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LPE-GROWTH OF H I G H  PURITY G a 0 . 4 7 1 n 0 . 5 3 A ~ -  AND Ga0~311n0~69As0~69P0.31- 

LAYERS LATTICE MATCHED TO I n P  

R. Linnebach, K. Hess, K. Liisch and G. Schemmel 

SEL Research Centre (IT'T) , Stuttgart ,  F . R . G . 

Wsume. - Nous avons depose d 685 "C des couches minces de GaxInl~xA~yPl~y 

( y  = 0,75 e t  0,691 sur InP avec des surfaces b r i l l a n t e s  par l a  methode de 1 ' e p i t a x i e  
en phase l i q u i d e .  Pour l e s  longueurs d'onde en t re  1370 nm e t  1420 nm il e t a i t  
poss ib le  de deposer des couches jusqu 'b une epaisseurde 5 ym. La sa tu ra t ion  des 
so lu t ions  par  l ' a i d e  d 'un subs t ra t  r e n d a i t  poss ib le  de c o n t r d l e r  l a  composition 
jusqu 'b une p rec is ion  de * 0,6 a t %  As e t  ' 0,3 a t %  Ga. Ces pourcentages corres-  
pondent d une longueur d'onde de ' 5 nm. GaInAsP d 6 t e  p u r i f i i i  avec une densi te  
d '6 lec t ron  de 1,5 . 1015 ~ m - ~  e t  avec une m o b i l i t g  de 13 000 cm2/Vs d 77 K. Nous 
avons k t u d i e  de que l le  maniere l a  puretg de GaInAsP e t  de GaInAs depend de l a  
q u a l i t 6  de l ' i nd ium,  de l a  preparat ion des materiaux e t  du t ra i tement  des so lu t ions  
d temperature haute. I 1  e t a i t  poss ib le  de deposer des couches de 1 ' InP  sur  GaInAsP 
aux temperatures au dessous de 570 "C. Les d is loca t ions  dans InP dependent de l a  
temperature de croissance, de l a  supersaturat ion e t  de l a  v i tesse  de refroidissement. 
La c o r r e l a t i o n  en t re  l e  dssaccord du param6tre de reseaux e t  l a  composition de 1 ' InP 
a 6 t 6  mesuree. 

Abstract.  - GaxInl-xA~yP1-y layers  (y  = 0.75 and 0.69) f o r  photodetector devices 

have been deposited l a t t i c e  matched t o  InP w i t h  m i r r o r  smooth surfaces a t  685 "C by 
l i q u i d  phase epitaxy. Layers t h i c k e r  than 5 ym could be grown f o r  both compositions 
corresponding t o  photoluminescence peak wavelengths o f  1420 nm and 1370 nm. 
Applying a presubstrate f o r  the sa tu ra t ion  o f  the  quaternary so lu t ions  enables compo- 
s i t i o n  con t ro l  w i t h i n  f 0.6 a t %  As and 0.3 a t %  Ga. This corresponds t o  an accuracy 
i n  wavelength o f  * 5 nm. Net e lec t ron  concentrat ions o f  1.5 . 1015 cm-3 and 77 K 
m o b i l i t i e s  o f  13 000 cm2/Vs have been obtained. The p u r i t y  o f  GaInAsP and GaInAs 
layers  depends on the q u a l i t y  o f  I n  ingots ,  the ca re fu l  preparat ion o f  s t a r t i n g  
mate r ia l s  and on me l t  baking. The occurence o f  cross hatch p a t t e r n  has been r e l a t e d  
t o  growth temperature, supersaturat ion and coo l ing  r a t e .  We have measured the  re -  
l a t i o n s h i p  between composition and l a t t i c e  mismatch i n  InP cap layers.  

1. In t roduc t ion .  - F i b r e  o p t i c s  communication has become o f  more and more i n t e r e s t  
dur ing the  l a s t  years. Due t o  l o s s  minima o f  the  f i b r e  1330 nm and 1550 nm are 
favorable transmission wavelengths. Ga0.471n00.53A~ i s  the  most ly  used detector  

mate r ia l  i n  such systems. For 1300 nm however detectors  made from GaInAsP having 
a l a r g e r  band-gap a re  super ior  i n  terms o f  a low dark cu r ren t  /I/. Moreover 
photodetectors w i t h  seperate absorpt ion and m u l t i p l i c a t i o n  reg ion a r e  eas ier  t o  
fab r i ca te  w i t h  quaternary absorbing mate r ia l ,  because t h e  subsequent deposi t ion 
of InP i s  eas ie r  than on GaInAs. On the  other  hand a double he te ros t ruc tu re  en- 
ables the  f a b r i c a t i o n  o f  p lanar  diodes f o r  l i g h t  e n t r i n g  from the top. 

I n  t h i s  paper we present the  LPE growth procedure f o r  t h i c k  h igh  p u r i t y  
GaxInl~xA~yP,-y a l l o y s  (y = 0.69 and 0.75) and the  depost ion technique f o r  InP 

on these a l loys .  
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Results publ ished so f a r  i n d i c a t e  t h a t  the  growth o f  these compositions i s  d i f f i -  
c u l t  /2/. Takahei /2/ repor ted a s t rong reduct ion i n  growth r a t e  a t  590 "C and 
640 "C f o r  l ayers  conta in ing As between 66 % and 72 %. Only 1.5 vm t h i n  layers  
w i t h  rough surfaces could be obtained. Takahei /2/ quoted from t h i s  experiments 
a m i s c i b i l i t y  gap i n  the phase diagram, which was p red ic ted  frolfj phase diagram 
ca lcu la t ions  by de Cremoux /3/ and the  l a t e s t  work o f  Onabe /4/. I n  t h i s  work 
we have t r i e d  temperatures o f  685 "C t o  ob ta in  t h i c k  layers  and smooth surfaces. 

The deposi t ion o f  InP onto GaInAsP has been t r i e d  by several authors /5-8/. 
Thermodynamic i n e q u i l i b r i u m  i s  establ ished when a b inary  s o l u t i o n  of P and I n  
contact  the  quaternary layer ,  which w i l l  be d iso lved  immediately. The d i s s o l u t i o n  
depth depends on d i f f u s i o n  o f  Ga and As atoms and t h e  t ime when a supersaturated 
quaternary i n t e r f a c e  i s  b u i l d  up. Ladany /5/ repor ted t h a t  p u l l  over o f  quater- 
nary s o l u t i o n  increases d isso lu t ion .  Takahashi /6/ found t h a t  d i s s o l u t i o n  be- 
comes more and more severe when the  As content  i n  the  layers  i s  increased. 
Applying h igh supersaturat ion and h igh coo l ing  ra tes  Nakajima /7/ could avoid 
s t rong d i s s o l u t i o n  even f o r  GaInAs layers.  Low growth temperatures favored the 
depos i t i on  o f  InP on GaInAsP layers  /2, 7, 8/. 

InP Q E 1- 

time 

Fig. 1: Growth process o f  quaternary layers  
and f o r  InP cap layers  

Growth process o f  InP-GaInAsP-InP double heterost ructures.  - The layers  were 
aeposi ted by l i q u i d  phase ep i taxy  from indium r i c h  so lut ions.  A conventional 
m u l t i b i n  s l i d e r  boat  made from carbon was used f o r  t h e  growth o f  de tec to r  s t ruc -  
tu res  on 100 o r ien ted  InP substrates. I n  Fig. 1 the growth process, which has 
been proved dur ing our  experiments i s  shown sehematical l y .  The so lu t ions  were 
baked f i r s t  and then saturated a t  a p r e c i s e l y  c o n t r o l l e d  temperature by use of 
an InP substrate as a seed. P r i o r  t o  growth t h e  InP (100) substrates were etched 
by a 1 % bromine methanol etchant.  The so lu t ions  were homogenized f o r  several 
hours some degrees above the  s a t u r a t i o n  temperature. Back me l t ing  w i t h  pure I n  
o f  the subst rate surface removed the  thermal defects  on t h e  InP substrate. The 
growth o f  the quaternary l a y e r  s t a r t e d  from 685 "C a t  a coo l ing  r a t e  o f  1 "/h. 
InP cap layers  has been grown a t  temperatures below 575 "C by a ramp coo l ing  
technique. The thicknesses o f  the l a y e r s  has been adjusted by s e l e c t i n g  the 
appropr ia te growth times and supersaturat ions. 



3. Growth of GaInAsP. 

3.1 Composition control 

The mole fractions of Ga and As have been varied for a saturation temperature 
of 690 OC to adjust lattice parameter and bandgap. They were controlled by X- 
Ray and photoluminescence experiments. The phosphorus saturation of the solution 
has been obtained applying an InP presubstrate as described above. This method 
gave a composition constancy of Ay = k 0.6 at% and AX = 2 0.3 at%. These per- 
centages has been estimated from the reproducibility of -1 5 nm of photolumines- 
cence peak wavelength. Fig. 2 shows which As mole fraction is necessary for 
lattice matched GaxIn,-xAs,P1-, layers with y = 0.75 ( h  = 1420 nm) and y = 0.69 .. . .. 4 . 4  

( h  = 1370 nm). The sol id composition has been measured by EDAX. Calculation of 
the oomposition from the equations given by Pollak /9/ and from the photolumines- 
cence wavelength are in good agreement (+ 3 at%) with the EDAX measurements) 

mole fraction As in liquid [at  I - 
Fig. 2: Relationship between lattice mismatch 

and As mole fraction of GaInAsP layers 
with y = 0.69 ( A  = 1370 nm) and 

y = 0.75 ( A  = 1420 nm) 

3'2 Growth rate Of Ga0.31 1~0.69~~0.69'0.31 and Ga0.341n0.66As0.75P~.25 
and surface morphology 

Smooth surfaces have been obtained for both compositions. No change in surface 
smoothness and morphology has been observed for all layer thicknesses even up 
to 5 urn. The typical smooth surface area of a layer containing 0.69 at% AS is 
shown in Fig. 3. No distinct terraced structure just like for InP or GaAs has 
been found for all quaternary layers. 
We have studied the relationship of layer thickness and deposition time for 
both compositions. Layer thickness data are summarized in Fig. 4. No limitation 
in layer thickness has been found. Up to 6 Hm has been grown in 30 min. In our 
experiments we didn't find effects that a miscibility gap will be present at 
685 OC. The line drawn in Fig. 4 demonstrates a t1j2 law which is found in theory 
for diffusion limited growth. However the growth rate changed drastically when 
the phosphorus content differed from the quilibrium value. In this case the sur- 
faces bacame rough and only thin layers were obtained. 
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Fig. 3: Nomarsky Interference c o n t r a s t  micrograph (NIC) 
of a GaInAsP layer  (y = 0.69) 

deposition time [minl -----a 

Fig. 4: Time dependence of l a y e r  thickness  f o r  GaInAsP layers  
l a t t i c e  matched t o  InP. The s o l i d e  l i n e  demonstrates a 

t1/2 law f o r  diffusion l imi ted  growth 



4.  Preparat ion o f  h igh p u r i t y  GaInAsP layers.  - The n e t  c a r r i e r  concentrat ion o f  
e p i t a x i a l  l ayers  could be improved by baking the  so lu t ions  a t  h igh  temperatures. 
No procedure has been publ ished so f a r  f o r  l a y e r  compositions w i t h  y = 0.69 and 
0.75. I n  t h i s  work we have tes ted  the  baking techniques. Only etched ingo ts  have 
been used. Table 1 gives some c h a r a c t e r i s t i c  r e s u l t s  o f  our  experiments. Etching 
the GaAs and InAs ingo ts  l i k e  t h e  InP substrates the  s t a r t i n g  p o i n t  could be 
improved by a f a c t o r  o f  2. The r e s u l t s  w i thou t  and w i t h  etch ing are given i n  
column 1 and 2. Heat treatment o f  the  so lu t ions  f o r  10 h a t  700 O C  reduced t h e  
doping l e v e l  by h a l f .  No s i g n i f i c a n t  d i f f e r e n c e  has been found if t h e  te rnary  
s o l u t i o n  o r  the  quaternary s o l u t i o n  has been baked. 

Table 1 : P u r i f i c a t i o n  method f o r  Ga0~311n0~69As0~6gPO~31 layers  

Both pro dures g iven i n  column 3 and 4 o f  Table 1 r e s u l t e d  i n  doping l e v e l s  o f  
7.5 x loFB cm-'. Baking the  s o l u t i  s tw ice  f o r  10 hours o r  once f o r  20 hours 
c a r r i e r  concentrat ions o f  3.7 x lopg em-' and 77 K m o b i l i t i e s  o f  11 900 cm2/Vs 
have been obtained. These r e s u l t s  a re  shown i n  t h e  columns 5 and 6 o f  Table 1. 
The experiment i n  column 7 o f  Table 1 demonstrates t h a t  w i thou t  a d d i t i o n a l  sa- 
t u r a t i o n  of the s o l u t i o n  a f t e r  baking a f u r t h e r  improvement i s  achieved. A n e t  
e lec t ron  densi ty  o f  1.6 x 1015 cm-3 and a 77 K m o b i l i t y  o f  13 000 cm2/Vs has 
been obtained. However i n  t h i s  case the  layers  were mismatched due t o  the  eva- 
pora t ion  loss  o f  P. On t h e  o ther  hand d i f f i c u l t i e s  a r i s e  f o r  sur face morphology 
and l a y e r  thickness. From our experiments an exponential  decay w i t h  a t ime con- 
s tan t  o f  6 - 8 h was ca lcu lated.  U n t i l  r e c e n t l y  a procedure f o r  h igh p u r i t y  
GaInAsP layers  w i t h  y = 0.7 was publ ished by Kuphal / lo / .  I n  prebaking f o r  100 h 
a t  750 O C  and a baking t ime o f  5 h a t  660 O C  f o r  the so lu t ions  gave doping 
l e v e l s  compared t o  ours f o r  20 hours so lu t ions  baking. We be l ieve  t h a t  the  
layers  of Table 1 a re  purer  because o f  the  h igher  m o b i l i t y  compared t o  the  
repor ted o f  9 800 cm2/Vs. 

I n  a d d i t i o n  t o  t h e  preparat ion techniques the  good se lec t ion  o f  i n g o t  mate r ia l s  
seemed t o  l i m i t e  the  lowest doping l e v e l  f o r  a given process. We have tes ted  
several batches from d i f f e r e n t  suppl ies f o r  deposi t ing h igh p u r i t y  GaInAs layers.  
A standard heat treatment r e s u l t e d  i n  layers  o f  n e t  e lec t ron  concentrat ions be t -  
ween 2-8x1015 ~ m - ~ .  For a s e r i e  o f  l ayers  the  doping l e v e l  scat tered by a f a c t o r  
o f  2 w i t h i n  one batch. As a concequence the  q u a l i t y  o f  d i f f e r e n t  batches i s  d i s -  
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cernable. On the other hand i t  has been d i f f i cu l t  t o  decide from the elemental 
analysis which batch will lead to  purer layers. The most favored residual im- 
pur i t ies  are S i ,  0 and S which might deteriorate the purity could not explain 
our results .  Therefore we believe the best way to  se lec t  an In batch i s  to  grow 
several layers and then t o  decide i f  the purity is sufficient  o r  not. 

5. Growth of InP cap layers. - The deposition of InP onto quaternary layers has 
been reported a t  low growth temperatures /3, 8 ,  9/. However too low temperatures 
will l imite the layer thickness. Therefore we have used 10 "C supersaturated 
solutions a t  575 "C and a cooling ra te  of 0.4 "C per minute. The layer showed 
cross batch pattern, which ref lec ts  tha t  parts  of the quaternary layers haw been 
dissolved. The surface of such a layer i s  shown in  Fig. 5a. A t  560 "C the cross 
batch pattern diminishes as shown i n  Fig. 5b. We found i n  agreement with 
Nakajima /7/ tha t  a t  higher cooling rates and a t  high supersaturation the dis-  
solution i s  reduced. In Fig. 6 an InP layer,  which has been deposited a t  560 " C  
with good surface morphology i s  shown. In t h i s  case we used a 18 "C supersatu- 
rated solution a t  a cooling r a t e  of 8 "C per minute. The fac t  tha t  no cross 
hatch pattern i s  observable might indicate tha t  the dissolution of the quater- 
nary layer has been suppressed. From l a t t i c e  parameter, photoluminescence and 
EDAX measurements we found that  layers w i t h  a l a t t i c e  mismatch of t0.05 % con- 
ta ins  about 1.5 at% As and the same amount of Ga. 

Fig. 5: InP layers grown on GaInAsP ( y  = 0.69) 
a )  Growth temperature: 575 "C (NIC) 
b) Growth temperature: 560 "C (NIC) 

In Fig. 7 a chemically etched cleavage plane of a double heterostructure i s  
shown, which demonstrates the good quality of both interfaces. 

Conclusions. - A t  a temperature of 685 O C  i t  i s  possible to  deposite up to 
E pm thick GaInAsP layers w i t h  y = 0.69 and 0.75 l a t t i c e  matched to  InP with 
mirror smooth surfaces. I t  has been found tha t  the growth i s  diffusion limited. 
No difference i n  growth ra te  has been obtained fo r  both compositions. The use 
of a presubstrate to  saturate the quaternary solution gives reproducible compo- 
s i t ion  control w i t h i n  + 0.6 at% As and 0.3 a t% Ga. This corresponds t o  an 
accuracy of + 5 nm of photoluminescence peak wavelength. GaInAsP layers of 
1.5 x 1015 ~ m - ~  and 13000 cm2/Vs can be achieved applying careful ingot pre- 



Fig. 6: InP layer grown on GaInAsP ( y = 0.69) 
growth temperature 560 "C, cooling ra te  = 
8 "/min, supersaturation 18 O C  (NIC) 

1 InP 

- GaInAsP 

- InP (100) 
substrate 

Fig. 7: Cleavage plane chemically etched of a double 
heterostructure demonstrating the good quality 
of both interfaces (NIC) 
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para t ion  and baking o f  t h e  so lu t ions  f o r  20 h a t  700 OC.  The care fu l  choice o f  I n  
i s  esen t ia l  t o  improve the doping l e v e l  o f  these layers  a t  moderate baking times. 
F i r s t  experiments o f  InP growth onto GaInAsP has been done succes fu l l y  a t  low 
temperatures. High supersaturat ion and a h igh  coo l ing  r a t e  r e s u l t e d  i n  cross hatch 
p a t t e r n  f r e e  InP caping layers.  
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