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Williamson–Hall (WH) analysis is a well established method for studying the

microstructural properties of epilayers grown on foreign substrates. However,

the method becomes inapplicable in specific cases where the structure factor

considerations and the presence of anti-phase domains forbid the data

acquisition for certain reflections in conventional high-resolution X-ray

diffraction (HRXRD) measurements. Here, this limitation is overcome by

exploiting the large intensity (25 mW mm�2) and high photon energy (15.5 keV)

of the X-ray beam obtained from a synchrotron radiation source. The lateral

coherence length, vertical coherence length, tilt and micro-strain of GaAs

epilayers grown on Si substrate have been successfully measured using the

conventional WH analysis. The microstructure information obtained from the

conventional WH analysis based on the data acquired at the synchrotron

radiation source is in reasonable agreement with the results obtained from

atomic force microscope and surface profiler measurements. Such information

cannot be obtained on a laboratory-based HRXRD system where modification

of the WH method by involving a set of parallel asymmetric crystallographic

planes is found to be essential. However, the information obtained from the

modified WH method is along a different crystallographic orientation.

1. Introduction

High-resolution X-ray diffraction (HRXRD) (Fewster, 1996,

2013; Ayers, 2007; Birkholz, 2006) is a well established non-

destructive technique for studying the epitaxial layers grown

on foreign substrates. HRXRD measurements are generally

performed using laboratory X-ray sources based on copper/

molybdenum X-ray tubes. Unfortunately, such X-ray tools

offer a very limited range of intensity and wavelength. In this

context, synchrotron radiation sources offer a great opportu-

nity for the HRXRD measurements where a broad range of

intensity and wavelength of X-ray radiation can be obtained.

This indeed becomes 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. In order to understand the micro-

structural properties of epitaxial layers though Williamson–

Hall (WH) analysis, one needs to collect several diffraction

patterns for a set of parallel symmetric crystallographic planes

(Williamson & Hall, 1953; Neumann et al., 1987; Moram &

Vickers, 2009; Kumar et al., 2011, 2014). WH analysis is an

established method for studying the microstructure of

epitaxial layers and has been successfully applied to various
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hetero-epitaxial systems like GaN/sapphire (Moram &

Vickers, 2009; Vickers et al., 2005; Lee et al., 2005; Chierchia et

al., 2003), InN/sapphire (Zhu et al., 2007; Ganguli et al., 2008),

ZnO/sapphire (Singh et al., 2008), GaAs/Si (Neumann et al.,

1987; Kumar et al., 2011, 2014), GaAs/Ge (Neumann et al.,

1987; Wong et al., 2012) and GaP/Si (Dixit et al., 2008). Under

conventional WH analysis, micro-structural information

related to grains is obtained where various parameters such as

lateral coherence length (LCL), vertical coherence length

(VCL), tilt (�), twist and micro-strain (") are experimentally

measured. Recently, we extended the conventional WH

method where a new set of parallel asymmetric crystal-

lographic planes was taken to study the microstructure of

GaAs epilayers grown on silicon substrates (Kumar et al.,

2011, 2014). The extended WH analysis was important since

the conventional WH analysis failed to deliver the desired

microstructure-related information of those epitaxial layers.

This was due to the observance of a weak diffraction pattern

for the (006) reflection that restricted the accuracy of the

conventional WH analysis. The extended WH analysis

provided the desired information related to the microstructure

of GaAs epitaxial layers grown on Si. However, the acquisi-

tion of HRXRD data for asymmetric reflections is rather

cumbersome. Precise multidirectional alignment of a sample is

critical for the data acquisition of a diffraction pattern for

asymmetric 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 crystal-

lographic orientation under the modified WH method.

Further, the intensity of the diffraction pattern might be really

weak for some of the asymmetric reflections. 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.

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. Moreover, the intensity of the

incident X-ray beam at a synchrotron radiation source is very

high (Sinha et al., 2013) 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) measure-

ments.

Epitaxial growth of group III/V material, e.g. GaAs on Si,

imposes a formidable challenge due to the high lattice

constant mismatch, large thermal expansion coefficients

difference and anti-phase domains issue (Neumann et al.,

1987; Kumar et al., 2011; Georgakilas et al., 1992; Sheldon et al.,

1988). The lattice constant mismatch and difference in the

thermal expansion coefficients between GaAs and Si is 4.1%

and 3.43 � 10�6 K�1, respectively (Sheldon et al., 1988). Thus,

this material combination is prone to a high density of dis-

locations leading to the mosaicity of epilayers. Here, WH

analysis provides useful information related to the micro-

structure. 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 (Neumann et

al., 1987; Dixit et al., 2008).

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. Trimethyl gallium and arsine gas were used

as precursors. Prior to growth, Si substrates were cleaned using

a modified Radio Corporation of America (RCA) cleaning

method (Dixit et al., 2008). 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 (Meyer, 2001).

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

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.

The laboratory-source-based HRXRD measurements were

performed using the PANalytical X’prt PRO MRD system.

The system with Cu target and hybrid monochromator

(Göbel’s mirror with a four-bounce crystal monochromator)

gives a Cu K�1 beam with beam divergence of �20 arcsec. A

three-bounce collimator (also referred to as a triple-axis

attachment) is placed in front of the detector to ensure

an acceptance angle of 12 arcsec. The synchrotron-based

HRXRD measurements were performed using the angle-

dispersive X-ray diffraction beamline (BL-12) (Sinha et al.,

2013) 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 arcsec opening in the

diffraction plane. Note that the full width at half-maxima

(FWHM) of HRXRD patterns is typically one order larger

than the instrumental broadening. Hence, it is neglected in the

data analysis (Ayers, 1994). Two independent sets of X-ray

diffraction patterns are recorded using the respective labora-

tory and synchrotron sources. ! and ! -2� scans for the (00L)

reflections (L = 2, 4, 6 etc.) of GaAs were performed using the

synchrotron radiation and laboratory sources, respectively.

Here, ! is defined as the angle between the incident X-ray

beam and the sample surface while 2� is the angle between the
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incident and diffracted X-ray beams. The ! and ! -2� direc-

tions explore the Ewald sphere in different directions as

shown in Fig. 1, where a ! (! -2�) 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 N m�1 are used in non-contact mode. The thick-

ness of the epilayers is determined by a surface profiler model

Alpha-step IQ (KLA Tencor). A step was made by selectively

etching the GaAs layer on the silicon substrate (Georgakilas et

al., 1992).

3. Data analysis procedure

In conventional WH analysis, diffracting planes parallel to the

growth plane, i.e. symmetric planes, are used. The recorded

data are converted into reciprocal lattice units (rlu), i.e. qx and

qz, using the following formulae (Birkholz, 2006; Als-Nielsen

& McMorrow, 2011),

qx ¼ �
�1 cos!� cosð2� � !Þ½ �; ð1aÞ

qz ¼ �
�1 sin!þ sinð2� � !Þ½ �; ð1bÞ

where � is the X-ray wavelength, and ! and 2� are the angle of

incidence and the angle of diffraction, respectively. Thereafter,

the pseudo-Voigt fit (Moram & Vickers, 2009; Kumar et al.,

2011) of the converted data is carried out where the fraction of

Lorentzian component ( f) and FWHM, i.e. �qx and �qz, are

obtained for ! and ! -2� scans, respectively. The Lorentzian

component ( f) is related to a constant n by the following

relation,

n ¼ 1þ 1� fð Þ
2: ð2Þ

Then a linear fit of the respective values of the FWHM for !
and ! -2� scans is made using the following formulae,

ð�qxÞ
n
¼ ð�qLCLÞ

n
þ �qð Þn; ð3aÞ

ð�qzÞ
n
¼ ð�qVCLÞ

n
þ "qð Þn: ð3bÞ

From this exercise, the values of LCL and tilt can be obtained

from a set of ! scans while the value of VCL and micro-strain

are obtained from ! -2� scans. It is obvious that at least three

symmetric reflections are required for a good accuracy of WH

analysis. As mentioned in our earlier article, the accuracy of

conventional WH analysis is limited by the strength of the

(006) symmetric reflection for the GaAs epilayers grown on Si

(Kumar et al., 2014).

The crystallographic planes that can be accessed in

HRXRD measurements are determined by the wavelength

(�) of the X-ray radiation source. This is described by drawing

a limiting sphere of ‘2/�’ radius as shown in Fig. 1. The limiting

sphere for the laboratory XRD systems based on Cu K�1 (� =

1.54056 Å) is shown in Fig. 1 where one can access only the

(002), (004) and (006) 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/�) of the limiting sphere can be enlarged by

increasing the energy of the incident X-ray beam at the

synchrotron radiation source as shown in Fig. 1. It is obvious

that now even the (008) 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.

4. Results and discussion

Fig. 2 shows ! and ! -2� scans recorded for various symmetric

reflections using the laboratory- and synchrotron-based X-ray

sources. 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

! or !-2�. Furthermore, the diffraction pattern for the (006)

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
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Figure 1
Schematic of the portion of the limiting sphere to illustrate the allowed
symmetric reflections for GaAs grown on (001) Si substrates. Here, the
[110] direction lies in the growth plane. The limiting sphere governed by
the wavelength of the laboratory X-ray source (Cu K�1) is shown by a
dashed line (red) whereas the limiting sphere governed by the wavelength
of synchrotron radiation is shown by a solid line (green). Note that the
(008) 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 (008) are shown here for simplicity. ! is defined as
the angle which the incident X-ray beam makes with the sample surface
while 2� is the angle between the incident and diffracted X-ray beams.



radiation source is tunable which in fact enabled us also to

record the diffraction pattern for the (008) reflection. Such a

diffraction pattern cannot be recorded by using a laboratory

source equipped with Cu X-ray tube. This reflection can also

be probed by a molybdenum-based X-ray source. However, a

Cu K�1 X-ray source is generally preferred for investigating

the conventional III/V semiconductors because Cu K�1

interacts with matter more strongly than Mo K�1, 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 Fig. 2 are analyzed by following the

procedure described in x3. It is observed that a low (high)

value of ‘f ’ is recorded for the ! (! -2�) scans. A low (high)

value of ‘f ’ along the ! (! -2�) 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

(! -2�) scans indicates a large grain size along the vertical

direction while a low value of ‘f ’ extracted from the ! 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 (001) material

system, the majority of dislocations are of 60� mixed disloca-

tions (Ayers, 2007; Kumar et al., 2014; Qiu et al., 2007). Burgers

vectors of 60� mixed dislocations have three major compo-

nents, namely misfit, screw and tilt (Ayers, 2007; Kumar et al.,

2014; Qiu et al., 2007). While the tilt components of the

dislocations lie primarily along the [001] direction, the misfit

and screw dislocation components lie along the h110i direc-

tions. 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 ! scans and also the low value

of ‘f ’.

Fig. 3 shows the WH plots for ! and ! -2� scans recorded

using the synchrotron radiation source. The FWHM values

estimated from the line-shape analysis of the data shown in

Fig. 2 are plotted in Fig. 3 where �qx (�qz) represents the

FWHM of the ! (! -2�) 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 �qn
x (�qn

z)

versus qn. Similarly, the slopes of the two curves provide the

values of tilt and micro-strain, respectively. These values are

summarized in Table 1. Fig. 4(a) shows the AFM image of the

same sample. The formation of grains of different sizes and the

grain boundaries are clearly observed in the AFM 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. Fig. 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 large majority of grains are of size

smaller than 0.6 mm whereas only a few grains of size larger

than 1 mm are seen. The value of LCL estimated from WH
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Figure 3
Williamson–Hall plots prepared using ! and ! -2� scans for (002), (004),
(006) and (008) symmetric reflections recorded using the Indus-2
synchrotron radiation source. The size of the error bars is smaller than
the size of symbols. The value of n is 1 for the Lorentzian component and
2 for the Gaussian component; 1 < n < 2 whenever the line shape is
defined by a pseudo-Voigt profile.

Figure 2
HRXRD pattern of GaAs epilayer grown on Si substrate: (a) ! scans, (b)
! -2� scans, where the curves labelled as 2A (2B), 4A (4B) and 6A (6B)
are the diffraction patterns for the (002), (004), (006) reflections acquired
using the laboratory (synchrotron) based X-ray source. Note that the
(008) scans are acquired only at the synchrotron radiation source. The
overlaying solid lines show the pseudo-Voigt fitting of the experimental
data.



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 X-rays. Moreover, AFM provides microscopic infor-

mation 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

(Dixit et al., 2008; Pal et al., 2015; Yadav et al., 2008).

Furthermore, the thickness of the GaAs layer measured from

the surface profiler is about 0.31 mm. 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

radiation source in our experiments was about 25 mW mm�2.

GaAs is a radiation-hard material (Owens & Peacock, 2004)

which makes it a potential candidate for the development of

detectors for high-flux X-ray imaging applications (Lozins-

kaya et al., 2014; Veale et al., 2014). 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.

5. 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 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 differ-

ences 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.
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