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The strain relaxation in linearly graded composition InGaAs layers grown on~001! GaAs substrates
by molecular beam epitaxy is studied by transmission electron microscopy~TEM! and double
crystal x-ray diffraction~DCXRD!. The dislocation distribution in these layers does not coincide
with the predicted equilibrium dislocation distribution@J. Tersoff, Appl. Phys. Lett.62, 693~1993!#.
The dislocation density in the dislocation-rich layer thickness is slightly smaller than the equilibrium
density. The thickness of the dislocation-rich region is different in the@110# and@11̄0# directions. A
good correspondence exists between the TEM and DCXRD strain measurements. The dislocation
distribution observed by TEM has made it possible to design a scheme to grow dislocation-free and
unstrained top layers on linearly graded composition buffer layers. ©1994 American Institute of
Physics.
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The presence of dislocations in semiconductor act
layers usually degrades the device properties. In lattice m
matched semiconductor heteroepitaxies, dislocations
generated when the epilayer surpasses a rather small cr
thickness. This fact justifies the high number of resea
works aimed to avoid dislocation threading up to the epila
surface of heteroepitaxial systems. To filter threading dis
cations, the most widely used solutions were the growth o
single or multiple uniform composition layers between su
strates and top layers,1,2 or the use of graded compositio
layers.3,4

Recently, Tersoff5 has calculated the equilibrium distri
bution of dislocations and the residual strain in linea
graded composition layers. The calculated density of dis
cations in equilibrium is just enough to exactly cancel t
lattice mismatch up to a given distance from the interfa
and the model predicts no dislocations at all above that
tance.

In this letter we show that the dislocation distribution
linearly graded composition InGaAs epilayers grown
~001! GaAs substrates by molecular beam epitaxy~MBE!
does not coincide with the predicted5 equilibrium dislocation
distribution. The dislocation density of the dislocation-ric
layer thickness is slightly smaller than the equilibrium de
sity. On the other hand, an asymmetric dislocation distrib
tion between the@110# and @11̄0# directions is observed. An
expression is deduced to calculate the residual strain in
early graded composition layers for the observed~nonequi-
librium! situation. This expression is applied to calculate t
residual strain at the top surface of a linearly graded com
sition layer. This calculation makes it possible to sugges
design scheme to grow dislocation-free and unstrained
layers on linearly graded composition buffer layers.

The linearly graded composition InGaAs layers used
2460 Appl. Phys. Lett. 65 (19), 7 November 1994 0003-69

Downloaded¬29¬Mar¬2006¬to¬150.214.231.66.¬Redistribution¬subje
ive
is-
are
itical
rch
yer
lo-
f a
b-
n

-
rly
lo-
he
ce
dis-

of
on

h
n-
u-

lin-

he
po-
t a
top

in

this study were grown by MBE on~001! GaAs substrates at
500 °C. The studied samples consist of a 1mm thick linearly
graded composition InGaAs buffer layer and a 0.3 or 0.5mm
thick uniform composition top layer with varying composi-
tions as shown in Fig. 1.

The dislocation distribution was studied by transmissio
electron microscopy~TEM! techniques. Specimens were pre

FIG. 1. Scheme of the studied samples.
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pared for TEM studies with various techniques:~a! Ar1 ion
milling for cross-sectional TEM~XTEM! observations and
~b! chemical etching~Br21CH3OH! for planar-view TEM
~PVTEM! studies. TEM observations were performed
Jeol 1200 EX and Jeol 2000 EX transmission electron

FIG. 2. Bright-field~g5220! TEM images of the S21 sample:~a! XTEM;
~b! PVTEM.
Appl. Phys. Lett., Vol. 65, No. 19, 7 November 1994
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croscopes. The dislocation Burgers vectors analysis was fu
filled using the two conventional criteria@g–b50 and
g–~b3u!50# with theg$220%, g$004%, andg$111% reflections.

Double crystal x-ray diffraction~DXCRD! rocking
curves were obtained for each of the specimens in the surfac
symmetrical ~004! and asymmetrical low and high angle
~115! reflections using a Bede Scientific Instrument 150 dif-
fractometer. For each sample four~004! rocking curves were
recorded where the projections in the~001! plane of the in-
cident and diffracted beams lie along the four^110& direc-
tions. From these four readings any microscopic tilt between
the layer and the substrate was measured, and was correc
for measurements of peak splitting on the corresponding
~115! rocking curves. The standard assumptions have bee
considered to calculate the composition and lattice
mismatches.6–10The equilibrium dislocation distribution pre-
dicted for a linearly graded composition layer is just enough
to exactly cancel the mismatch up to a distance~zc

equ! from
the interface and there are no dislocations at all abov
zc
equ 5. The general dislocation distribution observed by TEM
in this work is close to the equilibrium distribution, though
some significant differences are detected between them:

~1! The distancezc from the interface is smaller thanzc
equ for

both ^110& cross sections.
~2! The dislocation density~r! measured by TEM is slightly

smaller than that corresponding to a complete relaxation
~rcr!. This density is identical for the twô110& cross
sections.

~3! The parameterzc is different for the two possiblê110&
cross sections, i.e., the strain relaxation is not symmetri
cal.

Figures 2~a! and 2~b! show XTEM and PVTEM images
of sample S21, respectively. PVTEM samples were etche
only from the bottom side, so that the top layer is visible at
the edge of the foil. Similar behavior is observed in samples
S24 and S26. This behavior is schematically described in
Fig. 3, where the predicted~equilibrium!5 and observed dis-
location distributions are compared. The parameterszc are
measured for all the studied samples for the two possibl
^110& cross sections using XTEM images. Table I shows the
graded layer total~ztot!, the equilibrium calculatedzc ~zc

equ!
s.
FIG. 3. Schematical representation of the dislocation distribution for the equilibrium and observed situation
2461Molina et al.
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and the measuredzc (zc
A and zc

B! thicknesses. The cross
sectionA corresponds to the lowest measuredzc parameter,
while B corresponds to the remaining one.

Assuming an equilibrium situation, the theoretical re
sidual strain at the top of the graded composition buffer lay
(e r

equ) is

e r
equ5~ztot2zc

equ!e8, ~1!

whereztot represents the total thickness of the linearly grad
composition buffer layer ande8 is the grading rate
~e85de/dz!. On the other hand, if the observed dislocatio
distribution is considered, partial relaxation exists up tozc ,
and the residual strain at the top of the graded composit
buffer layer (e r! is

e r5ztote82zcbr, ~2!

wherer is the mean measured~by TEM! dislocation density
belowzc andb is the average misfit composition of the Bur
gers vector of the dislocations.

Both 60° and 90° perfect dislocations are observed
TEM. The maximum dislocation density is 73109 cm22 and
this density is quite uniform throughout the buffer laye
dislocation-rich regions; the observed maximum density d
ference is lower than 23109 cm22. Additional TEM mea-
surements have been carried out to calculate the densit
each type~60° and 90°! of dislocations; the percentage o
90° dislocations ranges between 22% and 38%. The Eq.~2!
allows us to determine the existing lattice~strained! param-
eter at the top of the graded buffer layer, and then a com
sition whose lattice parameter will match that at the top
the buffer layer is chosen, so that a layer of this compositi
will grow with no strain. As the dislocation density at the to
of the graded composition buffer layer, measured fro
PVTEM images, is smaller than 105 cm22, this approach
makes it possible to grow an unstrained and dislocation-f
~,105 cm22! epilayer on top of the graded layer~Fig. 1!.
Assuming an equilibrium situation@Eq. ~1!#, the composition
of an unstrained top layer has to bexequ526.060.3%. The
sample S26 corresponds to this situation. Considering
observed situation~r,rcr , zc,zc

equ! the top layer composi-
tion required to reach an unstrained state must be sma
than xequ526.0. Equation~2! permits to calculate the rea
residual strain at the top of the graded composition buf
layer, and therefore it is possible to calculate the composit
of an unstrained top layer. Using this approach, the calc
lated x values~x5xt1! considering the measuredzc param-
eters ~see Table I! and dislocation densities of the buffe
layer of S26 sample arext1

A519.861.2 andxt1
B522.561.5.

This xt1 value asymmetry, induced by the different values
zc in the two ^110& directions, implies that the strain in the

TABLE I. Values of the measured graded layer total~ztot!, zc
A, zc

B and equi-
librium calculated (zc

equ! thicknesses. The three last columns show the re
tionshipszc

equ/ztot, zc
A/ztot , andzc

B/ztot .

Sample ztot~nm! zc
equ~nm! zc

A ~nm! zc
B ~nm! zc

equ/ztot zc
A/ztot zc

B/ztot

S21 950 817 660 750 0.86 0.69 0.79
S24 950 817 710 810 0.86 0.75 0.85
S26 1060 919 781 890 0.87 0.74 0.84
2462 Appl. Phys. Lett., Vol. 65, No. 19, 7 November 1994
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top layer possesses some asymmetry, as expected for t
existence ofa andb dislocations.11 Since thext1 values are
close for botĥ 110& directions, if the top layer is grown with
a composition equal to the mean value~xmt1! of xt1

A andxt1
B,

xmt1521.261.4, the effects of the asymmetry will be aver-
aged and the layer will grow almost unstrained for both^110&
directions. Sample S21 has been grown to test the validity o
this design scheme. To quantify the strain at the top layers o
the three grown samples, DCXRD measurements were ca
ried out. The mean strain relaxation data of the top layers
obtained by DCXRD, are shown in Table II. The composi-
tion data shown in Table II have been obtained from the
strained lattice parameters measured by DCXRD using th
standard assumptions.6–10 As expected,~1! the top layer is
not completely unstrained when an equilibrium situation is
assumed, and~2! the relaxation percentage increases as the
top layer composition is closer to the predicted average com
position value ofxmt1521.2.

In conclusion, a design scheme of buffer layers is elabo
rated allowing to grow unstrained and dislocation-free~,105

cm22! InGaAs uniform composition epilayers on GaAs sub-
strates using linearly graded composition InGaAs buffer lay-
ers. This scheme is developed considering the nonequilib
rium situation that these graded composition layers posses
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a-
TABLE II. Mean strain relaxation and composition data obtained by
DCXRD from the top layers.

Relaxation
~%!

Composition
~%!

S21 9465 20.561
S24 8865 22.561
S26 8065 26.561
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