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Abstract
Micro-Raman and photoluminescence experiments have been performed to characterize the polycrystalline region in
the wafers cut from a bulk InxGa1!xAs crystal, which was found to be initiating from the inner part of the ingot, unlike
the usual observation of polycrystallization starting from the peripheral part of an ingot. This indicates the existence of
polycrystallization mechanism other than those relating to the boundary effects. The polycrystalline region was found
to have a random fluctuation of composition. The possibility of drastic local fluctuation in composition, which can be
occurred by convection-induced local supercooling, being the main cause of polycrystallization, is investigated here.
r 2003 Elsevier B.V. All rights reserved.
PACS: 81.10.Fq; 78.55.Cr; 78.30.Fs
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1. Introduction
Bulk InxGa1!xAs crystal is a promising substrate material for fabricating various optoelectronic devices in the next generation of optical
fiber communication systems. By choosing a
proper value of composition x, the lattice parameter can be tuned either to match the epilayer, or
to develop a controlled strain in the epilayer. In
order to fabricate a wide variety of devices on an
InxGa1!xAs substrate, it is a basic requirement to
have the large size of InxGa1!xAs single crystal
with homogeneous composition. In particular, the
*Corresponding author. fax: +81-75-724-7400.
E-mail address: islam@djedu.kit.ac.jp (M.R. Islam).

crystals with x ¼ 0:3 are in high demand, because
of their usages in various light-emitting and
communication devices. However, there are
some difficulties in growing a homogeneous
In0.3Ga0.7As single crystal, because during the
growth process, a high segregation effect, in
addition to the normal convection, prevents the In
concentration constant at this composition in the
melt. This has high potential to cause local supercooling, which seems to be one of the major reasons
for compositional inhomogeneity as well as local
polycrystallization in the grown crystals. Several
growth methods [1–6] have been applied to grow
bulk InxGa1!xAs crystals. However, the large size
of single crystals with homogeneous composition at
x ¼ 0:3 could not be obtained. Although Kinoshita
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et al. [6] have recently succeeded to grow a
homogeneous single crystal with 20 mm length by
the traveling liquidus zone method, its diameter is
limited to only 2 mm, which is too small for its
practical use as a substrate. On the other hand,
Kodama et al. [5] have grown single crystals with
the diameter of 15 mm by improving the multi
component zone melting (MCZM) method; however, its length is limited to about 4 mm due to
polycrystallization. In order to grow the large size
of InxGa1!xAs single crystals, it is very important
to investigate the mechanism of polycrystallization.
It is usually observed that polycrystallization
during growth process starts at the periphery of the
sample near the crucible, which is commonly
correlated with factors such as temperature gradient [7] and temperature fluctuation [8] at the solid–
liquid interface, the growth facets [8], the shape of
the interface [9], the purity of raw material and cone
angle of the crystal [10]. In the present study, we
investigate the polycrystallization in bulk InxGa1!xAs crystal grown by the two-step MCZM
method [5]. In this method, the composition of
crystal is gradually increased from the GaAs seed to
a composition of about x ¼ 0:3 in the first step, and
then the crystal is grown by keeping the composition constant at this value in the second step. The
etching images of wafers sliced perpendicular to the
growth direction indicate that the polycrystallization was initiated at a certain growth length from
the inner part of the crystal, and then it increased in
size along the growth length. This special type of
polycrystallization was found to initiate in a few
growth experiments in the MCZM method. Therefore, the crystal investigated here should have the
existence of polycrystallization mechanism other
than those associated with the boundary effects.
In order to understand the possible mechanism
of polycrystallization, we have investigated the
wafers using micro-Raman and photoluminescence (PL) measurements.

composition, which could have been caused by
localized supercooling. Further, local fluctuation
of composition also develops strain in the sample.
Therefore, we need a through characterization of
compositional variation, strain and polycrystallization. Both Raman and PL are nondestructive
efficient ways to investigate composition, strain
and crystallinity of a semiconductor. Shift in
optical phonons in Raman spectra originates from
the change in composition for unstrained crystals
[11]. However, in the presence of strain, phonon
positions contain composition-dependent shift as
well as strain-induced shift [12,13]. On the other
hand, phonon intensities in Raman spectra depend
on the crystal orientation, which helps in determining the crystalline qualities. Therefore, Raman
scattering is a good characterization technique to
determine the composition, residual strain and the
presence of polycrystallization. Similarly, both
luminescence peak position and intensity in PL
spectra depend, respectively, on the composition
and crystal orientation [14]. In addition to this, PL
is a convenient fast technique for two-dimensional
mapping of peak position and integrated intensity,
which picture out the compositional variation and
crystallinity, respectively, across the entire sample.
It should be mentioned here that, at room
temperature PL due to the band-to-band transition dominates over other transitions through
impurities and so on. 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 method [14]. Therefore, a
combination of Raman scattering and PL is best
suitable for the crystal under investigation.

3. Experimental procedure
2. Experimental method for polycrystallization
investigation
In the present study, we anticipate that polycrystallization occurs due to local fluctuation of

Bulk InxGa1!xAs crystal of 15 mm diameter was
grown by the two-step MCZM method [5]. The
crystal was cut in two semi-cylindrical pieces along
the growth length. The cut surface of one piece was
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mechanically polished to evaluate the compositional variation at the centerline along the growth
direction of the piece using energy-dispersive
X-ray analysis. It was confirmed that the composition gradually increases from x ¼ 0:05 to xB0:3
from the seed–crystal interface up to a certain
distance in the growth direction. The other piece
was chemically etched with 90% H2SO4:5%
H2O2:5% H2O, so as to check the single crystal
region by means of etching image. Later, both
semi-cylindrical pieces were sliced into wafers
perpendicular to the growth length. These wafers
were also etched for examining their etching
images and were polished for Raman and PL
measurements. After certain growth length in
increasing composition region, the etching images
of wafers indicate the formation of polycrystallization. Therefore, these wafers were considered in
the present study, which were obtained from the
growth lengths of 19, 20, 21, and 22 mm, and will
be referred as wafers A, B, C, and D, respectively,
for further discussion.
Raman scattering measurements were made at
room temperature using a Ranishaw model 2000
micro-Raman system equipped with an argon-ion
laser (l=514.5 nm). The incident light was focused
to a spot of about 2 mm on the sample surface with
a 50 # objective lens and the scattered light was
collected by the same objective lens. Typical slit
width used was about 100 mm. Low laser power
was used to prevent the local heating and optical
damages of the sample.
Using a PL mapping system equipped with a
17 mw He–Ne laser and a cooled InGaAs detector,
PL measurements were also performed at room
temperature. The optical arrangement was similar
to that of Raman scattering. The wafers were
scanned by computercontrolled XY-translational
stages. Peak positions of PL spectra were determined by lineshape fittings.

emphasise its position. This region was found to
increase in size with increasing the growth length,
as seen in the etching images of the wafers C and
D. The wafers obtained after the wafer D at longer
growth lengths show that this region further
increases in size. However, such dark region was
not found in the etching image of the wafer A,
which is adjacent to the wafer B. Therefore,
etching results indicate that the dark region was
initiated from the wafer B, and increased in size
with growth length. Such dark regions in etching
images typically indicate polycrystalline region. In
order to confirm this, and to further characterize
these regions, the wafers were investigated by
Raman scattering and PL measurements.
The first-order Raman spectrum from a ternary
compound semiconductor InxGa1!xAs typically
shows LO and TO phonons [11,15–17] corresponding to both InAs and GaAs binary parent
materials. However, depending upon the crystal
orientation and experimental geometry, one of
them may be optically forbidden. The frequency
positions and appearance of these phonons are
strongly influenced by the alloy composition and
crystal orientation. Fig. 2 shows some of the
Raman spectra, which were measured at a lateral
interval of 50 mm from the front surface near and
across the dark region of the wafer B. The inset of
Fig. 2 shows an enlarged view of the investigated
A (19 mm)

B (20mm)

C (21 mm)

D (22mm)

4. Results and discussions
Fig. 1 shows the etching images of wafers A, B,
C, and D. The etching image obtained from the
wafer B shows a small dark region within the
crystal, which is enclosed by dotted lines to

Fig. 1. Etching images of the wafers sliced at the different
growth length of the crystal. A small black region shown inside
the dotted square was found to increase in size with growth
length. The crystallinity in this region appears to be changed
with respect to the surrounding.
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region. The spectra shown from the top to the
bottom in Fig. 2 correspond, respectively, to the
points represented by the letters a to j in the inset.
It is found that the GaAs-like phonons (TOGaAs
and LOGaAs) are stronger than the InAs-like
phonons (TOInAs and LOInAs) in Raman spectra
due to low In content in the wafer. It is also found
that Raman spectra measured in the dark region
show random shift in phonons peak positions,
where some spectra also show drastic change in
intensity ratio between TOGaAs and LOGaAs
phonons. Since LOGaAs phonons are stronger in
the spectra, we will consider this phonon for
further discussion. The exact peak positions of
phonons were determined by the best lineshape
fitting with Lorentzian components and a proper
background.
Fig. 3(a) shows the variation of LOGaAs peak
positions and the relative intensity ratio LOGaAs/
TOGaAs as a function of distance from the center
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Fig. 2. Raman spectra measured near and in dark region from
the front surface of the wafer B corresponding to the
measurement points shown in the inset.

of the wafer B. The left and right hand scales in
Fig. 3(a) correspond to the LOGaAs peak position
and LOGaAs/TOGaAs intensity ratio, respectively.
It is found in Fig. 3(a) that LOGaAs peak positions
measured in the dark region show random shift in
the higher frequency side, with some part (measurement points between d and e) showing a shift
as high as 2 to 3 cm!1 than the peak positions
measured outside the dark region. It is also found
that LOGaAs peak positions measured at the right
side out of the dark region show a shift of about
0.75 cm!1 than the peak positions measured from
the left side out of the dark region.
Since etching images indicate that the dark
region was initiated from the wafer B, Raman
spectra were measured from the side surface of this
wafer to investigate its origin. The measurement
schematic is shown in the inset of Fig. 3(b). Similar
to Fig. 3(a), Fig. 3(b) also shows that the LOGaAs
peak positions measured in the dark region were
shifted in the higher frequency than those measured outside of the dark region. This indicates
that the dark region has lower In content than the
outside of the dark region and its amount
fluctuates drastically inside the dark region.
Further, the position of LOGaAs peaks shown in
Figs. 3(a) and (b) indicates that In content
decreases from the left to the right side out of
the dark region. The random fluctuation of In
content in the dark region as well as difference of
In content in both sides out of the dark region
could occur due to diffusion of In from the
nucleation side of the this region. Since compositional inhomogeneity exists in the dark region, the
observed Raman peak positions should have the
influence of strain.
It is well established that due to the selection
rules, the intensity ratio between LO and TO
phonons strongly depends on the crystal orientation [15]. The change in phonon intensity in
Raman spectra can, in general, be observed only
for a significant change in crystal orientation.
Fig. 3(a) shows the relative intensity ratio LOGaAs/
TOGaAs measured in the dark region from the
front surface of the wafer B. Since relative
intensity ratio LOGaAs/TOGaAs measured from
the points a and j outside of the dark region is
the same, the outer region can be considered as
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Fig. 3. (a) and (b) LOGaAs phonon peak positions and LOGaAs/
TOGaAs intensity ratio measured from the front and side
surfaces of the wafer B, where left- and right-hand scales
correspond to, respectively, phonon peak positions and relative
intensity ratio. The insets show enlarged view of the investigated regions, in which open circles represent some of the
measurement points.

single crystal region. However, the slight change in
intensity ratio at the boundary of the dark region
indicates the beginning of polycrystallization

129

starting from the boundary of the dark region.
Inside the dark region, since some small regions
(between points d and f ) show a significant change
in intensity ratio, which is about two times than
the out side of the dark region, crystal orientation
in these regions has been changed significantly.
Thus, it is confirmed that dark region is a
polycrystalline region. Similar results are also
found from the side surface of the wafer B as
shown in Fig. 3(b). However, such a change in
intensity of phonons was not found in Raman
spectra measured from the wafer A, which
indicates polycrystallization was initiated from
certain part of the wafer B.
In order to confirm the Raman results, PL
experiments were performed in these wafers at a
spatial resolution of 20 mm. Figs. 4(a) and (d) show
the etching images of the semicircular wafers B
and C, respectively, where the scale in millimeter
indicates the exact position of the polycrystalline
region. Figs. 4(b) and (c) show the PL mapping
from the peak wavelengths (composition maps)
corresponding to the dotted area shown in
Fig. 4(a), from the front and side surfaces of the
wafers B, respectively. Figs. 4(e) and (f) show
similar results for the wafer C. The PL map shown
in Fig. 4(b) shows drastic change in composition
near the boundary of the polycrystalline region
than the surrounding in agreement with the
Raman results. Similar results are also found in
Fig. 4(e). It is also observed in Fig. 4(b) that the
central part of the polycrystalline region shows
slightly higher In content than the boundary of the
polycrystalline region. This In-rich part is found to
increase in size with increasing growth length as
shown in Fig. 4(e). It is also found in Fig. 4(e) that
some points inside the polycrystalline region show
lower In content, in agreement with the Raman
results. It is observed in Fig. 4(c) that the origin of
polycrystalline region shows more Ga content, but
close to the origin a tiny region shows more In
content than the surrounding. This In-rich region
is further found to be increased in size in Fig. 4(f ).
Although the central part of this In-rich region
contents more In than near the boundary, some
points at the central region show lower In content.
Besides the central region, the surrounding of the
polycrystalline region contains more In than near

ARTICLE IN PRESS
130

M.R. Islam et al. / Journal of Crystal Growth 263 (2004) 125–131

λ=1.12µm
(x=0.21)

B(20 mm)
(b) Front surface

(a)

-7.5 -5.0 -2.5 0.0 2.5 5.0 7.5
(c) Side surface

λ=1.07µm
(x=0.17)
λ=1.16µm
(x=0.24)

C(21 mm)
(d)

(e) Front surface

-7.5 -5.0 -2.5 0.0 2.5 5.0 7.5
(f) Side surface

λ=1.09µm
(x=0.19)

Fig. 4. 2D mapping images of PL peak wavelength measured in
the wafers of B and C. The PL measurements were made in the
region surrounded by dotted lines in the etching images of (a)
and (d), also shown are those made at the corresponding side
surfaces. The dotted lines and scales in millimeter represent the
actual position of the investigated regions.

the boundary. Since the compositional inhomogeneity exists in the wafers, the measured PL peak
wavelengths should have the influence of strain,
which was suggested by our recent study [18].
In previous studies [7–10], several reasons for
the polycrystallization mechanism in III–V semiconductor ingots were discussed. However, they
only justify the initiation of polycrystallization
near the peripheral region of the ingots. Since our
experimental results show that the polycrystallization was initiated inside the crystal during the
growth process, the causes related to the polcrystallization mechanism near the boundary of the
crystal can be excluded for the crystal under
investigation. As observed in our experimental
results, the origin of polycrystalline region has
higher Ga content compared to the surrounding.
This indicates that, during the growth process, the
crystallization of Ga-rich grains initiated in the

melt before the growth interface was reached in
this region from the seed crystal. As the growth
proceeds, and the growth interface reaches the
already crystallized grains, these grains get embedded in the otherwise growing single crystal,
making an island of polycrystalline region. With
further progress in the growth process, at every
point in the growth direction in a similar manner,
the polycrystalline island keeps growing before the
growth interface reaches that point in the growth
direction. As a result, the polycrystalline region
increases in size with the growth length. We believe
that these Ga-rich grains were initiated by the
growth of small crystals in the solution, which
could be due to supercooling or impurities in the
melt, or other reasons. Originally, semiconductor
melt has small kinematic viscosity compared to the
thermal diffusivity, which causes local unbalance
between temperature and compositional distributions. If such unbalance occurs in a saturated melt,
local supercooling can easily occur compared to an
unsaturated melt, which may cause polycrystallization. On the other hand, local supercooling can
also occur due to gravity-induced convection [19],
which may cause polycrystallization. Furthermore,
constitutional supercooling originates from a
diffusion layer having composition distribution in
front of the growth interface, which may cause
polycrystallization [20]. Since this kind of polycrystalline growth was found in a few growth
experiments under the same environment, it can be
comfortably assumed that this polycrystallization
was not triggered by impurities. However, even in
the case of impurities, the ultimate cause should be
supercooling, because a higher Ga content at the
origin of polycrystallization indicates supercooling. Therefore, either convection-induced local
supercooling or constitutional supercooling could
be the cause of polycrystalline growth in the
investigated crystal.

5. Conclusions
Raman scattering and PL measurements were
carried out to understand the polycrystallization
mechanism in bulk InxGa1!xAs crystal grown by
the two-step MCZM method. The etching results
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indicated that a small dark region was initiated
after certain growth length from the inner part of
the crystal, which was then increased in size with
increasing growth length. Raman results obtained
in this dark region showed random change in
intensity ratio LOGaAs/TOGaAs, which confirmed
that the dark region is a polycrystalline region.
Spatial variation of PL-composition map indicated the existence of drastic fluctuation of
composition near the boundary as well as inside
the polycrystalline region, in agreement with the
Raman results. The PL map also indicated that the
origin of the polycrystalline region contains more
Ga than the surrounding. This may have resulted
from the inhomogeneous distribution of InAs, and
GaAs could be caused by local supercooling.
Therefore, it can be concluded that convectioninduced supercooling or constitutional supercooling could be the possible cause of polycrystallization in the crystal grown by the MCZM method.
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