi t ion condi t ions described in Figure 3, 
t yp ica l  growth rates were 0.035-0.045 um/min and 4 ~m 
layers were grown over a two hour period for  evaluat ion 
purposes. A d d i t i o n a l l y ,  they were usual ly  doped n-type 
at the 5 x 1017 - I0 Is ca r r i e rs  cm -3 leve l .  
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The surfaces of the grown layers were general ly 
mirror  smooth to the naked eye. However, on microscopic 
examination the typical  orthogonal [ I I 0 ]  cross-hatch 
network due to mismatch d is locat ion could qeneral ly be 
seen. Typical surfaces for  (I00) or ien ta t ion  epi tax ia l  
layers are shown in Figure 4. With increasing indium 
content the epi tax ia l  surfaces also became microscopical ly 
rougher, Figure 4 c). This tendency towards rougher 
surfaces could be reduced, to a cer ta in extent,  by growing 
on o f f -o r i en ta t i on  substrates. The optimum misorientated 
substrate surface, in common with the vapour-phase 
deposit ion of many semiconductor mater ia ls ,  was found to 
be 2-3 ~ from (100) towards (110); a value of 3 ~ o f f  was 
selected for  the major i ty  of ep i tax ia l  growth runs. 
The improvement in surface qua l i t y  due to the use of 
misoriented substrates can be seen in the upper photographs 
of Figure 5; the two crys ta ls  in the f igure were prepared 
simultaneously, s ide-by-s ide,  in the same deposit ion run. 

U n g r a d e d  laye~ 
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Figure 5. In As Epitaxial  Layers Comparison of Gal_ x x 

a) 3 ~ o f f -o r ien ta t ion ,  b)on-or ienta t ion,  
c) step-graded layer on 3 ~ o f f  o r ienta t ion GaAs. 
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Attempts were also made to reduce the m is f i t  d is locat ion 
density by preparing step-graded layers (2). The resu l ts  
of one of these attempts is shown as the lower photo- 
graph in Figure 5. For th is  pa r t i cu la r  crystal  the surface 
composition (x ~ 0.18) was arr ived at a f te r  f ive steps 
with Ax ~ 0.03, and a f ina l  layer of p-type Gao.821no.18As 
was also deposited. There is some reduction in m is f i t  
d is locat ion density for  th is  s t ructure when compared to 
the ungraded layer in the upper photograph of Figure 5. 
I t  is recognized that s ign i f i can t  fu r ther  reductions in 
m is f i t  d is locat ion density w i l l  necessitate the deposit ion 
of step-graded epi tax ia l  layers with more c losely spaced 
steps; e.g. ~x ~ O.Ol/~m (5). However, for  the low growth 
rates present ly at ta ined,  p roh ib i t i ve l y  long deposit ion 
runs are required for  x ~ 0. I0.  Consequently, the 
major i ty  of ep i tax ia l  layers deposited in th is  inves t i -  
gation did not benef i t  from step-grading. 

Epitaxial  Layer Character isat ion 

Composition - x 

The epi tax ia l  layer compositions were determined 
using a var iety  of methods. These included photo- 
luminescence, opt ical  transmission, e lect roref lectance 
and x-ray d i f f ractometry .  The opt ical  methods used 
provided a measure of the d i rec t  bandgap (Eg) of the 
a l loys and were general ly in excel lent  agreement with 
one another. Photoluminescence i n tens i t i es  for  GaAs 
epi tax ia l  layers were essent ia l l y  the same as those 
obtained for  LPE material of comparable doping level .  As 
the indium content of the al loys was increased, however, 
the photoluminescence in tens i t i es  increased above the 
value for  GaAs. This may have been due to the rougher 
surfaces of the a l loys enabling a more e f f i c i e n t  
extract ion of the luminescence, but may also be due to a 
reduction in the surface recombination with increasing 
indium content. 

In order to convert the measured Eg values to a l loy  
composition i t  was necessary to assume a form for  the 
var ia t ion of Eq with x. Although Eg values are well 
establ ished for  GaAs and InAs, there is s t i l l  some 
uncertainty as to the var ia t ion of Eq with x. From 
photoresponse measurements on electr61yte - GalnAs 
junct ions,  formed on epi tax ia l  O~IP epi tax ia l  layer 
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surfaces, Baliga et al (26) suggest the s t r i c t l y  l inear  
re la t ionsh ip  

E = 0.36 + 1.005 ( l - x ) .  (2) g 

Nahory et al (27), however, derive a quadratic re la t i on -  
ship of the form 

E = 0.36 + 0.629 ( l - x )  + 0.436 ( l - x )  2- g 
(3) 

from photoluminescence data obtained on LPE mater ia l .  
Thus very large di f ferences in x can ar ise in choosing 
between the l inear  and quadratic var ia t ions in Eg. 

I t  is well establ ished that the var ia t ion of 
l a t t i c e  parameter (ao) of Gal_xlnxAs al loys is l inear  in 
x (23). Thus x-ray d i f f r ac t i on  measurements of ao should 
enable unambiguous compositional assignments to be made. 
Unfortunately,  l a t t i c e  deformation resu l t ing from 
e las t i c  s t ra in  and m is f i t  deformation (25) can make 
precise a o measurement d i f f i c u l t  to obtain. Nevertheless, 
approximate value of a o could be obtained, and these 
were combined with the opt ical  Eg value to generate 
Figure 6. In the f igure the sol id  l ines are the l inear  
and quadratic var ia t ions of Eg with x. I t  is c lear that 
the experimental points fo l low the quadratic form and 
hence, compositional assignments could be made using 
Eqn. 3. 

E lect r ica l  Properties 

E lect r ica l  character isat ion was carr ied out on 
single ep i tax ia l  layers which were deposited on on- 
or ienta t ion (I00) Cr-doped GaAs substrates. A conventional 
van der Pauw geometry was used with al loyed Sn and 
In-5%Zn contacts for  n- and p-type layers respect ively.  

The e f f i c iency  of incorporat ion of the doping 
elements (Te and Zn) was found to be essent ia l l y  the 
same as for  GaAs: i .e .  for  the same gas flows from the 
doping sources s imi lar  doping levels were obtained. 
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Since LED appl icat ions required ca r r ie r  concentrations 
~5 x I017cm -3, l i t t l e  work was carr ied out on undoped 
layers. However, those that were prepared were n-type, 
with ca r r ie r  concentrations (Nd) of 5 x I016cm -3 and 
mobi l i t ies  of -5000 cm2/volt sec at 300 K. 

In ten t iona l l y  doped n-type layers (x ~ 0.3) were 
prepared with N d in the range 5 x 1017 - 2 x lO~Scm -3 
These, 3-4 um th ick ,  layers had 300 K mobi l i t ies  of 
2500-3500 cm2/volt sec.; values which are considerably 
higher than the f igures reported by Baliga and Ghandi 
(17) for  undoped OMP Gal_xlnxAs layers ( I -2  um th ick ) .  
The var ia t ions of mobi l i ty  with a l loy  composition for  
n-type epi tax ia l  layers is i l l u s t r a t e d  in Figure 7. In 
the f igure,  mobi l i t y  values have been normalised to a 
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c a r r i e r  concentrat ion of 5 x 7017cm -3. I t  has also been 
assumed that  the mob i l i t y  va r i a t i on  wi th c a r r i e r  concen- 
t r a t i o n  is e s s e n t i a l l y  the same as tha t  fo r  GaAs (28,29).  
With t h i s  assumption the mob i l i t y  was found to be 
essen t i a l l y  independent of  x,  in agreement wi th work on 
CVD Gal_xlnxAs by Glicksman et al (30) but,  again, contrary 
to the data of  Baliga and Ghandi (17). 

The e l ec t r i ca l  cha rac te r i s t i c s  of  p-type s ingle 
ep i t ax i a l  layers (x ~ 0.3) were s im i l a r  to those of 
GaAs; e.g. a typ ica l  layer  wi th x ~ 0.2 and N a -  5x1OlScm -3 
had a hole mob i l i t y  of  80 cm2/volt  sec. 

Gal_xlnxAs Homojunction LED's 

Fabr icat ion 

p-n homojunction LED st ructures were prepared in two 
ways; 

Figure 7. 

i )  by growth of  a p-type e p i t a x i a l  layer on top 
of n-type Gal_xlnxAs in the same deposi t ion run, 
and 

i i )  by d i f f u s i o n  of Zn in to -n - t ype  Gal_xlnxAs. 
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The Zn-di f fus ion technique was used to prepare res t r i c ted  
emitt ing area LED's compatible with opt ical  f i b re  core 
dimensions, whereas the grown p-n junct ions were 
evaluated as large area devices. Since the resu l ts  for  
both were qua l i t a t i ve l y  s imi la r ,  only the Zn-diffused 
devices w i l l  be described in de ta i l .  

Au/Ge F shallow etched well 

7- 
GaAs 

SiO 2 

L': ~."- :'.":.'i~ ;;~-;,'-:-..'/:~:.:"::,';! # 
Z~-diffusion 

~-Gal_ xlnxAs 

- -  Au heat sink 

Figure 8. 

Cross-section of 
Zn-diffused LED 
s t ruc ture .  

A cross-sect ional representat ion of the Zn-diffused 
device is shown in Figure 8, and is bas ica l ly  s imi lar  
to that  of the Burrus LED st ructure (31). However, since 
the substrate material is essent ia l l y  transparent to the 
emission from the a l loys ,  for  x > 0.05, i t  was not 
necessary to etch a deep hole in the n-side of the 
devices. Although a hole, 50-75 ~m deep, was general ly 
etched to ass is t  with f ib re  locat ion.  

Z inc-d i f fus ion was carr ied out at 600~ ~hrough 50- 
75 um diameter windows photoengraved in 2000 A of CVD 
SiO 2 deposited on the Gal_xlnxAs epi tax ia l  surface. A 
semi-sealed (box) d i f fus ion capsule (32) was used, with 
a charge composed of 33% Zn in gal l ium, together with 
an equivalent quant i ty  of crushed po lyc rys ta l l i ne  GaAs. 
Because of the rapid increase in the Zn-di f fus ion 
coe f f i c ien t  with increase in x (33), i t  was necessary 
to ind iv idua l l y  adjust the d i f fus ion  times (0.5 - 2 hr . )  
in order to produce a junct ion approximately at the mid- 
point of each epi tax ia l  layer (1.5 - 2 ~m deep). 

Although the described technique was adequate for  
providing devices for  i n i t i a l  evaluation purposes the 
devices, so produced, cannot be considered to have been 
optimised in any way. 
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Evaluation 

Conventional emission spectra, current-vol tage 
(I-V) and l i gh t  output-current  (L- I )  data were obtained 
for  the diodes. Emission spectra of some representat ive 
LED's are shown in Figure 9. However, they have not 
been corrected for  the response of the S1 photocathode. 
For corrected spectra, the spectral width increased from 
~500 ~ for  low values of x to~lO00 ~ for  x = 0.25 
(1.15 um spectral peak). (The narrow spectrum of the 
GaAs device in Figure 9 is due to internal  absorption of 
t h e s h o r t  wavelength side of the emission by the 
substrate).  Bandgap values, for  the a l loys,  derived from 
the corrected spectral peaks, agreed well with those 
obtained from photoluminescence, opt ical  transmission and 
e lect roref lectance measurements on the same epi tax ia l  
layers before device processing. 

Log-log L-I charac te r is t i cs  of two typical  LEDs are 
shown in Figure I0, one of which was prepared from GaAs 
and the other from Ga 0 831no.17As (1.04 ~im emission). 
At high current levels 'both diodes have an approximately 
l inear  L-I re la t ionsh ip ,  with near uni ty slope. This 
corresponds to a regime in which ca r r i e r  in jec t ion  
across the space-charge layer (SCL) dominates current 
f low and there is a one-to one correspondence between 
injected charge and l i gh t  emission; however, only a 
small f rac t ion  of the in jected car r ie rs  recombine 
rad ia t i ve ly .  As the current is decreased, the slope of 
the log- log L-I charac te r i s t i c  increases and approaches 
a value of two at low current levels.  Following Kressel 
and But ler (34); i f  non-radiat ive recombination due to 
defects wi th in the SCL dominates current f low, a 
current dependence of the form I ~ exp(eV/2KT) resu l ts .  
However, the l i gh t  output remains proport ional to 
ca r r ie r  in~ection across the SCL, varying as L ~ exp(eV/KT). 
Hence, L~I z and a log- log LI p lo t  w i l l  have a slope of 
two. The curve corresponding to the Gao.831no.17As LED 
in Figure I0 c lear ly  i l l u s t r a t e s  the two regimes. For 
currents ~I00 ~ the l i g h t ~ u t p u t  is proport ional to the 
current.  The slope is less than uni ty ,  and th is  
may re f l ec t  non-radiat ive recombination at defects outside 
the SCL. Below I00 mA, however, the ef fects of defects 
in the SCL become apparent. For currents less than 
30 mA the slope of two is seen. The ef fect  of defects is 
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much less apparent for the GaAs device in Figure I0 and 
the slope of two is only seen at much lower current 
levels than are represented in the diagram. 

External quantum ef f ic iences (n) of the devices 
were measured with a cal ibrated Si -so lar  cel l  placed 
in close proximity.  Measured values of q decreased 
rapid ly  with increasing x for current levels in the 
uni ty  slope range of Figure 10. For GaAs (x = O) 
typical  values of n were in the range 0.3 - 0,4%; a 
somewhat lower f igure than that obtained for broad-area 
devices because of absorption in the substrate. Whereas 
for x = 0.25 n was~O,02% for the best devices. 

Values of n for the al loys were s i g n i f i c a n t l y  lower 
than those obtained for  CVD material (35). This was due 
undoubtedly, in part,  to the lack of grading in the 
ep i tax ia l  layers and the associated high defect densi t ies.  
A close examination of the p-n junct ion in cleaved 
sections through the LED's showed a s ign i f i can t  number 
of narrow, l ~m wide, d i f fus ion spikes penetrating 2-3 
times deeper than the envelope of the main d i f fus ion 
f ront .  The spike density increased with increasing x 
and, in many cases, the spikes terminated at the substrate 
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epitaxial  layer interface. Thus, i t  is not surprising 
that the device ef f ic iencies were low, since the major 
deviations from the planar junction interface would 
contr ibute s ign i f i can t l y  to non-radiative leakage 
currents. Improvements in junct ion p lanar i ty  can be 
expected in care fu l ly  graded structures, and th is should 
resul t  in higher ef f ic iency devices. 

In spite of the high defect densit ies and low device 
ef f ic iencies prel iminary 300 K l i f e  test ing at 2KA/cm 2 
established device l i fe t imes in excess of several 
hundred hours. These results of fer  some encouragement 
in ant ic ipat ing that improved optimised device structures 
prepared from OMP material w i l l  have acceptable l i fe t imes 
for systems appl icat ions. 

Conclusion 

Epitaxial layers of Gal_xlnxAs, with reasonable 
e lect r ica l  and optical propert ies, can be deposited on 
(I00) GaAs substrates using the technique of organo- 
metal l ic pyrolysis.  Homojunction, z inc-di f fused, LED's 
prepared in such epi taxial  materials have decreasing 
external quantum ef f ic iencies with increasing indium 
content. This decrease can be at t r ibuted to the lack of 
grading in the epitaxial  layers, which results in high 
defect densit ies in the junct ion region. To prepare 
graded structures w i l l ,  however, involve increasing the 
present low growth rate so that suitable grading schemes 
can be implemented in acceptable deposition times. 
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