
Dislocatio n behavio r in InGaAs step - and alternatin g step-graded
structures : Desig n rule s for buffe r fabrication
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A comparison between compositionally stepped and alternating step-graded structures used in the
production of a relaxation buffer layer is carried out by meansof transmission electron microscopy.
The latter shows higher efficiency in relieving the strain. A simple balance force model permits us
to understand the reason for ahigher generation of threading dislocationsobserved in thealternating
step-graded structures. The presented results can be applied as new design rules for buffer
fabrication that contrast in some key points with previous published rules as, for example, the
‘‘zero-net-strain’’ precept @D. Dunstan, P. Kidd, P. F. Fewster, N. L. Andrew, L. González, Y.
González, A. Sacedón, and F. González-Sanz, Appl. Phys. Lett. 65, 845 ~1994!#. © 1995 American
Institute of Physics.
During the last decade, special attention has been dedi-
cated to plastic relaxation in heteroepitaxial structures either
for the fabrication of devices grown in novel materials or for
its fundamental understanding. Some of the most important
materials in this field are the InGaAs alloys. Their efficient
optoelectronic properties ~carrier mobility, relaxation life-
times,...! and aphoton emission in the rangeof theminimum
absorption of light guides ~1.55 and 1.3mm! are essential in
the field of the modern opto- and microelectronic technolo-
gies. However, their lattice mismatch with commercial sub-
strates ~GaAs,...! makes crystal relaxation through disloca-
tion necessary. For this purpose, several buffer structures
have been proposed in the literature, amongst which graded
buffer layers,1–4 step-graded buffer layers,5–7andmultilayers
~MLs!8,9 seem to be the most efficient solutions. The high
growth control and quality of II I–V compounds and their
high dislocation mobilities also make such buffers good can-
didates to obtain lattice matched II–VI substrates for visible
optoelectronics applications.

Although few in number, some very interesting results
have been previously reported on compositional graded
buffer layers. From experimental data, Krishnamoorthy
et al.5 proposed acriterion based on the yield strength relat-
ing the interfacial misfit to the threading dislocation creation.
Furthermore, asimplebalance forcemodel explained thedis-
location deepening in the substrate.11 Finally, Dunstan
et al.,1,7,12,13 Tersoff,3 and Sacedón et al.14 have presented
models for the average strain behavior of single, graded, and
step-graded structures, respectively.

One of the advantages of step-graded layers is the pos-
sibility to probe the relaxation state layer by layer either by
double crystal x-ray diffraction ~DCXRD! up to three layers
and/or by transmission electron microscopy ~TEM!.10 In this
letter, the lattice relaxation is studied by TEM on step- and
alternating step-graded structure. The correspondence be-
tween the strain and the misfit dislocation density in such
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structures has been shown elsewhere.9,10 Two samples ~la-
beled A and B, respectively! were grown by molecular beam
epitaxy ~MBE! to compare the misfit and threading disloca-
tion behavior between both types of structures. A schematic
description of each samplestructure is shown at the left-hand
side of the electron micrograph presented in Fig. 1 and as
dashed lines in Fig. 2. The multilayer structure consists of
5% step composition in an increasing order for sample Aand
as alternating steps for sample B.

The samples are observed in cross-sectional and planar
view orientations. The general dislocation behavior de-
scribed here is in agreement with results obtained on other
samples with different average grading rates, layer thick-
nesses, and steps of composition. To guide the reader with
simple concepts and to have an exact comparison between
the two types of structure, results are presented here from
samples with identical grading rates, layer thicknesses, and
cap layer compositions and thicknesses.

Figure 1 shows ~220! bright field TEM micrographs of
both structures in cross sectional orientation. A mean value
of misfit dislocation density at interfaces is statistically de-
duced upon observation of several specimens. This value al-
lows us to determine the relaxation and the strain for each
layer of both stacks using a precalibration of edge and 60°
dislocations proportions.10 The dislocation density at the top
of the buffer is deduced from planar view observations.

The strain dependence versus the thickness of both
samples is reported in Fig. 2. The linear increase in the strain
observed for sample A is in contrast with the Dunstan et al.1

prediction. For sample B, in addition to the well-relaxed al-
ternating step second layers, a similar increase in strain for
each of the two layers is also observed. Such behavior is
attributed to awork hardening process in sample A that dis-
tributes, in a nearly constant way, the misfit dislocation be-
tween the layer interfaces ~8–103108 cm22! and to arelax-
ation blocking process due to the alternating step in sample
1/95/67(24)/3632/3/$6.00 © 1995 American Institute of Physics
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B. Photoluminescence spectra measurements confirmed the
high strain values deduced by TEM measurements at the top
of the structure and also the better relaxation of the top layer
of sample B ~e50.0036! compared to that of sample A~e
50.0060!.

In sampleA, somemisfit dislocations relaxing the struc-
ture are shown to thread from interface to interface. The
distribution of these threading dislocations versus the thick-
ness is shown in Fig. 3. A maximal density of threading
dislocations is observed at the center of the structure and a
lower density is observed at the first/last layers of the stack.

In sample B, nearly no threaders are observed between
the interfaces up to the 15%–30% In interface @see Fig.
1~b!#. Since ahigh step of 15% In occurs every two layers,
these highly strained layers push dislocations down to their
previous interface. Indeed, theelastic forceshavehigh values
in these layers. This leads to the observed dislocation free
layers in the whole step structure.

Dislocation densities in the cap layers lower than
105 cm22 and nearly 108 cm22 are measured by plan view
TEM observation in samples A and B respectively. This re-
sult contrast with the threading dislocation behavior in the
bottom layers, where absence of threading dislocations is
clearly observed in sample B @Fig. 1~b!#. This difference is
basically due to the generation of threading dislocations at
the last interface, as shown by arrows in Fig. 1~b!, that occur
only in sample B. Indeed, a large number of dislocations are
shown to begin to thread from this last high step interface

FIG. 1. Bright field ~220! TEM micrographs of samples A and B, respec-
tively. In sample B, the arrows show threading dislocations contaminating
the cap layer.
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~15%–30%!, some of which bend at the upper alternating
step ~30%–25%!. However, a still larger number of thread-
ing dislocations follows into the cap layer @seearrows in Fig.
1~b!#.

The behavior of the dislocations at the last interface and
in the rest of the structure can be understood through a
simple balance force model. The result of the growth of the
forces governing the dislocation behavior at the interface in
the epilayer is the following11

FR5Fs2Fl2Fe2Fi1Fdd , ~1!

where FR , Fs , Fl , Fe , Fi , and Fdd are the resultant, sur-
face, lineal, elastic, interface, and dislocation interaction
forces, respectively. Between the two sample structures, as-
suming a constant elastic modulus, only two of these forces
vary as the average grading and the thickness are identical
for both samples: Fdd and Fe . Due to relaxation blocking
processes, the misfit dislocation density at the interfaces is
lower in sample B at the alternated steps and higher at the
high composition steps @Fig. 1~b!#. Therefore, Fdd is weaker
than in sample A at the inverted interfaces (Fdd,A.Fdd,B)
and larger at high steps (Fdd,A,Fdd,B). Moreover, due to
high steps occurring every second layer in sample B, the

FIG. 2. Residual strain determined using the TEM observed misfit disloca-
tion density vs the thickness for samples A and B. The dashed curve corre-
sponds to the layer composition and is used as aguide for the eye.
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strain staysat higher values, keeping theelastic forceFe also
at high values in the high step layers of sample B and in the
30% layer of sample A (Fe,A,Fe,B ; in sampleA, e50.0015
to 0.005 until the 30% layer ande50.0081 in this layer; in
sample B, e50.0039, 0.0053, and 0.0062 in high step laye
and below 0.002 in alternating step layers!. This pushes the
dislocation down more strongly.

By comparing the forces that curb dislocations to thread
at the 30% layer interfaces between the two samples, it ap-
pears that these two forces act in the same direction, i.e.,
Fdd,A,Fdd,B and Fe,A.Fe,B :

Top of the grading: Fdd,A2Fe,A,Fdd,B2Fe,B . ~2!

Thismeans that, in sample A30% layer, less dislocations are
generated by the repulsive forceFdd and the dislocations are
submitted to ahigher bending force Fe ; i.e., the probability
of having dislocations in the cap layer is much higher in the
alternating step type of structure. Indeed, threading disloca-
tions are revealed by XTEM observations only in such struc-
tures @see Fig. 1~b!#.

In the bottom layers ~,30%!, Fe is much lower in
sample A than in sample B and Fdd is slightly lower than in
the 30% layer for both samples. This means that Eq. ~2!
becomes

Below the 30% layers: Fdd,A2Fe,A.Fdd,B2Fe,B .
~3!

As aresult, nearly no threading dislocations are observed in
the sample B layers below the 30% layer.

Asshown in Fig. 3, in sampleA, thedensity of threading
dislocations increase slightly in the first steps and decrease
strongly in the last ones. The first increase is attributed to the
slight increase of the density of misfit dislocation ~8–10
3104 cm21!, which in turn increaseFdd , while thedecrease
isattributed to thestrong increaseof thestrain that makes the
elastic force much more important.

In summary, the residual strain has been estimated by
TEM measurements on samples with direct and alternating

FIG. 3. Threading and misfit dislocation densities determined by cross sec-
tional TEM observation vs the thickness of sampleA. In sample B, thread-
ing dislocations are observed only at the top of the stack with adensity just
at the detection limi t of cross sectional TEM observations (108 cm22).
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step buffers. Weshow with asimplebalance forcemodel that
compositional inverse step structures becomes highly defec-
tive at the top of the buffer while relatively clean layers are
obtained in direct step buffers. Indeed, threading dislocations
are observed in the cap layer with a density around
108 cm22, while this value is below the detection limi t on
the direct step sample. However, a tight control of the extent
of relaxation can beachieved in an inverse step buffer due to
the relaxation blocking process, while in the direct step
structure, the residual strain of the underlying layer cannot
be properly predicted. Moreover, the alternating step struc-
ture is shown to relax the strain more efficiently. Therefore,
as design rules for buffer fabrication, we recommend begin-
ning thegrowth up to half of the total thicknessby an inverse
step structure to achieve agood control of the strain relax-
ation, and then to follow up with a rather simple direct step
structure in order to limi t the TD propagation ~bearing in
mind not to overpass the critical effective step composition
of 18%!.
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