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Introduction

At present, one of the most important goals of modern
semiconductor technology is the fabrication of ellicient
optoelectronic deviccs working at waveguide minimum
absorption condit ions (- 1 5 ¡rm). Such devices can be
provided by II I  V semiconductor technology through the
use of ternary and quaternary al loys. However. owing
to the latt ice mismalch with commercial substrates. dislo-
cations are generated which can thread up to the epi layer
surface. These threading dislocations degradc considerably
the microelectronic and optoelectronic propert ies of such
malerials.

Thc usual approach to avoid thc cxistence of threading
dislocations close to thc cpi layer surlaces in I I I  V semi-
conductor heterostructures is to grow a thick rclaxcd buffer
laycr betwccn the epi layer and the substrate. To date. most
efforts have been orientcd to the growth of single con-
stant composit ion bufler layers and¡'or superlatt ice f i l ters.
Unfortunatcly, threading dislocations often propagate
through thc buffer reaching the active laycrs. More recently.
the possibi l i ty of growing relaxed gradcd composit ion
layers to rcduce the threading dislocation densit ies has
been considered. A drastic reduction of such dislocation
densit ies and an almost complete strain relaxation have
already been rcported for large latt ice mismatched systems
such as SiGcrSi (Ref. 1), InGaAs¡GaAs (Refs. I  5). or
InGaAs¡InP (Ref.6). These results rcpresent an important
improvcment that confirms this option as a ver) promis-
ing one.

In the present work, thc dislocation distr ibution in
l inearly-graded composit ion InGaAs buffer layers grown
on CaAs (001) substrates is characterised by transmission
electron microscopy (TEM). The TEM observations are
comparcd with the dislocation distr ibution pledicted by
severa l  theore t ica l  modc ls . -  8

Experimental technique

The specimens under study were grown by molecular beam
epitaxy (MBE) at a growth temperature of 500'C and thcir
layer structures consist of a I  ¡rm thick l inearly graded
InGaAs (0 28 at.-%In) buffer layer fol lowed by a 250 nm
thick InGaAs cap laycr (with dif lerent ln composit ions) on
a GaAs (001)subs t ra te  (F ig .  l ) .

Conventional TEM studies were performed with a
Jeol 1200-EX transmission electron microscope operating
at  120kV.  The p lan-v iew TEM (PVTEM) spec imen
preparation was carr ied out by chemical etching r¡ethods
(Br, * CH.OH or HrSOo + H2O2 + HrO). and the ct 'oss-
sectional TEM (XTEM) specimens wct 'c prepared by Ar*
ion mil l ing after mechanical thinning.

The dislocation Burgers vcctors anal¡,'sis was performcd
using the 1wo conventional invisibi l i ty cr i tcr ia. g'h:0
and g ' (b  ¡u ) :0 .  where  ó  i s  the  Burgers  vec tor  o f  the
dislocation, g is the dif fract ion vcctor and z is the unit
vector along the dislocation l ine direct ion. for thc {220},
{004} ,  and {111. f  re f lec t ions .

To determine thc al loy composit ion and thc strain
relaxation of the cap layers. double crystal X-ray dif fract ion
(DCXRD) measurements were carr icd out. Rocking curves
from DCXRD were obtained for each of thc spccimens
from the surface symmetrical (004) and asymmetrical low
and high angle (115) rel lect ions using a Bede Scienti f ic
lnstrument 150 dif fractometer. For each specimen, four
(004) rocking curves were recorded, where the project i trn
in the (001) planc of the incident and dif fracted beams l ie
along the four (110) direct ions. From thcse four readings
any macroscopic t i l t  between the la¡rer and the substrate
was calculated. and was subsequently used to corrcct peak
spl i t t ing on the corresponding (115) rocking curves. The
standard assumptions have been used to calculate compo-
sit ions and latt ice mismatches.e r3

Experimental results and discussion

A dctai led analysis of the plan-view TEM imagcs of the
- 250 nm thick InGaAs cap laycrs. as shown in Fig. 2,
does not revcal the presence of any thrcading dislocations.
Thereforc. the dislocation density at the top of the grading
and in thc cap layers is below the detection l imit of this
technique, i .e. < 10s cm 2

Table 1 Results from TEM and XRD obtained for top
layers of set of specimens

Spec imen In  conten t ,  % Re laxa t ion ,  % Top layer  th ickness ,  nm

1 5
20 .5
z¿  )

B
c

g ¿ + s
8 8 + 5

, 2 5 0
-250
-235
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InuGa.,  rAs

x=28%

In,Ga.,-*As

x=0%

GaAs (001)

250  nm

1 0 0 0  n m

1 8 0  n m

Schemat ic descr ipt ion of  specimen
th i cknesses  co r respond  t o  nom ina l  ones

structures:

Plan-view TEM and cross-scctional TEM mic¡o-
graphs (Fig. 2a and b. respectively) reveal the presence
of misf i t  dislocations mainly running along the [110]
and [110] direct ions in the InGaAs buffer layers up to
a cri t ical thickncss -2". Thc measured z. values are shown
in Table 2. The mean cross-scctional densitv ol such de-
fects in the dislocation r ich area is 8 7 * L 10s cm 2,

with a rather uniform distr ibution. Stereoscoorc exam-
ination reveals dislocations arranged as a three-dimensional
network.

Threading segments betwcen two misfit segments are
visible in the graded layer in XTEM and pVTEM
micrographs. ln PVTEM imagcs, such segments are easi ly
identified by a charactcrislic 'zig-zag' contrast (see dislo-
cations marked as ' I '  in Fig.2b and 4ó) while in XTEM
images, these segments are not paral lel to the growth
in te r face  (001)  ( ' l ' i n  F ig .2ó) .

Table 1 shows the In content and thc strain relaxation
of each cap layer, determined from DCXRD measurements,
as well as the thicknesses of the cap layers measured
by  XTEM.

The arrays of misfit dislocations are asymmetrically
distr ibuted for thc two mentioned (110) direct ions and
this is probably owing to the basic asymmetry of the
orthogonal edge and 60' dislocations in the zinc blende
structure (z or l)  character).ra Peierls barr icrs between
two types of dislocations lead to uncqual mobil i t ies for
the arrays of dislocations along the (110) direct ions.
Dislocation density data in Fig. 3 for the specimen A
graded layer support this assumption. This fact is clearly
observed in Fig. 2b wherc dislocations label led as A.
running parallel to the electron beam, reach higher than

Table 2 Experimental TEM and theoretical results
obtained for graded layers in nanometres; á is
graded layer total thickness, z! and f i  are two
crit ical thicknesses measured in both ( l  l0)
direct ions as shown in Fig. 3; zt" and z!
correspond to predicted cri t ical thicl<nesses
using Tersoff and Dunstan models, respectively

Spec imen +

2 a Plan-view TEM micrograph (bright f ield (BF) g:
(220)) showing dislocation network, b cross-sectional
TEM micrograph (BF S: l22OD showing d is loca t ion
distr ibution

those lying perpendicular (B). Thus, the cri t ical thickness
z. is dif ferent for the two (110) direct ions.

A representative example of the observed misf i t  dislo-
cations is shown in the micrographs ol Fig. 4 for the
diffraction vectors g1z:o), g{¿oo} and gi040}. A charactcristic
contrast ls seen near 'a'  in Fig. 4c where a dislocation
paral lel to [110] becomes invisible for g22s ref lect ion.
Applying the conventional invisibi l i ty cr i ter ion g.b:0,
this_dislocation appears to be of pure edge type with
b:;11101. Fol lowing a similar procedure, the dislocations
label led as 'b'  and 'c '  are also of pure edgc type with
b:ILt l0l.  These edge dislocations wirh á paral lel to thc

x:Ou/o

Dislocation frce

I High density

4 l,orv density

800 1000
nm

(n

a
I

a
v)

r )

7 1 0  8 1 0
660 650
740 790

B
C

950
8 1 7 + 4 684

'M
200 ¡100 600

Buffer layer thickness,
3 Schemat ic representat ion of  d is locat ion densi ty

dist r ibut ion in InGaAs buf fer  layer of  specimen A:
dis locat ion densi ty is  below 5 x 108 cm 

-2 
for  low

dis locat ion densi ty region and 8.7 *  1 x 10 s cm 2

for  d is locat ion r ich area
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4 P lan-v iew TEM micrographs  showing d is loca t ion  ne twork  in  g rad ing  layer

(001) growth plane arc expected since they provide the
most ellicient strain relief. Many of the dislocations in the
figure are 60' dislocations. These dislocations were the most
frequent in this system. From the invisibi l i ty cr i ter ia and
stat ist ical observations, a 30 + 8% of edge dislocations is
estimated. These are mainly concentrated near the graded
layer/substrate interface.

In these micrographs (Fig. a) several dislocation inter-
actions are observed. The most frequent interactions are
lypical reactions between 60' dislocations, as can be seen
at the lower right corners of the micrographs of Fig. 4. On
the other hand, numerous dislocations crossing without
any interaction appear in the PVTEM images shown in
Fig. 4. This can be attr ibuted to one of the fol lowing
configurations: (a) two 60' dislocations with perpendicular
Burgers vectors. (b) two pure cdge dislocations (point 1 in
Fig.3c), and (c) dislocations contained in dif ferent planes
(001), that is thc most probable configuration in this system
(point 2 in Fig. 3c).

Single and mult iple dislocation loops, without any
fixed pattern, are found by XTEM deep into the graded
layer, in some cases reaching the substrate (Fig.5). The
deepest observed loop pcnetrates about 1 ¡rm into the sub-
strate.

A Burgers vector analysis of thc dislocations in these
kinds of loops is shown in Fig. 6a d using g¡r¡,  97n, gzzo,

and gno. two-beam conditions respectively. For thc gtro

condit ion three loops are visible. For the 9111 ref lect ion a
considerable reduction of contrast occuts fcrr the dislocation
label led as I.  which is consistent with 60" dislocations with
á  :  + t011 I  o r  j t  1011.  The smal les t  loop  2  becomes inv is ib le

for the g,,,  ref lect ion and therefore i t  is a 60'dislocation

w i t h  á :  j t 0 1 1 l  o r l [ 1 0 1 ] .  D i s l o c a t i o n  3  i s  c l e a r l y  o f  e d g e
type with b: i l l l0l  because of the invisibi l i ty for the g6sa

reflcction.
Dislocation loops penetrat ing deep into the substrate rn

graded structurcs were previously reported by Le Goues
et al. ls Al l  the loops wcre observed to have identical
Burgers vectors, which is a typical result of the dislocation
muli ipl icat ion Frank Read mechanism. In that paper, ls

the authors proposed a mechanism of loop mult ipl ica-
t ion where a single pinned dislocation segment acts as a
Frank Read centrc. Howevcr, in thc present study, dislo-
cation loops with different Burgers vcctors are observcd to
penetrate into the substrate. Therefore, the Le Goues e/ a/.
interpretation of their existence in the substrate can not be

applied here.

Theoretical models

In recent years, two authors have proposed models to
predict the existence of a strained region free ol dislocations
at the top of a linearly gradcd composition layer. The first
model is based on geometrical considerat'ionslo and the

second is an energy based model.-' These models are briefly
commented upon and applied to this systcm in thc lollowing
paragraphs.

T E R S O F F ' S  M O D E L
Recently, Tersoff? deduced the equilibrium dislocation
distribution and the residual strain in linearly graded
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250 nm

'ffi 
:e

#*--4q$ 
-

\
- :

i

GaAs {001}
a

a deep ins ide  subs t ra te ;  b  w i thout  penet ra t ing  ¡n to  subs t ra te

5 Gross-sec t iona l  TEM images (BF g : (220) )  showing
d is loca t ion  loops

composit ion layers. The density of dislocations in equi-
l ibr iurn ( i t  is assumed that thc energetic formation of
dislocations is balanced by the clast ic energy of the
structure assuming that the dislocations adapt the latt ice
parameter pcrfccl ly up to an equil ibr ium thickncss z.) is
calculated assuming a f i lm thickness much largcr than
thc dislocation spacing. No dislocation interaction is
considered.

Such considerations permit the calculat ion of thc para-
metcr :c for a l inearly graded composit ion layer

/  E ,  , r '
: , : t t _ ( r ; ; /  . ( 1 )

where Ed is thc energy of the dislocation per unit  length,
ft  the total thickness of the grading layer, ánn, the misf i t
component of the Burgers vector of the dislocation. ¿':
dt(z)¡dz. c(z) being the mismatch strain, and ¡r the elastic
shear  modu lus  (3 .09  x  108 N m 2) .

For the system considered here, assuming an isotropic
medium, Eo is calculatcd as fol lowsll

sin 'zp l  ,  zR
-  l l n
1 - t  l  b

3 9ttt ,  D 9ttt ]  c 9z2oi d 9oo+
6 XTEM images showing th ree  d is loca t ion  loops  fo r

dif ferent ref lect ions

If 60' dislocations and R - 50 nm are assumed and
Vegard's law is assumed, z":801 nm is deduced. Taking
into account thc cxperimental percenlage of each type of
dislocation: 30 + 8% of pure edge dislocations, --.  is
817 +4 nm. In this calculat ion both ó and ¡ are taken as
the average values corresponding to a l5%In content.

In this model. changes in z ol R parameters sl ightly
allect thc resulting value of z" but, on increasing the
proport ion of edge type versus 60' type dislocations, while
thc total dislocation dcnsit¡ remains constant. the f inal
z "  va lue  var ies  less  lhan 4 '5oA:  z .  (y . -2 .45 ,  R:50nm.
h :  1 0 0 0  n m ,  1 0 0 %  o f  6 0 ' ) -  8 4 7  n m  a n d  z "  ( z - 2 . 4 5 .
R : 50 nm, ft  -  1000 nm, 100% of edge) :  887 nm.

This model al lows us to calculate thc dislocation densitv
in the graded layer from the expression

t " '
p : i  .  ( 3 )

and considering 100% of 60' dislocations, the theoretical
p is 11'2 x 10ecm 2. I f  we consider 22 or 38oA of pure-
edgc dislocations p is 9'4 or 8.5 x lOecm 2, respectively.
Notice that the experimcntal density mcasured by TEM
fal ls between thesc two values.

D U N S T A N ' S  M O D E L
Dunstan et al.ó proposed a model bascd solely on
geometrical considerations. The obtained expression does
not expl ici t ly consider either strain energies or dislocation
energies. l t  is based on simple arguments that can be
summarised as fol lows: (a) at small  thicknesses, the layer
does not relax because the relaxation energy Ae :blmd
exceeds the strain ¿; in the laver. (b) the layer may begin to
relax when the condit ion l¡  ntd: r is reached (where rn is a
factor between I and 2). Thus. this model predicts that the
strain thickness product of a single layer must be a constant

h t : k  . ( . 4 )

where k is 0'8 nm for thc InGaAs¡'GaAs system. ¿ is thc
strain and ft  the total thickness of the epi layer. As recently

ub2 f
E¿: , I cos- / i -¡

+ f t 1
( 2 )

where p is the angle betrveen the Burgers vector and the
dislocation l ine. z thc dislocation core corrector parameter,
R the cut off  parameter and l  thc Poisson's rat io of the
fi lm (0'33). Parameter z has been usually taken as 3 or
4 for calculat ions involving semiconductor materials. al-
though the value z :  I  is now more often used. However,
in the prcsent work the value z :  2.45 is used as this is the
value measured for InGaAs.18
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\--
Substrate

a be fore  reach ing  cond i t ion  J lc (z )  dz :  k  no  d is loca t ions  re lax  the

layer ;  b  when th is  cond i t ion  is  a t ta ined,  d is loca t ions  loca ted  be tween

0 and z"  re lax  to ta l l y  th is  reg ion ;  c  fo l low ing  growth ,  more

d is loca t ions  re lax  the  f i rs t  reg ion  { i .e .  i f i "c (z )  dz :0 )  so  tha t  a  de fec t

f ree  reg ion  fo l low ing  l2 "e \z l  dz :  k  a lways  s tays  a t  top  o f  g rad ing

7 Schematic descript ion of strain relaxat¡on Dunstan
mechan ism dur ing  growth  o f  l inear ly  g raded layers

published,le this expression also describes the strain
relaxation in more complex structures (stacks of layers,
graded layers. etc.) considering the average strain and the

total thickness.
For a linearly graded layer, the average strain is

fo,
where e' is the mislit strain rate d¿/dz.

This induces a strain relaxation behaviour schematically
described in Fig. 7. When [ {z) dz is less than k the

relaxation does not start (Fig.7a), but when this value is

reached, dislocations relax the layer between 0 and z" so

that no strain remains in this region. When growing graded

structures. a strained and defect free region always rematns

at the top of the grading with the thickness h z. that

depends on ly  on  the  grad ing  ra te  c ' (F ig .7b  and c ) .  As

shown in Fig. 7, the thickness of this strained top rcgion is

de termined bv  the  cond i t ion

Substrate Linearly graded layer

Schemat ic descr ipt ion of  real  re laxat ion occurr ing

i n  l i nea r l y  g raded  l aye rs :  as  no  t o ta l  r e l axa t i on  i s
possib le,  area below curve between 0 and z"  is  no

longer 0 and therefore z.  becomes higher to reduce

area between z.  and h

as from equation (4)

rh
rh I e(z) dz

_ l J 0
¡ ' r . :  I  d= *

J o  l ¿ ,
J o

l ' .  l h  lu
: |  {z) dz-r I  e(z) dz - |  r ' (z) dz: k (1)

Jo J,, .  J ".
The predicted z" is 684 nm. In this modcl, the z" value only

depends on the graded layer total thickness and on the
grading rate.

COMPARISON BETWEEN THE THEORETICAL
M O D E L S  A N D  T H E  E X P E R I M E N T A L  R E S U L T S
The model that more closely follows the experimental
results is the Dunstan model. Surprisingly. a lower z. value

than the experimental one is predicted. To understand this

dif ference, i t  is necessary to notc that in al l  the exist ing

models, a step by step total relaxation is assumed to occur
during the growth. Obviously, this can never happen. A

convincing argument is that a single laycr can not relax

morc than 70o/o.2o Because of this, the dislocation-r ich
region needs to be largcr to reach the same iattice parameter

and the f irst term of the Dunstan condit ion becomes

lg 4z¡ dz +0

t (z)  dz * ' l z \  d - .  ( 8 )

as theand, as is shown in Fig.8. z" needs to be highcr.
area below thc curve remalns constant.

Conclusion

re
Linearly graded layer

lo ,P¡ a,
Jo I:i( s )t t -

I

|  . un  
o , :  /< :  o ' 8  nm

A detai led study of the dislocation behaviour in compos-
it ional ly graded lnGaAs buffer layers on GaAs substrate is

presented. Dislocations adapting the latt ice parameter up

to a thickness z" are observed. A top dislocation free region
(< 105 cm 2) is evident. In addit ion to this very promising

result it must be noted that dislocation loops penetratlng

deep into the substrate are also evident' A simple forcc

balance model is presented to interpret this dislocation
behaviour. Comparison of the experimental data with

several existing models shows that the geometrical Dunstan
( 6 )
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model agrces more closely with thc experimcntal results.
Moreover, some explanations for the differences observed
between the experimental observations and the model
predict ions are given. The most important and practical
outcome is that once the relaxation process is understood,
the strain relaxation control in such linearly graded
structures will allow thc growth of very efflcicnt buffer
layers for InGaAs based dcvices on GaAs substrates.
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