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High-resolution electron microscopy has been used to study the dlsmbutlon of defects in a heteroepltaxxal system with 
h i g h  lattice masmatch (InAs/GaAs, (a lnAs  -- aGaAs)/aGaAs = 7 2%), grown by  atomic layer molecular beam epitaxy The 
study has been earned out on cross-section samples A high density of &slocatlons, mainly of the Lomer type, has been 
found m a region of the epllayer near the Interface Banding contrast is observed in the lnterfacml region, possible 
explanations for this contrast are given 

I. Introduction 

Highly  m i s m a t c h e d  he te roepl taxaa l  systems are  
of  increas ing  i m p o r t a n c e  for the  r eahza t lon  of  
advanced  s emiconduc to r  devices  T h e  In teres t  in 
the  successful  g rowth  and  cha rac t e r i za t i on  of  lat-  
t i c e -mi sma tched  I I I - V  semiconduc to r  systems 
s tems f rom the cons ide rab le  f lexlbiht les  in the  
des ign  of  i n t eg r a t ed  o p t o e l e c t r o n i c  devices and  
l ight  wavegu ldes  which a re  avai lab le  when  com- 
p o u n d  semiconduc to r s  a re  used  [1] I f  la t t ice-mis-  
m a t c h e d  he t e ro s t ruc tu r e s  a re  to be  used  in device  
appl ica t ions ,  the  role  of  d i s loca t ion  gene ra t i on  
and  p r o p a g a t i o n  in these  ma te r i a l s  mus t  be  un- 
d e r s t o o d  The  d i f fe rence  in la t t ice  cons tan ts  in 
these  s t ruc tures  l eads  to s t ra in  in the  epl layer ,  
and  It is i m p o r t a n t  to m e a s u r e  this s t ra in  for  
severa l  r easons  (a) the  s t ra in  is r e l a t ed  to the  
fo rma t ion  of  misfi t  d is locat ions ,  (b) s t r a ined  lay- 
ers  a re  i nhe ren t ly  in te res t ing  mater ia l s ,  and  (c) 
the  e lec t r ica l  and  opt ica l  p r o p e r t i e s  a re  s t rongly 
d e p e n d e n t  on the  amoun t  of  s t ra in  In  fact,  one  
can ut i l ize the  s t ra in  to " f i n e - t u n e "  the  device 
p r o p e r t i e s  [2] 

In  this s tudy we have cha rac t e r i zed  the  struc- 
ture  of  defec t s  In the  in te r rac ia l  reg ion  of  I nAs  

layers  grown on (001) G a A s  subs t ra tes  (7 2% 
la t t ice  mismatch)  by a tomic  layer  mo lecu l a r  b e a m  
epi taxy ( A L M B E )  Obse rva t ions  are  r e p o r t e d  
based  upon  h igh- reso lu t ion  e lec t ron  microscopy  
( H R E M )  W e  have obse rved  la t t ice  re laxa t ion  in 
the  (001)  growth  d i rec t ion  exist ing over  a wide  
reg ion  at  the  I n A s / G a A s  in ter face ,  visible In the  
H R E M  images  f rom the  pe r iod i c  bands  of  image  
con t ras t  which it causes  Unt i l  recent ly ,  the  con- 
sequences  of  e las t ic  r e laxa t ion  in H R E M  studies  
of  t h inned  ma te r i a l s  have usual ly  been  ignored  
This  work  has t aken  into account  the  fact  that  
when  re laxa t ion  due  to sample  p r e p a r a t i o n  domi-  
na tes ,  s p e c i m e n  p r o p e r t i e s  m e a s u r e d  f rom 
H R E M  images  will not  ref lec t  the  p rope r t i e s  of  
e i the r  the  s t ressed  bu lk  or  the  fully re laxed  mate -  
r ials  [3] I t  is impor tan t ,  however ,  to rea l ize  tha t  
this  type of  s t ra in  con t ras t  is not  necessar i ly  an 
i m p e d i m e n t  to the  correc t  I n t e rp re t a t i on  of  
H R E M  mic rog raphs  

2. Experimental details 

Highly  m i s m a t c h e d  InAs  layers  with thick- 
nesses  of  250 nm have been  grown di rec t ly  on 
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(001) GaAs  substrates by A L M B E  at the Spanish 
National Center  for Mlcroelectronlcs at Madrid 
[1] The lattice mismatch is 7 2% 

The cross-sectional specimens for electron mi- 
croscopy were prepared  in the standard fashion 
Two cross-sections were glued face-to-face with 
M-bond 600 glue, p re thmned using mechanical 
thinning and polishing, dimpled to 40 /~m and 
then finally thinned to perforat ion using low-an- 
gle (17°), 4 kV, Ar  + ion-milling at liquid N 2 
tempera ture  The thin T E M  specimens were then 
examined using either a J E O L  2000EX (at Cfidiz 
University) or a J E O L  4000EX (at Oxford Uni- 
versity) Movement  or formation of dislocations 
did not occur during observation in the micro- 
scopes 

3. Results and discussion 

3 1 Interface dmlocatton structure 

Careful analysis of a number  of H R E M  images 
of (110) cross-sectional specimens of the I n A s /  

GaAs  interface showed that Lomer  dislocations 
dominated (75% were of the Lomer  type) In 
addition, undlssoclated 60 o dislocations were ob- 
served (25%) Screw dislocations dissociated into 
two 30 ° partials were rarely observed Fig 1 shows 
a typical (110) cross-section mlcrograph The im- 
age clearly shows that the Lomer  dislocations are 
evenly distributed over a region of the InAs epl- 
layer up to 30-40 nm from the interface, and that 
most of the dislocations are out of the plane of 
the interface Karasev et al [4] reached a similar 
conclusion for InAs layers with thicknesses of 
t >_ 10 nm that were formed in multllayered het- 
erosystems of alternating InAs and GaAs layers 

It has been suggested that each Lomer  disloca- 
tion is formed as the result of the interaction of 
two 60 ° dislocations with Burgers vectors in the 
(111) and (111) glide planes intersecting at the 
interface [5], as follows 

a [101 ] /2  + a [0 - i l ] / 2  = a[1"10]/2 (1) 

This would be a reasonable description for the 
material  observed in this study, since It IS ob- 

Fig 1 HREM image of [110] cross-section showing InAs/GaAs interface Note the dlstrtbutlon of dislocations in the region close 
to the interface 
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served that the Lomer  dislocations are near  the 
interface plane, having remained In this location 
following interaction (fig 1) The 60 ° dislocations, 
however, are far ther  away, which could be due to 
the fact that they have not interacted and so have 
moved 

This material  was studied during growth by 
R H E E D  [1] and it was found that total relaxation 
occurred after the growth of eight monolayers 
This result means that  the misfit dislocations 
were initially concentrated in the region close to 
the interface, and must therefore have moved 
during growth 

Fig 2 shows an image obtained with only the 
(000) beam contributing, diffraction contrast is 
observed due to a 60 ° dislocation which has its 
core in the interracial region (InAs I in the figure) 
This interpretat ion was confirmed by diffraction 
contrast  measurements  Analysis of larger regions 
of the sample revealed very few of these disloca- 
tions 

As shown by Merwe and Ball [6], and by 
Matthews [7], the dislocations serve to relax the 
mismatch-induced strain between a heteroepitax- 
lal film and its substrate [8], although several 
processes can impede dislocation formation It  is 
interesting to note that, by assuming the mis- 
match to be completely relaxed by misfit disloca- 
tions, the mean distance d m between those dislo- 
cations is given by 

d m = b o / f ' ,  (2) 

where 

f ' =  mismatch = (alnAs - - a G a A s ) / a i n A s  = 0 068 

bp = edge component  of  the Burgers vector of the 
dislocation projected over the interface 

In the present  case, we have estimated a value 
for bp taking into account the number  of ob- 
served dislocations (75% Lomer  type and 25% 
undlssoclated 60 ° type) The resulting value for bp 
would then be 

bp = bp6oo&sl/4 + 3bLomer&sl/4 = 0 3498 nm (3) 

dm, calculated from eq (2), has a value of 5 1441 
nm The mean  value measured from the Images 

I 

Fig  2 Br ight - f ie ld  [110] T E M  image  o b t a i n e d  us ing only  (000) 
b e a m  Cont ras t  due  to one  60 ° &s loca t ton  which  has  its core  

in the  I n A s  I reg ion  can  be seen  
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for the separation d~stance between dislocations 
is equal to 5 41 nm This lmphes that the relax- 
ation of strain at the I n A s / G a A s  interface occurs 
mainly by generation of the observed dislocations 
This measurement  was made in a region less than 
40 nm from the interface plane, and we can thus 
deduce that relaxation of the mismatch occurs in 
a zone close to the interface 

3 2 Bandmg m the epttaxtal layer 

Periodic bands of image contrast perpendicu- 
lar to the (001) growth direction are Vlstble in fig 
1, extending 30-40 nm Into the InAs layer from 
the I n A s / G a A s  interface It  is difficult to analyze 
the lattice constant component  (apu) parallel to 
(011), but no fluctuations in apa larger than 
2 5% were observed in any specimen in the InAs 
layer 

An image recorded with the electron beam 
parallel to the (110) direction is shown in fig 3b 

A detailed analysis is very fruitful for determining 
variations in the lattice constant component  per- 
pendlcular to the Interface (ape r) from a region of 
the InAs layer extending about 40 nm from the 
mterfaee The measured aper lattice constant for 
InAs fluctuates over the 40 nm of the InAs layer 
closest to the I n A s / G a A s  interface (the region 
referred to as InAs I) The measurements  of the 
lattice constant components  ap~ r parallel to (001) 
are tabulated in fig 3a It  is of interest that this 
plot shows that most of the values of ape r for 
InAs~ were 

(a0oaA s = 0 565 n m ) <  ape r for I n A s  I 

< (aolnA ~ = 0 606 nm) 

The plot shows several minima (imaged as white 
banding contrast on fig 3b), at 2, 20, 42, 62, 76 
monolayers (ML) and also maxtma (imaged as 
dark handing contrast), suggesting that both te- 
tragonal dilatations and contractions are present  
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Fig 3 (a) Variation xn lattice parameter  m growth dtrectlon, aper, measured  from H R E M  mlcrograph shown in (b), versus the 
number  of  monolayers  in the [001] dtrectlon (b) H R E M  mlcrograph of the region InAs I Note correlation between banding 

contrast  in H R E M  image and change m lattice constant  
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m the InAs I layer The tetragonal distortions 
described above provide an adequate description 
for the black and white banding contrast ob- 
served 

In addition to tetragonal distortion, changes in 
lattice plane orientation were also seen in the 
InAs I region Other workers [4,9,10] have re- 
ported similar observations of this ~ n d  for InAs 
The change in orientation can be seen by compar- 
ing the {111} planes in the dark contrast regions 
of fig 3b with those m the white contrast regions 
In the present study, the relative plane mchna- 
tlon caused by these deformations ranged from 1 ° 
to 3 °, whtch corresponds to a tetragonal contrac- 
tion with variations for ape r of the InAs I layers 
between 4 and 10% (calculated by neglectmg the 
deformation i n  apl I) 

It was originally suggested that the origin of 
the banding contrast lay m the presence of 
G a x l n ~ _ x A S  alloys located in the mterfacIal re- 
gion This suggestion has, however, been rejected 
because the temperature (400 o C) of the GaAs 
substrate durmg epttaxial growth is not high 
enough for Ga diffusion to occur We therefore 
suggest the posslbihty that the banding is caused 
by elasttc relaxation The "strain supress~on" 
method of Tlmoshenko and Goodier [11] has 
been used, applying the approach of Gibson and 
Treacy [3] to calculate the effect of surface relax- 
ation in thinned superlattlce specimens in the 
presence of a single interface (thickness/super- 
lattice period ~ oo) These calculations give val- 
ues for • perpen&cular to the interface plane 
that are three orders of magnitude lower than 
those obtamed experimentally The observed 
strain can therefore only be explained by consid- 
ering additional factors such as the presence of 
steps in the interface [12] (present in this mate- 
rial), and the interaction of the strain fields of the 
high denstty of dislocations at the interface 

4. Conclusions 

The mismatch in I n A s / G a A s  heterostructures 
has been analyzed The presence of Lomer and 

60 ° undlssoclated dislocations, which appear to 
relax a large part of the mismatch, has been 
observed The stresses are high In the InAs layer 
up to a distance of about 30-40 nm from the 
G a A s / I n A s  interface, &splaying a complex inter- 
play between strains and dislocations in this re- 
gion The fact that not all of the specimen strain 
fields are necessarily inherent to the original ma- 
terial has been taken into account 
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