A New Approach to Grow High Quality Bulk
In,Ga,,As Crystal by Multi-component
Zone Melting Method

by

Mohammad Shaifur Rahman

A thesis
Submitted to the Department of Electrical & Electronic Engineering,
Khulna University of Engineering & Technology (KUET) in partial
fulfillment of the requirements for the degree of
Master of Science
in
Electrical & Electronic Engineering

December 2005

Department of Electrical & Electronic Engineering
Khulna University of Engineering & Technology (KUET)
Khulna-920300




A New Approach to Grow High Quality Bulk Iny,Ga4.,As Crystal

by Multi-component Zone Melting Method
by

Mohammad Shaifur Rahman

A Dissertation Submitted to the Department of Electrical & Electronic Engineering, Khulna
University of Engineering & Technology (KUET), in partial fulfillment of the requirements
for the Degree of Master of Science in Electrical and Electronic Engineering is approved.

Dissertation committee

Dr. Md. Rafiqul Islam @R/Q/w
Associate Professor, Department of Electrical and Electronic Engineering,

Khulna University of Engineering and Technology, Khulna
Supervisor and Chairman

Professor Dr. B. C. Ghosh
Head, Department of Electrical and Electronic Engineering, 12- s
4 .

Khulna University of Engineering and Technology, Khulna A

Dr. Ashraful Ghani Bhuiyan
Assistant Professor, Department of Electrical and Electronic Engineering, & E 1
Khulna University of Engineering and Technology, Khulna

Co-Supervisor 4.1 5{

Professor Dr. Abdur Rahim Mollah

Department of Electrical and Electronic Engineering, @{W’ qsf
Ahsanullah University of Science and Technology, Dhaka Q/‘b\\\v\

Mr. A. N. M. Enamul Kabir CW(
Associate Professor, Department of Electrical and Electronic Engineering, AMALO

Khulna University of Engineering and Technology, Khulna

—
Professor Dr. M. M. Shahidul Hassan M\D
4/3

Department of Electrical and Electronic Engineering,
Bangladesh University of Engineering and Technology, Dhaka

Khulna University of Engineering & Technology
Khulna-920300, Bangladesh.
December 2005



Abstract

An analytical study has been carried out to grow high-quality bulk
InGaAs crystals by the two-step multi-component zone melting
(MCZM) method. Characterization of bulk InGaAs crystal grown by the
two-step MCZM method has confirmed the existence of large amount
of strain of the order of 102 in bulk InGaAs crystal due to
approximately exponential variation of composition from 0.06 to 0.29
in the first step growth process of the two-step MCZM technique.
From the experimental evidence, it has been confirmed that the
composition-dependent strain is associated with the breakage issue in
the MCZM grown crystals. Using an axially symmetrical strain model,
the quantitative amount of strains and their distributions have been
studied for various compositional profiles including the currently used
profile. In addition, the spatial variations of strain components for
various compositional profiles have been analyzed using the two-
dimensional strain maps. The strain values and their distributions
corresponding to the various compositional profiles have been
compared and a suitable compositional profile has been proposed to
grow compositionally homogeneous high quality bulk InGaAs crystals
using the MCZM method. Further, from the dependency of the strain
values with the crystal length and diameter, the possibility of the
growth of large-size crystals has been investigated. It has also been
studied that the proposed compositional profile allows achieving the

growth parameters easily for the two-step MCZM growth process.
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Chapter 1

Introduction

1.1 Background

The progress of information technology has been very rapid, as
can be seen from the recent worldwide expansion of use of the internet
and cellular phones. The total information transmission volume
consists of contributions by various medias, including printed
matters, such as newspapers and journals, and the contributions
from electro-communication technology, including television and radio
broadcasting, telecommunications, and data communications [1]. In
order to transmit these huge volumes of information, optical
communication technology is being used since the early 1980s [2],
where the key components are lasers and photodiodes. To meet the
future demand of information society, development of high-speed,
high-capacity, low-dispersion, and low-transmission-loss optical
communication technology is highly demanded. However, for high
efficient optical transmission systems, the key communication devices
such as lasers and photodiodes should operate in the long wavelength
region ranging from 1.3 to 1.55 pm [3]. The lasers and photodiodes
operating in the wavelength range 1.3 to 1.55 um are usually
fabricated (InGaAs/InP, InGaAsP/InP) on InP substrate. Since the
lattice constant of binary substrates is fixed, the optoelectronic
properties of InP-based devices can not be controlled freely. Further,
the lasing characteristics of semiconductor .lasers (InGaAs/InP,

InGaAsP/InP), operating at longer wavelengths of 1.3 to 1.5 um, are
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strongly dependent on temperature more than the semiconductor
lasers (InGaAs/GaAs) operating at the shorter wavelengths ranging
from 0.4 to 1.0 um [4]. If ternary bulk crystals were used as
substrates instead of binary crystals that are currently being used for
fabricating various optoelectronic devices, the optical, electronic and
mechanical properties of the devices can be tuned by choosing a
proper value of composition, x, of the materials. Since the lattice
parameter of ternary bulk substrate can be adjusted by the
compositional fraction, x, such a substrate enables us to fabricate
lattice-matched as well as controlled lattice-mismatched devices.
Consequently, device performance and its life time would be improved.

Ternary compound bulk semiconductor materials such as
InxGa;.xAs are promising and attractive lattice-matched substrate
material for fabricating high performance laser diodes, which can be
used as a light source in future optical access system. Ishikawa [5]
theoretically predicted that the semiconductor lasers fabricated on
Ino.3Gap.7As substrates exhibit laser oscillation at 1.3 um wavelength
with high gain and improved temperature characteristics compared to
the conventional InP-based laser diodes. Otsubo et al. [6]
experimentally demonstrated that the temperature characteristics of
InGaAs-based lasers were improved than InP-based lasers. However,
gain characteristics were not improved since the crystal quality of the
substrate was poor. In order to fabricate a wide variety of high-
performance devices, large-size high-quality InGaAs single crystal with
homogeneous composition is required. Several growth methods have
been applied to grow such crystal but large-size single crystal with
homogeneous composition could not be obtained. The crystals are
often cracked and polycrystallized during the growth and cooling
process, particularly, when the crystals are grown near the
composition, x ~ 0.3. Therefore, it is very important to solve these

issues for the potential applications of ternary bulk InGaAs crystals as
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substrates in various optoelectronic devices.
1.2 Growth History of Bulk In.Ga, «As Crystals

To the best of our knowledge Bonner et al. [7] for the first time
tried to grow compositionally homogeneous InGaAs bulk crystals on
GaAs seed using liquid encapsulated Czochralski (LEC) technique.
However, the composition in the crystals obtained by this technique
was varied from 0.02 to 0.05 and from 0.05 to 0.12 from the seed
crystal. In the LEC growth process, the crystals are grown by cooling
the InGaAs melt without melt replenishment. Consequently, there is
no controllability of composition at the solid-liquid interface. In order
to improve the controllability of the supply of GaAs to the melt close to
the growing interface in LEC growth technique and hence to grow
uniform and larger InGaAs ternary bulk crystals, Nakajima et al. [8]
developed the double crucible LEC method. Using this improved LEC
technique, it was possible to grow Ino.o7Gaoc.gsAs homogeneous bulk
crystal with 5 cm in length and 1.5 cm in diameter.

Although Nakajima et al. were succeeded to grow In.Gai.As
bulk crystals with homogeneous composition at x ~ 0.07 using double
crucible LEC method, compositional inhomogeneity and crystal
breakage issues became the key limiting factors to have homogeneous
InGaAs crystals when the composition was increased above 0.07. It is
anticipated that this breakage issue may be related with strain which
is induced by changing lattice constant when InGaAs crystals with
higher composition is grown on GaAs seed. It is believed that if ternary
InGaAs crystals are used as seed, large-size Ino3Gao7As with
homogeneous composition could be obtained. Based on this idea,
compositionally graded bulk In Gai-xAs (x = 0.05 to 0.3) single crystals
were grown by Nakajima et al. [9] using Bridgman method. Although
the size of the crystal was 1.5 cm in length and 1.5 cm in diameter,
the quality of the crystal was poor due to breakage. Thus, the InGaAs

crystal grown by the conventional Bridgman method was not suitable
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to use as seed for the growth of high quality large-size single crystals
with uniform composition.

Later on, using vertical gradient freeze (VGF) method Nishijima
et al. [10] have succeeded to grow bulk InGaAs single crystals on GaAs
seed with good reproducibility. It was possible to obtain InGaAs single
crystals with only 15 mm in length and 15 mm in diameter using this
method, but the crystal quality was poor due to breakage and
compositional inhomogeneity.

It is a dream of the crystal researchers to grow InGaAs single
crystal with InAs composition, x ~0.3, as the crystals with this
composition are in high demand due to their uses in various light
emitting and communication devices. In this connection, continuous
efforts have been given for developing a suitable technique. Recently,
Kinoshita et al. [11] have developed a new crystal growth method
named as the traveling liquidus-zone (TLZ) method, which is the
modified form of the vertical Bridgman method. Using TLZ method it
was possible to grow Ing3Gao 7As single crystal with 20 mm in length,
but its diameter was only 2 mm, which is not suitable for its practical
use as substrate. This method was further applied to grow InGaAs
crystals with 5 to 10 mm in diameter. But single crystal was not
obtained. Because, when the crystal diameter is increased,
convection-induced supercooling initiated the polycrystalline growth
in the TLZ method.

To overcome the difficulties in growing InGaAs crystals a new
crystal growth method named as multi-component zone melting
(MCZM) method was further developed. MCZM method allows the
reduction of temperature fluctuations caused by buoyancy and
convection by reducing the liquid volume. Using the MCZM method
Suzuki et al. [12] grew compositionally graded InGaAs single crystals
without sample movement, and Nakajima et al. [8] grew

compositionally homogeneous polycrystalline— Ino.3Go.7aAs using
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Fig. 1.1: A schematic of the two-step MCZM growth process.

sample movement or gradual cooling. Kodama et al. [13] developed the
two-step MCZM method by modifying the conventional MCZM method.
Using this method they were succeeded to grow compositionally
homogeneous Ine 3Go7aAs single crystal with larger diameter (15 mm),
but the length was limited to only 4 mm due to breakage and
polycrystallization. In the two-step MCZM method, composition in the
crystal is gradually increased from the GaAs seed up to a certain value
in the initial step and then it is kept constant at this value in the next
step.

Figure 1.1 shows the schematic of the MCZM growth process.
An InAs polycrystal is sandwiched between a GaAs seed crystal and a
GaAs feed crystal as shown in Fig 1.1. The seed and feed (GaAs)
crystals and the InAs polycrystal are all cylindrical in shape. The
crystals are set in a pyrolytic boron nitride crucible and then sealed in
quartz ampoule in a vacuum of under 8 x 10-5 Pa. The sample is put
in a vertical gradient heating furnace with the seed placed at the
bottom. After annealing at 930 °C, the temperature at the growth
interface is increased to the growth temperature of 1180 °C keeping

the temperature gradient of the furnace constant at 15 °C/cm. When
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Fig. 1.2: Compositional variation measured by EDX experiments in the
growth direction of the crystal grown by MCZM growth technique. Cross
section along the growth length of the crystal is shown at the top.

the temperature exceeds 942 °C (the melting point of InAs), the
surfaces of the GaAs crystals next to the InAs dissolve into the InAs
melt and a ternary melt is formed. As known from the InGaAs phase
diagram, the GaAs composition near the feed region becomes denser
than that near the seed region because of the temperature difference.
This difference in composition causes GaAs to diffuse towards the
seed crystal, resulting in excess GaAs at the growth interface and
ternary crystal grows on the surface of the seed crystal. The ternary
composition of the grown crystal is determined in principle by the
temperature at the growth interface. During the first step of the two-
step MCZM growth process the InAs composition is gradually
increased by moving the sample downward at a rate of 0.1 mm/h and
reducing the furnace temperature to 1030 °C. In the next step, the
InAs content of the growing crystal is kept constant by maintaining
the temperature constant at the growth interface and moving the

sample downward at the same rate. After growth and cooling

6
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processes, the crystals are taken out from the crucible. Several
cracked lines are usually found in MCZM crystals after certain growth
length from the seed-crystal interface. To determine the compositional
variation along the growth direction of the InGaAs crystal and hence
to understand the cracking issue energy dispersive X-ray (EDX)
measurement was performed at the centerline along the growth

direction of the crystal. The result is shown in Fig. 1.2(b).

1.3 Growth Problems in Bulk In.Ga, xAs Crystals
Although the laser diodes fabricated on bulk Ing3Gaog7As

showed outperform characteristics than the laser diodes fabricated on
InP substrates, till now it is a great challenge for the crystal growers to
grow compositionally homogeneous high-quality large-size single
crystals, especially, near the composition x ~ 0.3. Because, there is a
large discrepancy between the composition of InGaAs melt and its
solidified form as can be seen in the InGaAs phase diagram in Fig.

1.3. It is found in Fig. 1.3 that if an InGaAs melt having more than

.............................................

Solid+Liquid

.........................................

Temperature 'C

0.0 0.2 0.4 0.6 0.8 1.0

s I
GaAs Composition, x s

Fig. 1.3: Phase diagram of InGaAs
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80% In-content is solidified at 1030 °C temperature, the In-content of
the solidified material would be 30%. This is due to the fact that there
1s a large separation between the solidus and liquidus lines in the
InGaAs phase diagram at this composition as shown in Fig. 1.3. In
order to obtain crystals with homogeneous composition, it is required
to maintain uniform composition at the solid-liquid interface. This is
very difficult, because the melt composition at the solid-liquid
interface changes by gravity-induced convection. Moreover, the
influence of segregation due to the difference in diffusion constant
between the In and Ga atoms lead to make large compositional
inhomogeneity at the interface. Thus, the convection combined with
the segregation at the time of solidification causes compositional
variation in the grown crystal. The compositional inhomgeneity
becomes more pronounced in the solidified material when the crystals
are grown at composition x ~ 0.3, which may be due to the large
temperature difference between the solidus and liquidus phases of

InGaAs materials at this composition as indicated in Fig. 1.3.

1.4 Motivation of Present Work

The main objective in this study is to grow high quality bulk
InGaAs crystal using the MCZM method. Up to now, LEC, vertical
gradient freeze (VGF), Bridgman, TLZ and MCZM methods have been
applied to grow bulk InGaAs crystals, but large size single crystal with
homogeneous composition at about x ~ 0.3 could not be obtained. So
far we know, bulk InGaAs crystals with homogeneous composition (x ~
0.3) having 15 mm in diameter were possible to grow by the MCZM
method. However, the crystal length was limited to only 4 mm due to
breakage. It is expected that MCZM method can be used to grow high
quality large-size crystals if the breakage issue could be solved. Some
recent studies suggested that residual strain is induced in bulk mixed

crystal under compositional variation and its amount and distribution

8
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are highly sensitive to the compositional profiles. Since the
composition at the first step of the MCZM growth process is increased
gradually up to x ~ 0.3, the change in lattice spacing caused by
compositional variation lead to induce mechanical strain. This
composition-dependent mechanical strain is believed to be the main
cause of crystal breakage in the MCZM growth process. Since the
state of strain and its amount are highly dependent on compositional
profile in bulk mixed crystals [14], there is a possibility to find out a
suitable compositional profile, which can ‘be used in the first step
growth process in order to obtain high quality bulk InGaAs crystals
using the two-step MCZM method. Based on this idea, the present
study has been carried out to investigate the strain distribution and
its magnitude for various compositional profiles. In addition, to find
out a suitable compositional profile, two-dimensional mapping of
strain has been developed for studying the spatial variation of strain
in the entire regions of the crystal. By comparing the state of the
strains and their distributions for various compositional profiles, the
suitable compositional profile can be selected for the MCZM growth

process.

In a word, the purpose of this research is to suggest the suitable
compositional profile, which would solve the breakage issue in the
two-step MCZM growth technique. It is expected that the outcome of
the present research would provide useful information in
semiconductor industry for growing high-quality, large-size bulk

InGaAs crystals using the MCZM method.

1.5 Outline of Thesis

Chapter 1 includes the background and motivations of this
research work. In this chapter, the applications of ternary bulk

InGaAs substrates for fabricating high performance devices have been

9
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discussed. The growth history and the problems pertaining to the
growth of large-size high-quality In.Gai..As single crystals have been
described. The issue remained to be solved to have compositionally
homogeneous large-size In.Gai-xAs single crystals using the two-step

MCZM growth technique have been focused.

In chapter 2, existence of strain in bulk InGaAs crystals grown
by the two-step MCZM method has been confirmed by means of
Raman scattering (RS), photoluminescence (PL) and energy dispersive
X-ray (EDX) experiments. At the first part of this chapter,
appropriateness of the combination of EDX measurement with the RS
and PL measurements for investigating the strain in bulk In.Gai..As
mixed crystal has been justified. Next, a series of experimental results
have been presented for confirming the existence of residual strain in

bulk InGaAs crystal grown by the two-step MCZM method.

In chapter 3, an axially symmetrical strain model has been
applied to evaluate the quantitative amount of strains and hence to
understand their distributions for various compositional profiles in
bulk InGaAs crystals. The dependence of strain values with the

compositional profiles has also been presented.

In chapter 4, two-dimensional mapping of strain and
composition have been developed. Comparing the strain maps, a
better compositional profile has been selected for the MCZM growth
process to grow large-size high-quality InGaAs crystals. Further, the
dependence of strain values with the crystal length and diameter has

also been explained.

Chapter 5 provides the conclusions of the present research and

the prospects for the future studies.

10



Chapter 2

Strain in Bulk In Ga, As
Crystal Grown by Two-step
MCZM Method

2.1 Introduction

It is an interesting and challenging work to grow large-size high-
quality bulk Ino3Gao7As crystals with homogeneous composition.
However, nobody has succeeded to grow such crystals, although
several attempts have been made by using different crystal growth
techniques. To the best of our knowledge, Kodama et al. [13] for the
first time succeeded to grow bulk Ing3Gap.7As crystals with 15 mm in
diameter using the two-step MCZM method. But the crystal length
was limited to only 4 mm due to breakage. It is anticipated that this
breakage issue may be associated with strain induced by the
compositional variation at the first step growth of bulk InGaAs crystal
in the two-step MCZM growth process. In order to investigate the
existence of strain in the crystal grown by the two-step MCZM
method, Raman scattering (RS), photoluminescence (PL) and energy
dispersive X-ray (EDX) experiments have been performed.

Both RS and PL are nondestructive efficient ways to investigate
composition and strain in semiconductor materials. The shift in
optical phonon in Raman spectra originates form the absolute change
in composition for unstrained crystals [15]. However, in the presence
of strain, phonon positions contain composition-dependent shift as

well as strain-induced shift [16, 17]. Therefore, RS is a good
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characterization technique to investigate the composition and residual
strain. Similarly, luminescence peak position in PL spectra depends
on strain and composition [18]. Although PL peak energy could be
shifted slightly from the band gap energy of materials, PL spectrum is
sharp enough to determine composition with high accuracy. By
assuming the PL peak energy as band gap energy, the compositions
evaluated in various unstrained polycrystalline materials were found
to be deviated about 5% with those evaluated by standard chemical
analysis [18]. In contrast to RS and PL measurements, EDX
measurements have no influence of strain, which has already been
established [19]. Therefore, a combination of EDX measurement with
the RS and PL measurements could be a good way to investigate the

strain in bulk In.Gai-»As mixed crystal under investigation.

2.2 Experimental Procedure

Bulk In.GaixAs mixed crystals of 15 mm in diameter were
grown with a (111) GaAs seed by the two-step MCZM method [13]. The
crystal was cut into two semi-cylindrical pieces of samples along the
growth length. The cut surface of one sample was mechanically
polished and then EDX measurements were carried out at the
centerline along the growth length to evaluate the compositional
variation. The composition was found to increase gradually from 0.06
to ~ 0.29 from the seed-crystal interface up to a certain distance along
the growth length of the sample.

RS measurements were also made at room temperature using a
Ranishaw model 2000 micro-Raman system equipped with an argon-
ion laser operating at A = 514.5 nm wavelength and a cooled CCD
detector. The incident light was focused on the sample surface with a
S0x objective lens and the scattered light was collected by the same
lens. In the experiment, laser power was low enough to prevent the

local heating and optical damages of the sample. In order to reduce

17
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the Rayleigh scattering light and background noise, a suitable notch
filter was used and slit width was reduced to about 100 um.

In addition, using a PL mapping system equipped with a 17 mw
He-Ne laser (A = 632 nm) and a cooled InGaAs detector, PL
measurements were performed at room temperature. The optical
arrangement was similar to that of Raman scattering. Peak positions

of PL spectra were determined by lineshape fitting.

2.3 Raman Results

2.3.1 Raman Spectra in In,Ga, ,As Crystal

First order Raman spectrum from a semiconductor typically
shows LO and TO phonons. However, depending upon the crystal
orientation and experimental geometry one of them may be optically
forbidden [20]. The ternary compound semiconductor In.Gai-xAs
shows two-mode behavior [15, 21-23] in the first-order Raman
scattering, in which LO and TO phonons corresponding to both InAs
and GaAs binary end materials are found. The appearance and
frequency position of these phonons depend on the compositional
fraction, x [15, 23]. Figure 2.1 shows a series of Raman spectra
measured along the centerline of the semi-cylindrical In.Gai-<As
sample. The spectrum shown by solid circles in Fig. 2.1 is from the
seed-side near the seed-crystal interface. Other spectra from the
bottom to the top shown by open circles are corresponding,
respectively, from the crystal side near the seed-crystal interface to
the tail-end of the sample. Since the spectra were measured from the
(110) surface of the sample, TOgaas phonon peak is found to be strong
in the spectra. Besides the TOgas phonon peak, weak peaks
corresponding to InAs and GaAs-like LO phonons are also observed in
the spectra. Furthermore, an additional structure seems to be
superimposed with TOgaas peak whose intensity becomes more

prominent than TOgaas peak in the spectra measured near the tail-end

13
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Fig. 2.1: Raman spectra measured at room temperature along the centerline
of a semi cylindrical In.Gai.xAs sample. The spectrum indicated by solid
circles is obtained near the seed-crystal interface (seed-side) and the other
spectra from the bottom to the top indicated by open circles are obtained
from the interface (crystal-side) to the tail end of the sample, respectively.
Inset shows an example of lineshape fitting where dotted curves represents
different Lorentzian components. The peak corresponding to the disorder

mode is shown by ‘DM’.

of the sample. Although the origin of this structure is not clear at the
present stage, it seems to be disorder activated mode. The phonon
dispersion may experience disorder with increasing In-content
resulting in the appearance of disorder activated mode. Similar

disorder mode was found in the Raman spectra measured from the
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compound semiconductor materials Si;.xGex [24]. As seen in Fig. 2.1
TOgaas peak is shifted drastically to lower frequency direction in the
spectrum measured from the crystal-side than that of the seed-side at
the interface. However, TOgaas peaks are found to be shifted gradually
in the spectra, which were measured from the crystal-side near the
interface to the tail-end of the sample. This shift in phonon positions
demonstrates that there exists compositional variation in the crystal.
In order to understand the tendency of the shift in phonons and their
lineshape broadening, the spectra were best fitted using Lorentzian
components and a proper background. An example of such lineshape

fitting is shown in the inset of Fig 2.1.

2.3.2 TOg,s, Phonon Peaks and Lineshape Broadening

Figure 2.2(a) shows variation of TOgaas peak positions as a
function of crystal length where they are found to vary drastically at
the seed-crystal interface. Apart from the interface, the TOgaas peaks
are varied gradually for a certain distance along the growth length and
then varied drastically near the tail-end of the sample. The variation of
TOgcaas peaks indicates the existence of compositional variation from
the seed-end to the tail-end of the sample. Islam et al. suggested in a
previous study [16, 17] that the shift in optical phonons is influenced
by the strain under compositional variation in bulk mixed crystals.
Therefore, the observed TOgaas peak positions should have the
influence of strain.

It was suggested in a previous study [25] that Raman lineshape
is broadened due to strain, where the influence of strain on TO
phonon is found to be more than that on LO phonon. Figure 2.2(b)
shows the variation of linewidth of TOgaas peaks as a function of the
crystal length. It is observed in Fig. 2.2(b) that the linewidth of TOgaas
phonon changes drastically from 6.69 cm-! to 9.68 cm! in the spectra

measured from the seed-side to the crystal-side at the seed-crystal
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Fig. 2.2: Variation of a) TOgaas peak positions and b) line-width as a function

of the crystal length.

interface. This drastic change in linewidth may be associated with the
strain induced by the step change in lattice spacing between the seed
and crystal sides at the interface. The linewidth of TOgaas phonon is
then varied gradually from 9.68 to 12.93 cm! from the seed-crystal
interface to the tail-end of the sample, which could be due to strain

induced by gradual change in lattice spacing due to the compositional

variation.

2.4 Comparison between Raman and EDX Results

In order to confirm the influence of strain on TOgaas peaks, a
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Fig. 2.3: A comparison between the Raman and EDX data. The right hand
scale is matched to the left hand scale using the compositional dependence
of TOgaas peak; TOgaas(x) = 268 - 30x, which was reduced in various

polycrystalline In.Ga,..As samples [15].

comparison between the Raman and EDX results is shown in Fig. 2.3.
The left and right hand scales in Fig. 2.3 are corresponding to the
EDX composition and TOgaas peak positions, respectively. The right
hand scale is matched to the left hand scale using the compositional
dependence of TOgaas phonon frequency: TOgaas(x) = 268 - 30x, which
was reduced in unstrained In.Gai-xAs polycrystalline materials in a
previous study [15]. It is found in Fig. 2.3 that there is a big difference
between the Raman and EDX results, which is found to increase from
.9 to 4.04 cm! with increasing composition from 0.06 to 0.29. It is
well established that EDX measurements have no influence of strain.
On the other hand, Raman peaks are influenced both by strain and
composition [16, 17]. Therefore, it is confirmed that the discrepancy
between Raman and EDX results is arisen due t_o the strain, which is

induced by the compositional variation in the crystalline bulk
17
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InxGai-xAs grown by the MCZM method.
2.5 Comparison between PL and EDX Results

The existence of strain in the sample is further confirmed from a
comparison between the PL and EDX results as shown in Fig. 2.4. The
left hand scale of Fig. 2.4 shows EDX composition while the right
hand scale shows PL peak energy position. The right hand scale is
matched to the left hand scale using the compositional dependence of
band gap energy: Eg(x) = 1.424 - 1.56x + 0.494x2, which was reduced
at room temperature in unstrained In.Gai..As materials in the past
[26]. It is found in Fig. 2.4 that there is a large difference between the
PL and EDX results, which increases with increasing composition. It
is well known that the electronic energy bands are modified under the
influence of strain. On the other hand, absolute value of composition
can be obtained from the EDX measurement [13]. Therefore, the

difference between the PL and EDX results arises due to the influence
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Fig. 2.4: A comparison between the PL and EDX data. The right hand scale
is matched to the left hand scale using the compositional dependence of Eg;
Eglx) =1.424 - 1.56x + 0.494x2, which was measured at room temperature in

unstrained In.Gai.xAs polycrystalline samples [26].
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of strain on the PL results. The strain-induced change in PL peak
energy is found to vary from 0.017 to 0.097 eV for the variation of

composition from 0.06 to 0.29.

2.6 Quantitative Amount of Strain

It is difficult to separate out the strain contribution from the
observed TOgaas and PL peak positions as they are influenced both by
strain and by composition. However, with the combination of RS, PL
and EDX measurements, the strain contribution can be separated
since EDX measurements have no influence of strain. By subtracting
RS and PL data from the EDX data, the strain-induced shifts are
evaluated to be 4.04 cm-! and 0.097 eV for the compositional variation
from 0.06 to 0.29. If strain-induced shift is known, one can determine

the amount of strain using the following relationships [14],

AQ, =%[§,35:__ + (E,, cos’ @ +K,, sin’ 19)8"

+ (K, sin? 0+ K, cos” O)e,, + K ,, cos b, |, (2.1)
AQ, :% K 6., + (E,, sin® 6+ K, cos’ 9)5,,

+ (&, cos? 0+ K,y sin? O)e,, + K ,, sin .. |0, (2.2)
AQ, = -% [~,]g:z +K,, (e, + &4 1 K, (cos @ +sin 6')£H]QG (2.3)

where AQ,, AQ, and AQ, are the strain-induced shifts for different

—~—

phonon modes at the center of the Briluin zone. X, Elz and E44 are
the phonon deformation potentials in <100> direction of the crystal
and Q,is the phonon frequency for unstrained crystals. ¢, ,¢,, and ..
are the principal strain components in cylindrical coordinates along
radial, tangential and axial direction, respectively. ¢, is the shear

strain component.
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Fig. 2.5: Variation of TOgass phonon peak along the diameter of the crystal

at 16 mm and 21 mm length from the seed-crystal interface.

In the present sample, the compositional profile was found to be
about exponential along the growth direction. In order to investigate
the compositional profﬂe along the radial direction Raman
measurements were also performed along the diameter at several
points along the length of the crystal. The results are summarized in
Fig. 2.5, where TOgaas phonon peaks measured at 16 mm length along
the radial direction are found to vary from 264.4 cm-! to 265.53 cm-!.
Similar results are found to vary from 263.07 cm-! to 264.96 cm-! at
21 mm crystal length from the seed-crystal interface. Thus the
experimental results demonstrate that there exists compositional
variation along the diameter of the crystal and it increases while
moving from the seed-end to the tail end of the crystal. As a result all

principle and shear strain components may exist in the sample and
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Table 2.1: TO phonon deformation potential for binary materials GaAs and

InAs corresponding to <100> direction.

Material K K g44

11 12

GaAs -2.4 -2.7 -0.9

InAs -2.0583 -2.62 -0.75

their distribution would be complicated due to complex compositional
profile. Hence, it is difficult to estimate the actual amount of strains in

the sample investigated here.

In order to realize the strain value, if a simple one dimensional
strain distribution is considered, the approximate amount of strain
can be estimated for any phonon modes by equations 2.1 to 2.3.

Ife, ,e4 and ¢, are assumed to be zero, these equations reduce to,

AQ, zéglzg:;ﬂu (2.4)
AQ, z%Elzg::gu (2.9)
20, =~ R,e.0, (2.6

Using one of the above equations the approximate value of axial strain
can be calculated. Since the probing laser beam was directed along

<111> direction in the present experiment, the equations can be

expressed as

AQ(strain) = %E'EZ:QO (2:7)
where K' is the phonon deformation potential (PDP) along the growth
axis of the crystal corresponding to the <111> growth direction. It is to

be noted here that the binary components of PDP are available only

for the <100> growth direction as listed in Table 2.1, whereas our
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sample was grown in the <111> direction. Therefore, we calculated the
appropriate values in the <111> growth direction using the tensor

rotation technique.

g, ] o o or

Ky, =K, =E(KH+K12+2K44) (2.8)
s o] - s

K, =E(K,,+5K,2—2K44) (2.9)

So far we know there are no direct experimental measurements
of PDPs in InGaAs alloy; therefore, PDP used in the present
calculations was determined using the interpolation relation between
the values estimated for the binary compounds. Using Eq. 2.7 the
strain along the growth direction is estimated of the order of 10-2
corresponding to 4.04 cm! strain-induced shift. This strain value is
large enough to explain the breakage mechanism in bulk In.Gai..As
crystals grown by the MCZM method. In fact, several cracked lines
were observed at the tail-end of the crystal, which may be resulted
from the high value of strain accumulated at the tail-end of the

sample due to the gradual variation of the composition.

2.7 Summary

To investigate the residual strain induced by compositional
variation in bulk InxGai-xAs crystal grown by the MCZM method, RS,
PL and EDX measurements have been carried out. It was found from a
comparison among the RS, PL and EDX results that TOgas and PL
peak positions were changed under the influence of strain. The strain-
induced shift in phonon position was found to be 4.04 cm-! for the
variation of composition from 0.06 to 0.29. Further, for the same

range in composition, PL peak energy was changed approximately at
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0.097 eV. Furthermore, the lineshape of TOgaas phonon was
broadened drastically approximately 2.99 cm-! near the seed crystal
interface due to the drastic change in composition from 0 to 0.06.
However, for the gradual change in composition from 0.06 to 0.29, the
lineshape of the TOgaas phonon was changed from 9.68 cm-! to 12.93
cm-l. The broadening of phonon lineshape may also demonstrate the
existence of strain in the sample. Although the exact amount of strain
could not be evaluated due to complex strain distribution in the
crystal, by assuming one-dimensional strain distribution, an
approximate value of strain of the order of 102 was evaluated along
the centerline of the sample for the variation of composition from 0.06
to 0.29. Therefore, such high value of strain induced by the
compositional variation could be the cause of crystal breakage in the
MCZM growth process. To understand the quantitative amount of
strains and their distributions with various compositional profiles in
the crystal grown by the MCZM method, an axially symmetrical strain
model has been used. The results obtained from the model are

discussed in the next chapter.
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Chapter 3

Evaluation of Strain under
Compositional Variation in
Bulk InGaAs Crystal

3.1 Introduction

In this chapter, strain models developed for bulk mixed crystal
system have been applied to determine the quantitative amount of
strains and their distributions for various compositional profiles in
bulk InGaAs crystals grown by the two-step MCZM method. Further,
the dependencies of strain values with the shape of the compositional
profiles have been investigated.

Residual strain induced by compositional variation in bulk
mixed crystals is a new issue and is very important for understanding
the growth problems in bulk mixed crystal system. Islam et al. [14]
suggested, by the combination of RS, PL, and EDX experiments, that
residual strain is induced due to the compositional variation in bulk
mixed crystals grown by the normal freezing method. Although the
above experimental techniques can be used to investigate the
existence of strain in bulk mixed crystals, the amount of strain can
not be measured by them. Residual strain induced by the step change
in lattice constant between the substrates and epilayers was
extensively investigated using the well known epilayer strain models

[27-30]. However, epilayer strain models can not be applied to
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determine strain in bulk mixed crystal system. Because, strain
phenomena in epilayer system are not the same with that of bulk
mixed crystals. With an aim to understand the relationship between
the strain and compositional variation in bulk mixed crystal system, a
simple one-dimensional (1-D) strain model was proposed by Islam et
al. [32], which can be applied to evaluate the axial strain component.
In order to evaluate not only the axial strain component but also the
radial, tangential and shear strain components in cylindrically-shaped
bulk mixed crystal system with various compositional profiles, they
further proposed an axially symmetrical strain model [14]. Since the
composition is varied at the first step of the two-step MCZM growth
process, the change in lattice spacing by the compositional variation
may lead to induce residual strain in the crystal. Therefore, the
breakage issue associated with the compositional variation in the bulk
InxGai-xAs crystals grown by the MCZM method can be investigated
using the axially symmetrical strain model. In this chapter, the results
obtained from the model for different compositional profiles have been

presented.

3.2 One-dimensional Strain Model

A simple one-dimensional strain model can be applied to
estimate the strain in bulk mixed crystals for simple strain distribution.
However, it is not suitable to investigate strain components for
complicated strain distribution. A 1-D model was described [32] by
assuming an exponential variation of composition in the growth
direction and homogeneous composition in the radial direction of a
cylindrically-shaped crystal. In this model, the shear strain component
is neglected along the growth axis of the crystal on account of axial

symmetry.

In bulk mixed crystals, the lattice spacing ‘changes continuously

with the change in composition, therefore, strain in bulk crystal can be
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expressed by
gz: (x) = O.’EX(Z) H (3 1]

where ¢, (x)is the strain induced by compositional variation,

Q, :;(-lx—)% is the rate of change in lattice spacing, a(x) is the
compositional dependence of the lattice spacing, and x(z) is the
compositional variation along the growth direction of the crystal. If ¢_
is the actual axial strain, then,¢,, —¢,_.(x) represents the part due to
external stress. In one dimensional case, ¢, +¢&, =—¢,,, where ¢, and

egare the strain components, respectively, along the radial and

tangential directions in a cylindrical coordinate system. Using the
ordinary stress-strain relationship [31], the stress along the growth

direction can be given by

E
Gu=Etﬁ§at35ﬂﬂ—2pku—UﬁJﬂmx&ﬂ, (3.2)

where E is the Young’s modulus and P is the Poisson’s ratio.
Combining eqn. (3.2) with the equation of equilibrium for stress, the

axial strain can be represented by
gz:(1+P)mx@y (3.3)

For an exponential variation of composition, the axial strain can be

expressed by

gu=[1+P]@A&$%—1} (3.4)
1-9P

where z, is the length of the sample. A and C represents the range

and slope of the composition along the growth direction, respectively.
For the whole range in composition, A = 1. Equation (3.4) can be

applied to evaluate the axial strain component at the centerline of a

26



Chapter 3: Evaluation of Strain under Compositional Variation

cylindrically shaped bulk mixed crystal having the gradual variation of
composition along the growth direction with axial symmetry. Since 1-
D model can not be used to evaluate radial, tangential and shear
strain components, it is not usable to understand breakage problem
in bulk InGaAs crystals grown by the MCZM method. In order to
determine other strain components along with the axial strain
component for various compositional profiles in the crystals grown by
the two-step MCZM method, axially symmetrical strain model has

been discussed in the next section.

3.3 Axially Symmetrical Strain Model

The concept of residual strain induced by gradual variation of
composition in bulk mixed crystals can be easily realized from Fig.
3.1. For uniform composition, the lattice spacing would not change
but would remain constant in the entire crystal. On the other hand, if
the composition were to vary in bulk mixed crystals, then the lattice

spacing may be compressed or elongated, depending on the

Fig. 3.1: Lattice spacing change by the exponential-like compositional
variation along the z axis and parabolic composiﬂonaf variation along the r
axis.
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compositional profile. The residual strain induced by compositional

variation in bulk mixed crystals can be written [32] by
elx(r,2)] = a)[x(r, 2)]x(r, 2)
(3.5)
where x{r,2) is the compositional variation along the r and z axes of the

crystal. The rate of change in lattice spacing due to the compositional

variation x(r, z) can be expressed [14] by

1 da(x) dx(z) o
a[x(r,z)] dx dz

a,[x(r,2)] =

(r), (3.6)

where alx(r,z)] is the compositional dependence of lattice constant.
Since the residual strain in bulk mixed crystal is associated with the
compositional variation, the state of strain entirely depends on its
profile. For instance, if the lattice deformation takes place by the
gradient in composition along the growth direction with axial

symmetry as shown in Fig. 3.1, the strain components ¢, ¢,, &,

and ¢, may exist. The strain phenomena in epilayers are not the
same as those in the present bulk mixed crystals. The strain in
epilayers is induced due to the abrupt change in lattice spacing
between the substrate and epilayer, which can be easily solved
bye=a, —a,, [a, [27-30], where a,, and a,, are the lattice spacing of
the substrate and epilayer, respectively. Thus the epilayer strain

models cannot be applied to evaluate strain in bulk mixed crystal

system.

3.4 Analytical Solution of Strains in Cylindrical Co-

ordinates

Assuming axial symmetry in isotropic materials, the equations

of stress under equilibrium condition [31] reduce to
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oo, " or,, . O, —OCpy
or oz r

=0, (3.7)

-

O 9% % (3.8)
or oz r

where o,,, 0,4, and o, are the principal stress components along the
radial, tangential, and growth directions, respectively, and 7, is the
shear stress component. The boundary conditions for the system
under investigation are as follows: 0<|r|<r, 0<z<z;, where 7, and
z, are the radius and length of the crystal, respectively. The

compositional profile x(r, z) becomes zero at z—0, as a result, the

stress components o,,, o, , 0,4, and 7, become zero. Due to the

axial symmetry in composition, the stress components o, —o,and 7,
become zero, at r - 0. By introducing an appropriate stress function:
#(r,z), the stress components can be expressed in the following forms

[31]:

ol 3*¢
&, S| 2P~k |, 3.9
e Lt az;,_] (3.9)
o =2|pyry 200 (3.10)
T 8z| or? |’
0 5 lﬁﬂ
=—|PVgp-——"F|, 311
Teo az{ ¢ r or ( )
3] 62¢
_=—|(1-P)V¢-—=|, 3.12
7 ar[( Vg azz} (3.12)
o B T8 @ ; ; ; ;
where V T B o and P is the Poisson's ratio. The stress
or° ror Oz

function can be described with polynomials or other forms, which
must satisfy both V*¢=0and the boundary conditions in the system

under investigation. For our problem, the stress function can be taken
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in the form of
1
é(r',2")=B(r'* +z'*)?, (3.13)
where B is a parameter to be determined by the boundary conditions.

Here, the normalized variables: r'=r/ryand z'=z/z,are used.

Substituting Eq. (3.13) into Eqgs. (3.9) to (3.12), the stress components

can be easily derived as

3 5

o= —B[(l —2P)(r'* +2'*) 2 +32'%(r'* +2'?) 2 ]z’ , (3.14)
k- 3

&= B[(l —2P)(r'* +2'%) 2 =3r"*(r"* +2'*) 2 }z' , (3.15)
3

T = 13{(1—219)@’I +2'%) 2}' (3.16)
3 s

Fig = —B[(i —2P)(r'* +2'*) 2 4+32"*(r'* +2'*) 2 }r’ : (3.17)

Using boundary conditions, the parameter B was solved [14], which

can be expressed as

_ Ea,[x(r',z")]x(r",2")
-2 R e 2R

(3.18)

By substituting Eq. (3.18) into Egs. (3.14) to (3.17) and then using the
stress-strain relationships [31], the strain components can be
obtained [14] as follows:

_{1-2P)(1 +2P)+ 3(z? —r"*P)(r'* +2'*)"

T (1-2P)(r'* +2'%)2 + 322 (r'? + 2'2) 2 ALy RN 2 ) 5 810)

e (1-2P)-3(r'* —2"*P)(r'* + z'%)™
" (1-2P)(r"* + z'z)yz +32%(r? + zfz)—}é

a,[x(r',2")]x(r', z)z", (3.20)
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(1+P)

B = o[l 2 (e’ 2y, (3.21)
Ty ST AL AL
127 12 12y-1
B 20+ P)[(1-2P)+3z"*(r"" +2z"°)7] o [x(, N ), (3.22)
(1-2P)(r"? +z'1)y2 +322(r"? 4+ 22) 2
A, . 12 r2y-1
£ — gy = APl =2 BN 22V e, A5 (8i0B)

(1-2P)(r* + 2% 327 (" + 2%)

Under the influence of the above strain components, the lattice
spacing will be deformed along both the z and r axes of the crystal.

Here, the effective strain component ¢, —¢,, is introduced to

understand the resultant deformation of lattice constant along the r
axis. If the compositional profile of the crystal is known, the
quantitative amount of strain can be determined using equations
(3.19) to (3.23).

In order to apply the model for various compositional profiles,
the composition function may be generally written in a polynomial

form:

N K
()= A{l £ Y G, ][Z Dkz'*} , (3.24)
n=0 k=0

where A is a constant, by which the range of composition along the
growth direction can be adjusted. The shape of compositional profile
along the radial and growth directions can be adjusted by the

constants C,,andD, , respectively.

3.5 Strain Distribution in Bulk In Ga, As Mixed

Crystals for Various Compositional Profiles

Using equations (3.19-3.23) the quantitative amount of strains
and their distributions are investigated in bulk In.Gai-xAs mixed
crystals for the combination of different typical compositional profiles
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Fig 3.2: Typical compositional profiles a) along the growth direction, b)
along the radial direction of the crystal. Actual profile may be any
combination of the profiles A, B, or C with the profiles E, F, or G.

shown in Fig. 3.2(a) and 3.2(b). The variations of composition along
the growth direction of the crystal are defined by three profiles: i)
exponential growth like-profile ‘A’, ii) exponential associate like-profile
‘B’, and iii) linear like-profile ‘C’ as indicated in Fig 3.2(a). Since it is
expected to investigate strain distribution in bulk InGaAs mixed
crystal for simultaneous variation of composition along the growth
and radial directions, the radial profiles are defined by upward
parabolic like-profile ‘E’, flat like-profile ‘F’, and downward parabolic
like-profile ‘G’ as seen in Fig. 3.2(b). For the simultaneous variation of
composition along the growth and radial directions of the crystal,
complete profiles AE, AF, and AG, BE, BF, and BG, and CE, CF, and
CG can be understood with the combination of the profiles A, B, and C
with those of the E, F, and G. It is to be mentioned here that the
compositional profile in InGaAs crystal grown by the MCZM method is
increased gradually at the initial stage by controlling the temperature
profile. The resulting compositional profile obtained from this growth

method is also shown in Fig. 1.2, which is similar to the typical profile
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A as shown in Fig 3.2(a). Although radial profile was not found
symmetrical in bulk InGaAs crystals grown by the MCZM method (Fig.

Table 3.1: Physical constants in GaAs and InAs crystals [33].

GaAs InAs

Lattice constant a [A°] 5.6533 6.0584

Poisson’s ratio P 0.37 0.43

2.5), it is expected to be symmetrical in most of the growth processes
depending on the radial temperature profile in the furnace. Since our
main target is to obtain compositional homogeneity over the whole
region of the crystal, compositional symmetry along the radial
direction can be considered. In the present analysis, the range of
composition is assumed to be 0 < x < 0.3 along the growth direction of
the crystal while £10% variation of composition is assumed in the
radial direction. In order to evaluate the quantitative amount of
strains physical constants listed in Table 3.1 for the GaAs and InAs

materials are used in the present calculation.

3.5.1 Strain Distribution for the Profiles AF, BF
and CF

Using an axially symmetrical strain model axial strain (¢,..),
radial strain (¢,,), tangential strain (&,,) and shear strain (e,.)
components corresponding to the compositional profiles AF, BF and
CF are evaluated. Figures 3.3(a)-3.3(0) show a comparison of strain
distributions evaluated for the compositional profiles AF, BF and CF
at the centre (»'=0), between the center and periphery (r'=0.5) and at
the periphery (7'=1) of a cylindrical-shaped crystal as a function of
normalized crystal length where the normalized length is taken from
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Fig. 3.3: Strain distributions along the length of a cylindrical-shaped bulk
InGaAs crystal for the compositional profiles AF, BF and CF at three
different radial positions [centre (r'=0), between centre and periphery

(#'=0.5) and periphery (' =1)].

the seed end. The strain distributions obtained for the compositional

profiles AF, BF and CF are indicated by the solid, doted and dashed
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Table 3.2: Maximum strain values at the three different radial positions

(r'=0, r'=0.5, and r' =1) for the compositional profiles AF, BF, and CF.

Composi- Bt Normalized Maximum strain

“tengl component eRal #=l #h=s r=l

profiles length
AF 0.83 -0.0218 | -0.02167 | -0.02128
BF £. 0.25 -0.00179 | -0.00167 | -0.00142
CF 0.63 -0.00329 | -0.00325 | -0.00314
AF 0.83 0.00886 | 0.00868 | 0.00816
BF e 0.25 0.000726 | 0.000587 | 0.000372
CF 0.63 0.00134 0.00129 0.00116
AF 0.83 0.00886 | 0.00889 | 0.00898
BF Epp 0.25 0.000726 | 0.000757 | 0.000845
CF 0.63 0.00134 0.00134 0.00137
AF 0.83 0 -0.02257 | -0.04461
BF £, 0.1 0 -0.01227 | -0.01655
CF 0.31 0 -0.00626 | -0.01141
AF 0.83 0 -0.0002 | -0.00083
BF Epp —Egg 0.1 0 -0.00056 | -0.00132
CF 0.31 0 -0.00009 | -0.00034

lines, respectively. It is found in Fig. 3.3 that the ¢,., ¢,. and ¢,,

strain values are maximum near the seed-end of the crystal for the
profile BF. The same strain values are found to be maximum near the
middle and at the end of the first step growth process, respectively, for
the profiles CF and AF. The maximum amount of strains evaluated in

various radial positions of the crystal corresponding to the profiles AF,

BF and CF are summarized in Table 3.2. The shear strain component

£, 1s very important for understanding crystal breakage issue in bulk
mixed crystal having compositional gradient. It is found in Fig. 3.3(j)
that the ¢, strain component is zero along the growth axis of the

crystal due to the axial symmetry in composition. However, apart from
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the growth axis, it increases with increasing the composition for the
profile AF and it reaches to its maximum value of -0.04461 at »' =1
near the normalized crystal length of 0.83 and then it is reduced
drastically to zero when the lattice spacing becomes constant due to
compositional homogeneity. For the profile BF, ¢,. reaches to its
maximum value of -0.01655 at the normalized crystal length of 0.1
at r'=1. It is then gradually reduced to zero at the end of the first step

growth of the crystal. For the profile CF, ¢,. reaches to its maximum

value of -0.01141 at the normalized crystal length of 0.31. It is then
gradually reduced to zero at the end of the first step growth due to the
compositional homogeneity. For this profile, the maximum shear
strain is found to be lower than that of the other two profiles AF and

BF. From Figs. 3.3(m)-3.3(0) resultant radial strain ¢,.. — &y is found

to be zero at the centre and then it is increased as we approach
towards the periphery for all compositional profiles. The results shown
in Table 3.2 demonstrate that the values of strains induced at
different positions of the crystal are highly sensitive to the shape of

the compositional profiles.

It is mentioned here that the compositional profile AF is similar
to the profile currently being used in the MCZM growth process.
According to the behavior of the profile AF, the rate of change in lattice
spacing is drastic at the end of the first step growth in the two-step
MCZM growth process. Once the composition becomes homogeneous,
the rate of change in lattice spacing also becomes zero. As a result,
this region of the crystal shows drastic change in strain values for the
profile AF as seen in Fig. 3.3. This drastic change in strain magnitude
helps us to understand the crystal breakage mechanism in the two-
step MCZM growth technique. Since rate of change in lattice spacing
for the profiles BF and CF is not like the profile AF, the strain
accumulation characteristics in these profiles are quite different. Due
to these facts, lower strain values are found for the profiles BF and CF
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than that of the profile AF as clearly demonstrated in Fig. 3.3.

3.5.2 Strain Distribution for the Profiles AE, BE
and CE

Sr'r' .
7'z

é'ﬂ'ﬁ'
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o Cop
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Fig. 3.4: Strain distributions along the length of a cylindrical-shaped bulk

InGaAs crystal for the compositional profiles AE, BE and CE at three

different radial positions [centre (r'=0), between centre and periphery

(r'=0.5) and periphery (r'=1)].
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Axially symmetrical strain model is further used to evaluate ¢, ¢

&g and ¢, for the profiles AE, BE and CE. Figures 3.4(a)-3.4(0) show
a comparison of strain distributions evaluated for the compositional
profiles AE, BE and CE with the same conditions as seen in Figs.
3.4(a)-3.4(0). The strain distributions obtained for the compositional
profiles AE, BE and CE are also indicated by the solid, doted and
dashed lines, respectively. It is observed from Figs. 3.4(a)-3.4(o) that
the strain distributions for the profiles AE, BE and CE are almost
similar with those of the profiles AF, BF and CF. However, the amount

of strains are found to be different along the radial direction for the

Table 3.3: Maximum strain values at the three different radial positions

(r'=0, r'=05, and r' =1) for the compositional profiles AE, BE, and CE.
Composi- _ Normalized Maximum strain
-tional e crystal
component r'=0 =05 rl=1
profiles length
AE 0.83 -0.0218 -0.02276 -0.02569
BE & iy 025 -0.00179 -0.00175 -0.00171
CE 0.63 -0.00329 -0.00341 -0.0038
AE 0.83 0.00886 0.00912 0.00988
BE €. 0.25 0.000726 | 0.000617 | 0.00045
CE 0.63 0.00134 0.00135 0.0014
AE 0.83 0.00886 0.00934 0.01087
BE Egg 0.25 0.000726 0.000796 0.00102
CE 0.63 0.00134 0.00141 0.00166
AE 0.83 0 -0.02313 -0.04904
BE B 0.1 0 -0.01258 -0.0182
CE 0.31 0 -0.00642 -0.01255
AE 0.83 0 -0.00022 -0.0001
BE 8 uiv—Egp 0.1 0 -0.000591 -0.0016
CE 0.31 0 -0.000102 | -0.00042

38




Chapter 3: Evaluation of Strain under Compositional Variation

present profiles than those of the previous profiles. The maximum
amount of strains evaluated at r'=0, »'=0.5 and r'=1 corresponding
to the profiles AE, BE and CE are listed in Table 3.3. As shown in

Table 3.3 the shear strain component ¢,.. is found to be zero along the

growth axis of the crystal due to the axial symmetry in composition.
However, apart from the growth axis, it increases with increasing the
composition for the profile AE and it reaches to its maximum value of
-0.04904 at r'=1 near the normalized crystal length 0.83. It then falls
to zero as the lattice spacing becomes constant at the end of the first
step growth. For the profile BE, ¢,..reaches to its maximum value of -
0.0182 at r'=1 near the normalized crystal length 0.1. It then
gradually falls to zero at the end of the first step growth. In case of the

profile CE, ¢,.. reaches to its maximum value of -0.01255 at the

normalized crystal length 0.31 which is the smallest compared to
those evaluated for the profiles AE and CE. Maximum values of
resultant radial strains are found to be -0.0001, -0.0016 and -0.00042
near the homogeneous composition region, the seed end and the
normalized crystal length 0.31, respectively, for the profiles AE, BE
and CE. This strain value is found to be increased along the radial
direction with crystal length for all the profiles. Therefore, the strain
distributions and their magnitudes are found to be highly dependent

on the shape compositional profiles.

3.5.3 Strain Distribution for the Profiles AG, BG
and CG

Strain distributions for ¢.., ¢,,., &, and ¢, strain
components are also evaluated using the same procedure as
discussed before corresponding to the profiles AG, BG and CG as

shown in figures 3.5(a)-3.5(0). These strain values are evaluated at
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different radial positions as a function of normalized crystal length

which is indicated
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Fig. 3.5: Strain distributions along the length of a cylindrical-shaped bulk

InGaAs crystal for the compositional profiles AG, BG and CG at three

different radial positions [centre (r'=0), between centre and periphery

(r"=0.5) and periphery (r'=1)].
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Table 3.4: Maximum strain values at the three different radial positions

(r'=0, r'=0.5, and r'=1) for the compositional profiles AG, BG, and CG.

Composi- it Normalize Normalized radial distance
-tional d crystal
componet r'=0 Fr=0.5 F=]

profiles length
AG 0.83 -0.0218 | -0.02061 | -0.01727
BG E iy 0.25 -0.00179 | -0.00159 | -0.00115
CG 0.63 -0.00329 | -0.00309 | -0.00331
AG 0.83 0.00886 | 0.00825 0.00661
BG Eoi 0.25 0.000726 | 0.000558 | 0.000301
CG 0.63 0.00134 0.00123 0.00121
AG 0.83 0.00886 | 0.00845 | 0.00727
BG Egg 0.25 0.000726 | 0.00072 | 0.000684
CG 0.63 0.00134 0.00128 | 0.00125
AG 0.83 0 -0.02201 | -0.04017
BG Eiup 0.1 0 -0.01197 | -0.0149
CG 0.31 0 -0.00611 -0.0611
AG 0.83 0 -0.0002 | -0.00061
BG Epp = Egg 0.1 0 -0.00053 | -0.00107
CG 0.31 0 -0.00009 | -0.00009

in Fig. 3.5. Similar to the previous figures, the solid, doted and dashed
lines in Fig. 3.5 correspond to the profiles AG, BG and CG,
respectively. The maximum amount of strains for various radial
positions and crystal lengths are listed in Table 3.4 corresponding to

the profiles AG, BG and CG. The strain magnitudes, ¢..., ¢,,. and &,,
are found to be the lowest at the periphery of the crystal and then
increase gradually as moving from the periphery to the centre of the
crystal. This tendency is different than those of the profiles discussed

before. Alike of the previous profiles the strain component ¢,. is

found to be zero at the centre for the present profiles. This is resulted

from the compositional symmetry along the radial direction. The
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highest values of shear strain are accumulated near the seed-end and
at the end of the first step growth for the profiles BG and AG,
respectively. On the other hand its distribution is found to be almost
uniform up to the 60% crystal length for the profile CG. It is also
found that the value of shear strain changes drastically at the end of
the first step growth process for the profile AG. In contrast, the shear
strain is changed gradually at the end of the first step growth process
for the profiles BG and CG. Furthermore, the distributions of the
resultant radial strain are found to be similar to the shear strain for

all the profiles.

3.6 Summary

In this chapter, axially symmetrical strain model has been
applied to investigate strain distributions in bulk InGaAs crystals for
typical compositional profiles, which can be used in MCZM growth
process. Strain components for nine different compositional profiles
have been analyzed among which the profiles AF, AE and AG are
similar to the profile which is currently being used in the MCZM
growth technique. It is found from the distributions that the strain
components are dependent on the compositional variations and shape
of the profiles. In the profiles AF, AE and AG, the strain values are
found to be increased gradually near the seed-end due to the gradual
change in composition. However, these profiles show a drastic
increase in the strain near the homogeneous composition region of
the crystal where the first step growth process ends. This is due to the
drastic change in lattice constant for these profiles. The maximum
values of strains are obtained at the 83% crystal length where the rate
of change of composition is the highest. The strain values are then
suddenly reduced to zero as the composition becomes constant. This
drastic change of strains is very much important to elucidate the

breakage issue in the InGaAs crystal grown by the MCZM method. In
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the profiles BF, BE and BG, strain values are increased considerably
at the seed-end of the crystal and then these values are gradually
reduced to zero while approaching towards the homogeneous
composition region. On the other hand, profiles CF, CE and CG show
lower values of strain compared to the other profiles. In this chapter,
strain distributions have been investigated by the line diagram at
three different radial positions of the crystal. To understand the
spatial variation of strain in the entire region of the crystal, two
dimensional mapping of strain has been developed Ifor various

compositional profiles, which is presented in the next chapter.
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Chapter 4

Two-dimensional Mapping of
Composition and Strain

4.1 Introduction

In this chapter, two-dimensional mapping of composition and
strain has been developed to investigate the spatial variation of strain
under various compositional profiles in bulk InGaAs crystals.

Residual strain induced by compositional variation in bulk
mixed crystals is one of the main causes of crystal breakage in MCZM
growth technique, which is confirmed in chapter two with the
combination of Raman scattering, photoluminescence and energy
dispersive X-ray measurements. In the preceding chapter, strain
distributions in bulk InGaAs crystal have been investigated for various
compositional profiles and then compared them by the line diagram. It
is found that the quantitative amount of strain in bulk InGaAs crystal
is highly sensitive to the compositional profile and its range. Since the
line diagram is not suitable to understand the spatial variation of
strain, a two-dimensional mapping of strain and composition is
developed here which will enable us to explain the strain distributions
precisely in the entire region of the crystal. In this mapping system,
color maps are constructed with a spatial resolution of 50 um
corresponding to the strain values evaluated along the radial and
growth directions of the crystal. The mapping of strain, plotted under
various compositional profiles, would be hel'pful to explain the

relationship between the crystal breakage mechanisms and the shape
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of the compositional profile. In this chapter, two-dimensional color
maps constructed for different strain components have been
presented corresponding to the typical compositional profiles AE, BE,

CE, AG, BG, CG, AF, BF and CF discussed in chapter 3.

4.2 Two-dimensional Composition and Strain Maps
4.2.1 Maps for the profiles AE, BE and CE
4.2.1.1 Composition Maps

Diameter

Seed Tail

end Crystal 1engt}; end

Fig. 4.1: Composition maps for the profiles AE, BE and CE.
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4.2.1.2 Axial Strain Maps

Diameter

Seed > Tail
and Crystal length iid
Fig. 4.2: Axial strain maps for the profiles AE, BE and CE.
4.2.1.3 Radial Strain Maps

-0.00085 0.0089

for
AE

for
BE

Diameter

o
for

Seed

end Crystal lengtt;

Fig. 4.3: Radial strain maps for the profiles AE, BE and CE.
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4.2.1.4 Tangential Strain Maps
0.0
N @

(a)

Diameter

> Tail
Crystal length end

Seed
end

Fig. 4.4: Tangential strain maps for the profiles AE, BE and CE.

4.2.1.5 Shear Strain Maps

-0.0446
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> Tail
Crystal length &

Seed
end

Fig. 4.5: Shear strain maps for the profiles AE, BE and CE
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4.2.1.6 Resultant Radial Strain Maps

0.0 -0.000826

Diameter

Seed
end

Tail

Crystal lengtﬁ and

Fig. 4.6: Resultant radial strain maps for the profiles AE, BE and CE.

Figures 4.1(a)-4.1(c) show the composition maps for the profiles
AE, BE and CE, respectively. In case of the profile AE, the composition
is increased gradually near the seed-end and drastically near the
homogeneous composition region as indicated by the change in colors
in Fig. 4.1(a). The values of composition corresponding to each color
can easily be understood form the color scale as shown at the top of
Fig. 4.1. However, in case of the profile BE, the composition is
increased drastically near the seed-end and gradually near the
homogeneous composition region of the crystal as seen in Fig. 4.1(b).
On the other hand, the composition in case of the profile CE is
increased almost linearly up to a certain value and then it becomes
gradually uniform when the composition reaches to the value of 0.3 as
shown in Fig. 4.1 (¢). In all the three cases, the variation of

composition at the periphery is 10% higher than that of the centre

48



Chapter 4: Two-dimensional Mapping of Composition and Strain

along the radial direction as clearly indicated by colors in the
composition maps.

Axial (é&..), radial (¢,,) and tangential (g,,) strain maps
corresponding to the profiles AE, BE and CE are shown in Figs 4.2,
4.3 and 4.4, respectively. The strain maps obtained for a particular
strain component for various compositional profiles are plotted in
normalized scale to compare the quantitative amount of strains and

their distributions. For the profile AE, the values ofe,., ¢, and ¢,,
strains are found to be maximum at the periphery near the
homogeneous composition region of the crystal. On the other hand,
the values of these strain components are found to be maximum near
the seed-end for the profile BE, although their amount is found to be
maximum near the 60% length of the crystal for the profile CE. Such
behavior of strain distributions resulted from the rate of change in
composition in the profiles AE, BE and CE. A comparison among the

color maps plotted for the strain componentse¢_., ¢,. and ¢,, reveals

that these strain values are much higher near the end of the first step
growth for the profile AE than those for the profiles BE and CE.
Further, these strain values are found to be higher at the periphery
than at the centre of the crystal along the radial direction. This is due
to the parabolic increment of composition from the centre to the
periphery along the radial direction of the crystal.

Figure 4.5 shows a comparison among the shear strain maps,
which are constructed for the profiles AE, BE and CE. It is well known
that the shear strain component plays the key role for making cracks
in any material. Therefore, the maps of shear strain are more
interesting and important in investigating and understanding the
breakage issue in the bulk InGaAs crystals grown by the two-step
MCZM method. For all the profiles, it is found that the shear strain
zero along the growth axis of the crystal due to the axial symmetry in

composition. Apart from the centerline, it is found to be increased
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along the radial direction. For the profile AE, ¢,. is accumulated to its

maximum value near the periphery of the crystal where the
composition starts to become homogeneous at the end of the first step
growth. It is then drastically reduced to zero when the composition
becomes homogeneous. It is noticed here that the compositional
profile used at the first step growth of the MCZM growth process is
similar to the profile AE. Thus, the crystal breakage issue in the
MCZM crystal may be associated with this drastic change in shear
strain near the homogeneous composition region of the crystal.

In order to solve the breakage issue in InGaAs bulk mixed
crystals, this strain value must be lower, especially near the region of
homogeneous composition where the first step growth is ended. Maps
of ¢,. for the profiles BE and CE, show lower value of strain near the
region of homogeneous composition. For the profile BE, it is maximum
at the periphery near the seed-end and then gradually reduces to zero
with increasing the crystal length. On the other hand, for the profile
CE ¢,. is found to be lower at the seed-end. Apart form the seed-end,
it starts increasing gradually along the radial direction for a certain
crystal length and then starts to reduce gradually up to the crystal
length where the composition tends to homogeneous. When the
composition becomes uniform, it is then reduced to zero as shown in
Fig. 4.5(c). Further, it is found from a comparison among Figs. 4.5(a)-
(c) that the amount of &,..is lower for the profile CE than the profiles
AE and BE.

Figure 4.6 shows resultant radial strain maps for the profiles
AE, BE and CE. This strain component helps us to understand lattice
deformation along the radial direction. From Fig. 4.6(a), it is found

that, ¢,,. —¢&,, is the highest for the profile AE at the periphery near

the homogeneous composition region of the crystal. Further, the

highest value of ¢,,. -¢,, for the profile BE is found at the periphery

near the seed-end of the crystal. For the profile CE, it is found to be
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almost uniform along the growth axis, although there is a small
change in ¢, —¢,, is found along the radial direction for a certain
crystal length away from the seed-end. Among the three profiles, the
smallest value of ¢,,.-¢,, is obtained for the profile CE, which

demonstrates that the lattice deformation is smaller along the radial

direction for the profile CE.

4.2.2 Map for the Profiles AG, BG and CG
4.2.2.1 Composition Maps

Figure 4.7(a)-4.7(c) show the composition maps for the profiles
AG, BG and CG, respectively, where the variation of composition is the
same along the crystal growth direction as shown in the previous
profiles. However, instead of upward parabolic variation a downward
parabolic variation of composition is considered along the radial
direction where the composition is decreased by 10% from the centre

to the periphery of the crystal.

Diameter

Seed > Tail
end Crystal length end

Fig. 4.7: Composition maps for the profiles AG, BG and CG.
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4.2.2.2 Axial Strain Maps

0.0 -0.0218

for
AG
51 @) b
aé : for
o BG
O
C
(©) ..
for
CG
Seed > Tail
e Crystal length JONE
Fig. 4.8: Axial strain maps for the profiles AG, BG and CG.
4.2.2.3 Radial Strain Maps
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Fig. 4.9: Radial strain maps for the profiles AG, BG and CG.
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4.2.2.4 Tangential Strain Maps

0.0 0.009
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Fig. 4.10: Tangential strain maps for the profiles AG, BG and CG.

4.2.2.5 Shear Strain Maps
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Fig. 4.11: Shear strain maps for the profiles AG, BG and CG
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4.2.2.6 Resultant Radial Strain Maps

0.0 -0.000826

Diameter

Seed - Tail

end Crystal length end

Fig. 4.12: Resultant radial strain maps for the profiles AG, BG and CG.

Figures 4.8, 4.9 and 4.10 show the ¢.., ¢, and g, strain
maps, respectively, for the profiles AG, BG and CG. From the color
maps, it is found that these strain components show the similar strain
distributions as those of the profiles AE, BE and CE along the growth
direction of the crystal. However, along the radial direction, the strain
distributions are found to be different than those of the previous
profiles. Furthermore, the quantitative amount of strains is found to
be higher at the centre than that evaluated at the periphery. This
tendency of strain distribution is opposite in nature with respect to
the previous profiles. This is due to the fact that the composition is
higher at the centre for the profiles AG, BG and CG.

Shear strain maps are shown in Figs. 4.11(a)-(c) for the profiles
AG, BG and CG, respectively. Here strain distributions are also similar
to the distributions as observed previously for the profiles AE, BE and
CE. Similar to the profiles AE, BE and CE, ¢,. is found to be almost

zero along the growth axis of the crystal for the profiles AG, BG and
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CG. This result is obtained due to the axial symmetry in composition.
The maximum value of g,. for the profile AG is found around the
periphery near the homogeneous composition region of the crystal. In

contrast, maximum value of ¢,.is found around the periphery near
the seed-end of the crystal for the profile BG. On the other hand, ¢,.is

found to be increased gradually along the radial direction of the
crystal for the profile CG. It is found from the Figs. 4.11(a)-4.11(c) that
the shear strain reduces to zero for all the profiles when the
composition becomes homogeneous. It is also found that the amounts

of ¢, are comparatively lower for the profiles AG, BG and CG than
those evaluated for the profiles AE, BE and CE.

Up to now, strain maps have been analyzed for both axial and
radial variations of composition only to demonstrate the behavior of
spatial distributions of strains and their quantitative amounts. But it
1s to be mentioned here that our aim is to grow bulk InGaAs crystals
having homogeneous composition. In that case, radial asymmetry of
composition is undesirable. However, since composition is increased
at the initial stage of the MCZM growth process, the variation of
composition along the growth direction must be considered. Hence, in
the next section we will focus our further analysis on strain maps
corresponding to the profiles AF, BF and CF, where the compositional

variation along the radial direction is uniform.

4.2.3 Maps for the Profiles AF, BF and CF
4.2.3.1 Composition Maps

Figures 4.13(a)-4.13(c) show composition maps, which are
constructed corresponding to the compositional profiles AF, BF, and
CF. Compositional variations along the growth and radial directions

are shown by colors in Figs. 4.13(a)-(c).
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Fig. 4.13: Composition maps for the profiles AF, BF and CF.

4.2.3.2 Axial Strain Maps
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Fig. 4.14: Axial strain maps for the profiles AF, BF and CF.
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4.2.3.3 Radial Strain Maps
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Fig. 4.15: Radial strain maps for the profiles AF, BF and CF.

4.2.3.4 Tangential Strain Maps
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Fig. 4.16: Tangential strain maps for the profiles AF, BF and CF.
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4.2.3.5 Shear Strain Maps
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Fig. 4.17: Shear strain maps for the profiles AF, BF and CF.
- 4.2.3.6 Resultant Radial Strain Maps
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Fig. 4.18: Resultant radial strain maps for the profiles AE, BE and CE.
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The ¢..., ¢, and ¢,, strain maps corresponding to the profiles

AF, BF and CF are shown in Figs 4.14-4.16. It is found that the strain
distributions along the growth direction are almost similar for these
three principal strain components. For the profile AF, the amount

ofe..., &, and g,,are found to be accumulated gradually along the

growth direction and then increased drastically to its maximum value
near the end of the first step growth process. The strain values are
suddenly reduced to zero at the end of the first step growth because of
compositional homogeneity. In the case of the profile BF, these strain
values accumulate rapidly near the seed-end of the crystal and then
decrease gradually along the growth direction due to the gradual
change in composition. In contrast, the ¢,.., ¢, and &,, strain values
accumulate gradually up to the 60% crystal length and then reduce to
zero at the end of the first step growth process for the profile CF.
Figure 4.17 shows the shear strain maps for the profiles AF, BF
and CF. It is found from the maps that the strain distributions are
not the same along the radial and growth directions for the profiles
AF, BF and CF, which is resulted from the rate of change in
composition for these profiles. It is also found from Fig. 4.17(a)-(c) that
the amount of ¢, is lower for the profile CF than those evaluated for
the profiles AF and BF. Figure 4.18 shows the resultant radial strain
maps for the profiles AF, BF and CF. It is found from a comparison
among the Figs. 4.18(a)-(c) that the lattice deformation along the
radial direction is lower in case of the profile CF than those obtained
for the profiles AF and BF. Comparing the strain distributions and
their quantitative value among the profiles AF, BF and CF, a suitable
compositional profile has been proposed in the next section for the

MCZM growth technique.
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4.3 Selection of Suitable Profile

Analyzing the two-dimensional spatial variation of strain, it has
already been understood that the strain distributions and their
quantitative amounts are strongly dependent on the compositional
profile and its range. It is therefore very important to find out a
suitable profile which will enable us to grow high quality bulk InGaAs
crystal using the two-step MCZM method. In order to do so, two-
dimension strain maps plotted for various profiles have been used.
Since our objective is to grow crystals with homogeneous composition,
strain maps obtained for the profiles AF, BF and CF should be
considered.

Investigating of the strain distributions by the line diagram as
well as by the color maps corresponding to the profiles AF, BF, and CF
reveal that the strain values are the highest at the end of the first step
growth for the profile AF. A drastic change in strain values are also
obtained near the end of the first step growth for this profile. Such a
sudden change in strain degrades the crystal quality and leads to
broken the crystal. It has already been mentioned that the profile used
in the two-step MCZM growth process is alike the profile AF. Thus, the
results obtained from the present study clearly explain the crystal
breakage mechanisms in the MCZM growth process. It is believed that
if any profile other than AF is used, this breakage issue can be solved.
In case of the profiles BF and CF, it is found that the strain values are
much lower than those obtained for the profile AF. Particularly, the
strain values are almost negligible near the end of the first step growth
for the profiles BF and CF. Hence both BF and CF can be considered
as better profiles than the profile AF. It is found that the composition
in the profile BF increases drastically near the seed-end and gradually
near the end of the first step growth. Consequently, a drastic change
in lattice constant leads to induce higher values of strain near the
seed-crystal interface. This higher values of étrain then decrease

rapidly because of the behavior of the profile BF. The crystal may be
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broken due to this drastic change in strains near the seed region.
Thus, it can be concluded that the profile BF would not be suitable for
the growth of high quality InGaAs crystal using the MCZM method.

In contrast to the profiles AF and BF, the composition in the
profile CF increases almost linearly along the growth direction. Due to
this linear change in composition, the strain values are increased
gradually along the radial and growth directions until 60% of the
crystal length for the profile CF. After that the values of strain start
decreasing while moving towards the homogeneous composition
region of the crystal where the first step growth has been completed.
When the composition becomes uniform (x ~ 0.3), the strain values are
almost negligible for the profile CF. Thus, comparing the strain
distributions and their magnitudes evaluated corresponding to the
profiles AF, BF and CF, it can be concluded that if the profile CF is
used in the MCZM growth process, high quality bulk InGaAs crystal
can be expected. In order to investigate the state of strain with crystal
length and diameter for the profile AF, strain maps have been further

developed and shown in the next section.

4.4 Dependence of Strain with Crystal Length

Spatial variation of strains by changing the crystal length has
been investigated here for the profile CF. Figure 4.19 shows the color
maps for various strain components corresponding to the crystals of
30 mm and 50 mm lengths with 15 mm diameter. Color maps
corresponding to the 30 mm and 50 mm long crystals are arranged in
two different columns in Fig 4.19. It is found from Fig. 4.19 that the
axial, radial and tangential strain distributions and their magnitudes
are almost the same for the two crystals. Although the strain values
are found to be independent with the crystal length, the accumulation
rate of strain is higher for the shorter crystal than that of the longer
crystal. Shear and resultant radial strain values ;show some variations
with
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Fig 4.19: Strain distributions of two crystals having 30 mm and 50 mm
length with the same diameter (15 mm).

respect to the crystal length though the distributions are similar for
both cases. Crystal with longer length shows lower shear and
resultant radial strain values than those of the shorter crystal. Thus,
if the length of the crystal in the first step of the MCZM growth
process is increased, quality of the crystal can be improved. Since it is

our main objective to grow large size high quality InGaAs crystal using
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MCZM method, the dependence of strain values with the crystal

diameter has been investigated further in the next section.

4.5 Dependence of Strain with Crystal Diameter

Figure 4.20 shows the color maps corresponding to various
strain components for the compositional profile CF. the strain maps
are constructed for the two different diameters of 15 mm and 20 mm
while the crystal length was 30 mm. The color maps corresponding to
the 15 mm and 20 mm diameter crystals are arranged in two different
columns as shown in Fig 4.20. The axial, radial and tangential strain
distributions and their magnitudes are found to be almost
independent with the crystal diameter as indicated in Fig. 4.20. In the
case of the shear and resultant radial strains, it is clearly observed
that the strain distribution does not change with the diameter.
However, the quantitative amount of strain is found to be higher when
diameter is increased from 15 mm to 20 mm. Thus growth of large
diameter crystal may degrade crystal quality due to increase in shear
strain components.

Further analysis has been carried out to investigate the
possibility of growing larger diameter crystals by the MCZM method. It
is found from the previous discussions that the shear strain, which is
mainly responsible for the crystal breakage, has a strong dependence
with crystal diameter and length. It is expected that large diameter
crystal can be obtained if the crystal length in the first step of growth
process of two-step MCZM method is increased. To understand this
possibility, color strain maps are plotted for the profile CF for two
different crystals of 30 mm in length and 20 mm in diameter and 60
mm in length and 25 mm in diameter. The results are summarized in
Fig. 4.21, where color maps obtained for the two different crystals are
arranged in two different columns with a normalized color scale. It is

clearly observed that the distributions for all the strain components

63



r

Chapter 4: Two-dimensional Mapping of Composition and Strain

15 mm diameter crystal 20 mm diameter crystal

l. l 0 ]

O 0013

(.l [‘I [
-0.0005

' . l -

e
'I F 30 mm4)|

Crystal length’

-0.0013

o ™
o 3

_T" Diameter

'

gr’r' - 89’9’

20 mm
15 mm

0.0

:

Fig 4.20: Strain distributions of two crystals having 20 mm and 15 mm
diameter with equal length of 30 mm.

are almost same for the two different crystals. Thee,,, ¢, and &,

strain components are slightly increased with the crystal length and
diameter. However, if the diameter is increased from 15 mm to 20

mm, shear and resultant radial strains are increased for the same
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Fig 4.21: Strain distributions of two crystals having 30 mm length and 20

mm diameter and 60 mm length and 25 mm diameter.

crystal length as discussed in Fig. 4.20. Conversely, it is observed
from Fig. 4.21 that, if the crystal length is sufficiently increased, then

the shear and ¢,, —¢&,, strain values are decreased significantly even

the crystal diameter is increased from 20 mm to 25 mm. Therefore,

from the above discussions it can be concluded that high quality
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InGaAs crystals with larger diameter can be obtained if the crystal
length is sufficiently increased in the first-step growth of the two-step
MCZM growth process.

4.6 Temperature Profile

It is found from the InGaAs phase diagram that the
compositional profile in InGaAs crystal can be controlled by
controlling the temperature at solid-liquid interface. The solidification
temperature as a function of the composition can be obtained by the
following relationship [34]

T =1235.18 -1448.33x +3391.55x —3627.43x° +1392.77x*  (4.1)
Using the existing-like (AF) and the proposed-like (CF) compositional

profiles, the solidification temperature profiles are evaluated by

Composition [x]
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1250 ' ' : ! :
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Fig. 4.22: Solidification temperature profiles as a function of composition as

well as normalized crystal length for the existing-like (AF) and proposed-like

(CF) compositional profiles.
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Eq.(4.1). The results are shown in Fig. 4.22 as a function of the
composition as well as normalized crystal length. It is observed in Fig.
4.22 that the slope of the temperature profile evaluated corresponding
to the existing-like compositional profile (AF) changes drastically from
40% to 95% crystal length in one direction and then changes
dramatically in opposite direction within 95% to 100% crystal length
in the first step growth process. Such a change in temperature is very
difficult to achieve physically in the furnace. On the other hand, the
slope of the temperature profile estimated corresponds to the
proposed-like compositional profile (CF) changes almost linearly in the
first step growth process, which is easily attainable. Thus proposed
compositional profile leads to obtain growth parameters easily and
hence enable us to grow high quality large size bulk InGaAs crystals
using the two-step MCZM method.

4.7 Summary

In order to observe the spatial variations of residual strains
induced due to the compositional variation and hence to understand
the breakage issue in bulk InGaAs crystals grown by the MCZM
process, a two-dimensional mapping of composition and strain has
been developed. Strain maps have been constructed for the nine
different compositional profiles. Analyzing the color maps for the
various strain components corresponding to the compositional profiles
under consideration, it is found that the highest values of strains are
accumulated near the homogeneous composition region for the
profiles AF, AE and AG, which are similar to the existing-like
compositional profile. This is due to the large change in lattice spacing
at this region. For the profiles AG, BG and CG the strain values are
found to be the highest near the seed-end of the crystal. On the other
hand, highest values of strains are found at approximately 60% of the
crystal length, for the profiles AF, BF and CF. In order to choose the

suitable compositional profile, spatial variations of strains are
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analyzed from the color maps for the profiles AF, BF and CF. The
quantitative amount of the strains, particularly, the shear and
resultant radial strain, for the profile AF is found to be much higher
than those of the profiles BF and CF. The higher value of shear strain
may be the cause of crystal breakage. Hence, it is expected that the
profiles BF and CF would give high quality crystal in MCZM growth
process due to accumulation of lower amount of strains. It is also
observed that strain accumulation for the profile BF is higher at the
seed-end due to the large change in composition at this region. On the
other hand, change in strain is found to be gradual throughout the
crystal for the profile CF. Hence, the profile CF is proposed to be the
best compositional profile to be used in the MCZM growth technique.
Furthermore, investigations are done to examine the possibility of
growing large diameter crystal. It is found that the shear strain
component, which is the main cause of crystal breakage, is increased
with increasing crystal diameter and length. It is also found that if the
crystal length in the first-step of the MCZM growth process is
sufficiently increased, the shear strain would be considerably reduced
and growth of larger diameter crystal would be possible by the MCZM
growth technique. Additionally, it is investigated that the proposed

profile enables us to obtain growth parameters easily than the existing

profile.
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Conclusions and Suggestions

5.1 Conclusions

In this thesis, following research aspects have been reported: (1)
experimental investigation of residual strain in bulk In.Ga;-.As mixed
crystals grown by the MCZM method and hence to reveal the breakage
issue, (2) analysis of strain components for various compositional
profiles using an axially symmetrical strain model, (3) development of
two-dimensional composition and strain maps to investigate the
spatial variations of composition and strain in bulk InGaAs crystals,
(4) selection of best compositional profile to solve the crystal breakage
problem in two-step MCZM growth process (5) investigation of the
dependency of strain values with the crystal length and diameter, (6)
suggestion of suitable growth parameters for the two-step MCZM
growth method.

Existence of residual strain in bulk InGaAs crystals grown by
the two-step MCZM method has been confirmed by means of RS and
PL experiments in conjunction with EDX experiment. Comparing the
RS, PL and EDX results it was found that TOgaas and PL peak
positions were changed under the influence of strain. The strain-
induced shift in phonon position was 4.04 cm! and the PL peak
energy was changed by 0.097 eV for the variation of composition from
0.06 to 0.29. Further, the line shape of TOcaas phonon was broadened
rapidly 2.99 cm! near the seed-crystal interface due to the drastic

change in composition from 0 to 0.06. For the gradual increment of
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composition from 0.06 to 0.29, the lineshape was increased gradually
from 9.68 cm-! to 12.93 cml. Such a large strain-induced shifts in
TOgaas phonon and PL peak positions as well as the broadening of
TOgaas lineshape demonstrate that there exists huge amount of strain
in the order of 10-2 due to the compositional variation in bulk InGaAs
crystals grown by the two-step MCZM method.

In order to determine the quantitative amount of strains and
their distributions in bulk InGaAs crystals for various typical
compositional profiles, an axially symmetrical strain model has been
applied. Strain distributions have been calculated for nine different
compositional profiles, which can be used in the first step growth of
the two-step MCZM growth process. It is found from the strain
distributions that the strain components are dependent on the shape
the compositional variations and range of composition. In case of the
compositional profiles AF, AE and AG, which are similar to the
compositional profile currently being used in the first step growth of
the two-step MCZM growth technique, the strain values were found to
be increased gradually near the seed-end due to gradual increment in
composition. However, the strain values are found to be increased
rapidly at the end of the first step growth process due to the drastic
change in composition. This drastic change in strain values explains
the crystal breakage phenomenon in the two-step MCZM growth
process. Further, from the strain distributions for the profiles BF, BE
and BG, it was found that the stain values are increased considerably
at the seed-end of the crystal and these were gradually reduced to zero
at the end of the first step MCZM growth process. On the other hand,
the compositional profiles CF, CE and CG showed gradual increase in
strain values up to 60% crystal length and then the strain values
gradually reduced to zero at the end of the first step growth process.
By comparing the quantitative amount of strains evaluated for various
compositional profiles, the lower values of stra_in are found for the

profiles CF, CE and CG. Hence, these three profiles would give better
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results in the MCZM growth process. Since our aim is to grow
compositionally homogeneous InGaAs crystals, the profile having flat
radial distribution such as the profile CF would be desirable.

In order to observe the spatial variation of strain for various
compositional profiles and hence to determine the best profile for the
two-step MCZM growth process, further two-dimensional composition
and strain maps have been developed. From the color maps of strains
for the profiles AF, AE and AG, it was found that the highest values of
strains were accumulated near the periphery of the crystal at the end
of the first step growth process. However, the highest values of
strains were found near the seed-end of the crystal for the profiles BF,
BE and BG. On the other hand, strain values were found to increase
gradually up to a certain crystal length and then reduced to zero at
the end of the first step growth process for the profiles CF, CE and
CG. Furthermore, the Profiles CF, CE and CG shown lower values of
strains compared to those of the other profiles. Comparing the strain
values and their distributions for all the profiles it was concluded that
the profile CF is the best compositional profile for the two-step MCZM
growth process concerning the breakage issue.

The dependence of the strain values with crystal length and
diameter were also investigated by the two-dimensional color maps.
The axial, radial and tangential strains are found to have negligible
dependency with the crystal length and diameter, although there is a
strong dependency of the shear and resultant radial strains with
them. Further, it has been found that if the crystal length in the first-
step of the MCZM growth process is sufficiently increased, the shear
strain would be considerably reduced and growth of larger diameter
crystals would be possible by the two-step MCZM growth technique.

Additionally, solidification temperature profiles which are
required to obtain the existing and proposed compositional profiles

have been estimated and compared. It has been found that it is easier
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to achieve the growth parameters, for the proposed compositional

profile than the existing profile.

5.2 Suggestions for future works

In this work, the strain models have been applied by assuming
axial symmetry in composition in isotropic materials, which can be
extended further to investigate strain distributions in anisotropic
conditions for any compositional profile in bulk InGaAs crystals.
Taking temperature effect into consideration, new strain models can
be developed further for understanding various issues associated with
the growth of bulk InGaAs crystals.

In order to obtain compositionally homogeneous high-quality
InGaAs crystals, solidification temperature should be maintained
accurately according to the proposed temperature profile. It is
therefore very important to develop precise temperature measurement
techniques by setting thermocouples inside the melt. Having the
appropriate growth parameters, further growth experiments can be
carried out considering the compositional profile, which has been

suggested in the present study for the two-step MCZM growth method.
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