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In~_xGaxP has  been p r epa red  over  the en t i r e  al loy sys t em by an ep i tax ia l  va po r - pha se  growth 
technique.  The energy  gap dependence on a l loy composi t ion  for these l a y e r s  has  been de t e r -  
mined  by optical  absorp t ion ,  S c h o t t k y - b a r r i e r  pho toresponse ,  and e l e c t r o l u m i n e s c e n c e  m e a s -  
u r e m e n t s .  These m e a s u r e m e n t s  indicate  a non l inea r  dependence of the (direct)  conduction band 
m i n i m u m  on In~_xGaxP compos i t ion ,  and a d i r e c t - i n d i r e c t  energy  gap c r o s s o v e r  at 2.20 ev and 
70 pet GaP at room t e m p e r a t u r e .  Z inc -d i f fused  p-n junc t ions  have been fo rmed  in the In~_xGaxP 
l a y e r s ,  and have been found to be r e a s o n a b l y  we l l -behaved  in r ega rd  to the i r  I -V and C-V char -  
a c t e r i s t i c s ,  and their  photoresponse .  The e l e c t r o l u m i n e s c e n t  e m i s s i o n  spe c t r a  contain a n a r r o w  
h igh -ene rgy  n e a r - b a n d g a p  peak, but are  f requent ly  dominated by l o w - e n e r g y  impur i t y  peaks .  F o r  
i nd i r ec t -bandgap  a l loys ,  impur i ty  peaks lie approx ima te ly  0.25 and 0.5 ev l e s s  than bandgap.  A 
th i rd  peak is  found at an ene rgy  of 1.30 to 1.35 ev independent  of compos i t ion ,  for ~c > 0.4. 

REPORTS that the energy  band s t r uc tu r e  of In ,_xGaxP 
i s  d i rec t  to e n e r g i e s  as  high as 2.20 ev make this m a -  
t e r i a l  pa r t i cu l a r l y  a t t rac t ive  for e l e c t r o l u m i n e s c e n t  ap- 
p l ica t ions ,  spontaneous  and coheren t ,  over  a large por -  
t ion of the v i s ib le  spec t rum.  However ,  d i f f icul t ies  in 
m a t e r i a l  p repa ra t ion  have hampered  a detai led i n v e s t i -  
gation of this  al loy sy s t em,  and only in r ecen t  y e a r s  
have single c r y s t a l s  of In l -xGaxP  been p repa red .  In 
addit ion,  the energy  gap dependence on al loy compos i -  
t ion has been repor ted  to be quite d i f fe rent  by d i f fe ren t  
r e s e a r c h e r s ,  Hi l sum and P o r t e o u s  x and Rodot et al. 2 
r epor t ing  a l i nea r  dependence of the d i r ec t  conduct ion 
band m i n i m u m  on composi t ion ,  and Lorenz  and Onton 3 
r epo r t i ng  a s ign i f ican t  devia t ion f rom l inea r i t y .  

In the p r e sen t  paper  we desc r ibe  the p r epa ra t i on  of 
s i n g l e - c r y s t a l  Inl_~GaxP l aye r s  over  the en t i r e  al loy 
sys t em by an ep i tax ia l  vapo r -phase  growth technique.  
These  l aye r s  have been evaluated e l e c t r i c a l l y  and opti-  
ca l ly  to de te rmine  their  ene rgy  gap dependence on a l -  
loy composi t ion.  In addit ion,  p-n junc t ions  have been 
fo rmed  in the In l_xGaxP l aye r s  in o r d e r  to evaluate  
the quali ty of the junct ions  and the e l e c t r o l u m i n e s c e n t  
potent ia l  of the v a p o r - g r o w n  m a t e r i a l .  Deta i l s  of the 
c ry s t a l  growth, m a t e r i a l  c h a r a c t e r i z a t i o n ,  and junct ion 
eva lua t ion  a re  d i scussed  in the sec t ions  below. 

MATERIAL PREPARATION 
AND CHARACTERIZATION 

The appara tus  used to p repare  the Inl_xGaxP a l loys  
used here  is a modif ied v e r s i o n  of that desc r ibed  by 
T ie t j en  and Amick,  4 and is  shown schema t i ca l l y  in Fig .  
1. The p r inc ipa l  modif ica t ion  is the use of separa te  
quar tz  tubes for the me ta l  sou rces .  In addit ion,  the 
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source  zone has  been doubled in length.  These  changes 
al low independent  cont ro l  of the t e m p e r a t u r e  and the 
HC1 concen t ra t ions  at each me ta l  source .  The sub-  
s t r a t e s  used in this work were  (100)-or iented  GaAs,  
which were  chemica l ly  pol ished with b r o m i n e - m e t h a n o l  
and K a r o ' s  acid p r io r  to i n se r t i on  into the growth sys -  
t em.  The hydrogen c a r r i e r  gas was pa l l ad ium-d i f fused  
to r emove  con taminan t s .  The m e t a l s ,  HC1, and phos-  
phine gas (diluted to 5 to 10 pct in H2) were  the pu re s t  
c o m m e r c i a l l y  ava i lab le ,  and were used without fu r the r  
pur i f ica t ion .  The deta i led e x p e r i m e n t a l  p rocedu re s  and 
appara tus  used here  are  c lose ly  s i m i l a r  to those p re -  
v ious ly  repor ted ,  4 and wil l  not  be repea ted .  

We have inves t iga ted  the inf luence of the source ,  m i x -  
ing, and deposi t ion zone t e m p e r a t u r e  on the alloy compo-  
s i t ion.  Only the t e m p e r a t u r e  of the deposi t ion zone was 
found to s t rong ly  affect  the al loy composi t ion .  With all  the 
other  v a r i a b l e s  cons tant ,  a dec rease  in the deposi t ion 
t e m p e r a t u r e  causes  a dec rea se  in the amount  of gal l ium 
in the Inl_xGaxP al loy,  as  shown in F ig .  2. We should 
men t ion ,  however ,  that va r y i ng  the deposi t ion  t e m p e r a -  
ture  over  the range  shown in Fig.  2 s ign i f ican t ly  a l t e r s  
the sur face  appea rance  of the ep i tax ia l  l a y e r s ,  and is  
the re fore  not a p r ac t i ca l  method for  con t ro l l ing  the 
In l_xGaxP al loy compos i t ion .  For  mos t  of the work r e -  
ported he re ,  the deposi t ion zone was held at 750~ 
while the gal l ium and indium sou rces  were ma in ta ined  
at 850 ~ and 950~ r e spec t ive ly .  F o r  these condi t ions ,  
growth r a t e s  between 12 and 25it per  h r  were  typical ly  
found. The epi tax ia l  l a y e r s  were  gene ra l ly  25 to 100t~ 
thick.  

As expected,  the ra t io  of HC1 flow over  the two me ta l  
sou r c e s  is  of p r i m a r y  impor t ance  in e s t ab l i sh ing  the 
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Fig. 1--Schematic diagram of growth system used for vapor- 
phase deposition of hal_xGaxP. 
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Fig. 2--In~_xGaxP alloy composition vs deposition tempera- 
ture. All other growth parameters were held constant. 
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Fig. 3--Inl_xGaxP alloy composition vs the fraction of the to- 
tal HC1 flow over the gallium source. Composition variations 
produced by changing the phosphine flow rate and by elimina- 
ting the use of a mixing bulb (for diluting the HC1) are also 
shown. 

composi t ion  of the al loy,  as shown in Fig.  3. Note here  
the rapid  change in al loy compos i t ion  for  sma l l  changes 
in the HC1 ra t io .  This  behavior  is  not  unexpected con- 
s i d e r i n g  the g r ea t e r  re la t ive  s tab i l i ty  of InC1 to GaC1 
in the t empe ra tu r e  range  of this  work.  The rapid v a r i -  
a t ion of compos i t ion  with HC1 ra t io ,  however ,  makes  
the p rec i se  cont ro l  of the gas flows pa r t i cu l a r l y  i m-  
por tan t  for achieving homogeneous  a l loy compos i t ions .  
F o r  this  r e a s o n ,  a mix ing  bulb was s o m e t i m e s  used to 
dilute the HC1 with hydrogen in o r d e r  to more  ac-  
cu ra t e ly  cont ro l  the HC1 concen t r a t ions  over  the meta l  
sou rce s .  In l a t e r  e x p e r i m e n t s ,  a di luted source  tank of 
HC1 (10 pct) was used.  Note also in Fig.  3 that the 
Inx-xGaxP al loy compos i t ion  is  only weakly affected by 
r e l a t i v e l y  la rge  changes in the phosphine concen t ra t ion .  

One fac tor  affect ing the qual i ty  of the al loy l aye r s  is 
the lack of a sui table  subs t r a t e  for a l l  compos i t ions  of 
In~_xGaxP. The la t t ice  cons tan t  of the GaAs subs t r a t e  
ma tches  that of the In~_xGaxP epi tax ia l  l aye r  only for a 
compos i t ion ,  x = 0.51. In addit ion to the lat t ice cons tan t  
m i s m a t c h ,  d i f fe rences  in t h e r m a l  expans ion  coeff ic ients  
between the epi taxy and the subs t r a t e  wil l  in t roduce  
s t r a i n ,  and poss ib ly  defects ,  into the al loy layer .  We 
have seen evidence  for this  in the form of bowing of the 
e p i t a x y - s u b s t r a t e  composi te  af ter  r e m o v a l  of the wafer  
f rom the growth s y s t e m ,  the d i r ec t ion  of the bow being 
concave toward the subs t r a t e .  Removal  of the subs t ra te  
f rom the ep i tax ia l  layer  in some ca se s  has  also re su l t ed  
in seve re  c rack ing  of the ep i tax ia l  l aye r  along (110) 
c r y s t a l  p lanes .  These  condi t ions  undoubtedly cont r ibute  
to the low e l e c t r o l u m i n e s c e n c e  e f f i c ienc ies  obtained for 
these a l loys .  

Table I. Room Temperature Hall Mobilities and Carrier 
Concentrations for I nl-x Gax P 

Electron 
x Concentration, cm "a Mobility, sq cm v-see 

0.57 5 X 1017 600 
0.65 5 X 1016 500 
0.75 1 X 1017 92 

In spite of the warpage and c rack ing  diff icul t ies ,  it 
was poss ib le  to remove s e ve r a l  n - type  In~_xGaxP layers  
f rom thei r  subs t ra te  in suff ic ient  s ize to prepare  Hall  
m e a s u r e m e n t  s amples .  The r e su l t s  of Hall  m e a s u r e -  
ments  on three such s a mp l e s  with alloy composi t ion,  
x ,  equal  to 0.57, 0.65, and 0.75 are  shown in Table I. 
The r e l a t i v e l y  high mobi l i t i e s  for  the s amples  with x 
= 0.57 and x = 0.65 sugges t  that the conduction band 
s t r uc t u r e  in these a l loys  is  d i rec t .  Converse ly ,  the 
r e l a t i ve ly  low mobi l i ty  for the sample  with x = 0.75 
sugges ts  an ind i rec t  conduction band. It  should be noted, 
however ,  that the reduced  mobi l i ty  shown in Table I for 
x = 0.75 is  not conclus ive  evidence for ind i rec t -bandgap  
m a t e r i a l ,  s ince the high densi ty  of s ta tes  for the ind i rec t  
conduction band m i n i m a  could lead to reduced mobi l i t ies  
even though the zone cen te r  m i n i m u m  could be lowest in 
energy .  

In addit ion to undoped l a ye r s ,  which were  usual ly  
found to be n - type  in the 10 ~6 e l ec t rons  per  cu cm range ,  
Inl_xGaxP l aye r s  also were  p repared  with heavy n -  and 
p- type  doping by in t roduc ing  gaseous  H2Se and zinc (in 
a hydrogen c a r r i e r )  into the growth chamber .  P - n  
junct ion s t r u c t u r e s  also were p repared  en t i r e ly  f rom 
the vapor -phase  growth; however ,  their  diode charac-  
t e r i s t i c s  were usual ly  somewhat  in fe r io r  to those of 
z inc-d i f fused  Inl_xGaxP diodes,  as d i s cus sed  fur ther  
below. 

ENERGY BANDGAP DETERMINATION 

The alloy composition of each of a series of 
Inx_xGaxP epitaxial layers was determined by measur- 
ing the lattice constant by the Debye-Scherrer X-ray 
technique, and by assuming Vegard's relationship be- 
tween lattice constant and alloy composition. One of 
three different techniques was then used to determine 
the energy gap of each layer at room temperature. 

First, for several n-type vapor-grown layers, it was 
possible to chemically remove the GaAs substrate from 
the Inz_xGaxP epitaxial layer, thereby facilitating bulk 
optical absorption measurements on a Cary Model 14 
double-beam spectrophotometer. In these measure- 
ments, the dependence of the absorption coefficient on 
the photon energy was assumed to be of the form s 

= K(hv - Eg) ~ . [2] 

F o r  ind i r ec t -bandgap  a l loys ,  m was found to be about 2; 
however ,  because  of the s t eepness  of the absorpt ion  
edge, we could only a s c e r t a i n  that the p rope r  value of 
m l i e sbe tween  1/2 and l for the d i r ec t -bandgap  al loys.  
F o r  such d i rec t -bandgap  m a t e r i a l ,  the ext rapola ted 
e n e r g y - g a p  va lues  de t e rmined  by employ ing  e i ther  
m = 1/2 or  m = 1 lie within the energy  range  covered 
by the physica l  size of the data points  (c i rc les)  in 
Fig.  4, below. 
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Fig. 4--Energy gap at 300~ vs In]_xGaxP alloy composition. 
Direct-indirect transition occurs at 2.20 ev and 70 pct GaP. 

Photoresponse  m e a s u r e m e n t s  of S c h o t t k y - b a r r i e r  
diodes formed by evaporating a thin layer of gold onto 
n-type In~_xGaxP layers were also used for energy gap 
determination. This technique has been successfully 
applied to the GaAsz_xP x alloy system s and to AlAs and 
AISb 7 by Mead and Spitzer. The technique assumes that 
the magnitude of the photoresponse is proportional to 
the absorption coefficient, and the relationship of Eq. 
[ I] is used for either direct- or indirect-bandgap mate- 
rial. The accuracy of the photoresponse and absorption 
data is estimated to be within 0.04 ev. Photoresponse 
cu rves  were  also gene ra l ly  a t ta ined for z inc -d i f fused  
p - n  junct ions  in In~_xGaxP , as d i scussed  in the next  
sec t ion.  However,  the photoresponse  of a p - n  junct ion 
can not be used for p rec i se  ene rgy  gap m e a s u r e m e n t s  
s ince i t s  shape depends s t rong ly  on mino r i t y  c a r r i e r  
diffusion lengths ,  bulk absorp t ion  coeff ic ients ,  and 
junct ion depth. 

F ina l ly ,  the h igh -ene rgy  peak 6f the e l e c t r o l u m i n e s -  
cent  spec t r a  was also used as  an approx imat ion  to the 
ene rgy  gap, although it  i s  recognized  that this  peak 
could well  a r i s e  f rom t r ans i t i ons  involving ex t r i n s i c  
s ta tes  sl ightly r emoved  f rom the band edges in ene rgy .  
In addit ion,  s t rong absorp t ion  of the h igh-ene rgy  e m i s -  
s ion edge could also shift  the obse rved  e m i s s i o n  peak 
to lower va lues .  

The dependence of the energy  bandgap at room t e m -  
pe ra tu re  on In~_xGaxP alloy compos i t ion ,  as de t e rmined  
by the three m e a s u r e m e n t s  de sc r ibed  above,  is p re -  
sented in Fig.  4. Fo r  cons i s t ency ,  absorp t ion  data taken 
with InP  and GaP are  also included as  the t e r m i n a l  
points  of Fig.  4. The va lues  obtained for  these end 
points agree with the l i t e r a tu r e  va lues  (2.26 ev for 
GaP,  S'~ 1.30 ev for InP)  within the a c c u r a c y  of our 
m e a s u r e m e n t s .  The p r i m a r y  fea ture  of Fig.  4 is the 
c lea r  deviat ion of the F (direct)  conduction band m i n i -  
mum from a l inear  dependence on al loy composi t ion .  
The cu rva tu re  of the F m i n i m u m  in F ig .  4 genera l ly  
conf i rms  the ca thodoluminescen t  m e a s u r e m e n t s  of 
Lorenz  and Onton 3 on bulk In~_xGaxP p repa red  by a 
modif ied Br idgeman  growth technique ,  but d i f fers  
f rom the l inear  energy  gap dependence f i r s t  obse rved  
by Hi l sum and P o r t e o u s '  on p la te le t s  grown f rom solu-  
t ion,  and la te r  conf i rmed  by Rodot et al .  2 

F r o m  Fig.  4, the d i r e c t - i n d i r e c t  ene rgy  gap c r o s s -  
over  occurs  at 2.20 ev for an alloy cons i s t ing  of 70 pct 
GaP.  This  composi t ion  at the c r o s s o v e r  is r e a sonab ly  
close to that de t e rmined  by Lorenz  and Onton 3 (74 pct 

GAP), hut somewhat  h igher  than that de t e rmined  by 
Hi l sum and Po r t eous  ~ and by Rodot et al.2 (60 pct GAP). 
A c r o s s o v e r  n e a r  60 pet GaP has also been suggested 
by the pho to lumineseenee  m e a s u r e m e n t s  of W i l l i a m s  
et al .  1~ and White et al .  11 (60 • 5 pet Gal  a) and by p r e s -  
sure  e x p e r i m e n t s  with In~_xGaxP diodes by Hakki et al .  ~2 
(63 pet GAP). 

I t  is conceivable  that the devia t ions  f rom l i nea r i t y  
obse rved  by some w o r k e r s ,  but not by o the r s ,  i s  a r e -  
su i t  of i n t e r n a l  c r y s t a l  s t r a i n ,  which under  c e r t a i n  c i r -  
cums tances  or at some al loy compos i t ions ,  could sh r ink  
the effective ene rgy  gap. In this r e g a r d ,  the vapor -  
grown Inz_xGaxP l a y e r s  p r epa red  ep i tax ia l ly  in our  r e -  
s ea rch  a re  thought to be s ign i f ican t ly  s t r a ined ,  as  
evidenced by a bowing which is f requent ly  obse rved  on 
the e p i t a xy - subs t r a t e  composi te  fol lowing growth. In 
addit ion,  the X - r a y  d i f f rac t ion  pa t t e rns  observed  for the 
In~_xGaxP l a y e r s  were  usua l ly  somewhat  broadened at 
i n t e rmed ia t e  compos i t ions ,  but sharp  nea r  the ind ium-  
r i ch  and g a l l i u m - r i c h  t e r m i n a l  compos i t ions .  Such be-  
havior  could be caused by s t r a i n  or by s l ight  inhomo-  
genei t ies  in the alloy composi t ion .  E i the r  of these ef-  
fects  could cause the bandgap curve to deviate  f rom 
l inea r i t y .  

The data for the (direct) conduct ion band m i n i m u m  in 
Fig.  4 ex t rapo la te s  roughly  to an ene rgy  value of 2.78 
ev in GaP,  cons i s t en t  with Za l l en  and P a u l ' s  d e t e r m i n a -  
t ion of the F m i n i m u m  in GaP f rom h i g h - p r e s s u r e  ex-  
p e r i m e n t s .  ~3 The data for the ind i rec t  m i n i m a  in 
In~_xGaxP ext rapola te  to an ene rgy  value of 2.15 ev for 
the ind i r ec t  subs id i a ry  m i n i m a  in InP .  Ca lcu la t ions  x4 
and r e c e n t  e x p e r i m e n t a l  obse rva t ions  1S suggest  that 
these m i n i m a  lie about 0.90 ev above the d i r ec t  conduc-  
t ion band m i n i m u m ,  or  at  approx imate ly  2.20 ev. The 
d i rec t  na ture  of the Inl_xGaxP band s t r uc t u r e  to e n e r -  
gies as high as 2.20 ev i l l u s t r a t e s  the potent ia l  of this  
al loy sys t em for  e l e c t r o l u m i n e s c e n t  appl ica t ions  
through mos t  of the v i s ib le  por t ion of the spec t rum.  

P-N JUNCTIONS 

As mentioned previously, p-n junctions have been 
formed in epitaxial layers of Inz_xGaxP both by chang- 
ing extrinsic dopants (selenium and zinc) during vapor- 
phase growth, and by a subsequent diffusion of zinc into 
n-type layers of In1_xGaxP. In general, the junctions 
formed by zinc diffusion were found to be of somewhat 
higher quality than the vapor-grown junctions for rea- 
sons which are not yet clear. 

The zinc diffusions were carried out in an evacuated 
(I0- 6 torr) quartz ampoule which contained sufficient 
elemental phosphorus to provide 1 arm pressure of P4 
at the specific diffusion temperature used, typically 
750~ The surface appearance of the In1_xGaxP layers 
was not perceptibly affected by the diffusion process. 

Contacts to the uppermost p-type layer of In1_xGaxP 
were made by evaporating Ag-Mn dots zS and sintering 
at 600 ~ to 700~ in H2. Au-Sn was used to contact either 
the n-type GaAs substrate or the n-type layer of 
In1_xGaxP in cases where the epitaxial layer was thick 
enough (> 75~) to remove the substrate. Removal of the 
GaAs from the Inz_xGaxP was accomplished by immers- 
ing the wafer in an acid solution of 4 HNO3 : I HF, which 
does not etch In~_xGaxP alloys containing a significant 
fraction of GaP. 

The room-temperature I-V characteristics of p-n 
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Fig. 5--Photovoltage response of an In0.s0Ga0.4oP p-n junction 
at T = 77 ~ , 200 ~ and 300~ 

junct ions  formed by zinc diffusion into n - type  Inl_xGaxP 
were  genera l ly  found to be wel l -behaved ,  with forward  
voltage sa tu ra t ion  beginning at approx imate ly  1.5 v,  as  
expected for the r e l a t i v e l y  large ene rgy  gaps of these 
a l loys .  Rever se  breakdown vol tages  for such diodes 
were  in the range of 5 to 20 v,  depending on the donor 
concen t ra t ion  in the n - type  layer  p r io r  to diffusion.  In 
gene ra l ,  at d e c r e a s i n g  t e m p e r a t u r e s  between 300 ~ and 
77~ c a r r i e r  f r e e z e - o u t  f requent ly  (but not always)  oc- 
c u r r e d ,  as obse rved  in the form of a s igni f icant  in-  
c r ea se  in the s e r i e s  r e s i s t a n c e  of the forward  I -V 
c h a r a c t e r i s t i c s .  Despite the effect  of c a r r i e r  f r e e z e -  
out on impur i ty  or defect s ta tes ,  the p-n junct ions  
fo rmed  in the ep i tax ia l  l aye r s  of Inl_xGaxP were r e a -  
sonably  wel l -behaved  in s e v e r a l  o ther  r e s p e c t s ,  as  
desc r ibed  fur ther  below. 

A photoresponse  was detected for al l  of the Inx_xGaxP 
junct ions  examined ,  with the low-energy  in te rcep t  of the 
spec t r a l  r e sponse  occu r r i ng  at approx imate ly  the band-  
gap energy  of the In~_xGaxP al loy.  In addit ion,  the 
photoresponse  was found to shift  with t e m p e r a t u r e  in a 
fashion appropr ia te  for the change in the semiconduc to r  
energy  gap with t e m p e r a t u r e ,  as shown in Fig.  5 for an 
Ino.6oGao.40P p-n junct ion.  Here ,  for t e m p e r a t u r e s  be-  
tween 200 ~ and 300~ the ha l f -ampl i tude  point of the 
photoresponse  shifts  with a t empe ra tu r e  dependence of 
about 4.6 • 10 -4 ev per  ~ in exce l len t  ag r eem e n t  with 
the t empe ra tu r e  dependence of the d i rec t  conduction 
band m i n i m u m  in InP.17 The sharp  fa i l -of f  on the high- 
e n e r g y  side of the photoresponse  cu rves  in Fig.  5 is due 
p r i m a r i l y  to the s t rong  absorp t ion  of the h igh -ene rgy  
i l lumina t ion  in the reg ion  between the c ry s t a l  surface  
and the p-n junct ion,  and was much more  gradual  for the 
Schottky b a r r i e r  diodes (used in the energy  gap de te r -  
mina t ion  of Fig.  4), where mos t  of the inc ident  rad ia t ion  
r e a c h e s  the deplet ion region of the b a r r i e r .  The de-  
c r e a s e  in the magrtitude of the photoresponse  with in-  
c r e a s i n g  t empe ra t u r e  in Fig.  5 is  probably  due to l a r g e r  
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Fig. 6- -Room-temperature  emiss ion spectra of In]-~GaxP 
e leetro lumineseent  diodes wi th x = 0.40 and x = 0.88. Spectra 
are not cor rec ted  fo r  S1 photomul t ip l ie r  response. J ~ 50 amp 
per sq em. 
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Fig. 7--Near-bandgap and impurity peaks in Ini_xGax p elee- 
troluminescent diodes, x _> 0.4. T = 300~ 

absorp t ion  losses  at room t e m p e r a t u r e ,  which prevent  
much of the rad ia t ion  from reach ing  the v ic in i ty  of the 
junct ion.  

F ina l ly ,  f rom one l ayer  which was thick enough for 
Hall  sample  p repa ra t ion ,  the c a r r i e r  concen t ra t ion  de- 
t e r m i n e d  f rom C-V m e a s u r e m e n t s  of the p-n junction 
could be compared  with that de t e rmined  f rom Hall  
m e a s u r e m e n t .  F r o m  the slope of the 1/C 2 vs  V charac-  
t e r i s t i c s ,  an e lec t ron  concen t ra t ion  of 2.4 • 1017 cm -s 
was obtained,  in good a g r e e me n t  with a value of 
1.4 • 1017 cm -3 f rom the Hall  m e a s u r e m e n t .  

E LEC TROLUMINE SC E NCE 

The e l e c t r o l u m i n e s c e n t  spec t ra  of the In l .xGaxP  p-n 
junc t ions  were usua l ly  dominated by low-energy  im-  
pur i ty  peaks,  as shown in Fig.  6. Here ,  the r o o m - t e m -  
pe ra tu re  spec t ra  of typical  p-n junc t ions  are  i l lus t ra ted  
for a l loys with x = 0.40 and x = 0.88. In both spect ra ,  a 
na r row nea r -bandgap  peak is observed  at the shor ter  
wavelengths  (high energy)  as  well  as two impur i ty  peaks 
at longer  wavelengths .  An impur i ty  peak at  1.31 to 1.33 
ev is p r e se n t  in both spec t ra ,  and was also found in 
junct ions  prepared  over  a wide range o f  Inl_xGaxP alloy 
composi t ions .  E m i s s i o n  at 1.30 to 1.35 ev has also been 
observed  in our v a p o r - g r o w n  GaAs l -xPx  and AlAs,18 
however ,  the or ig in  of the r ecombina t ion  cen te r  is not 
known. 

The peak at 1.77 ev for Ino.lzGao.s~P l ies  approxi-  
ma te ly  0.5 ev below the bandgap ene rgy ,  and is s i m i l a r  
to the 1.78 ev peak that provides  the red e m i s s i o n  in 
GaP.  Since the 1.78 ev GaP peak is  known to r e su l t  
f rom zinc to oxygen t r a n s i t i o n s ,  19 and s ince oxygen was 
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in fact  de tec ted  in our  v a p o r - g r o w n  l a y e r s  by spa rk  
source  m a s s  s p e c t r o g r a p h i c  ana lys i s ,  we can a s c r i b e  
the 1.77 ev peak in Fig .  6 to z inc  to oxygen t r ans i t i ons  
in In l_xGaxP.  

The s p e c t r u m  of the In0.6Gao.4P sample  a lso  i l l u s -  
t r a t e s  a shou lder  at 1.43 ev,  which is about 0.25 ev l e s s  
than bandgap. The o r ig in  of th is  cen te r  has  not yet  been 
ident i f ied.  

In g e n e r a l ,  o v e r  a wide range of i nd i r ec t -bandgap  a l -  
loy compos i t i ons ,  l o w - e n e r g y  impur i ty  peaks  a re  ob- 
s e r v e d  at e n e r g i e s  a p p r o x i m a t e l y  0.25 and 0.5 ev l e s s  
than bandgap,  as  shown in Fig.  7. The inva r i an t  ene rgy  of 
these  peaks with a l loy compos i t ion  is cons i s t en t  with 
the s i m i l a r l y  weak ene rgy  gap dependence for  the al loy 
s y s t e m  with x > 0.7. The th i rd  impur i ty  peak at  1.30 
to 1.35 ev appea r s  to be independent  of a l loy c o m -  
posi t ion fo r  x > 0.4, although fu r t he r  data  is  r e q u i r e d  to 
d e t e r m i n e  the nature  of this peak fo r  i n d i u m - r i c h  a l -  
loys .  F o r  a l l  of the e l e c t r o l u m i n e s c e n t  junct ions s tudied 
h e r e ,  the donor concen t ra t ions  w e r e  in a range  of 
2 • 1017 to 2 x 1018 cm -3, t h e r e f o r e  the poss ib le  in- 
fluence of donor concentration on the impurity peaks 
was not e s t ab l i shed .  

The fac t  that the r e c o m b i n a t i o n  m e c h a n i s m s  of the 
nea r -bandgap  and the l o w - e n e r g y  peaks d i f fe r  was con-  
f i r m e d  by examin ing  the s p e c t r a l  i n t ens i t i e s  of the 
v a r i o u s  peaks  as a function of the appl ied fo rw a rd  b ias .  
In a l l  c a s e s ,  the c u r r e n t  dependence was s ign i f ican t ly  
s t r o n g e r  for  the nea r -bandgap  r e c o m b i n a t i o n  than for  
the impur i ty  r ecombina t ion ,  sugges t ing  a h i g h e r - o r d e r  
r e c o m b i n a t i o n  p r o c e s s  for  the nea r -bandgap  peak. S im-  
i l a r  o b s e r v a t i o n s  have been r e p o r t e d  fo r  a v a r i e t y  of 
I I I -V compounds ,  and have been p r e v i o u s l y  expla ined  by 
Mayburg  and Black .  e~ The fac t  that two of the h igh-  
e n e r g y  s p e c t r a l  peaks lie v e r y  c lose  to the s e m i c o n d u c -  
tor  ene rgy  gap at a l loy compos i t i ons  c lose  to GaP may  
be cons i s t en t  with the nea r -bandgap  exc i ton  r e c o m -  
binat ion r e p o r t e d  for  the g reen  e m i s s i o n  in GaP at r o o m  
t e m p e r a t u r e  .21 

Although impur i ty  peaks  have indeed been  typica l ly  
l a rge  in the In1_xGaxP l a y e r s  p r e p a r e d  to date ,  the fac t  
that  th is  is  not fundamenta l  to v a p o r - g r o w n  Inl_xGaxP 
is i l l u s t r a t ed  in the s p e c t r a  of an Ino.~sGao.BsP p - n  
junction shown in Fig .  8. H e r e ,  the magni tude  of the 
i m p u r i t y  peaks a re  no m o r e  than, 10 pc t , tha t  of :the n e a r -  
bandgap peak,  even though this  p a r t i c u l a r  a l loy is  v e r y  
c lose  to the d i r e c t - i n d i r e c t  e n e r g y  gap t r ans i t i on .  The 
c r y s t a l l i n e  pe r f ec t i on  of the l aye r  in which this  junc-  
tion was  f o r m e d  was s u p e r i o r  to m o s t  o t h e r s  s i m i l a r l y  
examined  in r e g a r d  to sur face  s m o o t h n e s s  and f r e e d o m  
f r o m  warping .  The e x t e r n a l  quantum e f f i c i ency  of the 
diode whose spec t rum is shown in F ig .  8 was 2 • 10 -6 
at r o o m  t e m p e r a t u r e .  In gene ra l ,  the total  e l e c t r o -  
l u m i n e s c e n t  e f f i c i enc i e s  of the In~_xGaxP diodes  
examined  he re  (x>- 0.4) were  in the range  of 10 -5 to 
10 -6 at 300~ and 10 -3 to 10 -4 at 77~ fo r  c u r r e n t  den-  
s i t i e s  on the o r d e r  of 1 to 10 amp per  sq cm.  
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Fig. 8--Electroluminescent emission spectrum of In0.35Ga0.ssP 
zinc-diffusedp-n junction at room temperature. Spectrum is 
not corrected for S1 photomultiplier response. J ~ 10 amp 
per sq cm. 

Because  of the high r e l a t i v e  s tab i l i ty  of the InC1 as 
compared  to that of GaC1 at typ ica l  growth t e m p e r a -  
t u r e s ,  much l a r g e r  HC1 flow r a t e s  a r e  r e q u i r e d  o v e r  
the indium than ove r  the ga l l ium in o r d e r  to p r e p a r e  
i n t e r m e d i a t e  In l_xGaxP a l loy  com pos i t i ons .  

The dependence of the d i r e c t  conduct ion band min i -  
mum on Inl_xGaxP a l loy compos i t ion  is non l inea r ,  with 
the d i r e c t - i n d i r e c t  c r o s s o v e r  in the e n e r g y  gap oc-  
c u r r i n g  at 70 pct  GaP and 2.20 ev .  Th is  non l inea r  de-  
pendence is in r e a sonab l e  a g r e e m e n t  with the m e a s u r e -  
men t s  of Lo renz  and Onton, but d i f f e r s  s ign i f i can t ly  
f r o m  the l i nea r  bandgap dependence d e t e r m i n e d  by 
Hi l sum and P o r t e o u s  and by Rodot e t  a l .  

P - n  junct ions  f o r m e d  by diffusing z inc  into n - type  
Inl_xGaxP l a y e r s  behave r e a s o n a b l y  wel l  in r e g a r d  to 
the i r  I -V and C - V  c h a r a c t e r i s t i c s ,  and the i r  ]unction 
pho to re sponse .  H o w e v e r ,  the e l e c t r o l u m i n e s c e n t  
s p e c t r a  of the d iodes  are  g e n e r a l l y  domina ted  by low- 
ene rgy  impur i t y  peaks ,  which a re  probably  caused  
e i t he r  by contamina t ion  o r  by s t r a i n - i n d u c e d  la t t i ce  
de fec t s .  T h r e e  main  impur i t y  peaks a r e  f r equen t ly  ob- 
s e r v e d  in the r o o m - t e m p e r a t u r e  s p e c t r a  of ga l l i um-  
r i ch  In l_xGaxP a l loys ,  one about 0.25 ev below band- 
gap, another  0.5 ev below bandgap,  and a th i rd  at about 
1.30 to 1.35 ev for  x > 0.4. E l e c t r o l u m i n e s c e n t  e f f i c i en -  
c ies  in th is  compos i t i ona l  range  a re  on the o r d e r  of 
10 -S to 10 -6 at  r o o m  t e m p e r a t u r e  and 10 -3 to 10 -4 at 
77~ 
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CONC LUSIONS 

S i n g l e - c r y s t a l  ep i tax ia l  l a y e r s  of In l_xGaxP can be 
p r e p a r e d  a c r o s s  the en t i r e  a l l o y  s e r i e s  by the v a p o r -  
phase  growth technique d e s c r i b e d  in th is  paper .  The 
p r inc ipa l  growth p a r a m e t e r  for  con t ro l l ing  the alloy 
compos i t ion  of the In ,_xGaxP l a y e r s  is  the r e l a t i v e  
flow ra te  of HC1 ove r  the ga l l ium and indium s o u r c e s .  
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