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Radially-homogeneous and single-phase InAsxSb(12x) crystals, up to 5.0 at. % As concentration,
have been grown using the rotatory Bridgman method. Single crystallinity has been confirmed by
x-ray and electron diffraction studies. Infrared transmission spectra show a continuous decrease in
optical energy gap with the increase of arsenic content in InSb. The measured values of mobility and
carrier density at room temperature~for x5.05! are 5.63104 cm2/V s and 2.0431016 cm23,
respectively.
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InSb has the smallest energy gap~0.17 eV! among the
binary III-V semiconductors. Although the energy gap
InAs ~0.38 eV! is larger by 0.21 eV, a substantial bowing
the energy gap to values below that of InSb occurs whe
small amount of arsenic replaces antimony. The energy
of InAsxSb(12x) continuously decreases with increasingx
and attains a minimum value of 0.1 eV forx50.4,1–3 at
room temperature. Hence this material is useful for ro
temperature infrared detectors operating in the 8–12mm
wavelength range.3–5 Furthermore, the very low effective
mass of InAsxSb(12x) across the compositional range6 raises
the prospect of using this material for various galvanom
netic applications. Although the benefits of alloying As
InSb had been discovered and studied for more than 30 y
now, all studies carried out on bulk samples have been
crudely prepared polycrystals.2,7,8 There has been no repo
on the growth and properties of InAsxSb(12x) bulk single
crystals for any value ofx. On the other hand by employin
nonequilibrium techniques like molecular beam epitax4

melt epitaxy9,10 and metalorganic chemical vapo
deposition,5 epitaxial films of this material have been grow
Recent works on InAsxSb(12x) are also on thin films and
superlattice structures.11,12 In this letter, we report on growth
and salient features from structural, optical, and electr
studies on bulk single crystals of InAsxSb(12x) , for 0,x
,.05. These crystals were grown using the rotatory Bri
man method.13

InAsxSb(12x) was synthesized by diffusing arsenic in
high purity InSb. The starting material was taken in fi
different molar proportions viz., InSb:As::95:5, 90:10, 85:1
80:20, and 75:25. The phase diagram of In–As–Sb has b
well studied both theoretically and experimentally,14,15 from
which the initial reaction temperatures were determined to
in the range of 600 to 700 °C for various compositions.
was found that homogeneous single crystals of InAsxSb(12x)

could be grown only up to starting proportions of 90:1
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beyond which the grown crystals were inhomogeneous
often phase separated. Consequently results are discu
only for the growth runs carried out with InSb:As ratios
up to 90:10. The starting materials were cleaned, degrea
and filled in an ampoule made from semiconductor gra
~GE 214! quartz tube of 8 mm inner diameter. The ampou
was evacuated to 1026 Torr and then sealed by fusing. Th
ampoule was given a 28° conical taper to initiate good se
ing. To promote synthesis, the sealed ampoule was place
the suitable temperature zone of the furnace in the rota
Bridgman setup.13 Figure 1 shows the furnace temperatu
profile and the position of the ampoule with respect to it. T
growth setup was inclined at an angle of 22° from the ho
zontal to ensure the initial seeding at the ampoule tip.
growth, temperature of the furnace was increased to 625
which is the melting point of antimony and well above th
sublimation temperature of arsenic. At this point, to have
proper mixing between melt and As vapor, the ampoule w
rotated in reverse. It may be pointed out that at 625 °C
vapor pressure of arsenic is over 1 bar, and hence heating
ampoule above this temperature often led to ampoule cra
ing. The reason for heating the ampoule well above the s
limation temperature is to thermally assist the diffusion p
cess, which enhances the incorporation of arsenic in In
The accelerated crucible rotation13 ~60 rpm peak rotation!,
coupled with the ampoule inclination, ensures InSb melt m
tion in radial and axial directions. The diffusion of arsen

il:
FIG. 1. Temperature profile and the position of the ampoule in the furn
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vapor from the high to low temperature side through the m
was further facilitated by these rotation cycles. After 6 h
mixing, the growth was initiated by moving the furnac
along the ampoule axis with a traverse rate of 8 mm/h
may be pointed out that though the ampoule is tilted by
from the horizontal, the liquid solid interface is not paral
to the horizontal during growth. This is essentially becau
the accelerated crucible rotation was imposed on the
poule. It was experimentally observed that the liquid–so
interface was slightly concave and symmetric with respec
ampoule axis. Typical size of the grown crystals were 8 m
diameter and about 45 mm length. The ingots were sin
crystalline upto'35 mm after which they were of multi
grain. Wafers were made from the 10–20 mm region fr
the tip of the ingot.

The melting point of InAsxSb(12x) crystals as found by
differential scanning calorimetry~DSC! was 570 °C. This in-
dicates that As concentration~inferred from the phase dia
gram of InAsxSb(12x)

15! must be more than 3 at. %. Presen
of a sharp single endothermic peak in the DSC graph in
cates the absence of any secondary phase. The composix
in InAsxSb(12x) crystals grown from starting proportions o
95:5 and 90:10 were .02 and .05, respectively, as determ
from energy dispersive x-ray analysis. The grown cryst
were radially homogeneous, but the As composition
creased from tip to the other end of the ingot.

A single x-ray diffraction~XRD! peak ~at 2u523.86°!
for InAs.05Sb.95 wafer confirms~111! orientation of the ingot
~inset in Fig. 2!. The XRD peak for the~111! reflection
showed a clear shift towards higher angle relative to tha
InSb, indicating a lattice contraction due to As substituti
~Fig. 2!. The lattice parameters of InSb and InAs.05Sb.95, as
calculated from XRD, were 6.47826.0006 and 6.4606
6.0006 Å respectively and reasonably match the values
tained from Vegard’s law. The bright field transmission ele
tron microscope~TEM! image of a InAs.05Sb.95 sample is
shown in Fig. 3~a!. Its selected area electron diffraction pa
tern@Fig. 3~b!# confirms zinc blende structure and absence
any twinning. However in the bright field image dislocatio
were observed which are primarily along the^110& direction
@Fig. 3~c!#. The estimated dislocation density wa
'108 cm22. This is comparable to those found fo
InAsxSb(12x) alloy grown by various other techniques.16

FIG. 2. X-ray diffraction peaks of InSb and InAs.05Sb.95 wafers. The inset
shows an x-ray diffraction pattern of InAs.05Sb.95 wafer for 2u scan from 10°
to 70°.
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The Fourier transform infrared~FTIR! transmission
spectra recorded for InAsxSb(12x) (x50.02,0.05) wafers in
the wavelength range of 3–25mm are shown in Fig. 4. An IR
spectrum of InSb is included in this figure for compariso
The IR spectra of both the InAsxSb(12x) samples show a
shift of absorption edge to lower energy. The room tempe
ture energy gaps for the three samples, calculated using
relation a;(Eg2hn)1/2, were measured to be 0.17, 0.1
and 0.15 eV forx50, 0.02, and 0.05, respectively.

Resistivity and low field~,0.2 T! Hall coefficient for
five InAsxSb(12x) samples withx50.02 ~three samples! and
x50.05 ~two samples! were measured between 12 to 300
The RT mobility in the samples forx5.02 was 4.5
3104 cm2/V s, and for x5.05 was 5.63104 cm2/V s. All
samples withx50.02 weren-type and showed an intrinsi
behavior above'250 K. The representative results forx
50.02 samples, shown in Fig. 5, give a RT carrier conc
tration of 6.431016/cm3, and a background doping of 5
31016/cm3, determined from the value of Hall coefficien
measured at 15 K. The mobility peaks at around 250 K, a
which it begins to fall, limited by a combination of electro
hole, and phonon scattering.17 The values obtained show tha
alloy scattering is not important in limiting the mobility. It i
the large dislocation density~as evaluated from the TEM

FIG. 3. ~a! Bright field image of InAs.05Sb.95. ~b! Selected area diffraction
pattern of~a!. ~c! Bright field image showing dislocations along the^110&
direction.

FIG. 4. RT infrared spectra of bulk InSb~for comparison! and
InAsxSb(12x) .
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images!, that strongly affects the mobility, especially at lo
temperatures. The values and the temperature dependen
mobility below 200 K were seen to vary considerably b
tween different samples, being particularly sensitive to nu
ber, charge, and the nature of dislocations present. For
sample reported, the mobility at 15 K was 3.3
3104 cm2/V s. The sample withx50.05 shows a type con
version fromn to p at 110 K. The carrier concentration me
sured at RT was 2.0431016/cm3, in agreement with the cal
culated value of the intrinsic carrier concentration.6 Below
77 K, the Hall coefficient and resistivity did not saturate a
the conductivity below 30 K was strongly activated, indica
ing the presence of acceptor-like trap states. Further evide

FIG. 5. Temperature dependence of~a! Hall coefficient, and~b! conductivity
and mobility ~inset! of InAsxSb(12x) .
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of their presence is given by the pronounced tail in the
sorption edge18 for this sample~Fig. 4!. The hole mobility
continuously dropped with a decrease in temperature to
cm2/V s at 15 K.

In conclusion, we have grown radially homogeneous a
single phase InAsxSb(12x) crystals, up to 5 at. % As concen
tration using the rotatory Bridgman method. XRD and TE
studies reveal their single crystalline nature and a co
pressed lattice as compared to InSb. FTIR transmission s
tra taken at RT, show a continuous shift in energy gap w
increasing arsenic concentration. Forx50.05 the measured
values of mobility and carrier density at RT were 5
3104 cm2/V s and 2.0431016 cm23, respectively. The RT
cutoff wavelength at 8.3mm along with the high mobility
and low background doping should make these single c
tals useful in developing long wavelength infrared detect
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