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The plastic relaxation of multilayer structures of strained InGaAs grown above critical thickness on
GaAs is reported and compared with the relaxation of single layers and with theory. We show that
a composite structure, taken as a whole, follows the same relaxation law as observed in single
layers. However, departures of the strains of some component layers from theory show that misfit
dislocations are easily pinned at an interface. Implications for the design of relaxed buffer layer

growth are discussed.

In semiconductor epitaxy, relaxed buffer layers are usu-
ally composed of several strained layers of different lattice
constants. The analysis of the plastic relaxation of composite
structures is neither theoretically nor experimentally well es-
tablished. In this letter, we show how the behavior of com-
posite structures can be predicted on the basis of an empirical
single relaxation curve.! We test the theory in simple
multilayer structures. Previously, we found that the single
curve was followed by Ing,GajgAs/GaAs and
InggsGaggsAs/GaAs;! here we report new data for
Ing ;Gag gAs/GaAs and again find good agreement with the
curve. The key result reported in this letter, however, is that
multilayer structures as a whole also obey the theory. This is
the first time that the plastic relaxation of composite epitaxial
structures has been successfully predicted by theory. The re-
sidual strains of the individual layers in the structure deviate

from the predicted values and this is interpreted in terms of .

dislocation pinning at the interface.

Relaxed buffer layers are needed for the growth of de-
vices with lattice constants different from the available sub-
strates; an example is the metamorphic InGaAs high electron
mobility transistor (HEMT) reported by Win ef al.? Ideally,
buffer layer structures should have no residual sirain: one of
the major problems with GaAs on silicon technology is the
presence of about 1 kbar residual stress in the GaAs which
can destabilize the structure during subsequent growth or
processing.® In order to design fully strain-relieved struc-
tures, it is necessary to know the plastic relaxation which
each constituent layer should undergo, and whether this is
affected by other layers in the structure. We have therefore
studied the simplest multilayer structures consisting of a first
layer of In,;Ga;_, As of thickness d; and low mismatch
strain  €,;=0.07x;, followed by a second Ilayer of
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In,,Ga; _,,As of thickness d, and higher mismatch strain
€p2=0.07x, relative to the substrate, and also a couple of
more complicated variations.

There is a large theoretical and experimental literature
on the critical thickness of strained layers, the thickness at
which the first misfit dislocations occur (see, e.g., the review
by Fitzgerald*). However, empirically, significant plastic re-
laxation, or significant change of average in-plane lattice
constant, does not occur until a much greater thickness is
1'eached,1’S which we call here the relaxation critical thick-
ness. Between the first critical thickness and the relaxation
critical thickness, interfaces may be described as semicoher-
ent. In Ref. 1 we identified a relaxation critical thickness for
a layer of misfit g, of

k
tcr=€_0 (1)
and found that the residual strain at a thickness d, greater
than relaxation critical thickness is

k
E(d)=g 2

until a work-hardened régime is reached at large d. The
value of k& was established experimentally to be 0.8+0.1 nm
(Ref. 1) and the onset of the work-hardening régime was
found to occur at somewhat under 10¢,, (see Fig. 1).

Multilayer structures can be analyzed using Egs. (1) and
(2). We generalize by first introducing the average strain in
an n-layer structure, given in terms of the individual layer
strains €; and d; as

n
_ Zi6d;
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FIG. 1. The residual strain measured by x-ray diffraction is plotted against
the thickness d for several Ing ;Gay9As samples (solid dots) and Ing ,Gag zAs
samples (crosses). The Iny,GajgAs data have been previously published
(Ref. 1). The open circles show the average strains given by Eq. (4) in the
seven multilayer structures of Table I, plotted against the total thicknesses
d=23d,. The solid curve represents Eq. (2) for the single layers and Eq. (4)
for the multilayer structures, with ¥=0.80 nm. The broken curve at A indi-
cates the misfit strain for the Iny,GageAs below critical thickness (plotted
for their actual composition of x=0.09), and the broken curve at B shows
the expected work-hardening behavior of these layers.

We now assume that the average strain and the total thick-
ness also follow the relationship of Eq. (2):

k

“w ST g, )
or, equivalently,
n
> edi=k. 5)
i=1

This model, Eq. (5), can be tested experimentally, and in this
letter we present evidence that it is obeyed in relaxing mul-
tilayers with the same value of k, 0.8+0.1 nm, as in single
layers. We may go further, and predict on the basis of both
Egs. (2) and (5) what the strains of the individual layers
should be when the structure relaxes. Analysis of the general
case of n layers of arbitrary thicknesses and misfit strains is
outside the scope of this letter and will be presented else-
where. The double-layer structures, however, are particularly
simple. If the upper layer relaxes relative to the lower layer,
it should obey Eq. (2) and thereby use up the entire contri-
bution to k& of the strain-thickness products in Eq. (5). It
follows at once that the lower layer must be completely re-
laxes, with zero strain.

TABLE 1. Multilayer structures.

This offers an interesting possibility. Independently of
the thickness of the first layer, whether it is above or below
its own relaxation critical thickness, the strain in it will reach
zero when the second layer reaches relaxation critical thick-
ness for the strain corresponding to the difference in misfit
strain between the two layers, Ae=¢y— €y,

dy= (6

t(ﬁ:E .

The physical interpretation is that the second layer can
pull the first layer down to zero strain without requiring the
infinite thickness otherwise required by Eq. (2), and the con-
comitant work hardening or degradation of crystalline qual-
ity. At this point, the second layer will have the strain Ae and
will be at the critical thickness for a layer of this strain. It is
ready to relax, breaking the semicoherence of the interface, if
it were grown thicker or if a more highly strained layer were
to be grown on top.

These theoretical results were tested in some double-
layer structures, and two three-layer structures. Sample
growth was done by metallo-organic chemical vapor deposi-
tion (MOCVD) and by molecular beam epitaxy (MBE) un-
der various conditions. First, a series of single layers of
Ing {GagoAs were grown under the conditions previously
used to demonstrate the single relaxation curve in
Ing,GaggAs single layers' with misfit strain €=0.014, to
check the applicability of Eq. (2) to this alloy composition
(misfit strain €;=0.007). Double-crystal x-ray diffraction
rocking curves for the 004 and 115 reflections along all four
110 directions were used to measure the composition and the
strain of the layers (see Ref. 6 for further details). Thick-
nesses were checked by transmission electron microscopy
using cleaved wedge samples. The results are plotted in Fig.
1 together with the Iny,GaggAs data previously reported;’
excellent agreement with Eq. (2) is observed up to the onset
of work hardening around 600 nm. The results give a critical
thickness for relaxation at this composition of 120 nm.

One double-layer structure (S1 in Table I) was grown by
molecular beam epitaxy (MBE) in the same reactor under the
same conditions as the single layers, and another (UPM159)
was grown under similar conditions in a different MBE re-
actor, together with a three-layer structure (UPM162). An-
other double-layer sample (CNM1) and a three-layer sample
(CNM2) were grown by atomic layer MBE (ALMBE) at a
much lower growth temperature of 350 °C. Finally, two
double-layer samples were grown by MOCVD. Details of
the structures are given in Table I. The thickness of each

Sample X dy (nm) % X3 d, (nm) &% X3 d; (nm) &% €y
S1 0.10 120 0.25(5) 0.20 120 0.45(5) 0.35(5)

CNM1 0.10 120 0.09(1) 018 120 0.58(4) 0.34(4)
CNM2 0.09 120 0.064(4) 0.18 120 0.11(1) 0.29 120 0.49(2) 0.22(2)
UPM159 0.08 50 0.45(5) 0.29 50 1.0(5) 0.725(5)
UPM162 0.085 50 0.43(5) 0 50 0.0 0.27 50 1.16(5) 0.53(5)
EPI239 0.14 100 0.44(5) 0.26 50 1.05(5) 0.645(5)
EPI744 0.20 230 0.168(5) 0.34 200 0.167(5) 0.167(5)
840 Appl. Phys. Lett., Vol. 65, No. 7, 15 August 1994 Dunstan et al.

Downloaded 28 Mar 2011 to 161.111.180.191. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



layer in S1, CNM1, and CNM2 was chosen to test the argu-
ment leading to Eq. (6). The other structures provide a test of
Eq. (5) over a range of layer thicknesses.

The strains in the individual layers of each structure
were measured by double crystal x-ray diffraction® and,
where necessary, by reciprocal space mapping in a triple-
crystal diffractometer. Details of these measurements will be
given elsewhere (see also Refs. 7 and 8). The individual
layers do not always have the strains predicted by Eq. (6).
Some of the data show more strain in the underlying layers
and less strain in the top layer than predicted. However, the
key result is that the average strain e,, given by Eq. (3) for
all the structures obeys Eq. (5) within error. Each structure as
a whole has the average strain predicted by the single relax-
ation curve (Table I and Fig. 1). When less relaxation has
occurred in the lower layers, more relaxation has occurred in
the upper layer to compensate. This means, of course, that
the interface between the layers cannot remain coherent or
semicoherent. Transmission electron microscopy of the first
double-layer sample, S1, does indeed show misfit disloca-
tions at this interface as well as at the GaAs/Ing;GagoAs
interface (details of the microscopy work will be published
elsewhere—see also Ref. 7).

The interpretation is that the misfit dislocations are in-
duced by the strain in the whole structure. Some which
should lie in the lower interface are instead pinned at the
intermediate or higher interface. They therefore relax less
strain energy than if they were in the lower interface. More
dislocations are therefore induced. To achieve the strains ob-
served in, e.g., structure S1, for each dislocation which is
missing from the lower, substrate interface there must be two
that are pinned at the intermediate interface. (The factor of 2
follows from the equal layer thicknesses, d;=d, in this
sample.) Instead of some constant dislocation density ran-
domly distributed between the two interfaces according to
the pinning probabilities, what the single relaxation law re-
quires is that as long as the summed strain-thickness prod-
ucts exceed k& further misfit dislocations will be produced
until 3 €;d;=k [Eq. (5)]. Even when dislocations are pinned,
and the structure fails to reach its thermodynamic equilib-
rium state, Eq. (5) still applies.

It is not clear whether the pinning is due to the compo-
sitional change at the intermediate interface. Indeed, the
mechanism whereby a compositional change could provide a
local energy minimum for misfit dislocations is not clear.’
From the data in Table 1, the scatter in values of ¢€; suggests
that the pinning may be related to details of the growth pro-
cedures, but further investigation is required. In contrast, the
structures obey the empirical single relaxation curve despite
a very wide range of growth conditions and this shows
clearly that Egs. (2) and (5) must be regarded as fundamen-
tal, not due to, e.g., kinetic constraints (which would be very
different at the low ALMBE and high MOCVD growth tem-
peratures).

A physical interpretation of the application to multilay-
ers can be given which is related to the Maithews force-
balance model of critical thickness.'® In this model, the line-
tension of a misfit dislocation is balanced by the force on the
threading section at its end where it turns up to the free
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surface. The force is given by F=obd, where o is the misfit
stress and b is the relevant component of the Burger’s vector,
and it is obviously quite unimportant how o is distributed
over d-—all that will matter is the integral of the stress-
thickness product.

These results have profound implications for relaxed
buffer layers, in which the objective is to achieve substrate
quality crystallinity and morphology at the surface at a dif-
ferent lattice constant from the substrate. We have previously
remarked that single layers grown to a great thickness are not
suitable as buffer layers since they work harden; this corre-
sponds to loss of crystallinity quality."® Nor it is satisfactory
to leave residual strain in lower layers of a multilayer buffer
layer structure as this may relieve during the growth or pro-
cessing of a device structure on top—that is, residual strain
may leave the buffer layer in an unstable state.® The idea
behind the two-layer structures reported here was to see if
the second layer can pull the first layer to zero strain, leaving
it both stable and free of work hardening; if this would work,
a third layer could then bring the second layer to zero strain,
and so on. However, if dislocations are liable to become
pinned at interfaces, leaving layers with residual strain, this
sort of simple stepped-composition buffer layer will not
work satisfactorily. Instead, it may be necessary to return to
the kind of structure proposed in Ref. 11, in which residual
compressive strain in a layer is balanced by tensile strain in
the next layer to achieve a zero-net-strain structure. In this
kind of structure, moreover, no dislocations have been re-
quired to cross an interface during plastic relaxation. Alter-
natively, grading the layers instead of using abrupt interfaces
may avoid the creation of the defects or any other phenom-
enon responsible for the dislocation pinning, thus allowing
the material to be pulled down to zero residual strain.'?
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