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Abstract

The growth of epitaxial InBixSbð1�xÞ (x ¼ 4 atomic %) layers on highly lattice mis-matched semi-insulating GaAs
substrates has been successfully achieved via the traditional liquid phase epitaxy, as a result of optimizing several

growth parameters such as III/V mass ratio, growth temperature, cooling rate, etc. Scanning electron micrograph shows

sharp interface even at 1mm resolution. The grown films are n-type in the entire temperature range. The typical value of
the carrier density is 9:2� 1016/cm3 and the Hall mobility is 3:54� 104 cm2/V s at 300K. The room temperature band
gap has been found to be in the range of 0.134–0.140 eV. These results indicate that the grown films are comparable to

those grown by other sophisticated techniques in terms of structural, optical and electrical properties.r 2002 Elsevier

Science B.V. All rights reserved.
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1. Introduction

The room temperature (RT) infrared detectors
operating in the 8–14 mm wavelength range are
very important in the fields of thermal imaging,
pollution monitoring, space technology, etc. For
such applications, although HgxCdð1�xÞTe (MCT)
has been the main material of choice in the past, it
has proved to be a difficult compound to prepare
due to high vapor pressure of Hg and the weak Hg

bond [1]. As an alternative, III–V based materials
such as InTlxSbð1�xÞ; InAsxSbð1�xÞ; InBixSbð1�xÞ;
etc, are being to be explored for these applications.
Amongst them InAsxSbð1�xÞ and InBixSbð1�xÞ have
received much success in infrared (IR) detector
applications [1,2]. In particular, InBixSbð1�xÞ has
the potential to replace MCT in future primarily
due to its nontoxic property. However, it is very
difficult to grow InBixSbð1�xÞ crystals with higher
concentration of Bi using equilibrium growth
technique due to its low solid solubility limit (2
at%) [3]. On the otherhand, there are success-
ful reports on the growth of InBixSbð1�xÞ on
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semi-insulating GaAs substrates (14.6% lattice
mismatch) using other growth techniques such
as metal organic chemical vapor deposition
(MOCVD) and molecular beam epitaxy (MBE)
[4,5]. After successful growth of InSb on semi-
insulating GaAs substrates using liquid phase
epitaxy (LPE) [6,7], growth of InBixSbð1�xÞ/GaAs
heterostructure was carried out using the same
technique. In this paper we report LPE growth of
InBixSbð1�xÞ/GaAs heterostructures and their
structural, electrical and optical properties.

2. Growth details

InBixSbð1�xÞ epilayers were grown in a boat-
slider type LPE unit designed and fabricated in our
laboratory [8]. Growth was carried out on
InSb(0 0 1) and semi insulating chemically clean
GaAs(0 0 1) substrates of 10 mm� 15 mm in area
and 1mm in thickness which were held in the
recess of the slider that ran through the bottom of
the indium-rich InBixSbð1�xÞ solution bins. In-
dium-rich saturated solution was prepared with
previously grown InBixSbð1�xÞ crystals [9] and
In+InSb solution. The optimized In/(Sb+Bi)
mass ratio used for the growth was 1.86. The
solution temperature was increased E501C above
the growth temperature (3511C) and baked for an
optimum period of 6 h in ultra-pure hydrogen
ambient for homogenization. In the present
investigation we used ramp cooling routine be-
cause continuous decrease in temperature can
provide a driving supersaturation bpDT=Tg at
every point during growth and induce orderly
epitaxial growth [10] (where DT denotes the
supercooling of the solution and Tg the initial

growth temperature). The films were grown under
varied conditions of supersaturation by changing
the ramp rate (R) and temperature range. It was
observed that the lower growth temperature
helped to incorporate more Bi with better homo-
geneity. The lower growth rate also improved the
surface morphology of the epilayers. In a typical
routine, the growth was initiated at 3511C by
bringing the substrate under the solution and
cooling it at the preset rate of 0.21C/h. The
cooling was stopped at the termination tempera-
ture of 3491C and the growth took place during
this interval under controlled conditions. The
substrate was then removed from under the melt
by uniform slider pulling speed of 4 cm/h which
was achieved by an electro-mechanical system.
Subsequently the furnace was cooled down
continuously to 3351C with typical rate of
51C/h followed by 101C/h to 3001C and then
furnace cooling was carried out down to room
temperature.

3. Structural characterization

The growth rate ðrÞ was calculated by measuring
the thickness of the film and the time of the
growth. The thickness of the grown film varied
from 2 to 15 mm as calculated from Stylus and
scanning electron micrography (SEM) experi-
ments. Table 1 gives the correlation between
imposed supersaturation DT(1C) and thickness of
the film. The optimum growth rate was 0.2 mm/h
which yielded 2 mm film. The grown films were
then leached in HCl to remove the carried over
indium and chemomechanically polished with
0.06% Br-methanol solution. The cross section

Table 1

Diffraction intensity of InBixSbð1�xÞ/GaAs grown under various conditions.

Run No. # R (1)C/h Tg (1C) DT (1C) r ðmm=hÞ ðh k lÞmax Other peaks I004=SIhkl Thickness ðmmÞ

13C 2.5 355 5 7.50 (0 0 4) (2 2 0) 0.73 15

20C 1.5 353 3 5.00 (0 0 4) (2 2 0) 0.89 10

30C 0.6 351 2 1.79 (0 0 4) Nil 1 6

33C 0.2 351 2 0.20 (0 0 4) Nil 1 2
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of the cleaved sample as seen from SEM micro-
graph (Fig. 1), clearly reflects the sharpness of the
interface between the InBixSbð1�xÞ layer and GaAs
substrate. During the SEM, simultaneous elemen-
tal identification was carried out with energy
dispersive X-ray analysis (EDAX) to confirm that
the region scanned was indeed film/substrate
interface.
The composition x of the grown films as found

from EDAX was 2.18 at% with InSb substrates
and 3.96 at% with GaAs substrates. It is to be
noted that the incorporation of Bi is more when

film was grown on GaAs substrate. This could be
due to the influence of the residual strain energy
(created due to the large lattice mismatch) on the
miscibility gap. A single diffraction peak for
InBi0:04Sb0:96/GaAs heterostructure confirms
(0 0 1) orientation of the film (Fig. 2). The In-
Bi0:04Sb0:96 epilayer shows a clear shift of 004 peak
towards a lower angle relative to InSb epilayer
indicating lattice expansion due to substitution
of Bi in Sb sites (inset in Fig. 2). The lattice
constant of InBi0:04Sb0:96 calculated from X-ray
diffraction data was 6.4798 (A and matches well
with that theoretically calculated (6.4792 (A) using
Eq. [11]

a ¼ aInSb 1þ
ðrBi � rSbÞðC11 þ 2C12Þx

ðrIn þ rSbÞðC11Þ2

� �
;

where aInSb is the lattice parameter of InSb and ri
are the Pauling values of the tetrahedral covalent
radii of the respective elements, C11 and C12 are
the stiffness coefficients of the InSb and x is the
concentration of bismuth.
Furthermore, X-ray photoelectron spectra

(XPS) of In(3d), Sb(3d) and Bi(4f) core levels on
the InBixSbð1�xÞ (0 0 1) surface were recorded with
ESCA-3 Mark II spectrometer using AlKa radia-
tion (1486.6 eV). The binding energies were mea-
sured with respect to C(1s) peak at 285 eV with a
precision of 70:1 eV. It has been found that
surface of the as-prepared samples were slightly
oxidized due to the exposure to atmosphere.
Accordingly, peaks due to InBi0:04Sb0:96 phase as
well as those due to In2O3; Sb2O5; and Bi2O3 were
observed. Hence the surface was mildly etched
with Arþ ion at low current (20 mA and 2 kV) for
5min, after which the sample was heated in
vacuum of 10�9 Torr at 1001C for 2 h. XPS of
the heat-treated sample was then recorded. The
observed XPS of core levels of In(3d), Sb(3d) and
Bi(4f) are shown in Fig. 3a–c, respectively. Spin–
orbit doublet peaks of In(3d5=2;3=2) are observed at
444.1 and 451.6 eV which are slightly shifted to
higher binding energy (0.3 eV) as compared to In
metal [12]. On the other hand, Sb(3d5=2;3=2) and
Bi(4f7=2;5=2) doublet peaks were observed at 527.8,
537.1, 156.6, and 161.3 eV respectively, which are
shifted to lower binding energy in comparison with
respective metals [12]. In Bi spectrum other than

Fig. 1. Scanning electron micrograph of InBixSbð1�xÞ/GaAs

interface.

Fig. 2. X-ray diffraction pattern of InBi0:04Sb0:96 epilayer for 2y
scan from 201 to 651. Inset shows (0 0 4) X-ray diffraction peaks

of InSb and InBi0:04Sb0:96 epilayers.
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Bi(4f7=2;5=2) doublet peaks, an extra peak was
observed at 152.8 eV which could be attributed
to Sb(4s), because Bi(4f) and Sb(4s) core levels are
very close to each other. Bi/Sb as well as In/Sb
ratios were calculated from the area under Bi(4f),
Sb(3d) and In(3d) peaks and were found to be 0.03
and 1.15, respectively, which match reasonably
well with the results obtained from EDAX. It was
observed that with successive Arþ etching, the Bi/
Sb and In/Sb ratios remained the same, confirming
that the composition of Bi, In, Sb in InBixSbð1�xÞ

does not change with thickness of the film.

4. Optical and electrical characterization

The infrared transmission spectra were recorded
for the InSb/GaAs, InBi:04Sb0:96/GaAs epilayers as
well as for bulk InSb wafer (for comparison) in the
wavelength range 4–16 mm using Jasco-32 spectro-
meter and are shown in Fig. 4. The room
temperature band gap has been calculated for
InBi0:04Sb0:96/GaAs samples using the relation [13]

a ¼ a0ðhn� EgÞ
n;

where a is absorption coefficient, hn is the photon
energy, Eg is the band gap and n is a constant. The
band gap was found to be in the range 0.134–
0.140 eV.
The carrier concentration was determined by

Hall measurement using the conventional Van-der
Pauw technique and the electrical resistivity was
determined by the four point probe method. The
samples were n-type in the entire temperature
range. The maximum electron mobility was
3:54� 104 cm2/V s and carrier concentration was
9:2� 1016/cm3 at 300K. The temperature depen-
dence of carrier density is shown in Fig. 5. As can
be seen from the figure, the carrier density
increases with temperature in the region 180–
370K, which implies that the intrinsic carriers are
dominant in this region. On the other hand, in the

Fig. 3. X-ray photoelectron spectra of InBi0:04Sb0:96 for (a) In

(b) Sb and (c) Bi.

Fig. 4. At room temperature Infrared spectra of bulk InSb

(for comparison), InSb/GaAs and InBi0:04Sb0:96/GaAs room

temperature.
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lower temperature region of 90–180K, the carrier
density increases with decereasing temperature.
This kind of anomalous behavior in carrier
concentration has also been observed previously
in thin layers and has been attributed to a two or
three layer parallel conduction [14,15]. However,
since the samples are relatively thick (2–15 mm)
such an interpretaion is not possible here. The
possible causes could be due to Hall factor
variation (which was assumed to be 1.00 in our
calculation) or the nature and spatial distribution
of dislocations along the growth direction. The
temperature-dependent electron Hall mobility is
also shown in the same figure. Below the room
temperature the Hall electron mobility decreases
with temperature, implying that the low tempera-
ture electron mobility of the sample is limited by
dislocation scattering. Above room temperature,
the mobility starts to drop, limited by a combina-
tion of electron, hole and phonon scattering [16].

5. Conclusions

In conclusion, growth of a highly lattice
mismatched InBixSbð1�xÞ/GaAs heterostructure
with 4 at% Bi concentration, has been achieved
by the liquid phase epitaxy by optimizing several
growth parameters. The layers grown under
optimum conditions yielded good interface mor-
phology as seen from SEM figures. Lattice

parameter of InBi0:04Sb0:96 as determined from
X-ray diffraction pattern is 6.4798 (A and matches
with the theoretically calculated (6.4792 (A) value.
The grown films are of n-type in the entire
temperature range of measurement. The typical
value of electron mobility and carrier concentra-
tion are 3:54� 104 cm2/V s and 9:2� 1016/cm3;
respectively, at 300K. The room temperature band
gap is found to be in the range 0.134–0.140 eV.
Results indicate that the grown films are as good
as the films grown by MOCVD and MBE in term
of structural, optical and electrical properties.
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