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SYNOPSIS
Nowadays mismatched epitaxy is routinely utilized to develop numerous
semiconductor devices. It is now possible to integrate a multilayer device structure on
a foreign substrate irrespective of a large lattice mismatch between them. For such
applications, a robust understanding of the epitaxial growth process is essential. Here,
various in-situ/ex-situ characterization techniques play a pivotal role where accurate
information regarding the structural, optical and electronic properties of epitaxial layers
is unambiguously obtained. Out of these, high resolution x-ray diffraction (HRXRD)
technique is of paramount importance since it provides a quick and accurate estimate of
the crystalline quality of epitaxial layers. However, with the invention of newer
combination of layer/substrate materials, it often becomes challenging to acquire and
analyze the HRXRD data.1–5 In case of mismatch epitaxy, it is indeed a herculean task
where the presence of a larger number of defects and dislocations often limits the
usefulness of HRXRD technique. A precise knowledge of the nature and density of
defects/dislocations is thus essential. This can significantly help in the optimization of
crystalline quality of epitaxial layers with a minimal density of defects/dislocations,
which leads to an improved performance of the devices based on mismatched epitaxial
layers.6,7 During the course of this thesis, compressive and tensile strained III-V
semiconductor epitaxial layers grown under different conditions are studied. Although
such epitaxial layers are promising for several optoelectronic device applications but
are prone to possess a high density of defects/dislocations.2,5,8
HRXRD and high resolution transmission electron microscopy (HRTEM) are
the two main characterization techniques which have been used to understand the nature
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and density of dislocations in lattice-mismatched epitaxial layers. In general, HRTEM
provides the most unambiguous evidences about the presence of dislocations in
epitaxial layers. However, HRTEM is destructive and in particular the enormous efforts
that one needs to put in sample preparation makes the technique largely unattractive for
the cases where numerous samples are to be studied over a short period. In all such
cases HRXRD is preferred due to its non-destructive nature where the crystalline quality
of lattice-mismatched epitaxial layers is accessed by measuring the full width at half
maximum (FWHM) of Bragg diffraction peaks. HRXRD is routinely used by epitaxial
growers for accessing the crystalline quality of layers, which helps them in preparing
the next growth recipe rather quickly. However, no attention is generally paid to the
identification of the types of dislocations that might be present in epitaxial layer. All
types of dislocations are understood to broaden the diffraction peaks and a low value of
FWHM is considered to be a prime indicator of the crystalline quality. However, this
might lead to an ambiguity in some cases since the dislocations distribution in latticemismatched III–V epitaxial layers is expected to be asymmetrical. New methodologies
for the HRXRD characterization of lattice-mismatched III-V semiconductor epitaxial
layers are thus desired.
This thesis deals with the development of novel HRXRD characterization
methodologies with an overall aim of understanding the anisotropic distribution of
microstructure in compressive and tensile strained III-V semiconductor epitaxial layers.
In particular, GaAs/Si, GaP/GaAs and InP/GaAs epitaxial layers are investigated in
depth. Here, a choice of the material combinations is rather interesting since 1) all the
three combinations are nearly 4% lattice-mismatched systems, and 2) issues related to
the growth of III-V semiconductors on polar/nonpolar substrates along with the type of
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strain i.e. compressive/tensile can be looked into. An anisotropic distribution of
microstructure is observed where the origin of anisotropy is found to depend on the
nature of strain and the choice of polar/nonpolar substrate. The results obtained from
HRXRD measurements are also supported by other complementary techniques i.e.
atomic force microscopy (AFM), surface profilometry, HRTEM, and polarization
dependent photo-luminescence (PL) measurements. The thesis is organized as follows:
In Chapter 1, a brief introduction of compressive and tensile strained III-V
semiconductor epitaxial layers is given. Literature survey related to the development of
novel semiconductor devices based on the lattice-mismatched epitaxial layers is also
given. Lattice-mismatched zinc-blende epitaxial layers can be grown on either polar or
non-polar substrates. Those grown on non-polar substrates e.g. GaAs/Si are prone to the
formation of anti-phase domains which complicates the analysis of HRXRD data. The
lattice-mismatched layers are further classified into two main categories depending on
the type of residual strain. For example, GaAs/Si and InP/GaAs epitaxial layers possess
compressively strain while GaP/GaAs falls under the tensile category. Various issues
related to the structural characterization of chosen material combinations are also
described in this chapter. HRXRD, being a fast and non-destructive technique, is given
special attention where key issues related to data acquisition and analysis are briefly
discussed. Historical perspectives related to the need of high crystalline quality of the
epilayers and their association with HRXRD characterization are also discussed.
Further, issues related to lattice mismatch and residual strain in epitaxial layers along
with various crystalline defects i.e. point defects, line defects, planar defects and volume
defects are discussed. At the end of chapter, an outline of thesis is also presented.
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Chapter 2 is devoted to various experimental techniques and apparatuses which
are used during the course of thesis. To begin with, various concepts involved in
HRXRD characterization i.e. reciprocal space, diffraction condition, Ewald sphere
construction, factors affecting the intensity of diffracted beams in zinc-blende materials
are described in this chapter. Next, the key components of HRXRD system i.e. X-ray
sources, incident beam optics, diffracted beam optics, sample stage and detector arm
are presented. Subsequently, the components of synchrotron radiation based HRXRD
system are also briefly described. Afterwards, conventional HRXRD data acquisition
geometries covering symmetric, asymmetric and skew-symmetric configurations along
with different types of scans e.g. ω, ω/2θ, , and reciprocal space maps are explained in
brief. Experimental details of a few other characterization techniques e.g. AFM, surface
profilometry, HRTEM, and PL are also discussed. These are used to complement the
information obtained from HRXRD characterization of lattice-mismatched epitaxial
layers. The chapter ends by a brief description of metal organic vapour phase epitaxy
(MOVPE) technique which is used to grow the lattice-mismatched epitaxial samples
investigated during the course of thesis.
In chapter 3, HRXRD studies related to GaP epitaxial layers grown on GaAs
substrate are presented. HRXRD measurements reveals that the GaP layers are tensile
strained. Information related to the microstructure of such lattice-mismatched layers is
usually obtained by performing a standard procedure known as Williamson-Hall
analysis. Here, one uses a set of symmetric reflections i.e. (200), (400) and (600) where
HRXRD measurements are generally performed using Cu Kα1 x-ray beam.2 A
sinusoidal variation of FWHMs of symmetric (400) omega scan with sample rotation is
observed which indicates about an anisotropic distribution of dislocations in layer.2 The
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observed anisotropy leads to the different values of lattice relaxation along [011̄] and
[01̄ 1̄] directions as revealed by the reciprocal space maps recorded at 0° and 90°
azimuths for (42̄ 2̄) and (422̄) reflections. The anisotropic relaxation process causes
large differences in the values of FWHM of (400) diffraction peaks of omega scans
along the [011̄] and [01̄ 1̄] directions. It therefore provides large differences in the
values of microstructural parameters of GaP epitaxial layer along the two in-plane
orthogonal directions. A systematic Williamson-Hall analysis of HRXRD data confirms
the presence of large anisotropy of lattice relaxation process along the two directions.
Owing to the lattice mismatch, GaP/GaAs epilayers presented here possess grain
boundaries where the broadening of HRXRD pattern is strongly affected by the
anisotropy of microstructure and dislocations. The kinetics of dislocations is also
discussed in this chapter where it is found that the misfit strain is primarily relieved by
90° partial dislocations up to a certain thickness of epilayer and thereafter the nucleation
of 60° perfect dislocations dominates the strain relaxation process. The effect of
anisotropic distribution of relaxation process is also seen in the surface topography of
GaP epilayer as revealed by AFM images. A large value of lateral coherence lengths
(LCL) along [01̄ 1̄] direction in HRXRD measurements indicates that the grains are
elongated in that direction in comparison to [011̄] which is confirmed by the AFM
images.2 The reason of such an asymmetric behaviour is found to be related to the
formation of 90° partial and 60° perfect dislocations at different stages of epilayer
growth. Such dislocations are commonly observed in zinc-blende tensile strained layers
and are classified as α (β) dislocations e.g. dislocations having line of dislocation along
[01̄ 1̄] ([011̄]) in tensile system are responsible for poor (good) structural quality along
[011̄] ([01̄ 1̄]) direction.2 The tilt and twist ratio for α dislocations is found to be very
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high (≈ 2.9) in comparison to the ratio for β dislocations (≈ 1.3). It is found that β
dislocations are 60° perfect dislocations which is generally observed in zinc blende
systems. Furthermore, α dislocations which are responsible for leading to a high value
of tilt are identified as 90° partial dislocations. Note that the Burgers vectors of two 90°
partial dislocations combine to give a Burgers vector of an edge dislocation pointing
toward [100] direction. After a careful literature survey, it is found that there is no
standard formula available for estimating the anisotropic dislocation densities for the
cases when different type of dislocations are acting along the two orthogonal in-plane
directions. The particular issue is addressed in this chapter and a formula based on
random distribution of dislocations is proposed to find the dislocation densities of 90°
partial and 60° perfect dislocations. The density of 90° partial dislocations is found to
be nearly an order of magnitude larger in comparison to 60° perfect dislocations. This
is in agreement with the reports available in literature where 90° partial dislocations are
found to be responsible for the initial relaxation of layer and are expected to be large in
number.2 Further, the origin of the anisotropic distribution of dislocations is
successfully explained by considering the Burgers vector network, and its consequences
are also observed in the cross sectional transmission electron microscopy images.
In chapter 4, HRXRD studies on InP/GaAs epitaxial layers are presented.
However, contrary to GaP/GaAs epitaxial layers, this is a compressively strained
system.8 In this case also, a sinusoidal variation of FWHM of omega scan for (400)
reflection with sample rotation reveals about the presence of an in-plane anisotropy.
Standard Williamson-Hall analysis is used to find the microstructure along the two inplane orthogonal directions. The tilt and twist ratio for both α and β dislocations is found
to be nearly 1.4 indicating that the dislocations are predominantly 60° perfect ones. The
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estimated density of 60° perfect dislocations of α type is found to be slightly large in
comparison to 60° perfect dislocations of β type. This is in agreement with the reports
available in literature where α type 60° perfect dislocations are known to initiate the
relaxation process in epilayer. Further, the information obtained from HRXRD
measurements about an anisotropic distribution of microstructure in InP/GaAs epitaxial
layers is confirmed by performing polarization dependent PL measurements where
intensity of PL signal is found to different along the two in-plane orthogonal directions.
In chapter 5, attention is paid to another lattice-mismatched layer substrate
combination based on the MOVPE growth of GaAs epitaxial layers on Si substrates. A
major difference here is that the layer is expected to be compressive strained. Further,
the layer is grown on a nonpolar substrate leading to the formation of anti-phase
domains. Here too, a sinusoidal variation of FWHMs of symmetric (400) omega scan
with sample rotation is observed which indicates about an anisotropic distribution of
dislocations in layer.2 Information related to the microstructure is obtained by a
systematic Williamson-Hall analysis where a set of symmetric reflections i.e. (200),
(400) and (600) is considered.2 Out of these, (200) and (600) diffraction patterns, which
are expected to be weaker, are further broadened by the anti-phase domains. Moreover,
it is found that an unambiguous measurements of (600) diffraction pattern is nearly
impossible due to a low value of form factor for (600) reflection when compared with
(200) reflection.1,4,5 Therefore, a standard Williamson-Hall analysis cannot be
performed using Cu Kα1 x-ray beam of a laboratory based x-ray source. Under such
circumstances, angle dispersive x-ray diffraction beamline (BL-12) of Indus-29
synchrotron radiation source is found to be extremely useful. Here, one can choose a
high energy of incident x-ray beam which helps in accessing even further higher order
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reflections. Standard Williamson-Hall analysis therefore can be made more accurate
and meaningful for GaAs/Si epitaxial layers.3 High intensity of Indus-2 synchrotron
radiation source is another advantage since it helps in overcoming the limitation posed
by the weak scattering efficiency of epilayer in case of (200) and (600) reflections as
mentioned earlier. With the availability of synchrotron radiation source, diffraction
patterns corresponding to a set of four symmetric reflections i.e. (200), (400), (600),
and (800) are successfully recorded. It enables us in performing standard WilliamsonHall analysis on GaAs/Si epitaxial layers which facilitates the evaluation of
microstructure information.3
Although the application of synchrotron radiation source in performing
Williamson-Hall analysis on GaAs/Si epitaxial layers is successfully proven but it is
not recommended for the routine characterization purpose. Hence, alternate
methodologies are required with an aim of accessing a similar information by recording
a set of diffraction patterns with a laboratory based x-ray source alone. Under such
circumstances, the scheme of modified Williamson-Hall analysis can be implemented
by choosing a set of parallel planes which are tilted at a fixed angle with respect to the
sample surface.10 Here, (111), (333) and (444) skew-symmetric reflections are chosen
to record the HRXRD data which is then used to measure the information related to the
microstructure in GaAs/Si epitaxial layers without any ambiguity. Modified
Williamson-Hall analysis is found to provide an accurate measurement of the values of
lateral coherence length (LCL), vertical coherence length (VCL), tilt and twist of
GaAs/Si epitaxial layers. Furthermore, a simple method based on the orientation of
Burgers vector is proposed for estimating the ratio of tilt and twist. In this method, the
twist can be found easily once tilt is known. It is rather quick and the measured values
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of twist are very similar to those which are otherwise estimated by acquiring numerous
HRXRD scans along with tedious fitting procedures. The identification of dislocations
along both the in-plane orthogonal directions and the estimation of corresponding
dislocation density is addressed by considering the role of Burgers vector and/or their
components in tilting and twisting the grains in epilayer.2,4 It is found that the
dislocations along both the in-plane directions are 60° perfect ones which is found to be
in good agreement with the reports available in literature. Density of dislocations along
the two in-plane orthogonal directions is found to be different confirming an
asymmetrical distribution. Presence of 60 mixed dislocations is confirmed from the
cross sectional HRTEM images of GaAs/Si samples. Furthermore, the estimated value
of VCL is found to be equivalent to the layer thickness measured by the surface profiler.
Finally in chapter 6, main results of the thesis are summarized along with a
brief discussions on the scope of future work. In this thesis, HRXRD characterization
of compressive and tensile strained III-V semiconductor epitaxial layers is carried out
with an aim of understanding the anisotropic distribution of microstructure. It is found
that standard Williamson-Hall analysis can be used to understand the asymmetric
distribution of microstructure in zinc blende epitaxial layers grown on polar substrate
irrespective of the type of residual strain. However, the method fails in case of epitaxial
layers grown on nonpolar substrates. In that case, either the HRXRD measurements
should be performed on a synchrotron radiation source or modified Williamson-Hall
analysis, based on a set of skew-symmetric reflections, needs to be carried out in case
the measurements are performed with a lab source. HRXRD characterization results
from three nearly 4% lattice-mismatched material combinations are presented in this
thesis where an anisotropic distribution of microstructure is observed along the two in-
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plane orthogonal directions. In case of compressively strained systems, it is found that
the same type of dislocations i.e. 60° perfect dislocations are responsible for lattice
relaxation, where the anisotropy occurs mainly due to the difference in the density of
dislocations. On the other hand, in case of tensile strained epilayers, 90° partial
dislocations are primarily responsible for initial relaxation of the layer while 60° perfect
dislocations dominate the relaxation process beyond a certain layer thickness. The
present work is useful in understanding the relaxation process in compressive and
tensile strained III-V semiconductor epitaxial layers which is expected to help in the
development of novel semiconductor devices based on such materials. To conclude,
HRXRD is proven to be a fast and contactless method to understand the relaxation
process in lattice-mismatched III-V semiconductor epitaxial layers which depends on
the type of strain in layer and the choice of polar/nonpolar substrate. Further, a quick
identification of dislocation type and estimation of the dislocation density is possible by
HRXRD technique. As part of future work, it is proposed to study a few other latticemismatched system e.g. GaP/Ge, AlAs/Si etc. which shall help in developing a robust
understanding about the lattice relaxation process in such material combinations.
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Chapter 1
Introduction
1.1 Motivation
Most of III-V compound semiconductors find numerous applications in the
development of optoelectronic devices. Let it be a light emitting diode, laser diode, high
efficiency multi junction solar cell, or high electron mobility transistor, all such devices
are made out of III-V compound semiconductors.1,6 On the other hand, Silicon is the
most sought semiconductor material owing to its enormous applications in the
development of electronic devices. In view of this, a monolithic integration of group
III-V semiconductors on Silicon substrate is of paramount importance.1 Availability of
a large band offset in multilayer heterostructure is quite attractive for the device
designers.1,7 With the help of modern epitaxy tools, it is now possible to grow latticemismatched systems offering a wider selection of band gaps and band offsets, which
plays a key role in improving the performance of existing devices and also in the
development of newer devices.1,3,6,7 However, epitaxial growth of these semiconductors
on foreign substrates is extremely challenging. Due to a large difference in the values
of lattice constant and thermal expansion coefficient for a given layer and substrate
combination, a poor crystalline quality of the layer is often reported.1–3 The grown layer
is usually filled with defects and dislocations, and often their density is enormous which
makes them largely unsuitable for any device development. Under such cases, epitaxial
growers try to optimize the growth conditions with an overall aim of minimizing the
density of defects/dislocations in the layer. A quick feedback on the crystalline quality
of layer is thus desirable which must arrive from a reliable characterization technique.
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In past, several methods have been used by epitaxial growers for investigating the
crystalline quality of epitaxial layers, where high resolution X-ray diffraction (HRXRD)
is found to be especially attractive. Unlike high resolution transmission electron
microscopy (HRETM), no time consuming sample preparation is needed in case of
HRXRD. Although, HRETM provides a direct information about the natures of
defects/dislocations in layer but the information obtained is rather of microscopic
nature. Moreover, HRTEM cannot be used for the routine characterization purpose. On
the other hand, HRXRD being a non-destructive, macroscopic, rapid and accurate
technique emerges as an ideal tool for knowing the nature and density of
defects/dislocations for routine applications.2 In HRXRD, crystalline quality of
epitaxial layers is studied by measuring the full width at half maximum (FWHM) of a
diffraction peak. Defects/dislocations are assumed to broaden the diffraction peaks and
a low value of FWHM is generally targeted by the growers. However, this might be
inappropriate if the distribution of defects/dislocations is anisotropic in layer.
Depending upon the sample mounting on HRXRD cradle, one can get different values
of FWHM of rocking curves for the same sample. This is inappropriate and needs to be
suitably corrected. One therefore needs to find new methodologies for the HRXRD
characterization of lattice-mismatched III-V semiconductor epitaxial layers where
asymmetric distribution of defects/dislocations is anticipated.
During the course of this thesis, novel HRXRD characterization methodologies
are developed with an overall aim of understanding the anisotropic distribution of
microstructure in compressive and tensile strained III-V semiconductor epitaxial layers.
In particular, GaP/GaAs, InP/GaAs, and GaAs/Si epitaxial layers are taken for the case
study. One can grow zinc-blende epitaxial layers on either polar or non-polar substrates.
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For example, GaAs/Si epitaxial layers, which is a case of polar on non-polar growth, are
prone to the formation of anti-phase domains. Further depending upon the
layer/substrate combination, the residual strain in layer can be of either compressive or
tensile nature. For example, GaAs/Si and InP/GaAs epitaxial layers possess
compressively strain while GaP/GaAs falls under the tensile category. In particular,
historical perspectives related to the HRXRD characterization technique of latticemismatched epitaxial layers and other fundamental aspects related to distribution of
defects/dislocations in zinc-blende epitaxial layers are discussed in this chapter.

1.2 Introduction

of

compressive

and

tensile

strained

III-V

semiconductor epitaxial layers

As mentioned earlier that an epitaxial layer grown on a substrate of a diﬀerent
lattice constant is expected to be strained only up to a certain thickness.11 Beyond this
limit, which is known as the critical layer thickness (hC), layer relaxes via generation of
defects and dislocations. Lattice mismatch and strain are defined in terms of lattice
constants of the substrate (a0S) and fully relaxed layer (a0L), which is shown in Figure
1.1(a and d), by the following Equations:11

strain( ) 

a0 S  a0 L
a0 L

mismatch(m) 

(1.1)

a0 S  a0 L
a0 S

(1.2)

The layer remains pseudomorphic (fully strained) until the thickness of layer is
smaller than the critical layer thickness. In this case, in-plane lattice constant of the layer
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(a 0L ) matches with that of the substrate (a 0S ) as shown in Figure 1.1(b and e).11
Whenever the thickness of layer exceeds the critical layer thickness, the layer will reach
its fully relaxed lattice constant via formation of misﬁt dislocations.11 In this case the
layer is partially or totally relaxed depending on the thickness of layer, see Figure 1.1(c
and f).11
Layer
a0L < a0S

Substrate
a0S

Layer
a0L > a0S

(d)

(a)

Layer
a0L = a0S

Pseudomorphic
Layer

Layer
a0L = a0S

Substrate
a0S

Substrate
a0S

(b)

Layer
a0L < a0S

(c)

(e)

Layer
a0L > a0S

Relaxed
Layer

Substrate
a0S

Substrate
a0S

(f)

Figure 1.1 (a) Standalone layer having lattice constant smaller than the substrate,
(b) Layer in case of pseudomorphic growth, (c) Relaxed layer, (d) Standalone layer
having lattice constant larger than substrate, (e) Layer in case of pseudomorphic
growth and (f) Relaxed layer.11
The in-plane lattice constant and band gap of commonly used III-V
semiconductors including nitrides lie between 3.11–5.87 Å and 6.20–0.65 eV (200–
1900 nm).12–14 Figure 1.2 shows the lattice constant and band gaps of commonly used
III-V semiconductors. Due to their wide band gap range, III-V semiconductors cover a
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broad spectral range starting from ultraviolet to infrared region. Following the
successful demonstration of devices using wurtzite GaN/Sapphire and AlN/Sapphire
systems,15 current trend is to harness possible zinc-blende combinations with large
lattice mismatch. Novel optoelectronic devices are anticipated from such material
combinations. For example, GaP/GaAs, InP/GaAs, and GaAs/Si are some of the
promising mismatch systems which have nearly 4% lattice mismatch and can be grown

Sapphire
Silicon

Bandgap (eV)

5.5

Sapphire
Silicon

using standard epitaxial systems.

AlN

UV

AlN
3.0

GaN

GaP

InN

GaAs InP

0.5
3.5

4.5

VIS
IR

5.5

In-plane lattice constant (Å)

Figure 1.2 Bandgap of III-V and III-N semiconductors versus lattice constants.

1.3 Literature

survey

related

to

the

development

of

novel

semiconductor devices based on lattice-mismatched epitaxial
layers
Harnessing of lattice mismatch zinc-blende layers is an active area of research
for more than 40 years.16 Theoretical work regarding the mismatched systems was
started by Frank and van der Merwe way back in 1949.16–20 It was later extended by
several other researchers where various concepts including the concept of critical layer
thickness and concept of reducing the growth area were coined.21–30 Esaki and Tsu31
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proposed the concept of semiconductor superlattice in 1970, which have been
extensively utilized by numerous researchers in many applications thereafter.31,32 Highfrequency field-effect transistor was demonstrated using strained GaAs/InxGa1xAs/GaAs

superlattice by T E Zipperian et al. in 1983.16 This structure had the

advantage over high-frequency field-effect transistor based on nearly lattice matched
GaAs/AlGaAs/GaAs system that in this system no DX centres are present which might
limit the device performance.33,34 The modulation-doped field-effect transistors based
on AlGaAs/InGaAs/GaAs utilize larger band offset of AlGaAs in comparison to
GaAs.35–37 Heterojunction bipolar transistors (HBT) using the GaAs/InxGa1-xAs/GaAs
system are demonstrated with high dc gains.38 In order to achieve potential of mature
Si technology, edge emitting GaAs/AlGaAs lasers on Si are also reported.39 For the
realization of high efficiency solar cells, III-V solar cells on Si substrates have also been
fabricated.40,41 GaP/GaAs material combinations are recently reported for the
fabrication of various devices, for example, in ﬂash memory devices, 42 and next
generation non-linear optical devices.43,44

1.4 Classification of lattice mismatched layers according to choice of
substrate
The layers which are compressively or tensile strained can be further classified
according to choice of substrate. For example GaAs/Si is a compressively strained
system which is grown on a non-polar substrate. Similarly GaP/Ge is a tensile strained
system which is grown on non-polar substrate. On the other hand, InP/GaAs and
GaP/GaAs layers are compressively and tensile strained layers respectively which are
grown on polar substrate. The zinc-blende layers on non-polar substrates allow the
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formation of anti-phase domains which are detrimental for the devices made out of them.
Table 1.1 lists some of the nearly 4% lattice mismatched layers
Table 1.1 Some examples of III-V layers classified according to type of strain and
choice of polar/non-polar substrate.

Compressively strained

Tensile strained

Layer

On polar
substrate

On non-polar
substrate

On polar
substrate

On non-polar
substrate

Example

InP/GaAs

GaAs/Si

GaP/GaAs

GaP/Ge

1.5 Various issues related to the structural characterization of chosen
material combinations
We have chosen GaP/GaAs, InP/GaAs and GaAs/Si systems to understand the
layer relaxation mechanism in compressively and tensile strained layers along with the
choice of polar and non-polar substrate. The following issues arise when we plan to
perform a structural characterization of these samples:

1.5.1 High values of dislocation density
These layers have nearly 4% lattice mismatch where the critical thickness is
typically below 50 Å and therefore a high value of dislocation density is expected.2,45
The thermal expansion coefficient difference which is large in GaAs/Si layers in
comparison to the other two systems makes the situation worst.5,45 It makes HRXRD
data acquisition on a lab source quite tough since the intensity of certain reflections is

7

weaken by a high value of dislocation density and also by the presence of antiphase
domains.

1.5.2 Type of dislocations governed by the choice of strain
For the case of compressively (tensile) strained layer the extra half plane of
interface dislocations lie in the substrate (layer) which is needed to relieve the strain.46
Due to this reason, primarily 60° perfect dislocations (90° partial dislocations) act in
compressively (tensile) strained layers contrary to a common belief that it is only the
60° perfect dislocations which dominate the relaxation process in zinc-blende epitaxial
layers.47 The same is discussed in this thesis by a careful selection of material
combinations, and the understanding developed here is based on a careful analysis of
HRXRD data.

1.5.3 Anti-phase domains
In epitaxial growth of GaAs layer on Si (100) substrates, a non-centrosymmetric
polar material (4̄ 3m) is grown on centrosymmetric non-polar (m3̄m) material.48 This
leads to the presence of two in-plane sub-lattices which are 90° rotated with respect to
each other. The difference occurs due to the finite possibility of two separate locations
that are available for the incorporations of cation (Ga/In) and anion (As/P) adatoms.48
The anti-phase domains weakens the diffraction intensity of selective reflections in the
diffraction pattern of such layers.1,4,5,49 Due to a high dislocation density, selective
broadening of the diffraction peak for some of the reflections occurs, which makes the
structural characterization extremely difficult. Figure 1.3 shows a schematic diagram
depicting the formation of anti-phase domains.50
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Figure 1.3 An anti-phase domain boundary.50

1.5.4 Anisotropic relaxation of epitaxial layers
It is seen that the relaxation of zinc-blende epilayers is not isotropic due to their
non-centrosymmetric nature.2,48 It is well known that the dislocations glide with
different velocities along the two orthogonal <011> directions in {111} glide plane for
zinc-blende epilayers grown on (100) oriented substrates. In case of tensile strained III–
V epilayers, misﬁt dislocations with the line of dislocations along [01̄ 1̄] / [011̄]
crystallographic directions are known as α/β dislocations, respectively.46,51–60 It is also
understood that the glide velocity of α dislocations can be even two orders of magnitude
larger than that of the β dislocations.52–54,56–58 Because of the difference in their core
structures and glide velocities, α and β dislocations possess different formation energies,
which leads to an asymmetry in the formation of dislocations along the two orthogonal
in-plane directions.55,61 These are known to be primarily 60º dislocations which glide in
the {111} crystallographic plane, but 30º and 90º partial dislocations also glide in the
same plane as summarized by Goldman et al.59 For a particular layer-substrate
combination, speciﬁc sets of dislocations nucleate which propagate along different
crystallographic directions with their respective glide velocities.46,52–54,62,63 It is
therefore obvious that the strain relaxation is expected to be anisotropic in III–V
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epilayers grown on (100) oriented zinc-blende substrates. Moreover, the direction of
strain relaxation can be swapped as a function of substrate miscut, dopant, and strain
type.54,56,64 In general, anisotropic relaxation of epitaxial layer is of considerable interest
both from the experimental and theoretical point of view.46,54,57,59,65 Therefore,
understanding the atomistic mechanism of nucleation of dislocations is very important
for the growth of novel heterostructures. Some of the interesting examples where the
process of anisotropic strain relaxation is already studied are InGaAs/ GaAs,52,55,56,66,67
SiGe/Ge,47 GaSb/GaAs,68 InSb/GaAs,68,69 InAsP/InP,70 InGaAs/InP,65 etc.
Understanding the mechanism of strain relaxation is very important for the
optimization of epilayer quality grown by the mismatch epitaxy. Nucleation,
propagation, and reaction of dislocations govern the ultimate dislocation density that
can be achieved for an epilayer grown on a foreign substrate.62,71 One can target the
minimum density of dislocations by implementing such concepts that might otherwise
limit the overall performance of a device made out of the mismatched epilayers. Owing
to these reasons, the study of dislocation formation and their propagation along different
directions is considered to be of great interest.

1.6 Historical perspective: A Need for high crystalline quality of
epitaxial layer and their association with HRXRD
Prior to the development of Norelco (Philips) X-ray diffractometer in 1945,72
Laue diffraction pattern remained as a standard X-ray characterization tool for the
characterization of crystalline materials for several years. Till 1950s X-ray
diffractometers were available in many research laboratories across the world.72 In
1980s, high resolution X-ray diffraction (HRXRD) characterization of single crystals
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became a routine exercise in several semiconductor labs.73 X-ray diffraction analysis
was commonly used for finding the structural quality of epilayers. This led to the
develeopment of various new devices which are currently in use. Realization of all these
devices which are based on III-V layers grown on either III-V semiconductor or Si
substrates could not have been possible without the involvement of HRXRD
characterization.

1.7 Thesis overview
This thesis deals with the development of novel HRXRD characterization
methodologies with an overall aim of understanding the anisotropic distribution of
microstructure in compressive and tensile strained III-V semiconductor epitaxial layers.
In particular, GaP/GaAs, InP/GaAs, and GaAs/Si epitaxial layers are investigated in
depth. The thesis is organized as follows:
In Chapter 1, motivation of thesis along with a brief introduction of
compressive and tensile strained III-V semiconductor epitaxial layers is given. Chapter
2 is devoted to various experimental techniques and apparatuses which are used during
the course of thesis. Modern HRXRD techniques (both laboratory and synchrotron
radiation) and other technique such as atomic force microscopy (AFM), transmission
electron microscopy (TEM), surface profilometer and photo-luminescence (PL)
technique are described in brief. In chapter 3, HRXRD studies related to tensile strained
GaP epitaxial layers grown on GaAs substrate are presented. A method for estimating
the density of dislocations for HRXRD measurements is also proposed in this chapter.
In chapter 4, HRXRD studies on compressively strained InP/GaAs epitaxial layers are
presented. In Chapter 5, HRXRD characterization of compressively strained GaAs/Si
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epilayers is addressed. Williamson-Hall analysis is successfully applied using both
synchrotron radiation source and Cu Kα1 lab source. Modified Williamson-Hall
analysis is also proposed which is needed in the HRXRD characterization of GaAs/Si
epilayers using a lab source. The procedure for finding the twist value from tilt value is
also discussed using Burgers vector consideration. Finally in chapter 6, main results of
the thesis are summarized along with a brief discussions on the scope of future work.
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Chapter 2
Experimental Methods
2.1 Introduction

This chapter describes various experimental techniques and apparatuses that are
used to characterize epitaxial layers in this thesis. In the beginning of chapter, basic
concepts involved in HRXRD characterization i.e. reciprocal space, diffraction
condition, Ewald sphere construction, factors affecting the intensity of diffracted beams
etc. are briefly discussed. Thereafter, details of the experimental setups for laboratory
and synchrotron radiation based HRXRD systems are described in this chapter. The
chapter also covers other characterization techniques like surface profilometry, atomic
force

microscopy

(AFM),

transmission

electron

microscopy

(TEM),

and

photoluminescence (PL) spectroscopy which are used to complement the information
received from HRXRD. At the end of chapter, Williamson-Hall analysis is discussed
which is extensively used for finding the microstructure of epitaxial layers during the
course of this thesis.

2.2 History of X-ray diffraction
Wilhelm Conrad Röntgen, a professor at University of Würzburg in Germany
discovered X-rays in 1895. While investigating range of cathode rays in air coming out
from evacuated glass tubes, he noticed some glow on a screen coated with fluorescent
barium platinocyanide kept far away from the range of cathode rays. He argued that it
is happening from some unknown rays coming out from the walls of the tube, and
named them as ‘X-rays’.74 Max Theordor Felix von Laue thought that if X-rays have
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wavelength similar to the interatomic distances in crystals, then they will be diffracted
by crystals.75 In 1912, he along with Walter Friedrich and Paul Knipping did first
diffraction experiment on CuSO4 crystal.76 The crystal structure of Diamond
determined by W. H. Bragg and W. L. Bragg and those of other crystals viz. sodium
chloride, potassium chloride and potassium bromide determined by W. L. Bragg were
published during that period.76 It led to the opening of a new field in the name of X-ray
diffraction (XRD) which was to become a routine method for characterizing single
crystals. Basics of XRD are briefly described in this chapter.

2.2.1 Reciprocal space
Diffraction pattern of a crystal is a true representation of the reciprocal space
associated with the crystal structure.77 The primitive vectors of reciprocal lattice (b1, b2
and b3) are connected by the primitive vectors of direct lattice78 (a1, a2 and a3) via the
following relations:

b1  2

a2  a3
a1.(a2  a3 )

b2  2

a3  a1
a1.(a2  a3 )

b3  2

a1  a2
a1.(a2  a3 )

(2.1)

bi .a j  2 ij

Further, the real space vector (R) and reciprocal space vectors (G) are defined
by the following relations:

R  c1a1  c2 a2  c3a3

(2.2)
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G  hb1  kb2  lb3

(2.3)

where c1, c2, c3, h, k and l are integers. A set of all R vectors and G vectors defines the
direct lattice and reciprocal lattice respectively.78 G vector is perpendicular to
corresponding plane (hkl) and has a length |G|=1/dhkl, where dhkl is the distance between
consecutive (hkl) planes.78

2.2.2 Diffraction condition
Figure 2.1 shows interaction of in-phase incident X-rays on a crystal at an agle
θ having (hkl) planes of spacing d, which are then diffracted at an angle θ. If the path
difference POQ (i.e. 2d sin θ) is equal to an inregral multiple (n) of wavelength (λ), then
the diffracted and incident X-rays are in-phase:14,78,79

2d sin( )  n

(2.4)

Equation (2.4) is known as Bragg’s Law.
Bragg’s condition expressed in Equation (2.4) can also be defined in the

k-k0=G

following manner using incident (k) and diffracted wave vector (k'):78,80

θ
d
(hkl) θ
P Q
Planes
O
es
Figure 2.1 Incident and diffracted X-rays have a path difference (POQ) of 2d sin θ.

Both the rays will be in phase if 2d sin θ=nλ.73, 79
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k ' k  G

(2.5)

k  G

(2.6)

2.2.3 Ewald sphere construction
Bragg’s law can also be written as

1

*
d hkl d hkl
sin( hkl )  2  2
1
1



(2.7)



P. P. Ewald drew the circle as shown in Figure 2.2 to demonstrate the diffraction
condition in reciprocal space.78,80 The circle is named as Ewald circle after him. In this
diagram, the incident and diffracted X-rays are at an angle 2θ. The reciprocal lattice
vector (d*) starts from reciprocal lattice point O and ends at B. In order to satisfy
diffraction condition, reciprocal lattice vector, Ewald circle and diffracted X-ray should

B
*

d /2
θ

Incident
X-ray
C

θ
θ

D

d*/2
1/λ

Figure 2.2 Ewald Sphere construction.79
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A

O

meet at reciprocal lattice point (B). The Bragg’s law is shown via triangles DOA and
DAB.

2.2.4 Factors governing the intensity of diffracted beams
In this section, scattering of X-rays by a single electron, then by an atom
(ensembles of scattering electrons), and finally by a unit cell (group of atoms) is
described. The scattering intensity for incident un-polarized X-ray light of intensity I0
is given by the following Equation:14,81

I     q4 
I P  0  0   2 2  1  sin 2 2 
2  4   m r 
2

(2.8)

Where IP is the scattered intensity to the point of observation P at a distance r,
μ0 = 4π×10-7 Hm-1, q is the electronic charge, and m is the rest mass of electrons. 2θ is
the angle between the incident and scattered X-ray beams. The quantity named as form
factor (f) describes the net scattering power for X-rays by all the electrons of an atom.81
It is defined as the ratio of the amplitude of the wave scattered by an atom to the
amplitude that would be scattered by an electron.81 It depends on the atomic number,
scattering angle, and X-ray wavelength.81 Structure factor (Fhkl) defines the net
scattering power of X-rays by a unit cell of a crystal which is governed by the vector
sum of X-ray amplitudes of the individual atoms of unit cell.81 It is the ratio of the
amplitude of wave scattered by all atoms in a unit cell to amplitude of wave scattered
by an electron.81
The structure factor for hkl reflection for the unit cell containing N atoms with
atomic structure factors fn, is given by following Equation:14,81
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N

Fhkl   f n e2 I ( hun  kvn lwn )

(2.9)

n 1

Where (un,vn,wn) is the positional coordinates of nth atom.
The intensity of diffracted X-ray beam corresponding to a reflection is
proportional to |Fhkl|2 i.e. multiplication of the structure factor by its complex
conjugate.14,81

2.2.5 Intensities of reflections in zinc-blende structure
The unit cell of zinc-blende crystal system is made of atoms A and B (form
factors fA and fB respectively) and contains 4 atoms of A and B type each. The positions
of A atoms are (0,0,0), (0,½,½), (½,0,½) and (½,½,0) and that of the B atoms are
(¼,¼,¼), (¼,¾,¾),(¾,¼,¾) and (¾,¾,¼). After putting these values in the structure
factor Equation (2.9), we find a simplified expression:81
 i
 h  k l  

2
 i ( k  l )
Fhkl   f A  f B e 2
 ei ( hl )  ei ( h k ) 
 1  e



(2.10)

therefore, the intensity of diffracted X-ray beam corresponding to a reflection depends
on h, k, l. Table 2.1 lists the probable conditions of X-ray diffraction for a zinc-blende
crystal.14,81
Table 2.1 Intensities of diffracted X-ray beam corresponding to various reflections
of zinc-blende system.
S. No.

|F|2

Condition

Reflection

Example

1

0

h, k and l are mixed even and odd

forbidden

(231)

2

16(fA-fB)2

(h+k+l) is an odd multiple of two

weak

(006)

3

16(fA2+fB2)

(h+k+l) is odd

Strong

(111)

4

16(fA+fB)2

(h+k+l) is an even multiple of two

Very strong

(004)
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2.3 Details of Lab source based HRXRD system
High resolution X-ray diffractometer is typically equipped with three parts:
incident beam optics, diffracted beam optics and cradle as schematically described in
Figure 2.3(a).82–84 Most of the HRXRD measurements reported in this thesis are
performed on PANalytical X’Pert Pro Diffractometer shown in Figure 2.3(b). Details
of the HRXRD systems used in the thesis are described in this section.

Detector

Sample Sample
normal

φ

Diffracted
Beam Optics

Incident
Beam
Optics

X-ray
Tube

ψ

Cradle ω

(a)

2θ

(b)

Goniometer

Figure 2.3 (a) Schematic of four circle (ω, 2θ, φ and ψ) goniometer,82,

83

(b)

Photograph of PANalytical X’pert pro MRD system.82, 83

2.3.1 X-ray Tube
In X-ray tube, electron beam from a heated cathode (commonly tungsten
filament cathode is heated by passing ≈ 40 mA electric current) is accelerated by high
voltage (typically 45kV) towards the anode target e.g. Copper. Electron beam hits the
target along a thin line i.e. rectangle about 0.4 by 12 mm in vacuum sealed atmosphere
thus causing the emission of X-rays.81,82 The emitted X-ray leave the tube through either
line or point focus beryllium window. The two windows are located at 90° with respect
to each other. Incident electrons give up some of their energy in the interaction with
either the orbital electrons or nucleus of the atoms present in target and generate X-rays.
The emitted X-rays have a continuous energy distribution known as Bremsstrahlung or
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white radiation. Here, the X-rays production process is extremely inefficient and ≈ 99%
incident energy is dissipated as heat in the collision process. Therefore, it becomes
necessary to water cool the metal target in order to avoid melting. The high energy
electrons ejected from the inner shells of target atoms and the vacancies thus generated
are filled by the electrons of higher levels, emitting energy difference as characteristic
X-rays. These characteristic X-ray lines are superimposed on the white radiation.
Generally, Kα1 characteristic line of Copper (Cu) target, which carries an energy of
8048 eV, is used in HRXRD measurements due to the following reasons: 1) high heat
conductivity of Copper helps in an efficient heat removal from the target and 2) Cu Kα1
emission wavelength is suitable for studying zinc-blende crystals due to moderate 2θ
angles for most of the commonly used reflections. The line focus mode gives more
intense X-ray beam in comparison to the point focus at the cost of resolution which is
more relevant in case of single crystals. Most of the samples studied in this thesis have
mosaic nature, therefore, these samples are studied in line focus geometry.

2.3.2 Incident beam optics
To fulfill the requirement of HRXRD measurements, where one needs to keep
the energy resolution (ΔE/E) better than 10-3 in order to separate the closely spaced
peaks, usage of X-ray monochromator is essential. The commonly used monochromator
is Bartels monochromator as shown in Figure 2.4. Four bounces of X-ray reflection are
made inside channel cut U-shaped Ge (220) single crystal as shown in Figure 2.4. Xray beam coming out of the monochromator is free from unwanted white radiation and
other characteristic peaks except Cu Kα1. This monochromator is used with X-rays
escaping from the point focus window where resolution is high at the cost of intensity.
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Monochromatic

Incident
X-ray

X-ray
Ge (220)
Crystal

Figure 2.4 Schematic diagram of U-channel cut Bartels monochromator.82, 83
Ge (220) monochromator gives a beam angular divergence of 12 arc sec. In case of
hybrid monochromator, X-rays escaping from line focus window are incident on a
parabolic mirror in order to make them parallel before injecting them into the abovementioned monochromator. The parabolic mirror and monochromator assembly is
packed in a single unit which is known as hybrid monochromator. The hybrid
monochromator gives beam angular divergence of ≈ 18 arc sec. Most of the HRXRD
experiments reported in this thesis are performed with hybrid monochromator.

2.3.3 Diffracted beam optics
In diffracted beam optics, a slit typically of 0.1-1 mm width is inserted in the
path of diffracted X-ray beam before it falls on the detector.85 For high resolution
measurements an analyzer crystal, as shown in Figure 2.5, is sometime put in place of
the slit.85 The analyzer crystal is a triple bounce Ge(220) X-ray monochromator with ≈
12 arc sec angular divergence.85

Incident
X-ray

Ge (220) Crystal
Figure 2.5 Schematic diagram of a triple bounce analyzer crystal.82, 83
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2.3.4 Sample stage
The flat and circular sample stage is mounted on the motorized cradle of
HRXRD goniometer as shown in Figure 2.3(a). In addition to X, Y and Z translational
motions, in-plane rotation (φ) and tilt rotations (ψ) are also possible. Table 2.2 provides
a list of cradle movement and rotation capabilities of HRXRD system used during the
course of this thesis work.
Table 2.2 Details of cradle translational movements and rotation capabilities.
Cradle Movement

Range

Step Size

X-axis

+50 mm to -50 mm

0.01 mm

Y-axis

+50 mm to -50 mm

0.01 mm

Z-axis

10 mm

0.01 mm

φ

360°

0.02°

ψ

+90° to -90°

0.01°

2θ

-6.1° to 162.8°

0.0001°

ω

-8.5° to 180.4°

0.0001°

2.3.5 Detector
The most commonly used detector for Cu Kα1 X-rays is Xenon filled
proportional counter. It consists of a cylindrical tube filled with Xenon gas where an
anode wire is kept at 1-3 kV potential difference with respect to the grounded tube as
shown in Figure 2.6.82 Xenon gas is used because of its high atomic number which
makes it easily ionizable upon incidence of Cu Kα1 X-rays. Krypton is also a suitable
candidate for proportional detectors but its spectral response is nearly 50% less for Cu
Kα 1.86 Incident X-rays cause photoelectron ejection from the filled gas.87 Since the
ionization energy of noble gas is of the order of 30 eV and a single photon of Cu Kα1
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Anode
Wire (1-3
kV)
X-rays
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Xe Filled
SS Tube
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(Grounded)

Figure 2.6 Schematic diagram of Xenon filled proportional counter.82, 83
carries 8 keV energy, typically 240 electron-ion pairs are produced.87,88 Anode wire is
kept at high positive voltage, the acceleration of photo generated electrons and their
collision with other noble gas atoms produces an avalanche of electrons.87 The collected
charge is proportional to the number of incident X-ray photons, which is the basis of
operation of a proportional counter.87

2.4 Details of synchrotron radiation based HRXRD system
A few experiments are also conducted on a synchrotron radiation (SR) based
HRXRD system. In this section, details of the angle dispersive X-ray diffraction
beamline (BL-12) of Indus-29,89 synchrotron radiation source are given. Indus-2 has a
nominal electron energy of 2.5 GeV and a critical wavelength of about 1.98 Å. The
main characteristics of SR source are high intensity, wide energy range and a low
divergence of beam. BL-12 angle dispersive X-ray diffraction (ADXRD) beamline with
energy tunability and high photon flux is used for HRXRD measurements. Horizontal
and vertical root-mean-square (r.m.s.) beam sizes of synchrotron radiation coming at
the centre of the bending magnet port (BL-12) are 0.234 and 0.237 mm along with the
corresponding beam divergence of 0.35 and 0.06 mrad respectively. The photon energy
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at BL-12 beamline is tunable from 5 to 25 keV. Various components of the HRXRD
setup at BL-12 beamline are described in this section.

2.4.1 Incident and diffracted beam optics
Photon beam emitted from the bending magnet port (BL-12) passes through the
incident beam optics consisting of pre-mirror (M1), Si(311) double crystal
monochromator and a post mirror (M2) before it falls on the sample under investigation.
The pre-mirror (M1) is a Si mirror (M1) coated with ≈ 500 Å thick Pt layer to collimate
the beam at the experimental station as shown in the Figure 2.7. Si (311) crystal based
double crystal monochromator focuses the beam in sagittal direction i.e. vertical to the
diffraction plane. After that a post mirror (M2) focuses the monochromatic beam
towards the sample holder mounted at six circle diffractometer. The diffractometer is
consisted of four circle 5020 Huber diffractometer, one circle goniometer on the 2θ arm
to mount the detector and one circle goniometer on the 2θ arm to mount the analyzer
crystal in the meridional direction i.e. along the diffraction plane. The incident beam
energy resolution (ΔE/E) is about 10-4 which is suitable for performing HRXRD
measurements.

Double Crystal
Monochromator
Si (311)
Horizontal
Aperture
From Bending
Magnet

To
Sample
Precision Slit

Post-mirror M

2

Pre-mirror M

1

Figure 2.7 Schematic layout of BL-12 beamline at Indus-2.9
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The general 4-circle goniometer with cradle is shown in Figure 2.8.90 It shows
the details of 4-circle goniometer’s rotation capabilities in the experimental setup at
BL12 beamline of Indus-2. During the experiments, a slit was inserted before the
detector to spatially (along the diffraction plane) limit the diffracted beam before
reaching the detector.

2θ Circle
ω circle
χ Circle
φ Circle

Diffracted Beam
Optics

χ

Incident Beam
Optics

SR from
BL-12
port

Detector
Figure 2.8 Schematic diagram of HRXRD setup at BL-12 beamline.90

2.4.2 Detector
A scintillator detector which provides intensity proportional to the intensity of
diffracted beam is used for the measurements. It is a Single Channel Scintillation
Detector, SCCD-4 manufactured by Radicon Ltd., Russia. It contains 2 mm thick
scintillation NaI(Tl) crystal with photomultiplier tube in a closed case having beryllium
window of 24 mm diameter entrance. It has the capability to measure X-ray photon flux
in the energy range of 5-30 keV (2.5- 0.4 Å) that includes the energy 15.5 keV (0.8 Å)
at which the experiments are performed. The schematic of a scintillator detector
excluding electronics part is shown in Figure 2.9.91 The detector is consisted of the
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NaI(Tl)
Scintillator

Be Window
(for X-rays)

Photo Multiplier
Tube

Circular Optical Window
(for light)

Figure 2.9 Schematic diagram of a NaI (Tl) scintillator detector.91
following components: Be window is used to transmit the X-ray beam and to protect
NaI (Tl) scintillator material. Beryllium is used as a window material because it is a
metal having low density and low atomic mass and thus it has low absorption of Xrays.92 NaI (Tl) scintillator material is used to absorb incident photon energy and to
convert it into visible photon.93 Although the bandgap of NaI crystal is ≈ 5.5 eV (≈ 225
nm)94, but small doping with Tl ions create energy levels in its forbidden gap enabling
this to emit the light in visible range.95,96 An optical window is used to transmit this
scintillation to a photo multiplier tube where it incidents on photodiode to emit
electrons.97 By sequentially placing dynodes, multiplication of electrons by secondary
emission is achieved. In this way the current of electrons multiplies several times before
the signal electrons are collected by the anode.97

2.5 Commonly used X-ray geometries and scans
The most common HRXRD geometries viz. symmetric, asymmetric and skewsymmetric scans for acquiring HRXRD data are described in this section.

2.5.1 Symmetric, asymmetric and skew-symmetric geometries
Schematic diagram of various HRXRD geometries in shown in Figure 2.10. In
symmetric and skew-symmetric scan geometry, ω angle i.e. the angle between sample
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Figure 2.10 HRXRD geometries ((a) symmetric, (b) asymmetric and (c) skewsymmetric) that are used during the course of this thesis.
surface and incident X-ray is equal to θ angle i.e. the angle between reflecting plane and
incident X-ray. The difference between the two geometries can be made with the value
of ψ angle i.e. the angle between reflecting plane and growth plane. For symmetric scan
the value of ψ is zero because reflecting plane is parallel to the growth plane. For skewsymmetric scans the value of ψ is nonzero because reflecting plane is not parallel to
growth plane. In asymmetric scan geometry, ω angle is not equal to θ. The difference
between the two angles is equal to the angle between the reflecting plane and growth
plane. The three geometries are depicted in Figure 2.10 for (100) growth direction.
The symmetric scan geometry is shown for any symmetric reflecting plane and
skew-symmetric scan geometry is shown for (111) reflecting plane. The asymmetric
scan geometry is shown for any arbitrary reflecting plane. Note that ω and ω/2θ
directions in symmetric scan geometries are along in-plane and out-of-plane
(perpendicular to growth plane) directions respectively. On the other hand, in
asymmetric scan geometries the two directions are along in-plane and out-of-plane with
respect to the reflecting plane. In skew-symmetric scan geometry, ω scan direction is
parallel to in-plane direction and ω/2θ scan direction is along the reflecting plane normal
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respectively. Note that the reflecting plane is inclined at a specific angle with respect to
the growth plane e.g. 54.7o in case of {111}, in skew-symmetric geometry.

2.5.2 Different types of scans
The most common diffraction scans that are used in this thesis are summarized
in Table 2.3. ω scans provide primarily the in-plane sample quality depending on the
scan geometry. On the other hand, ω-2θ scan provides primarily out-of-plane
information of the sample whereas φ scan is an important tool to find the epitaxial nature
of a layer grown on a given substrate.98 Acquisition of Reciprocal space map (RSM),
i.e. a 2-dimensional scan is a standard tool to find the strain, relaxation, film
composition, layer tilt, crystal quality and misorientation of a thin film on a given
substrate 14,82,99
Table 2.3 Type of scans and their descriptions.
Scan

Description

ω-scan (Rocking

During this scan, ω changes while 2θ is kept constant.

curve)
ω-2θ scan (Radial

Goniometer rotates ω and 2θ at a constant angular ratio of 1:2.

scan)
Reciprocal space map

Multiple ω/2θ scans are recorded at different ω values.

(RSM)
φ-scan

φ is varied while all other angles are kept constant.

2.6 Atomic force microscopy
During the atomic force microscopy (AFM) image acquisition in non-contact
mode, the interaction force between an ultra-sharp tip and sample is recorded while
keeping the tip-sample separation within nanometer range. This process is repeated at
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different parts of the sample in order to get a topographic image.100 Schematic diagram
describing the basic concept behind an AFM instrument is shown in Figure 2.11.100 The
vertical resolution of AFM can be up to 0.1 nm which is more than 1000 times better
than the optical diffraction limit.101 AFM works on the principle of Hooke’s law (F =
−k⋅ δ ) where deflection of the cantilever (δ) having spring constant (k) changes
according to the interaction force between the tip and the sample:100
Laser
A quadrant
Photo-detector

Cantilever with tip

Sample
XYZ piezoelectric scanner
Figure 2.11 Schematic diagram to describe the basic concept behind an atomic force
microscope.100
There are four major components of an AFM system excluding electronics part:
laser, cantilever with sharp tip, XYZ piezoelectric scanner and a quadrant photo detector.
When there is no deflection, the laser is reflected at the centre of the photo-diode but as
soon as the deflection of the cantilever occurs, the laser spot position on the photodiode
vary. The laser spot variation provides the deflection force and the position acquired
from XYZ piezoelectric scanner gives the position of the tip at sample.100 In this way,
a surface topography image is generated. For semiconductors, AFM measurements are
performed in air therefore stiff and high-resonance frequency cantilevers are
preferred.102 High stiffness of the cantilever helps in overcoming the adhesive and
capillary forces of the samples in air. High-resonance frequency of the cantilever
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provides the fastest possible scan rates. The non-contact tapping mode is preferred to
find the topography image in which the cantilever oscillates near its resonance
frequency and scans the sample surface without touching the sample surface.103 AFM
measurements reported in this thesis are performed in non-contact mode using a
multimode scanning probe microscope (NT-MDT, SOLVER-PRO) which uses Silicon
cantilever tip of radius of curvature 10 nm with resonant frequency 190 kHz and spring
constant 5.5 Nm-1.

2.7 High resolution transmission electron microscopy
High Resolution Transmission electron microscopy (HRTEM) uses high-energy
electron beam to transmit through a specimen of nanometer thickness to produce high
resolution image of columns of atoms.104,105 The transmitted beam i.e. forward scattered
beam which carries reference phase of the electron wave front and diffracted beams are
used to acquire HRTEM images.105 The interference patterns formed from the phase
relationship of diffracted beams gives HRTEM image.105 Spatial resolution of TEMs
lies in sub-nanometer range owing to very short (typically few pico-meters) de Broglie
wavelength of high energy electrons.104 In HRTEM, electron beam is controlled by
electrical and magnetic fields according to the laws of electrodynamics. Since the mass
of electron is smaller when compared with other charged particles, sample damage is
expected to be rather minimal.104 Nevertheless, one can cause unwanted damage to the
sample, if appropriate measurement conditions are not chosen. The specimen thickness
requirement to record HRTEM image is a function of primary electron energy and
atomic number of the material. In case of III-V semiconductors, it turns out to be
typically ≈ 100 nm. During the course of this thesis, the cross-sectional HRTEM
micrographs are recorded using Philips CM200 system at an accelerated voltage of 200
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kV. The microscope has a W/LaB6 gun, X-ray detector (EDX) for compositional
analysis and CCD camera.
Next, the sample preparation method adopted for HRTEM image acquisition is
discussed. Figure 2.12 shows two pieces of the sample glued together to form a
HRTEM sample for cross sectional view. This method of sample preparation is known
as “sandwich” technique.106 In order to reduce the thickness of the specimen to nearly
20 µm mechanical grinding with diamond grit paper is used. Finally, ion milling of the
sample using Ar+ is employed for fine polishing of the sample.

Substrate (100)
Interface
Interface

Layer

Glue

Layer

Substrate (100)
Figure 2.12 Preparation of TEM sample for cross-sectional view.106

2.8 Photoluminescence spectroscopy
Photo-induced luminescence signal associated with conduction to valence band
electronic transitions in a semiconductor material is collected in photoluminescence
(PL) spectroscopy.107 In PL, anisotropic distribution of radiative defects can be probed
in addition to the usual bandgap related electronic transitions via polarization dependent
PL measurements. Figure 2.13 shows the setup used for acquiring PL data. Second
harmonic Nd:YAG (emission wavelength = 532 nm) is used to excite the
photoluminescence. A neutral density (ND) filter is used to keep the intensity of the
laser beam fixed irrespective of polarizer setting, while a long pass filter is kept prior to
the entrance slit of monochromator in order to suppress the contribution of scattered
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Figure 2.13 Schematic diagram for polarization dependent PL spectroscopy, ND and
F stand for the neutral density filter and long pass filter respectively.
laser radiation. A mechanical chopper is used to enable phase sensitive detection for
better signal to noise ratio. PL signal is dispersed with the help of a 1/2m
monochromator before being detected by an InGaAs detector.

2.9 Surface Profilometer
A Stylus-Based surface profilometer provides information related to the layer
thickness and topography of the semiconductor sample.108 In case of surface
profilometer , a diamond stylus moves along a line over the sample surface and records
the change in elevation at each step during its travel with the help of a peizoelectric
sensor.109 For this measurement, a step is made by a selective chemical etching of the
layer. The surface profilometer has a vertical resolution of approximately 0.1 nm.109
Layer thickness of most of the samples reported in this thesis is determined by a Surface
Profilometer model Alpha-step IQ (KLA Tencor make) - a mechanical, stylus-based
step profilometer .
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2.10 Epitaxial growth by metal organic vapour phase epitaxy
In this section, epitaxial growth technique namely metal organic vapour phase
epitaxy (MOVPE), which is used to grow the samples, is described. MOVPE is
essentially a chemical vapour deposition process based on metalorganic compounds
sources where pyrolysis can occur at relatively low temperature. This helps in a low
temperature growth of layer thus realizing a sharp interface.110,111 The typical process
which takes place in epitaxial growth of GaAs, GaP and InP from metalorganic sources
and hydride sources at the growth temperature in the range of 500-700 oC is shown
below:

Ga (CH 3 )3  AsH 3 
 GaAs  3CH 4

Ga (CH 3 )3  PH 3 
 GaP  3CH 4

(2.11)


In(CH 3 )3  PH 3 
 InP  3CH 4

Initial developments in MOVPE growth were made by the researchers at
Rockwell Corporation, USA in the late 1960s.112 A generalized schematic of the
MOVPE system is shown in Figure 2.14. Group III metalorganic compounds viz.

Hydride Sources
PH3

AsH3

Substrate
Carrier
Gas
(H2)

Susceptor
IR Lamps
Reactor

TMGa

TMAl

TMIn

Metalorganic Sources
Figure 2.14 Schematic diagram of an MOVPE growth system.111
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To Exhaust
via scrubber

trimethylgallium (TMGa), trimethylaluminium (TMAl) and trimethylindium (TMIn)
along with group V hydride sources viz. AsH3, PH3 are used as precursors. Substrate
e.g. GaAs, Si etc. are put on Graphite susceptor which is heated by infra-red lamps.
Various un-used gases and bi-products leave the MOVPE reactor via a scrubber unit for
the safety purpose. A major attraction of MOVPE is that the recipe of growth once
optimized can be used for large-scale production which shows the versatility of process
for commercial applications.113 MOVPE is unquestionably the most versatile technique
to grow III-V alloys.113 However, problem related to need of expensive reactants and
precise control of parameters are the biggest challenge before the epitaxial growers.113

2.11 Williamson-Hall analysis method
Williamson Hall (WH) analysis114 is a standard choice for in-depth structural
characterization viz. microstructural information of both epitaxial layers and
polycrystalline systems for a long time. This method is attributed to G. K. Williamson
and his student, W. H. Hall.114 Some of the examples of semiconductor material systems
that are studied using Williamson Hall (WH) analysis are GaN115, AlGaN115, ZnO116,
InN117,118, GaAs/Si1,49, GaP/Si119 etc. The microstructure information include lateral
coherence length (LCL), vertical coherence length (VCL), tilt, twist and microstrain.4,5,12,120,121 Here, LCL/VCL defines the average length of the grain
along/perpendicular-to the growth direction over which X-rays are scattered
coherently.4,5,12,120,121 The tilt/twist angle is the out-of-plane/in-plane misorientation
angle of the grains.4,5,12,120,121 Various microstructures parameters are graphically
demonstrated in Figure 2.15.
In standard Williamson Hall (WH) analysis, a set of ω and ω/2θ scans are
recorded for symmetric parallel planes e.g. (200), (400), (600), (800) etc. planes in the
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Figure 2.15 A graphical description of various microstructural parameters.121
case of (100) epitaxy. For the ease of data analysis, the recorded data is converted in
reciprocal lattice units (rlu) using the following formulae:

qx 
qz 

1


1



cos   cos (2   )
(2.12)

sin   sin (2   )

Where, λ is the wavelength of incident X-ray beam, ω is the angle which incident
X-ray makes with the sample surface and 2θ is the angle between incident and diffracted
X-ray beams. Various ω and ω/2θ scan peaks are generally fitted by pseudo-Voigt
profiles122 for finding the Lorentzian component (f) of each scan, FWHM of omega scan
(Δqx) and FWHM of ω/2θ scan (Δqz). The Lorentzian component (f) is converted to a
new constant for the ease of subsequent analysis by the following relation:

n  1  (1  f )2

(2.13)

Here, ω scan (ω/2θ scan) widths are affected mainly by LCL (VCL) and tilt
between the mosaic blocks. Note that the instrumental broadening is very less in highly
mismatch systems in comparison to other broadenings. ω (ω/2θ) scans are recorded for
at least three parallel reflections to perform a linear fit using the following relation to
find intercept (ΔqLCL)n ((ΔqVCL)n) and slope αn (εn):
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( q x ) n  ( q LCL ) n  ( q) n

(2.14)

( q z ) n  ( qVCL ) n  ( q) n

From Williamson-Hall analysis, LCL (VCL) is estimated from the intercept
while tilt (micro-strain) is estimated by the slope of ω (ω/2θ) scans respectively.12
Misorientation angle (αhkl) estimated from several ω scans of different reflections with
specific ψ angles are fitted with the following equation to find twist value i.e. αhkl at ψ
= 90°;12,115
( hkl )n  (tilt cos  )n  (twist sin  )n

(2.15)

In case of modified Williamson-Hall analysis, one uses the planes which are
inclined with respect the growth plane at a given angle, for example, (LLL) planes
(L=1,3,4 etc.) which are inclined with respect to growth plane (100) at 54.7°.10 Here,
the Equation (2.14) takes the following form;
( q x ) n  ( q LCL ) n  ( LLL q) n

(2.16)

( q z ) n  ( q (LLL)VCL ) n  ( q) n

VCL is estimated by using the following relation;
VCL  cos / q(LLL)VCL

(2.17)
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Chapter 3
Study of the Anisotropic Distribution of Microstructure in
GaP/GaAs Epitaxial Layers
3.1 Introduction
High resolution X-ray diffraction (HRXRD) characterization of epitaxial layers
is an important step in the development of advanced semiconductor devices like high
efﬁciency multi junction solar cells, and various optoelectronic/spin-photonic devices
that are fabricated under a monolithic integration scheme.123–125 Epitaxial growth of
compound semiconductor materials on foreign substrates is essential for the realization
of such devices.126–132 In the case of mismatch epitaxy, a large lattice mismatch between
the epilayer and substrate often leads to the generation of misﬁt dislocations in the
grown layer.68 Furthermore, the strain energy increases with epilayer thickness where
the layer is seen to relax through the generation of defects/dislocations beyond a critical
value.14
Understanding the mechanism of strain relaxation is very important for the
optimization of epilayer quality grown by the mismatch epitaxy. Nucleation,
propagation, and reaction of dislocations govern the ultimate dislocation density that
can be achieved for an epilayer grown on a foreign substrate.62,71 One often tries to
minimize the density of dislocations by implementing such concepts that might
otherwise limit the overall performance of a device made out of the mismatched
epilayers. Owing to these reasons, the study of dislocation formation and their
propagation along different directions is considered to be of great interest. HRXRD and
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high resolution transmission electron microscopy (HRTEM) are the preferred
techniques for identifying the nature and distribution of dislocations.46,51,61,65,68–70,133
HRTEM is the most direct technique that provides unambiguous evidence for the
presence of dislocations in the epilayer.46,52–54,61,69,134 However, HRTEM is a destructive
and highly arduous method where the sample preparation itself requires strenuous
efforts. HRXRD, being a non-destructive technique, is generally preferred over
HRTEM and is often used for accessing the crystalline quality of grown layers by
measuring the full width at half maximum (FWHM) of Bragg diffraction peaks.135–138
HRXRD is especially preferred since the growers can access the layer quality rather
quickly by simply comparing the FWHM of the corresponding diffraction peaks of
respective samples, which helps them in preparing the next growth recipe. However,
identiﬁcation of the types of dislocations that might be present in the layer, is often
ignored here. All types of dislocations are generally believed to broaden the diffraction
peaks and a low value of FWHM is considered to be a conﬁrmation of good crystalline
quality.135–138 However, it puts a question on such an analysis since the dislocations
distribution in highly mismatched III–V epitaxial layers is often found to be
asymmetrical.46,52–54,61,65,68,133,134
It is well known that the dislocations glide with different velocities along the
two orthogonal <011> directions in the {111} glide plane for zinc-blende epilayers
grown on (100) oriented substrates. In case of III–V epilayers, misﬁt dislocations with
the line of dislocations along [01̄ 1̄]/[011] crystallographic directions are known as α/β
dislocations, respectively.46,51–60 It is also understood that the glide velocity of α
dislocations is two orders of magnitude larger than that of the β dislocations.52–54,56–58
Because of the difference in their core structures and the glide velocities, α and β
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dislocations possess different formation energies, which leads to an asymmetry in the
formation of dislocations along the two orthogonal in-plane directions.55,61 These are
known to be primarily 60º dislocations which glide in the {111} crystallographic plane,
but 30º and 90º partial dislocations also glide in the same plane as summarized by
Goldman et al.59 For a particular layer-substrate combination, speciﬁc sets of
dislocations nucleate that propagate along different crystallographic directions with
their respective glide velocities.46,52–54,62,63 It is therefore obvious that the strain
relaxation is expected to be anisotropic in III–V epilayers grown on (100) oriented zincblende substrates. Moreover, the direction of strain relaxation can be swapped as a
function of substrate miscut, dopant, and strain type.54,56,64 In general, anisotropic
relaxation of epitaxial layer is of considerable interest both from the experimental and
theoretical point of view.46,54,57,59,65 Therefore, understanding the atomistic mechanism
of nucleation of dislocations is very important for the growth of novel heterostructures.
Some of the interesting examples where the process of anisotropic strain relaxation is
already studied are InGaAs/ GaAs,52,55,56,66,67 SiGe/Ge,47 GaSb/GaAs,68 InSb/GaAs,68,69
InAsP/InP,70 InGaAs/InP,65 etc. A variety of techniques are used to understand the
observed anisotropy in the formation of dislocations, for example, HRXRD,51,65,68–70,133
variable azimuthal angle ellipsometry,65 HRTEM,46,61,69 atomic force microscopy
(AFM),61,65,69,133 cathodoluminescence,46 and multi-beam optical stress sensor
(MOSS).55,139
In view of the above, one can easily appreciate that the importance of HRXRD
measurements on partially relaxed layers is going to be rather limited, unless the
asymmetry of dislocation distribution is taken into account. Furthermore, it is of great
interest to know if one can comment on the nucleation, propagation, and reaction of
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dislocations from the HRXRD measurements. By keeping this in mind, we performed
meticulous HRXRD measurements on tensile strained GaP epilayers grown on (100)
oriented GaAs substrates. Although the formation of surface undulation with twinning
and cracking in GaP/GaAs is known,61 an anisotropic distribution of microstructure is
not yet reported for this material combination. Moreover, innovative designs based on
GaP/GaAs material combination140 are recently reported, for example, in ﬂash memory
devices,42 next generation non-linear optical devices,43,44 and the growth of GaP islands
on GaAs substrates.141,142 The GaP epilayers that are presented in this chapter are
partially relaxed and contain grain-line structures along with a large possibility of
anisotropy in mosaicity/microstructure and dislocation distribution. Formation and
propagation of dislocations are studied mainly through the HRXRD technique, which
is reasonably supported by the AFM and HRTEM images and is found to be in strong
corroboration with the knowledge already available in the literature on other material
combinations.
It is also noticed that the dislocations density in tensile Strained GaP/GaAs
epilayers is different along the two in-plane orthogonal directions where the amount of
anisotropy is also to be quantified. For this purpose, a method is proposed for estimating
the dislocation density in tensile strained zinc blende epitaxial layers along the two inplane orthogonal directions where two types of dislocations are predominant along the
respective axis. It is especially important since the conventional methods are almost
insensitive to the type of dislocations and are therefore unable to identify the asymmetry
in dislocation density. With the help of proposed method, the density of 90° partial
dislocations predominant along [011̄] direction and 60° perfect dislocations
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predominant along [01̄ 1̄] direction is successfully measured for tensile strained
GaP/GaAs epilayer.

3.2 Experimental details
GaP/GaAs heterostructures are grown using metal organic vapor phase epitaxy
reactor (AIX-200) at 50 mbar pressure. GaP layer of 1200 Å is grown at 660 ºC growth
temperature using phosphine and trimethylgallium source materials where the other
growth details are presented elsewhere.143 GaAs substrates are 400 µm thick and are
oriented along [100] with a nominal miscut of 0.2º along the [011] direction. HRXRD
measurements are performed by using a PANalytical X’PERT diffractometer equipped
with Cu Kα1 X-rays (λ = 1.54056 Å) and a hybrid four-bounce crystal monochromator
of beam divergence of ≈ 20 arc sec. The line-focus mode of HRXRD with typical
footprint of 15 mm × 2 mm is used for investigating the anisotropic distribution of the
microstructure. Omega (ω) and Omega/2 Theta (ω/2θ) open detector scans are recorded
with 1º open detector. Symbols ω (θ) stand for the angle between incident X-ray and
sample surface (reﬂecting plane), respectively.12,82,144 Further, reciprocal space maps
(RSMs) are recorded for {422} reﬂection with the sample oriented along either the
[011̄] or [01̄ 1̄] crystallographic directions perpendicular to the diffraction plane.52,54,145
RSMs are recorded either in the triple axis geometry with a three bounce Ge (220)
crystal analyser of ≈ 12 arc sec acceptance angle or in the open detector geometry with
1º
1º
an opening of ≈ 8 . In the later case, a 8 slit was inserted in front of the open detector
for improving the signal-to-noise (S/N) ratio and also for the rapid acquisition of data.
It was observed that the FWHM of diffraction peaks is quite similar in both the cases
as the two values lie within ±1%. Note that the FWHM of diffraction patterns is
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typically ﬁve to six times larger than the instrumental broadening. Therefore, the
instrumental broadening effects have been neglected during the data analysis.146 Further,
Williamson-Hall analysis is performed on the symmetric (200), (400), (600) planes,
which are perpendicular to the growth direction [100] and also along the skewsymmetric planes (133), (422), (511), (311), which are inclined at an angle (ψ) from the
growth direction.5,49,119 In order to study the anisotropy in epilayer, the sample is rotated
around the growth direction by an angle φ as shown in Figure 3.1. In order to record
the skew-symmetric reﬂections, the sample is rotated by an angle  around the direction
of X-ray projection. Cross sectional HRTEM micrographs were recorded using Philips
CM200 at an accelerated voltage of 200 kV. Cross-sectional samples were prepared by
the conventional procedures involving mechanical thinning followed by Ar-ion milling.
AFM measurements were performed using a multi-mode scanning probe microscope
(NT-MDT, SOLVER-PRO, Russia). Silicon cantilever tips having a radius of curvature
of ≈ 10 nm, resonant frequency ≈ 190 kHz, and spring constant ≈ 5.5 N/m were used in
a non-contact mode for the AFM measurement.
X-ray

X-ray
footprint

[011]

ψ

ω
[01̄1]

φ

[01̄ 1̄]

[011̄]

Figure 3.1 HRXRD conﬁguration for studying the anisotropy in epilayer where the
sample is rotated around the growth direction by an angle φ. For skew-symmetric
HRXRD scans, the sample is rotated by an angle ψ around the direction of the
projection of incident X-ray beam.
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3.3 Results and discussion
3.3.1 Observation of anisotropic distribution of microstructure in
GaP/GaAs epitaxial layers
Figure 3.2 shows four ω/2θ-scans for (400) reflections recorded at 0°, 90°, 180°,
and 270° azimuths. Diffraction peaks corresponding to GaP layer and GaAs substrates
are clearly observed at all the four azimuths; however, it is found that the angular
separation between the layer and substrate peaks is identical for 0°, 180°, and also for
90°, 270° azimuths. Diffraction peaks corresponding to 0°/90° azimuths are separated
from the respective peaks at 180°/270° azimuths by 0.02°. At φ = 0º , the projection of
incident X-ray beam is taken to be along [01̄ 1̄], whereas its footprint lies aligned along
the [011̄] direction as clearly shown in Figure 3.1. Similarly at 90º, 180º, and 270º
azimuths, the footprint of incident X-ray beam lies along [011], [01̄1], and [01̄ 1̄]
directions, respectively, as can be easily appreciated from Figure 3.1. Note that the
opening of the detector is parallel to the footprint of incident X-ray beam. HRXRD
measurements performed at 0º (180º) and 90º (270º) azimuths examine the epilayer
GaAs
Substrate

Intensity (arb. units)

(400)

0º
90º
180º
270º

GaP Epilayer

[0
]
[0 1 1]
[0 1 ]
[0 1]
Col 22 vs Col 23

0.02°
-1

0

1
/2 (deg.)

2

GaP Epilayer

GaAs
Substrate
Figure 3.2 HRXRD pattern of GaP/GaAs epitaxial layer for (400) reﬂection
x22
x7
x3
(4 0 0)

recorded at 0°, 90°, 180°, and 270° azimuths.
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along the respective crystallographic directions as clearly described in Figure 3.1.
Therefore, the observed difference in the peak separations for 0º (180º) and 90º (270º)
azimuths in Figure 3.1 indicates that there exists an anisotropy in the microstructures
of GaP epilayer along [011̄] and [01̄ 1̄] directions.
It is further noted that the critical thickness of GaP epilayer layer on GaAs
substrate is 20 Å147,148 while the thickness of GaP epilayer in our case is ≈ 1200 Å.
Therefore, the GaP layer is expected to be relaxed through the generation of misﬁt
dislocations.47,55,66,149 As mentioned in Section 3.1, the misﬁt dislocations glide with
different velocities along the two in-plane orthogonal crystallographic directions where
the velocity of α dislocations is expected to be larger than that of the β dislocations for
zinc-blende epilayers.46,52,54,56–58,150 In order to explore this point further, RSM scans at
0° and 90° azimuths for (42̄ 2̄) and (422̄) reﬂections are recorded, which are shown in
Figure 3.3. The values of relaxation (R) are measured using the following
relation:82,151,152

R(%) =

Δx × 100
L×m

(3.1)

where, L, ΔX, and m stand for the layer peak position, layer-substrate peaks separation
on the qₓ axis in reciprocal space, and lattice mismatch between substrate and relaxed
layer, respectively. The values of L and ΔX are measured from the RSM plots shown
in Figure 3.3. Estimated values of relaxation for the two azimuths are shown in
Table 3.1. It is found that the relaxation is larger by 10% along the [011̄] direction in
comparison to the value measured for [01̄ 1̄] direction. It conﬁrms that the relaxation
of GaP layer is of an anisotropic nature, which indicates about the anisotropic
distribution of defects/dislocations along the two orthogonal crystallographic
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directions. The anisotropic nature of the relaxation process leads to anisotropy in
crystallographic broadening, which leads to the observed variation in the values of
FWHM of ω scans for (400) reﬂections seen in Figure 3.4. It is therefore obvious that
one needs to understand the anisotropic nature of the relaxation process before
comparing the FWHM of ω scans for hetero-epitaxial layers as often reported in the
literature.135 For the measurements shown in Figure 3.4, several rocking curves are
recorded at different azimuths varying from 0 to 360º in the step of 11.25º. It is observed
that the value of FWHM of ω scans is larger along [011̄]/[01̄1] in comparison to the
[011̄]/[011] directions. It indicates that the density of defects/dislocations is high along
[01̄1] in comparison to [011̄] direction. It is in corroboration with the results obtained
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Figure 3.3 Reciprocal space maps of GaP/GaAs epitaxial layer for (a) 42̄ 2̄ reﬂection
at 0° azimuth, and (b) 422̄ reﬂection at 90° azimuth.
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Figure 3.4 FWHMs of ω scans for (400) HRXRD pattern plotted as a function of
(400)

azimuth where the solid line is a guide to eye.
from ω/2θ and RSM scans. One can therefore conclude that the two orthogonal
directions are signiﬁcantly different when the density of defects/dislocations is
considered for optimizing the layer quality. Furthermore, anisotropic behaviour of
relaxation process is expected to yield very different values of microstructural
parameters like lateral coherence length (LCL), tilt, and twist, etc., along the two
orthogonal directions, i.e., [011̄] and [01̄ 1̄], respectively. The value of LCL especially
can be vastly different when HRXRD measurements are performed along various
crystallographic directions. One therefore needs to be extremely cautious while
comparing the value of microstructural parameters of the two samples. Extreme care
needs to be taken to ensure that the same crystallographic direction in HRXRD
measurements is selected while comparing different samples.
In order to observe the effect of anisotropic distributions of defects/dislocations
on the microstructural parameters, Williamson-Hall analysis is performed using ωscans of symmetric (200), (400), and (600) and skew-symmetric (133), (422), (511),
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and (311) reﬂections for both 0° and 90° azimuths. In the Williamson-Hall
analysis,1,5,114 FWHMs of peaks (Δqx) of ω-scans are obtained by ﬁtting a pseudo-Voigt
2

function.49,122 In this function, the Lorentzian component (f) is related as n=1+(1-f) ,
where n = 1 for Lorentzian and n = 2 for Gaussian like nature of the peak. Subsequently,
n

n

a linear ﬁt of (Δqx) versus q curve is used for estimating the values of the
microstructural parameters as per the following relation:2,12,49,153
n

n

(Δqx) = (ΔqL) + (αhkl×q)

n

(3.2)

1
where ΔqL is related to the lateral coherence length LCL= Δq . The parameter αhkl
L
deﬁnes the tilt between the grains in the GaP epilayer in case of symmetric HRXRD
scans. The values of LCL and tilt can be measured from the intercept and slope of the
plot shown in Figure 3.5(a). In order to estimate the values of twist, the value of
parameter αhkl is measured for several skew-symmetric reﬂections using the same
procedure. Thereafter, twist is measured using the following equation:2,5
n

n

n

(αhkl) = (αTilt × cos ψ) + (αTwist × sin ψ)

(3.3)

At ψ =0°/90°, αhkl gives the value of tilt (αTilt)/twist (αTwist), respectively. Figure
3.5(a) shows the Williamson-Hall plots for GaP/GaAs heterostructure at 0° and 90°
azimuths. The measured values of n, R, LCL, tilt, and twist for GaP layer are given in
Table 3.1. A large value of n for [011̄] in comparison to [01̄ 1̄] direction indicates about
the predominantly Gaussian like nature of diffraction peak. It indicates that more defects
are present along the [011̄] direction in comparison to [01̄ 1̄] direction. Note that a large
value of LCL along [01̄ 1̄] direction compared to the [011̄] direction conﬁrms that the
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Figure 3.5 (a) Linear ﬁt of (Δqx) plot with (αhkl) at 0° and 90° azimuths for the
Williamson-Hall analysis, and (b) variation of αhkl for several skew-symmetric

reﬂections where the inset shows the distribution of tilt and twist along different
crystallographic directions.
crystalline quality of GaP layer is superior along the [01̄ 1̄] direction. Further, the
measured values of αhkl are plotted in Figure 3.5(b), which are estimated by
performing numerous ω-scans at the two azimuths.
It is quite interesting to note that the values of twist along the two in-plane
orthogonal directions are nearly the same as shown in Table 3.1. On the other hand, the
value of tilt is quite different for the two azimuths. It clearly indicates about the
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anisotropic distribution of defects/dislocations in the GaP epilayer. It can be easily
appreciated by considering the schematic diagram shown in the inset of Figure 3.5(b)
where the distribution of tilt and twist along various directions is illustrated. Note that
the ratio of tilt/twist along [011̄] and [01̄ 1̄] directions is 2.9 and 1.3, respectively, which
clearly indicates about the anisotropic distribution of relaxation in the GaP epilayer.
Although the anisotropic distribution of dislocations is already reported for several zincblende materials,61,65,68,154 the anisotropic behaviour of microstructural parameters is not
yet available in the literature except for some preliminary work of Qiu et al.155 on GaSb
epilayers.
In order to observe the effect of anisotropic distribution of defects/dislocations
on the surface topography, the grain size of the microstructures is measured by AFM
along the two orthogonal directions as shown in Figure 3.6. The AFM image shows
that the grains are larger in size along the [01̄ 1̄] direction compared to [011̄] direction,
which is in strong corroboration with the results of the Williamson-Hall analysis.

µm

1.8

1.2
[01̄ 1̄]

0.6
[011̄]
0

µm
1.5
0.5
1.0
0
Figure 3.6 AFM image of GaP/GaAs epitaxial layer that shows anisotropic
distribution of grains along [01̄ 1̄] and [011̄] directions.
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HRXRD and AFM measurements conﬁrm that the GaP layer grown on GaAs shows a
signiﬁcantly large anisotropy in the microstructures. The origin of anisotropy
predominantly lies with the nucleation kinetics of dislocations, which is explained in
subsequent paragraphs.
When an epitaxial layer is grown on the substrate, it remains structurally
coherent with the substrate without the generation of any defects/dislocations as long as
the thickness of the layer remains below the critical layer thickness. Once the critical
layer thickness is exceeded, the growing layer starts relieving the excess strain energy
through the lattice relaxation process where the formation of defects/dislocations is
mandatory.47,55,67,156 In general, defects in III–V semiconductors are predominantly one
dimensional defects like 60° perfect dislocations and two dimensional like stacking
fault and twin boundary (linked with 30° and 90° partial dislocations).59,61,157,158 Perfect
and partial dislocations both can have a line of dislocations along any of the <011>
directions. In the past, many groups have identiﬁed the asymmetric dislocation
propagation along the [011̄] and [01̄ 1̄] directions that is associated with the difference
in

the

mobility

of

dislocations

gliding

along

different

crystallographic

directions.46,52,53,53–55,57,65 In the tensile strained system, the dislocations having a line
of dislocation along [01̄ 1̄] are known as α dislocations, while those having a line of
dislocation along [011̄] are called β dislocations.46,52 Furthermore, the glide velocity of
α dislocations is much larger than that of β dislocations and the same is true for all the
epilayers irrespective of their strain state, i.e., compressive or tensile.46 The only
difference is that the line of dislocations of α and β dislocations switches while going
from tensile to compressive strain as clearly explained by Matragrano et al.46
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It has already been reported in the literature that the 60° dislocations have the
line of dislocation along the [011̄] direction while the partial dislocations (30° and 90°)
glide along the [01̄ 1̄] direction in the tensile strained zinc-blende structures as shown
in Figure 3.7.55,61,159 In general, 90° perfect/partial dislocations, 30° partial dislocations,
and 60° perfect dislocations can contribute to the relaxation process.63 It is also known
that 90° perfect dislocations cannot glide into or out of the interfacial plane because a
dislocation can glide only in the plane deﬁned by its Burgers vector and line of
dislocations.160 Therefore, 90° perfect dislocations do not participate in the initial
relaxation of pseudomorphic strained layers.160 Two 60° dislocations can in principle
react to form one Lomer (90° perfect) dislocation for reducing the core energy of
dislocations. However, the probability of having two 60° perfect dislocations sharing
the same dislocation line and appropriate Burgers vector that can combine to meet at
the interface is rather minimal. Therefore, the possibility of such a dislocation reaction
is extremely small.161 In case of tensile strained layers, partial dislocations nucleate in
the beginning because of their low formation energy when compared with the perfect
dislocations.47,63 If growth conditions are favourable, then both the 90° and 30° partial
dislocations can combine to form a 60° perfect dislocation.14 However, in tensile
strained layers, 90° (30°) partial dislocations make an angle of 0° (60°) with respect to
the resolved sheer stress vector, respectively.63 It therefore implies that the force exerted
by the shear stress ﬁeld on 90° partial dislocations is twice when compared with that on
the 30° partial dislocations.14 Due to this factor, 90° partial dislocations nucleate
predominantly in case of tensile strained epilayers.63,64 Such 90° partial dislocations
glide towards the interface and therefore produce stacking faults in its wake.63 It
indicates about the prevalence of 90° partial dislocations over 30° partial dislocations
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(a)
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Figure 3.7 (a) 90º partial dislocations reacting to give an edge dislocation, line of
dislocation is shown along [01̄ 1̄] direction, and (b) the components of 60º perfect
dislocations where the line of dislocation is shown along [011̄] direction.

in our case.61 Under such conditions, 90° partial dislocations with a Burgers vector of
1
6 [211̄] react with another set of 90° partial dislocations having a Burgers vector of
1
6 [21̄1] to form an edge dislocation. The dislocation reaction can be given as follows:
a
a
2a
[211̄] + [21̄1] = [100]
6
6
3

(3.4)

Once the epilayer thickness exceeds the critical layer thickness, the formation of partial
dislocations and their reactions can help in relieving the strain during the initial phase
of growth as given by Eq. (3.4). The formation of such dislocations is shown in Figure
3.7(a), which glides along the [01̄ 1̄] crystallographic direction. Li et al.157 have made a
similar observation in case of nanowires where two 30º partial dislocations react to form
an edge dislocation. Furthermore, it is generally understood that the partial dislocations
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must necessarily border a two-dimensional defect, usually a stacking fault since the
Burgers vector of a partial dislocation does not link two lattice points in a crystal.162
When occurring on adjacent atomic planes, the stacking faults form micro-twins, which
are usually seen in HRTEM images, and the same is observed in Figure 3.8162
Therefore, the observation of V shaped conﬁguration of stacking faults in an HRTEM
image clearly suggests that the stacking fault is formed due to the coalescence of
islands.161 Hence, the prevalence of 90º partial dislocations in GaP/GaAs epilayer is

GaP

GaAs

Figure 3.8 HRTEM image of GaP/GaAs epitaxial layers showing the formation of

stacking fault ribbons and a highly defected interface for cross section orientation.
mainly responsible for the observation of stacking faults in our case. Note that in all the
HRTEM images recorded by us, only a single stacking fault is observed as shown in
Figure 3.8. It is due to the choice of small image size/high resolution in our case. On
the other hand, Li and Niewczas61 have recorded a large size image (≈ 20 times that of
ours) for the same material combination, where they observed many stacking faults
spread over a large area.
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Once the epilayer thickness becomes sufﬁciently large, it can lead to the
substantial relaxation of layer where 60º perfect dislocations can relive the strain as
commonly observed in III–V semiconductors.47,55,66 The line of dislocation of 60º
perfect dislocations is at a right angle to [01̄ 1̄] direction as shown in Figure 3.7(b). In
case of zinc-blende epilayers, strain in the epilayer is predominantly relieved by the fast
moving α dislocations during the initial phase of growth, while the remaining fraction
of strain is relieved by β dislocations (60º perfect dislocations in the present case).47,55
Similar observations have been made by several groups in other material systems. For
example, in the case of a SiGe/Ge material combination, Dynna and Marty47 reported
that the strain is relieved by 90º partial dislocations up to a ﬁlm thickness of 13 nm after
which the relaxation via 60º perfect dislocations is energetically favoured. Similar
observations are made by Peiró et al.66 for InGaAs/GaAs system, where they reported
that at the onset of strain relaxation process and for small layer thickness, 90º partial
dislocations nucleate and propagate, leaving a stacking fault behind. Further, at large
layer thickness, they reported the nucleation of 60º perfect dislocations and concluded
that the partial dislocations and stacking faults do not arise from the dissociation of
perfect dislocations but those must nucleate independently.
For the 60º dislocations gliding along the [011̄] direction, the Burgers vector has
three components as shown in Figure 3.7(b) and the corresponding dislocation reaction
is given below
a
a
a
a
[110]
(b
)
=
[011]
(b
)
+
[011̄]
(b
)
+
60°
Misfit
Twist
2
4
4
2 [100] (bTilt)
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(3.5)

The three components are (1) a misﬁt component with a Burgers vector of
1
bMisfit = 4 [011] on the interface plane, (2) a twist (screw) component with a Burgers
1
vector of bTwist = 4 [011̄] on the interface plane, and (3) a tilt component with a Burgers
1
vector of bTilt = 2 [100] along the growth direction.68,152 It is to be noted that the misﬁt
component is related to the strain in the GaP epilayer, the twist(screw) component is
related to the in-plane rotation of mosaic blocks, and the tilt component is responsible
for the out-of-plane rotation of the mosaic blocks.4 By considering the magnitude of
respective Burgers vectors, the ratio of tilt/twist components is expected to be 1.4.4 It is
interesting to note that the ratio of the tilt and twist value along the [01̄ 1̄] direction is ≈
1.3 for GaP/GaAs heterostructures as shown in Table 3.1. This indicates that the 60º
dislocations (β) glide along the [011̄] direction for GaP/GaAs heterostructures.
However, the tilt/twist ratio along the [011̄] direction is ≈ 2.9 as shown in Table 3.1. It
therefore indicates that the relaxation along this particular direction cannot be attributed
to 60º dislocations alone. It might be inﬂuenced by the formation of 90º partial
dislocations (α) as mentioned earlier.
Further support for the anisotropic distributions of defects/dislocations can be
obtained from the cross sectional HRTEM images of the MOVPE grown GaP/GaAs
heterostructure, and a representative image is shown in Figure 3.8. The HRTEM image
shows a dark line perpendicular to the [111̄] direction, which intersects another dark
line perpendicular to [11̄1] direction at 70.5º. The two dark lines correspond to
rotational twins (111̄) and (11̄1) and stacking faults.150,157,163,164 These stacking faults
are formed because of their low formation energies.150 The stacking faults and twin
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formation are attributed to the formation of partial dislocations.63,150,165 The two 90º
1
1
partial dislocations with Burgers vectors of 6 [21̄1] and 6 [211̄] are shown in Figure
3.7(a). They form an edge dislocation with the line of dislocation along [01̄ 1̄] having a
2
Burgers vector of 3 [100] .157 Edge dislocations relieve the misﬁt strain and are
responsible for the generation of stacking faults and twin planes. Thus, large tilt and
relaxation values along the [011̄] direction can be attributed to the stacking faults and
twinning due to the formation of associated 90º partial dislocations in the tensile
strained GaP epilayer. It leads to the observed anisotropy in the crystal relaxation
process.
Finally, it is worthwhile to discuss the impact of wafer bowing on the anisotropic
distribution of dislocations. Bowing is found to be critically important in GaAs layers
grown on Silicon where a large difference exists between the thermal expansion
coefﬁcients of layer and substrate as high as 123%. However, Lum et al.166 have shown
that the wafer bowing was eliminated for GaAs layers grown on 1000 micron thick Si
wafers. They also reported that the bowing was found to be negligible in GaAs/Si ﬁlms
when the ﬁlm thickness was lower than 1 micron. Note that the difference in the thermal
expansion coefﬁcients of GaP and GaAs is only 10%. In our sample, GaP ﬁlm is only
1200 Å thick and is mosaic in nature. Therefore, the effect of bowing can be neglected
in our case.
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Table 3.1 Summary of the microstructural parameters of GaP/GaAs epitaxial layer obtained from the Williamson-Hall analysis of HRXRD
data.
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direction
(Line of
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(111̄)

85

1.7

90

[0]([01 ]-β)

(111) &
(11̄ 1̄)

75

1.4

n

LCL
(µm)

Tilt and Twist

Dominant
dislocations

Dislocation
density
estimated by
using Eqn.
(3.9) (cm-2)

Dislocation
density
estimated by
using Eqns.
(3.6) [(3.7)]
(cm-2)

Tilt (Twist)
(deg.)

Ratio

0.04±
0.01

1.1 (0.38)

2.9

90° Partial

1.7×1011

3.3×1010
[5.6×1010]

0.65±
0.01

0.5 (0.38)

1.3

60° Perfect

2.1×1010

6.9×109
[1.1×1010]
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3.3.2 Anisotropic distribution of dislocations density in tensile
strained GaP/GaAs epilayers
A systematic variation of FWHMs with azimuth is clearly seen in Figure 3.4.
The values of FWHM of rocking curves vary a lot as a function of azimuths (φ) which
indicates about a significant variation in the dislocation density across the sample. It
clearly confirms that the distribution of dislocations on {111} glide planes is
nonuniform.68,133 A large FWHM at 0° azimuth indicates that dislocations with (11̄1)
and (111̄) glide planes are large in number compared to the dislocations along the
remaining two glide planes.68,133,167 The values of FWHM at 0° and 180° azimuth are
nearly same indicating that the dislocations are equally distributed on (11̄1) and (111̄)
glide planes.68,133,167 Similarly, the dislocations are equally distributed on (111) and

(11̄ 1̄) glide planes.68,133,167 An equal distribution of dislocations on (11̄1) and (111̄)
/[(111) and (11̄ 1̄) ] glide planes also confirms that the substrate is nearly exactly
oriented and is having a nominal miscut.68 Yarlagadda et al.133 had proposed a formula
based on the mosaic block model, where the values of dislocation density (D) at 0° (D0°)
and 90° (D90°) azimuths are measured by using the following expression;
2

D0°/90° =

FWHM0°/90°
8.7 × b

(3.6)

2

b is the magnitude of Burgers vector of 60° perfect dislocations which is
assumed to be b =

a

; a being the lattice constant of layer. In mosaic block model, it

2

is assumed that the strain is primarily relieved via the formation of 60° perfect
dislocations along both the azimuths and grain size is of the order of coherence
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length.168 Mosaic block model is also applied by other researchers for finding the
dislocation density but their formula contains an explicit mention of coherence
length.169 In spite of applying Mosaic block model for determining the dislocation
density in case of an asymmetric distributions, Yarlagadda et al.133 approach does not
consider the coherence length of grains. Contrary to the observations of Yarlagadda et
al.133, where they assumed the presence of only 60° perfect dislocation along the two
in-plane orthogonal directions, in earlier section2 we reported that the same is not true
in our case. For tensile strained GaP/GaAs epilayers, 90° partial dislocations with
1
Burgers vector of type 6 [21̄1] and line of dislocation along [01̄ 1̄]/[011] (α dislocations)
contribute to the initial relaxation of epilayer and after reaching a certain thickness, 60°
1
perfect dislocations with Burgers vector of type 2 [110] and line of dislocation along
[011̄]/[01̄1] (β dislocations) dominate the growth.2,47,55,63,66 Therefore, the value of
FWHM recorded at 0° azimuth is related to 90° partial dislocations while the one at 90°
azimuth is related to 60° perfect dislocations. Further, Yarlagadda et al. 133 did not
consider the fitting of rocking curve with a pseudo-Voigt function which is generally
preferred over Gaussian.2,4,5,49,122 Furthermore, FWHM of an omega scan is mainly
affected by size broadening i.e. lateral coherence length (LCL) and angle misorientation
between the mosaics blocks i.e. tilt (αTilt).2,5,49 In light of aforementioned discussion, it
is therefore clear that the usage of FWHM term in the formula proposed by Yarlagadda
et al. 133 (Eq. (3.6)) is inappropriate for GaP/GaAs epilayers. Further, symmetric omega
scans

5,12,170

carry the information of Burgers vector along [100] direction. Moreover,

60° perfect dislocations do not lie along [100] direction and it is only the tilt part that
lies along [100] direction.2 For this reason, the magnitude of Burgers vector of 60°
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perfect dislocations taken in the formula proposed by Yarlagadda et al.133 is not justified
in the present case. Therefore, the usage of such a simple procedure for estimating the
values of dislocation density in tensile strained GaP/GaAs layers will be inappropriate.
A modified procedure is therefore necessary in order to make it suitable for evaluating
the dislocation density in our sample. In this context, it is essential to isolate the
contribution of LCL from FWHM and to know the Burgers vector or Burgers vector's
components that are responsible for tilt before estimating the values of dislocation
density.
Models based on mosaic structure121,133,169,171 and on random distribution of
dislocations171–175 have been used for estimating the dislocation density for many
material combinations121,169. Recently, Nemoz et al.171 have shown that the value of
dislocation density estimated using a model based on random distribution of
dislocations namely proposed by Dunn et al.172 closely matches with the dislocation
density measured from HRTEM experiments. It is also important to note that the model
based on random distribution of dislocations proposed by Dunn et al.172, which is a
slightly modified version of the formalism originally proposed by Gay et al.174, is being
extensively used in case of wurtzite materials systems especially those which are prone
to high dislocation densities.121,169,173,176–181 This formula uses two parameters viz.
misorientation angle (α) and magnitude of Burgers vector (b) responsible for the
misorientation and is of the following form:117,169,171
2

α
D=
2
4.35 × b

(3.7)

For wurtzite material systems, misorientation angle and Burgers vectors
responsible for misorientation are explicitly known which is the primary reason for its
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widespread usage in such material combinations.117,121,169,173,176–181 However, as
reported by us in earlier section2 on zinc-blende tensile strained system, different types
of dislocations are predominantly acting along the two in-plane orthogonal directions.
Moreover, the factors leading to misorientation in epilayers depends upon the type of
strain which governs the type of dominant dislocations that might be present in a layer.
In view of this, Eq. (3.7) needs to be modified by considering 1) the type of
dislocations which might be dominant along a given direction as known in the present
case2 and 2) the factors/mechanism leading to the tilt shall be known a priori.
Accordingly, the value of misorientation angle (α) and magnitude of Burgers vector (b)
shall be inserted in Eqn. (3.7) for estimating the values of dislocation density. Therefore,
in our case it is essential to find the tilt at each azimuth along with the Burgers vector
of dominant dislocations primarily responsible for the tilt. To isolate the tilt component
from the value of FWHM, we have carried out systematic WH analysis2,12 where the
results are summarized in Table 3.1.
The values of αTilt for 0° (α[01̄ 1̄]) and 90° azimuths (α[011̄]) are estimated to be
1.1° and 0.5° respectively. It is also very important to note that the intercept on y-axis
(c) is related to the inverse of LCL, which in general has a very small value. One
therefore expect a large error in case of the estimated values of LCL. On the other hand
the value of tilt, which is estimated from the slope of the curve, can be estimated rather
precisely. It provides another valid reason why one should use the formula based on
random distribution modal117,169,171 in comparison to the mosaic block modal.153,169
In earlier section2, we have shown that at 0° azimuth, 90° partial dislocations
are responsible for the tilt. This can be appreciated with the help of Figure 3.8 which
shows cross sectional HRTEM image of the sample. Note that the formation of stacking
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faults and highly defective interface is clearly visible. It is known that 90° partial
dislocations in tensile strained systems generate stacking faults in its wake.63 The
stacking faults are generated on adjacent {111} planes and micro-twins are then formed
which are clearly visible in a V-shaped configuration as shown in Figure 3.8.161,162
Essentially, the two 90° partial dislocations meet and create a Burgers vector (b =

a
)
6

along [100] direction which is responsible for the tilt at 0° azimuth as shown in Figure
3.8, where the dislocation reaction is given below;163
a
a
2a
[211̄]
+
[21̄1]
=
6
6
3 [100]

(3.8)

On the other hand at 90° azimuth, 60° perfect dislocations are responsible for
1
a
tilt.2 It is the edge component 2 [110] ( b = 2 ) of Burgers vector of 60° perfect
dislocations which is associated with tilt in grains of the mosaic sample.2,14,152

In view of the aforementioned discussion, Eq. (3.7) is modified for measuring
the values of dislocation density by measuring α[01̄ 1̄] and α[011̄] independently and by
inserting the magnitude of Burgers vector of 90° partial dislocations and edge
component of 60° perfect dislocations as described below;

D90
D60

partial dislocations

perfect dislocations




6[0 1 1 ]2
4.35a 2
4[01 1 ]2

(3.9)

4.35a 2

The values of dislocation density of 90° partial dislocations and 60° perfect
dislocations are found to be 1.7×1011 cm-2 and 2.1×1010 cm-2 respectively as shown in

62

Table 3.1. There is nearly one order of difference between the magnitude of dislocation
density of 90° partial dislocations and 60° perfect dislocations. It is in good agreement
with the observation reported in the literature for other tensile strained systems e.g.
SiGe/Ge47, InGaAs/GaAs66 etc. This is also in agreement with the reports available in
literature where the initial relaxation of layer proceeds through the formation of α type
dislocations having [01̄ 1̄] line of dislocations which is followed by β type dislocations
having [01 1̄ ] line of dislocations in zinc-blende tensile strained systems.2,47 It is
interesting to compare the values of dislocation density estimated by using Eq. (3.6)
and Eq. (3.7) with those obtained via the modified method (Eq. (3.9)). The
corresponding values are shown in Table 3.1. It is found that the density of dislocations
is underestimated by the earlier methods due to an inappropriate choice of Burgers
vector associated by the respective dislocations and/or the usage of FWHM in lieu of
tilt. Moreover, the density of 90° partial dislocations, which play a key role in the initial
relaxation of tensile strained epilayers, cannot be estimated from the earlier methods.

3.4 Conclusion
Anisotropic distribution of microstructure in GaP layer grown on GaAs is
investigated from the Omega/2Theta scans for (400) reﬂections for 0º (180º) and 90º
(270º) azimuths along [011̄] and [01̄ 1̄] directions. The values of relaxations are
measured for both the orthogonal in-plane directions such as [011̄] and [01̄ 1̄] using
reciprocal space maps at 0º and 90º azimuths for (42̄ 2̄) and (422̄) reﬂections.
Anisotropic relaxation process causes a large difference in FWHM of (400) diffraction
peaks of Omega scans along the [011̄] and [01̄ 1̄] directions. Under such circumstances,
a simple comparison of the FWHM of diffraction peaks might be inappropriate unless
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anisotropic distribution of relaxation process is taken into account. Subsequently, LCL,
tilt, and twist values along the two orthogonal directions are estimated by applying the
Williamson-Hall analysis. The ratio of tilt and twist values is ≈1.3 and ≈2.9
predominantly due to 60º perfect and 90º partial dislocations with the line of dislocation
along the [011̄] and [01̄ 1̄] directions, respectively. It is understood that 90º partial
dislocations nucleate predominantly in the beginning of strain relaxation process. Such
90º partial dislocations glide towards the interface and therefore produce stacking faults
in its wake, which is conﬁrmed by the HRTEM image of the sample. Once the epilayer
thickness becomes sufﬁciently large, it can lead to the substantial relaxation of layer
where 60º perfect dislocations relive the strain. Prevalence of 90º partial dislocations in
our sample leads to the observed anisotropy of mosaicity and the dislocation
distribution. The anisotropic distribution of microstructures is also revealed by the
surface topography of GaP epilayer in AFM measurements. The origin of anisotropic
distribution of dislocation is explained through the Burgers vector network and their
consequences are seen in the cross sectional HRTEM images.
For zinc-blende tensile strained material combination, a method is proposed for
estimating the density of 90° partial and 60° perfect dislocations where FHWM is
replaced by tilt along with the magnitude of the respective component of Burgers vector
in the conventional formula. The propose formula shall be applicable for any zincblende tensile strained material system. It is found that the Burgers vector of 90° partial
dislocations (tilt component of 60° perfect dislocations) are responsible for tilt along
[01 1̄] ([01̄ 1̄]) direction. The values of tilt are estimated using systematic WilliamsonHall analysis which are then put in the proposed formula for the estimation of density
of 90° partial and 60° perfect dislocations. It is found that the density of 90° partial
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dislocation is an order of magnitude large in comparison to 60° perfect dislocations. It
is also noticed that the dislocation density is underestimated by the previously reported
methods. HRXRD being a non-destructive tool is shown to be very effective in
estimating the asymmetry of dislocation density rather quickly compared to HRTEM
technique which is already known to be destructive, arduous and less statistical. The
proposed method is considerably helpful to epitaxial growers who shall be able to
optimize the crystalline quality of layers over a short period of time.
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Chapter 4
Study of the Anisotropic Distribution of Microstructure in
Compressively Strained InP/GaAs Epitaxial Layers
4.1 Introduction
InP is a material of choice for the development of light emitting devices
operating in the wavelength range of 925 to 1660 nm, optoelectronic integrated circuits,
high speed microwave and millimeter wave circuits, solar cells, and wireless
applications owing to its direct bandgap covering the low loss telecommunication
window (1550 nm) and very high electron mobility.182–185 Since InP wafers are costly,
brittle and are available in small size, InP films grown on GaAs substrates have emerged
as an alternate solution to the need of large area InP based devices.183 Owing to large
lattice mismatch (3.8%) and thermal expansion coefficients differences (19.7%)
between InP and GaAs, the critical layer thickness of InP on GaAs substrate is less than
50 Å according to Matthews and Blakeslee model186 and ≈ 17 Å147 by X-ray interference
effect method. A high value of dislocation density often exceeding 109 cm-2 have been
recorded in InP layers grown on GaAs substrates.187,188 This poses a challenge to
epitaxial growers and the grown film is found to be of mosaic nature. A quantitative
analysis of the dislocation density is therefore of immense interest. InP layers on GaAs
substrate are studied by HRTEM by a few researchers.183,188 However, no systematic
study using HRXRD technique aiming to learn the asymmetric distribution of
dislocations in InP/GaAs system is available in literature. In this chapter, anisotropic
distribution of microstructure is studied in compressively strained InP/GaAs epitaxial
layers by HRXRD technique. It is noticed that the crystalline quality of layer is better
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along [011̄] direction when compared with [01̄ 1̄] direction. It is also found that the
dislocations are mainly 60° perfect dislocations along both the in-plane orthogonal
directions. The density of 60° dislocations is also estimated from the analysis of
HRXRD data. Polarization dependent photoluminescence (PL) measurements are also
performed in order to access the anisotropy in the optical quality of layer.

4.2 Experimental details
InP layer of 2-micron thickness is deposited using metal organic vapour phase
epitaxy reactor (AIX-200) on GaAs substrate at 50 mbar pressure. GaAs substrates are
≈ 400 m thick and are oriented along [100] with a nominal miscut of 0.05° along [01̄ 1̄]
direction. InP layer is grown at 660°C using phosphine and trimethylindium (TMIn)
source materials. PANalytical X’PERT diffractometer equipped with CuKα1 X-rays
(wavelength = 1.54056 Å) and a hybrid 4× monochromator (beam divergence ≈ 20 arc
sec) is used to perform HRXRD measurements. X-ray beam has a footprint of ≈ 15 mm
× 2 mm on the sample surface perpendicular to the diffraction plane. Xenon gas filled
proportional counter is used to record the intensity of diffracted beam where various
omega/2theta (ω/2θ) and omega (ω) open detector scans are performed by setting the
opening of detector equal to 1º. For Williamson-Hall analysis, ω scans are recorded in
triple axis geometry by inserting a triple bounce Ge (220) analyser crystal (acceptance
angle ≈ 12 arc sec) in front of the detector. In this chapter, ω, θ, and 2θ are defined as
the angles which incident X-ray beam makes with the sample surface, reflecting plane
and diffracted X-ray respectively. On the other hand, φ is the azimuthal angle which
lies between the projection of the incident X-ray beam on sample surface and sample
in-plane [01̄ 1̄] direction whereas ψ is the angle between the growth direction i.e. [100]
and surface normal of the corresponding diffraction plane. Instrumental broadening
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effects have been neglected in data analysis because the values of full width at half
maximum (FWHM), also defined by symbol β, of HRXRD patterns is about five times
larger than the instrumental broadening.146 Wafer bowing166 is another important factor
in particular for the samples where a large difference in the values of thermal expansion
coefficients of substrate and layer exists. However, this is also neglected in present case
since 1) the layer is of mosaic nature and 2) the thermal expansion coefficient difference
is only ≈ 19.7% which is low in comparison to the value corresponding to GaAs layers
grown on Silicon substrates.
Reciprocal space maps (RSM) on {422} asymmetric planes are recorded in
triple axis geometry at 0° and 90° azimuths by keeping [011̄] and [01̄ 1̄] directions
perpendicular to the diffraction plane respectively. Williamson-Hall (WH) analysis is
performed by considering (200), (400), (600) symmetric planes and also various skewsymmetric planes like (133), (422), (511), (311) which are inclined at an angle (ψ) with
respect to the growth direction.2,189 PL is excited with a second harmonic of Nd:YAG
laser beam (λ = 532 nm) focused on a ≈ 100 µm diameter spot, where the sample was
mounted inside a closed cycle He cryostat for low temperature measurements. An
optical polariser was kept in the path of incident laser along with a neutral density filter.
Two PL measurements are recorded by keeping the direction of electric vector of laser
fixed and aligning the sample direction [011̄] (azimuth 0°) and [01̄ 1̄] (azimuth 90°) by
rotating the sample accordingly. AFM measurements are performed in non-contact
mode using a multimode scanning probe microscope (NT-MDT, SOLVER-PRO,
Russia) equipped with Silicon cantilever tips having a radius of curvature of ≈ 10 nm,
resonant frequency ≥ 190 kHz and spring constant ≈ 5.5 N/m.
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4.3 Results and discussion
Figure 4.1 shows HRXRD pattern for (400) reflection recorded at 0° and 90°
azimuths. At 0°/180° azimuth the direction perpendicular to diffraction plane is along
[011̄]/[01̄1]. Similarly at 90°/270° azimuth the corresponding direction is along [01̄ 1̄]
/[011]. Clear peaks corresponding to GaAs substrate and InP layer are observed at both
the azimuths with nearly same layer-peak separation (≈ 1.41°). However, FWHM of
layer peaks at 0° azimuth is slightly lower along [011̄] direction, as obvious from
Figure 4.1, which indicates about the presence of large number of defects along [01̄ 1̄]
in comparison to [011̄] direction. It also indicates about the existence of an anisotropy
in the microstructures between the two in-plane orthogonal directions. To understand
this behaviour in more detail, several rocking curves are recorded for (400) reflections
by the varying the value of azimuth from 0 to 360° with an intervals of 15° where the
results are summarized in Figure 4.2. It is observed that the value of FWHM is larger

Azimuth 0°

GaAs

Intensity (arbitrary unit)

Azimuth 90°
InP

FWHM
0.20°
0.22°

20″
-2.0

(400)

-1.5
-1.0
-0.5
Omega/2Theta (deg.)

0.0

Figure 4.1 HRXRD pattern of InP epitaxial layer grown on GaAs substrates for
(400) reflection recorded at two azimuths.
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along [01̄ 1̄]/[011] direction in comparison to [011̄]/[01̄1] direction. One can therefore
infer that the density of defects/dislocation is large along [01̄ 1̄] direction in comparison
to other in-plane orthogonal direction. Note that in tensile strained GaP epilayers grown
on GaAs substrates, an opposite behaviour was seen by us where the density of
defects/dislocations was found to be large along [011̄] direction.2,189
In order to get further insights of the dislocation network in compressively
strained InP/GaAs layer, reciprocal space map (RSM) corresponding to asymmetric

[011]

X-ray Footprint Length Direction
[011]
[011]
[011]
[011]

FWHM (deg.)

0.22

FWHM
Fitting

0.21
0.20
(400)
0.19
0

90

180
Phi (deg.)

270

360

Figure 4.2 FWHM of (400) rocking curve plotted as a function of azimuth where
solid line is a guide to the reader's eye.

{422} reflections are recorded at 0° and 90° azimuths as shown in Figure 4.3. The
relaxation2 values calculated from the RSM are nearly same (≈ 97%) and the variation
of counts shown in Figure 4.3 is also quite similar. Therefore, no direct information
related to an asymmetry in the distribution of dislocations is available from RSM scans.
Unfortunately, a separate estimate of size and strain broadening form RSM scans is not
feasible. Nearly same relaxation along the two in-plane orthogonal directions is also
observed by Weng et al.69 for InSb/GaAs compressively strained epilayers. However, a
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Azimuth 90°

(a)

4.31

Qz (1/Å) [100]
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Azimuth 0°

4.29
4.27
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(b)

4.31
4.29
4.27
4.25

3.01 3.03 3.05 3.07
Qx (1/Å)

3.01 3.03 3.05 3.07
Qx (1/Å)

Figure 4.3 Reciprocal space maps of InP/GaAs layer recorded at 0° and 90°
azimuths for {422} reflection.
reliable estimation of strain broadening is essential for studying the asymmetric
distribution of dislocations in epitaxial layers.
To observe the effect of anisotropic distribution of defects in microstructure, we
performed WH analysis at 0º and 90º azimuths along [011̄] and [01̄ 1̄] directions where
the results are shown in Figure 4.4(a & b). The values of LCL, tilt and twist for the
layer are given in Table 4.1. The values of LCL are also slightly different along [011̄]
and [01̄ 1̄] directions as shown in Table 4.1. It indicates that the crystalline quality of
InP layer is better along [011̄] direction. Furthermore, the tilt is less along [011̄]
direction when compared with [01̄ 1̄] direction. It also indicates that the crystalline
quality is better along [011̄] direction.
Note that the values of twist along the two orthogonal directions are slightly
Tilt
different, however, the Twist ratio is nearly same (≈1.4) along the two directions as
clearly shown in Table 4.1. Although there is some asymmetry in the density of
dislocation in InP epilayer but nature of dislocations remains the same.2,189 It is also
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Figure 4.4 Williamson-Hall analysis: a) The width (Δqx) obtained from pseudoVoigt fitting of the omega scan diffraction peaks, n is related to Lorentzian fraction
n

in the pseudo-Voigt fitting, is plotted as a function of q , b) The value of αhkl are
plotted as a function of ψ for 0 and 90° azimuths.
understood that the dislocations in compressively strained InP epilayers grown on GaAs
Tilt
are mainly 60o perfect dislocations along both the directions since Twist ratio remains
≈1.4.2,189 This is contrary to our earlier observations made in case of tensile strained
GaP/GaAs epitaxial layers where even the type of dislocations was found to be different
along the two in-plane orthogonal directions.
Table 4.1 The values of microstructure namely lateral coherence length, tilt, twist
and their ratio obtained from Williamson-Hall analysis at two orthogonal azimuths
along with the values of dislocation density in InP epitaxial layer grown on GaAs
substrate.
Line of
dislocation

0º

[011̄]

[01̄ 1̄]-β

90º

[01̄ 1̄]

[011̄]-α

Azimuth

Direction
⊥ to
diffraction
plane

WH analysis

Dislocation
density
(60°)(cm-2)

Tilt and Twist
LCL
(µm)
0.5±0.
01
0.4±0.
01
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Tilt (º)

Twist
(º)

Ratio

0.17

0.12

1.4

2.2×109

0.19

0.13

1.5

2.9×109

Further, relatively large values of tilt and twist for line of dislocation along [011̄]
(α) in comparison to those [01̄ 1̄] (β) indicates that the density of 60° (α) dislocations is
large in our sample. It can also be understood that the density of dislocations is more on
(111)/ (11̄ 1̄) glide planes in comparison to (111̄) / (11̄1) glide planes.189 We recently
proposed a formula for estimating the density of dislocations in zinc-blende epitaxial
layers.189 The values of dislocation density measured for the two in-plane orthogonal
direction are shown in Table 4.1. The dislocation density is very high (>109 cm-2) where
the measured values are found to be in agreement with those reported by other
researchers.183,187,188 It is obvious that there is a slight difference in the value of
dislocation density when measured along the two directions which is caused by the
difference in the glide velocity of dislocations along the respective crystallographic
directions.2,46,189 It is already known that the glide velocity of α dislocations is large in
comparison to β dislocations.46,47,190,191 Kvam and Hull192 has also observed that only
full lattice dislocations i.e. 60° perfect dislocations are responsible for relieving the
strain in case of compressively strained layers. It is already known that that during the
initial phase of growth α dislocations relieve the strain, however, β dislocations
dominates the relaxation process beyond a certain thickness of layer.2,46,47,189 Owing to
this reason, one should see a large anisotropy in the density of dislocations if the
thickness of layer is kept reasonably low.2,46,47,189 A large value of layer thickness is the
main reason why we see only a minor difference in the values of dislocation density.
However, the anisotropy is clearly evident from the sinusoidal variation of FWHM of
rocking curve as a function of azimuth as shown in Figure 4.2.
It is interesting to see the impact of anisotropic distribution of dislocations on
the surface morphology. In earlier chapter,2 elongation of grains along a particular
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direction was reported by us for tensile strained GaP layers grown on GaAs. However,
no major difference in the topography of InP layers between the two in-plane orthogonal
directions is seen as obvious from the AFM image shown in Figure 4.5. One plausible
explanation for this observation can be given in terms of the difference in initial
relaxation of layer in the two cases. In a compressive (tensile) strained layer, initial
relaxation is governed by 60° perfect (90° partial) dislocations. During the glide process
towards the interface, partial dislocations produce stacking faults in their wake. 2,63
Partial dislocations are responsible for crack formation in layer along the line of
dislocation.193 Cracks have been observed in surface morphology of several tensile
strained layers.2,61,193–195 However, no such behaviour is observed in case of 60° perfect
dislocations. Therefore cracks are not observed in the AFM image shown in Figure 4.5.
Thus AFM image alone can give a hint about the presence of dominant dislocations in
a zinc-blende system where presence of crack itself can confirm about the presence of
90° partial dislocations.
Low temperature PL measurements are also performed to compliment the
information obtained from HRXRD on the asymmetry in crystalline quality of layer.

µm
6
4
[011̄]
2
[01̄ 1̄]

0

µm
0
2
4
6
Figure 4.5 Atomic force microscopy image of InP epitaxial layer grown on GaAs
substrates.
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For this purpose, polarization dependent PL measurements are performed by inserting
a polarizer in the path of incident laser beam before it falls on the sample. The polarizer
axis is made nearly parallel to [011̄] and [01̄ 1̄] directions by rotating the sample in
order to collect the PL data shown in Figure 4.6. Four distinct peaks are observed in
the PL spectra at 1.42, 1.38, 1.34 and 1.32 eV which are labelled as A, B, C and D
respectively. Here, the most intense PL feature (peak A) is labelled as band-to-band
recombination196 which is commonly observed in case of n-type InP.197,198 Other peaks
seen in the PL spectra are also commonly observed in InP which are generally labelled
as either defect associated features or phonon replica of band-to-band recombination
feature of InP.196,197,197,199,200 An important outcome of PL measurements is that the
intensity of PL signal is more along [011̄] direction when compared with [01̄ 1̄]
direction. It can be therefore inferred that the optical quality of layer is poor along [01̄ 1̄]
direction in comparison to [011̄] direction. It means that the density of
defects/dislocations is relatively large along [01̄ 1̄] direction.201,202 It also shows that the
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conclusions drawn from the PL measurements on the asymmetry in optical quality of
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Figure 4.6 10 K Polarization dependent PL spectra of InP epitaxial layer grown on
GaAs substrates.
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layer are in good agreement with the observations made on the asymmetry in crystalline
quality from HRXRD measurements.

4.4 Conclusion
Anisotropic distribution of defects/dislocations is studied by using HRXRD
technique for compressively strained InP epitaxial layer grown on GaAs substrates.
Only a minor difference in the microstructure parameters is observed, however, the
anisotropy is clearly observed by recording a set of rocking curves by varying the
azimuth. The value of FWHM of diffraction pattern, which is governed by the
crystalline quality of layers, shows a sinusoidal variation with azimuth indicating about
the presence of an anisotropy in layer. Further, it is observed that the value of dislocation
density is slightly large along [01̄ 1̄] direction when compared with [011̄] direction. The
reason of anisotropy is attributed to the difference in the glide velocity of dislocations
which is higher for the dislocations having line of dislocation along [011̄] in comparison
to [01̄ 1̄] direction. The information received from HRXRD measurements related to
the presence of asymmetry in crystalline quality of layer is complemented by
polarization dependent PL measurements. It is also proposed that the presence of cracks
in topography of sample indicates about the incorporation of tensile strain which is not
expected in case of compressively strained zinc-blende epitaxial layers.
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Chapter 5
Study of the Anisotropic Distribution of Microstructure in
Compressively Strained GaAs/Si Epitaxial Layers: A Case of
Polar on Nonpolar Material Combination
5.1 Introduction
In this chapter, results related to the anisotropic distribution of microstructure in
compressively strained GaAs/Si epitaxial layers are presented. The combination of
well-developed Si technology with group III/V semiconductors like GaAs, GaP and InP
opens up the possibility for a wide range of optoelectronic devices; for example,
integrated light emitting diodes, laser diodes, detectors and solar cells on Si
substrates.1,119 However, epitaxial growth of GaAs on Silicon substrates poses a
formidable challenge due to the high lattice constant mismatch, large thermal expansion
coefﬁcients difference and presence of anti-phase domains.1,5,45,203 The lattice constant
mismatch and difference in the thermal expansion coefﬁcients between GaAs and Si are
4.1% and 3.43 × 10−6 K−1, respectively.45 As mentioned earlier, this material
combination is prone to a high density of dislocations leading to the mosaicity of
epilayers. HRXRD characterization of compressively strained GaAs/Si epitaxial layers
is therefore of considerable important where microstructural information related to the
lateral coherence length (LCL), vertical coherence length (VCL), tilt, twist, and
microstrain can be estimated using Williamson-Hall analysis. In Williamson-Hall
analysis, HRXRD data for a set of symmetric reflections such as (L00) and (00L) planes
(where L = 2, 4, 6) for zinc-blende and wurtzite systems respectively is recorded.49,117
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However, in a few cases especially for zinc-blende structures Williamson-Hall (WH)
analysis gives unrealistic information due to the following reasons;
i) For the epitaxial layers grown on (100) nominally oriented cubic substrates, the
predominantly allowed reflections are (200), (400) and (600) which is primarily decided
by the wavelength of CuKα1 X-ray beam in our HRXRD setup as shown in Figure
5.1.49 Further higher order symmetric reflections, for example (800), are not accessible
using CuKα1 beam as can be understood from Figure 5.1. It is therefore obvious that
the measured values of q(L00)VCL and microstrain obtained from WH analysis will be
highly inappropriate in case any of the three allowed reflections is adversely effected
by a poor signal to noise ratio.
ii) Sometimes one of the allowed reflections, for example (600) in case of GaAs, is very
weak due to minimal contrast in the form factors (fIII/V) of the constituent atoms. The
structure factor (s) for (hkl) plane of zinc-blende structure when h, k, l are unmixed (i.e.
all even or all odd) is given by s  ( f III  fV e



 i ( h  k l )
2

) , where fIII and fV are the form

factors of the group III and V atoms respectively. In case of GaAs, the values of form
factor of Gallium and Arsenic atoms are very close and the contrast further reduces at
large diffraction angles.14,81 Due to these reasons the value of structure factor for (600)
reflection, which is proportional to ( fGa  f As ) where fGa and fAs are the form factors of
Gallium and Arsenic atoms, is going to be very small. Therefore, (600) is a weak
reflection in GaAs which leads to poor signal to noise ratio for one of three symmetric
reflections. Hence, WH analysis will provide unrealistic information of the
microstructure in case (600) reflections of GaAs is included.
iii) Finally, anti-phase domains (APD) are generated whenever zinc-blende epilayers
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are grown on non-polar substrates like Si or Ge. Presence of the APD results in selective
broadening of some reflections such as (200) and (600) because the structure factor for
these reflections depends upon the relative positions of Ga and As atoms.1 Influence of
APD in the selective broadening of a few reflections has also been seen in several other
material systems including metallic alloys.1,119
Due to the abovementioned reasons, WH analysis cannot be used for evaluating
the values of VCL, microstrain, LCL and tilt of zinc-blende epilayers grown on Si using
a set of symmetric reflections i.e. (L00) where L = 2, 4, 6. HRXRD measurements which
are generally performed using laboratory X-ray sources based on Copper/ Molybdenum
X-ray tubes are largely unattractive for studying GaAs/Si epitaxial layers via WH
analysis. Under such cases, a modified Williamson-Hall analysis is often adopted where
a new set of parallel skew-symmetric crystallographic planes are taken and the same is
also discussed in a later half of this chapter.4,5 However, the acquisition of HRXRD data
for skew-symmetric reﬂections is rather cumbersome. Precise multidirectional
alignment of a sample is critical for the data acquisition of a diffraction pattern for skewsymmetric crystallographic planes. A goniometer with precise multidirectional
movements is therefore essential for recording the data required for the extended WH
analysis. Moreover, one probes the epilayer along a different crystallographic
orientation under the modiﬁed WH method. On the other hand, large photon counts are
usually recorded for symmetric reﬂections and even the data acquisition is relatively
simpler. In view of this, it is desirable to ﬁnd a set of reﬂections where diffraction
patterns of reasonable intensity can be recorded. In this context, synchrotron radiation
sources offer a great opportunity for the HRXRD measurements where a broad range
of intensity and wavelength of X-ray radiation can be obtained. This indeed becomes
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extremely important for the cases where a few crucial reﬂections are either broadened
due to structure factor considerations or are inherently weak for a particular
crystallographic plane as mentioned above. This is indeed possible at a synchrotron
radiation source where the size of the limiting sphere can be varied by changing the
wavelength of the X-rays as shown in Figure 5.1. Moreover, the intensity of the incident
X-ray beam at a synchrotron radiation source is very high9 when compared with the
laboratory-based sources. With this in mind, we present the WH analysis of GaAs
epilayers grown on Si by performing HRXRD measurements on the Indus-2
synchrotron radiation source. It is found that the conventional WH analysis performed
on a synchrotron radiation source is able to reveal the desired information related to the
microstructure of GaAs epilayers grown on Si which is in reasonable agreement with
the results obtained from atomic force microscope (AFM) measurements.

5.2 Experimental details
GaAs epilayers were grown by the two-step growth method in a horizontal metal
organic vapour phase epitaxy reactor (AIX-200) system. Trimethylgallium (TMGa) and
arsine gas were used as precursors. Prior to growth, Si substrates were cleaned using a
modiﬁed Radio Corporation of America (RCA) cleaning method.119 Afterwards the
substrate was preheated to 870°C for 30 min in a hydrogen (H2 ) ﬂow of ≈ 8 slpm (slpm
= standard litres per minute). This is desired for promoting Si surface rearrangement
and also for the removal of native oxide from Si substrate. This procedure for the
removal of native oxide from Si wafers is found to be very successful where it is
reported that the native oxide on Si wafer would not reappear even after 1–2 h.204 After
pre-heating the Si wafer at 870°C in the presence of H2 for 30 min, the temperature was
reduced to 450°C in the presence of a high ﬂow of arsine. At this temperature, a GaAs
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nucleating layer of thickness ≈ 60 nm with a V/III ratio ≈ 340 was grown. This was
followed by the growth of a GaAs layer of thickness ≈ 250 nm at 670 °C with V/III ratio
≈ 100. This samples is labelled as S1. Three more samples are studied in this chapter
where growth details are summarized in Table 5.1.
The synchrotron-based HRXRD measurements were performed using the angledispersive X-ray diffraction beamline (BL-12)9 at the Indus-2 synchrotron radiation
source of RRCAT, Indore. The beamline consists of a Si (311) based double-crystal
monochromator with bendable focusing optics. HRXRD measurements at Indus-2 are
performed at 15.5 keV using a scintillator detector having 75 arc sec opening in the
diffraction plane. The laboratory-source-based HRXRD measurements were performed
using the PANalytical X’prt PRO MRD system. Note that the FWHM of HRXRD
patterns is typically one order larger than the instrumental broadening. Hence, it is
neglected in the data analysis.146 Two independent sets of X-ray diffraction patterns are
recorded using the respective laboratory and synchrotron sources. ω and ω/2θ scans for
the (L00) reﬂections (L = 2, 4, 6 etc.) of GaAs were performed using the synchrotron
radiation and laboratory sources, respectively. Here, ω is deﬁned as the angle between
the incident X-ray beam and the sample surface while 2θ is the angle between the
incident and diffracted X-ray beams. The ω and ω/2θ directions explore the Ewald
sphere in different directions as shown in Figure 5.1, where ω (ω/2θ) scan provides the
lateral (vertical) information of the epilayer. AFM measurements are performed using
a multimode scanning probe microscope (NT-MDT, SOLVER-PRO). Silicon cantilever
tips of radius of curvature 10 nm, resonant frequency 190 kHz and spring constant 5.5
Nm-1 are used in non-contact mode. The thickness of epilayers was determined by a
surface profilometer model Alpha-step IQ (KLA Tencor make). Steps on GaAs/Si
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samples were made by the selective etching of GaAs using CH3OH:H3PO4:H2O2 (3:1:1)
isotropic etch solution.203 The cross sectional HRTEM micrographs are recorded using
Philips CM200 at an accelerated voltage of 200 kV. Cross-sectional samples are
prepared by the conventional procedures involving mechanical thinning followed by
Ar-ion milling.
Table 5.1 Summary of various growth parameters of the GaAs / Si samples.
Sample
No.
S1

Layer detail
GaAs Nucleating layer
GaAs thick layer

Growth
Temp. (°C)
450
670

Thickness
(nm)
60
250

V/III
ratio
340
100

S2

GaAs Nucleating layer
GaAs thick layer

450
650

60
250

337
103

S3

GaAs Nucleating layer
GaAs thick layer

450
670

60
250

518
103

S4

GaAs Nucleating layer
GaAs thick layer

400
670

60
250

337
103

5.3 Results and discussion
5.3.1 HRXRD results based on the synchrotron radiation source
The crystallographic planes that can be accessed in HRXRD measurements are
determined by the wavelength (λ) of the X-ray radiation source. This is described by
drawing a limiting sphere of ‘2/ λ’ radius as shown in Figure 5.1. The limiting sphere
for the laboratory XRD systems based on Cu Kα1 (λ = 1.54056 Å) is shown in Figure
5.1 where one can access only the (200), (400) and (600) set of symmetric planes. Note
that there are many asymmetric reﬂections that are also accessible by the same X-ray
source. However, we are interested only in the symmetric reﬂections for the
conventional WH analysis. The radius (2/ λ) of the limiting sphere can be enlarged by
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increasing the energy of the incident X-ray beam at the synchrotron radiation source as
shown in Figure 5.1. It is obvious that now even the (800) symmetric reﬂection can be
accessed that can be used to improve the accuracy of conventional WH analysis.
Furthermore, the enormous intensity of the X-ray beam at a synchrotron radiation
source considerably helps to improve the signal-to-noise (S/N) ratio.
Figure 5.2 shows ω and ω/2θ scans recorded for various symmetric reﬂections
Variable
limiting sphere
for SR
(depends on
wavelength)

[100]
(800)
(600)
(400)

Limiting
(200) sphere
for CuKα1
[011]
(000)
Figure 5.1 Schematic of the portion of the limiting sphere to illustrate the allowed
symmetric reﬂections for GaAs grown on (100) Si substrates. Here, the [011] direction
lies in the growth plane. The limiting sphere governed by the wavelength of the
laboratory X-ray source (Cu Kα1) is shown by a dashed line (red) whereas the limiting

sphere governed by the wavelength of synchrotron radiation is shown by a solid line
(black). Note that the (800) reﬂection (red ﬁlled circle) is accessible only when
HRXRD measurements are performed at the synchrotron radiation source. At 15.5 keV
energy a few more reﬂections are accessible. However, the reﬂections only up to (800)
are shown here for simplicity.
using the laboratory- and synchrotron-based X-ray sources for sample S1. Note that the
FWHM of the respective diffraction patterns that are recorded at two separate HRXRD
systems are almost similar. This is obvious since the plots are made while keeping the
x-axis in reciprocal lattice units instead of ω and ω/2θ.
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Furthermore, the diffraction pattern for the (600) reﬂection recorded by the
laboratory source is very weak and cannot be used in WH analysis. On the other hand,
the same pattern recorded by the synchrotron radiation source has a very good S/N ratio
that makes it reasonable for WH analysis. As mentioned earlier, the wavelength of a
synchrotron radiation source is tunable which in fact enabled us also to record the
diffraction pattern for the (800) reﬂection. Such a diffraction pattern cannot be recorded
by using a laboratory source equipped with Cu X-ray tube. This reﬂection can also be
 scans
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(
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Figure 5.2 HRXRD pattern of GaAs epilayer grown on Si substrate (Sample S1): (a)
ω scans, (b) ω/2θ scans, where the curves labelled as 2A (2B), 4A (4B) and 6A (6B)
are the diffraction patterns for the (200), (400), (600) reﬂections acquired using the

laboratory (synchrotron) based X-ray source. Note that the (800) scans are acquired
only at the synchrotron radiation source. The overlaying solid lines show the pseudoVoigt ﬁtting of the experimental data.
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probed by a Molybdenum-based X-ray source. However, a Cu Kα 1 X-ray source is
generally preferred for investigating the conventional III/V semiconductors because Cu
Kα1 interacts with matter more strongly than Mo Kα1, leading to brighter diffraction
spots. It can be easily appreciated that the availability of HRXRD data for four
symmetric reﬂections is extremely important for the accuracy of microstructure
information obtained from conventional WH analysis.
Next, the data shown in Figure 5.2 are analyzed by following the procedure of
WH analysis. It is observed that a low (high) value of ‘f’ is recorded for the ω (ω/2θ)
scans. A low (high) value of ‘f’ along the ω (ω/2θ) direction indicates that the
Lorentzian component of the broadening is low (high) along the lateral (vertical)
directions. Note that the Lorentzian component of the broadening is governed by the
theoretical broadening of the crystal while the Gaussian component of the broadening
is decided by the crystal imperfections and inhomogeneities. Hence, a large value of ‘f’
extracted from ω/2θ scans indicates a large grain size along the vertical direction while
a low value of ‘f’ extracted from the ω scans shows a small grain size in the lateral
direction. This indicates the presence of a large number of defects and dislocations in
the lateral direction. In the case of the GaAs/Si (100) material system, the majority of
dislocations are of 60° mixed dislocations.4,14,152 Burgers vectors of 60° mixed
dislocations have three major components, namely misﬁt, screw and tilt.4,14,152 While
the tilt components of the dislocations lie primarily along the [100] direction, the misﬁt
and screw dislocation components lie along the <110> directions. Because of this, one
expects to observe a large number of dislocations in the growth plane which is the
primary reason for the large broadening of the ω scans and also the low value of ‘f’.
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Figure 5.3 shows the WH plots for ω and ω/2θ scans recorded using the
synchrotron radiation source. The FWHM values estimated from the line-shape analysis
of the data shown in Figure 5.2 are plotted in Figure 5.3 where qx (qz) represents the
FWHM of the ω (ω/2θ) scans for the corresponding symmetric reﬂections. The intercept
on the y-axis is related to the value of LCL (VCL) which is obtained from the plot of
n

n

n

qx (qz ) versus q . Similarly, the slopes of the two curves provide the values of tilt and
micro-strain, respectively. These values are summarized in Table 5.2.
Figure 5.4(a) shows the AFM image of the same sample. The formation of

FWHMn (10-4 x rlun)

grains of different sizes and the grain boundaries are clearly observed in the AFM
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Figure 5.3 Williamson–Hall plots prepared using ω and ω/2θ scans for (200), (400),
(600) and (800) symmetric reﬂections recorded using the Indus-2 synchrotron
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image. The observed mosaic nature of the sample is expected because of the large lattice
constant and thermal constant mismatches between the layer and substrate. Figure
5.4(b) shows the variation of the size of grains versus frequency (number of grains of
the same size) of the sample which is obtained for the image analysis of AFM data. A
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Figure 5.4 (a) AFM image (5 µm × 5 µm) of the GaAs epilayer grown on Si
substrate, and (b) frequency distribution of the grain size obtained from the image
analysis of AFM data.
large majority of grains are of size smaller than 0.6 µm whereas only a few grains of
size larger than 1 µm are seen. The value of LCL estimated from WH analysis is lower
than the grain size obtained from AFM measurements, which can be easily understood
since the value of LCL is related to the grain size where atoms coherently scatter Xrays. Moreover, AFM provides microscopic information related to the topography of
the sample whereas HRXRD delivers crucial information related to the crystalline
quality. Similar trends are also reported by other researchers.119,205,206 Furthermore, the
thickness of the GaAs layer measured from the surface proﬁler is about 0.31 µm. The
value of VCL measured from WH analysis is lower than the layer thickness which is
also expected because of the formation of defects and dislocations at the GaAs–Si
heterointerface. Note that the value of VCL is correlated with the part of the layer
thickness where atoms coherently scatter the X-ray radiation. A small VCL clearly
indicates a poor quality of heterointerface, which is expected due to the large lattice
mismatch between the layer and substrate. Note that the intensity of the synchrotron
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radiation source in our experiments was about 25 µWmm−2. GaAs is a radiation-hard
material207 which makes it a potential candidate for the development of detectors for
high-ﬂux X-ray imaging applications.208,209 No structural change in the sample was
observed after exposure to the synchrotron radiation. AFM images were also recorded
before and after the exposure where no change in the sample topography was observed.
Table 5.2 Summary of the microstructure of GaAs epilayers grown on Si substrate.
The values of lateral coherence length (LCL), vertical coherence length (VCL), tilt
and micro-strain are obtained by performing the Williamson–Hall analysis of
HRXRD data acquired at the Indus-2 synchrotron radiation source. The values of
grain size and layer thickness measured by atomic force microscopy and surface
proﬁler techniques are also included for comparison purposes.
Epilayer
thickness(µm)
0.31

5.3.2 Modified

Grain size
(µm)
0.40±0.05

LCL WH
(µm)
0.11± 0.005

Williamson-Hall

VCL WH
(µm)
0.24±0.08

Tilt WH
(°)
0.27±0.01

analysis

for

Micro-strain
WH (%)
0.15±0.1

studying

the

microstructure in compressively strained GaAs/Si epitaxial
layers
Although the application of synchrotron radiation source in performing
Williamson-Hall analysis on GaAs/Si epitaxial layers is successfully proven in the
previous section but it is not recommended for the routine characterization purpose. It
might be a cumbersome process when several samples are to be investigated since
availability of the beam time is often limited. Hence, alternate methodologies are
required with an aim of accessing a similar information by recording a set of diffraction
patterns with a laboratory based X-ray source alone. Under such circumstances, the
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scheme of modified Williamson-Hall analysis can be implemented by choosing a set of
parallel planes which are tilted at a fixed angle with respect to the sample surface.10
Here, (111), (333) and (444) skew-symmetric reflections are chosen for recording
HRXRD data which is then used to measure the information related to the
microstructure in GaAs/Si epitaxial layers without any ambiguity. Here, modified
Williamson-Hall analysis10 is implemented by recording ω/2θ scans for set of {111}
parallel planes that are tilted at 54.73° with respect to the sample surface.10 Figure
5.5(a,b) shows the W-H plots using the ω and ω/2θ scans for the GaAs/Si samples using
(111), (333) and (444) reflections for three samples. As obvious from Figure 5.5(a,b),
the experimental data can be accurately fitted with a straight line for all the three
samples (S2 to S4) confirming the usefulness of modified WH analysis for evaluating
the micro- structures of zinc-blende epilayers.
Table 5.3 summaries the values of microstructure determined from modified
Williamson-Hall analysis for all the three samples. The values of VCL obtained for
S1
S2
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(311)
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Figure 5.5 (a(b)) WH plots for GaAs/Si samples (S2, S3, and S4) using the ω (ω/2θ)
scans for a set of skew-symmetric reflections. Straight lines show a linear fitting of
the experimental data. (c) Variation of αhkl for several skew-symmetric reﬂections.
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these samples corroborate with the epilayer thickness measured by the surface profiler.
The measured values of VCL are thus found to be equivalent to the layer
thickness.206,210–212 Further, the value of microstrain is smaller for samples having larger
VCL as expected. Furthermore, it is observed from Table 5.1 and Table 5.3 that one
should choose a lower temperature for the growth of buffer layer since the values of
microstrain / tilt / twist are lower and LCL is larger for sample S4 when compared with
S2. On the other hand, high V/ III ratio should be preferred as can be understood by
comparing the microstructures of samples S2 and S3 from Table 5.3. Scheme of
modified WH analysis based on (111), (333) and (444) reflections is therefore highly
useful for evaluating the microstructures of zinc-blende epilayers grown on non-polar
substrates with a lab source based HRXRD setup.
It is generally known that there are two types of dislocations that are prevalent
in the lattice mismatched III-V semiconductors: I) pure edge type dislocations with the
line of dislocation along [011̄] and Burgers vector along [011], II) 60° mixed type of
dislocations with the line of dislocation along [011̄] and Burgers vector along [101̄]
direction.14,152 Type I dislocations help in relieving the misfit strain and do not
contribute to any tilt or twist between the layer and substrate. Burgers vector of a type
II dislocation (60° mixed dislocation) can be decomposed into three parts. For a
dislocation line lying along [011̄] direction, Burgers vector can be decomposed into the
1
1
1
following components as shown in Figure 5.6(a): 2 [110] (b60°) = 4 [011] (bMisfit)+ 4
1
[011̄] (bTwist) + 2 [100] (bTilt) respectively.14,152,213 The misfit component is responsible
for relieving the strain in epilayer. This is identical to the effect of pure edge dislocations
(type I dislocation). The screw (twist) component results in a local rotation of the mosaic
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blocks about the direction resulting in twist between the mosaic blocks and the substrate
and also between the individual mosaic blocks. The tilt component results in a tilt
between the mosaic blocks and the substrate, and also between the mosaic blocks. It
suggests that the tilt and twist in epilayer occur due the presence of a single dislocation
a
a 2
line. Magnitude of tilt component and screw (twist) components are 2 and 4
respectively. The ratio of magnitudes of tilt component and twist component of 60°
mixed dislocations is therefore 1.4. Hence, once tilt is measured then the value of twist
can be simply estimated by dividing the tilt by a factor of 1.4.
Figure 5.6(b) shows the HRTEM image of a large cross sectional area of sample
S4. In this figure, we find that the interface is not sharp and contains many dislocations.
The presence of defect field at the interface is clearly seen in the image. The dislocation
type is identified from the cross section HRTEM image. In Figure 5.6(c), a small
portion around the centre of Figure 5.6(b) is magnified to illustrate the arrangement of
crystallographic planes. The red dotted lines show the orientation of {111}
crystallographic planes. Insertion of an extra half plane along with {111}

(a)
½[100]
(bTilt)

(b)

GaAs

(c)

GaAs(c)
Si

5nm

Si

Figure 5.6 (a) The components of Burgers vector for 60° mixed dislocation, (b)
cross section HRTEM image of sample S4, and (c) magnified HRTEM image
around the centre of previous image.
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crystallographic planes clearly confirms the presence of dislocations as shown by the
blue dashed line. Burgers vector is inclined from (100) plane confirming that the
dislocations are of 60° type.214 Thus, it is concluded from the HRTEM images that the
prevalent dislocations are 60° mixed dislocations present at the interface of GaAs/Si.
Similar observations have been made by other researchers for several III-V
heterostructure materials.152,214–216 In presence of 60° mixed dislocations, tilt will be
equal to 1.4 times of the value of twist as mentioned in an earlier section of this chapter.
From the measured values of tilt for the sample S2, S3 and S4, the twist values are
calculated for the three samples and are listed in Table 5.3.
Table 5.3 Summary of the microstructure obtained from the modified Williamson-

Sample No.

Epilayer
Thickness (µm)

LCL (µm)

Tilt (degree)

Twist (degree)

Tilt/Twist ratio

Twist by
Burgers vector
consideration (°)

VCL (µm)

Microstrain (%)

Dislocation
density
estimated
(cm-2)

Hall analysis for the three GaAs/Si samples S2, S3 and S4.

S2

0.31

0.40

0.34

0.28

1.3

0.24

0.30

0.19

1.0×1010

S3

0.31

0.31

0.28

0.22

1.3

0.20

0.34

0.14

6.8×109

S4

0.35

0.51

0.27

0.21

1.3

0.19

0.35

0.13

6.5×109

Note that the estimated values of twist are in reasonable agreement with those
obtained from the modified WH analysis. Therefore, the proposed method of estimating
the twist from Burgers vector consideration is acceptable. It totally avoids the
requirement of acquiring numerous ω scans for different reflections and tedious fitting
procedures are not at all needed. The calculated dislocation density of 60° prefect
dislocation189 is also shown in Table 5.3.
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Figure 5.7 FWHMs of ω scans for (400) HRXRD pattern plotted as a function of
azimuth.

5.3.3 Anisotropic distribution of microstructure in compressively
strained GaAs/Si epitaxial layers
In this section, attention is paid to the anisotropic distribution of microstructure
X-ray footprint direction
in compressively strained GaAs/Si epitaxial layers where the measurements are
[011]
[011]
[011]
[011]
[011]
performed on a lab source based HRXRD setup. Several rocking curves are recorded at
different azimuths varying from 0 to 360º where the results are summarized in Figure
5.7. It is observed that the value of FWHM of ω scans is larger at azimuth 0° in
comparison to the one at azimuth 90°. It indicates that the density of defects/dislocations
is high at azimuth 0° in comparison to the one at azimuth 90°. One can therefore
conclude that the two orthogonal directions are signiﬁcantly different from the
microstructure point of view. It indicates about the presence of an anisotropic relaxation
process which causes a large variation in FWHM of (400) diffraction peaks as shown
in Figure 5.7. It therefore provides large differences in the values of microstructural
parameters of GaAs epitaxial layer along the two in-plane orthogonal directions.
Furthermore, the anisotropic behaviour of the relaxation process is expected to yield
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very different values of microstructural parameters like lateral coherence length (LCL),
tilt, and twist, etc., at the two azimuths. The value of LCL especially can be vastly
different when HRXRD measurements are performed along various crystallographic
directions. One therefore needs to be extremely cautious while comparing the value of
microstructural parameters of the two samples. Extreme care needs to be taken to ensure
that the same crystallographic direction in HRXRD measurements is selected while
comparing different samples.
In modified Williamson–Hall analysis, (111), (333) and (444) reflections which
make an angle of 54.73° with the plane parallel to the surface are chosen for studying
the microstructure. It is important that none of these planes are affected by APDs and
all of them are allowed reflections. One therefore get good data for all these reflections
with a lab based HRXRD system and therefore the values of FWHM can be determined
with high accuracy. Figure 5.8(a) shows the intensity vs. qx curves obtained from ω
scans for (111), (333) and (444) reflection of GaAs/Si sample. A pseudo-Voigt fitting
of the curves is also shown by the overlaying lines in the figure. Figure 5.8(b) shows
the modified WH plots using the ω scans for the GaAs/Si samples using (111), (333)
and (444) reflections at orthogonal azimuths.10 The value of "n" used in the plots are
determined from the pseudo-Voigt fitting of the ω scan profiles. The values of tilt (outof-plane misorientation of the blocks) and the twist (in-plane misorientation of the
blocks) are estimated by recording a set of reflections in the skew-symmetric geometry
at both the azimuths and plotting the values of αhkl of these reflections as a function of
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ψ as shown in Figure 5.9. The values of tilt and twist are shown in the Table 5.4. The
measured values of other microstructural parameters for the sample are also shown.
Table 5.4 Summary of microstructural parameters of GaAs/Si epitaxial layer
obtained from the modified Williamson-Hall analysis of HRXRD data.
WH analysis
n

LCL
(Å)

0

1.4

90

1.4

Azimuth
(deg.)

Tilt and Twist

Dominant
dislocations

Dislocation
density (cm-2)

Tilt (Twist)
(deg.)

Ratio

3016

0.28 (0.2)

1.4

60° Perfect

6.6×109

4317

0.26 (0.18)

1.4

60° Perfect

5.7×109

Note that the tilt/twist ratio is nearly 1.4 at both the azimuths. It is also understood that
the dislocations in compressively strained GaAs/Si epitaxial layers are mainly 60o

8e-4
6e-4

(333)

4e-4

(a)

-0.005

0.000
qx (relative rlu)

(44

Azimuth 90°
Fitting
3)
(33

8
1.3
4)
n=
(44
2
1.4
n=

3)
(33
2e-4

(111)

4)

Azimuth 0°

n
n
qx (rlu )

Intensity (arbitrary unit)

(444)

Azimuth
0°

1)
(11
1)
(11

(a)
(b)

0
0.0

0.4

0.8
n
q (rlun)

1.2

0.005

Figure 5.8 (a) Intensity versus qx curves for (111), (333) and (444) reflection of
GaAs/Si sample. The fitting of the curve is shown by overlaying line. (b) Modified

Williamson–Hall plots prepared using ω scans for (111), (333), and (444) skewsymmetric reﬂections recorded using Cu Kα1. The size of the error bars is smaller
than the size of symbols.
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ratio is typically 1.4

Alfa (degree)

0.28

0.24

αhkl
(degree)

Azimuth 0°
Azimuth 90°
Fitting

0.20

0

30
60
Psi (degree)

90

[01

[01

Figure 5.9 Variation of αhkl for several skew-symmetric reﬂections.
Tilt
perfect dislocations along both the directions since Twist ratio remains ≈1.4.2,189 This is
similar to our earlier observations made in case of compressively strained InP/GaAs
epitaxial layers. Density of dislocations measured along the two directions is also shown
in Table 5.4. Note that only a slight difference occurs between the dislocation densities
since the relaxation process is significantly affected by the formation of APDs in the
present case. The tilt/twist ratio shown in Table 5.4. at 0° and 90° azimuths is also ≈
1.4 which confirms that anisotropic relaxation of GaAs/Si epilayers is mainly presence
of 60° perfect dislocations.
5.4 Conclusion
Conventional WH analysis based on the HRXRD data acquired on a synchrotron
radiation source is used to ﬁnd the microstructure of GaAs epilayers grown on Si
substrates where the values of LCL, VCL, tilt and the micro-strain are successfully
measured. This information could not be obtained by performing similar experiments
on a laboratory-based X-ray diffraction system. The high intensity and high energy of
the incident X-ray beam, delivered by the Indus-2 synchrotron radiation source, are the
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phi90
phi0
fit

two critical parameters for these measurements. The values of LCL (VCL) are lower
than the average grain size (layer thickness) obtained from AFM (surface proﬁler)
measurements. This indicates the moderate crystalline quality of the epitaxial ﬁlm,
which is expected due to the lattice constant/thermal expansion coefﬁcient differences
between the layer and substrate. Although we have investigated GaAs epilayers grown
on silicon substrates as an example, the proposed method is in general applicable for
other semiconductor epilayers grown on foreign substrates.
Scheme of modified Williamson Hall analysis for evaluating the microstructures using skew symmetric (LLL) reflections (L = 1, 3, 4 etc.) successfully
overcomes the limitations of weak intensity of (600) reflection by eliminating the low
intensity and selective broadening issues. The estimated values of VCL are in strong
corroboration with the values of epilayer thickness/granular size measured by the
surface profiler. Furthermore, a straightforward method for estimating the values of
twist between the mosaic blocks is proposed. It is based on Burgers vector
considerations that totally avoids the requirement of acquiring numerous ω scans for
different reflections and tedious fitting procedures are not at all needed. Presence of 60°
mixed dislocations is clearly observed in cross sectional HRTEM images of GaAs/Si
heterostructure. It is also found that a clear anisotropy exists in the microstructure of
GaAs/Si epitaxial layers. However, only a slight difference occurs in the values of
dislocation density which is significantly affected by the formation of APDs.
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Chapter 6
Summary, Conclusion, and the Future Scope
6.1 Summary
In this thesis, HRXRD characterization of compressive and tensile strained IIIV semiconductor epitaxial layers is carried out with an aim of understanding the
anisotropic distribution of microstructure. In particular, GaP/GaAs, InP/GaAs, and
GaAs/Si epitaxial layers are investigated in depth. These material combinations are
interesting since 1) all the three combinations are nearly 4% lattice-mismatched systems,
and 2) issues related to the growth of III-V semiconductors on polar/nonpolar substrates
along with the type of strain i.e. compressive/tensile are addressed. HRXRD
measurements in symmetric, skew-symmetric and asymmetric geometries are
extensively performed on several samples by using the laboratory as well as synchrotron
radiation based X-ray sources. We found that HRXRD is a powerful and versatile
characterization tool to know the anisotropic distribution of microstructure, where
predominant dislocations present in the zinc-blende layers can be identified rather
quickly. Further, an estimate of the dislocation density in epitaxial layers can also be
made. During this thesis, Williamson-Hall analysis is used to study various zinc-blende
epitaxial layers. It is found that standard Williamson-Hall analysis can be used to
understand the asymmetric distribution of microstructure in zinc-blende epitaxial layers
grown on polar substrate irrespective of the type of residual strain. However, the method
fails in case of epitaxial layers grown on nonpolar substrates. In that case, either the
HRXRD measurements should be performed on a synchrotron radiation source or
modified Williamson-Hall analysis, based on a set of skew-symmetric reflections, needs
to be carried out in case the measurements are performed with a lab source. HRXRD
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characterization results from three nearly 4% lattice-mismatched material combinations
showed an anisotropic distribution of microstructure along the two in-plane orthogonal
directions irrespective of the type of residual strain.
Anisotropic distribution of microstructure is observed in case of tensile strained
GaP/GaAs epitaxial layers which causes a large difference in FWHM of (400)
diffraction peaks of Omega scans along [011̄] and [01̄ 1̄] directions. The values of LCL,
tilt, and twist along the two orthogonal directions are estimated by applying the
Williamson-Hall analysis. It is found that the ratio of tilt and twist values is ≈1.3 and
≈2.9 predominantly governed by the dominance of 60º perfect and 90º partial
dislocations with the line of dislocation along the [011̄] and [01̄ 1̄] directions,
respectively. From Burgers vector analysis and HRTEM images it is found that tilt/twist
ratio turns out to be 1.4 when 60° perfect dislocations are predominant. The tilt/twist
ratio was found to be very large (≈ 2.9) along [011̄] direction in tensile strained GaP
layers grown on GaAs substrates. From Burgers vector analysis, it is found that a high
value of tilt/twist ratio indicates about the dominance of 90° partial dislocations in strain
relaxation. The same is confirmed by the formation of stacking faults in tensile strained
GaP/GaAs epilayers which is observed in HRTEM images. It is proposed that 90°
partial dislocations are primarily responsible for initial relaxation of the layer while 60°
perfect dislocations dominate the relaxation process beyond a certain layer thickness in
case of tensile strained GaP/GaAs epilayers.
In case of compressively strained InP/GaAs epitaxial layers, it is found that the
same type of dislocations i.e. 60° perfect dislocations are responsible for lattice
relaxation along both the crystallographic directions. Here, the anisotropy in
microstructures occurs mainly due to the difference in the density of dislocations along
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the two directions. Density of dislocations in compressively strained epitaxial layers as
well as tensile strained layers are mainly governed by the glide velocity of  and 
dislocations which dominate the lattice relaxation process along the two in-plane
orthogonal directions. Changes in the type of relaxations are also observed in the AFM
images of these samples where fine cracks running along [01̄ 1̄] direction are evident in
tensile strained layers whereas no cracks are seen in case of compressively strained
layers. The anisotropy in microstructure is also compared with anisotropic optical
quality of epilayers with the help of polarization dependent PL spectroscopy for one of
the sample. It is found that optical quality seamlessly follows the anisotropy seen in the
microstructural properties. A method based on random distribution of dislocations and
Burgers vector analysis is also presented for estimating the values of dislocation density
in these layers.
In case of compressively strained GaAs/Si epitaxial layers, it is found that the
conventional WH analysis can only be carried out by acquiring HRXRD data on a
synchrotron radiation source. A similar information could not be obtained by
performing similar experiments on a laboratory-based HRXRD system. A high
intensity/energy of the incident X-ray beam at BL-12 of Indus-2 plays a key role in
overcoming the limitations posed by a laboratory based X-ray source. By comparing
the results of WH analysis on several samples, it is understood that one should choose
a lower temperature for the growth of buffer layer. Further, the ratio of tilt and twist
turns out to be 1.3 which indicates about the dominance of 60° perfect dislocations in
the relaxation process. The same is also confirmed by the HRTEM technique. A slight
asymmetry in the values of microstructure along the two in-plane orthogonal directions
is observed which is governed by the difference in the glide velocity of respective
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dislocations and the formation of APDs in epitaxial layer. Further, it is also understood
that if the type of dominant dislocations is known a priori then the value of twist can be
estimated by measuring the tilt alone.

6.2 Conclusion
An anisotropic distribution of microstructure is observed where the origin of
anisotropy is found to depend on the nature of strain and the choice of polar/nonpolar
substrate. A quick identification of dislocation type and estimation of the dislocation
density is possible by HRXRD technique. It is found that anisotropy in the crystalline
quality of epilayers is consistent with the optical quality. The limitation imposed by the
weak intensity of reflections which is more evident in layers grown on non-polar
substrates for finding the microstructure from Williamson-Hall analysis can be
overcome by the use of intense and wavelength tunable synchrotron radiation source.
Alternatively, modified Williamson-Hall analysis can be performed on the data
acquired using laboratory source which also gives the required information although
along a different direction. The present work is useful in understanding the relaxation
process in compressive and tensile strained III-V semiconductor epitaxial layers which
is expected to help in the development of novel semiconductor devices based on such
materials.

6.3 Suggestions for future work
As part of future work, it is proposed to study a few other lattice-mismatched
system e.g. GaP/Ge, AlAs/Si etc. which shall help in developing a robust understanding
about the lattice relaxation process in such material combinations. The understanding
developed for zinc-blende systems can also be helpful in understanding the relaxation
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mechanism in wurtzite systems e.g. GaN/Sapphire, GaN/SiC etc. Modified WilliamsonHall analysis can also be useful in studying wurtzite materials system by selecting an
appropriate set of reflections. Other techniques like extended X-ray absorption fine
structure (EXAFS) and X-ray absorption near edge structure (XANES) can also be
applied to understand the anisotropic strain relaxation by measuring the bond lengths.
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