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Transport properties of Bi12xSbx alloy thin films grown on CdTe„111…B

Sunglae Cho, Antonio DiVenere, George K. Wong,* and John B. Ketterson†
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We have grown Bi12xSbx alloy thin films on CdTe(111)B over a wide range of Sb concentrations (0<x
<0.183) using molecular-beam epitaxy. Temperature-dependent electrical resistivity~r! and thermoelectric
power ~S! were studied. We have observed several differences over the bulk system. The 3.5 and 5.1% Sb
alloys show semiconducting behavior, and the Sb concentration with maximum band gap shifted to a lower Sb
concentration from 15% in bulk to 9%. Based on a simple interpretation of the temperature-dependent resis-
tivity the maximum gap would be 40 meV, which is larger than that observed in bulk alloys. In addition, we
have observed that the power factorS2/r peaks at a significantly higher temperature~250 K! than previously
reported for the bulk alloy~80 K!. Differences between thin film grown on CdTe~111! and bulk alloy may arise
from the effects of strain, which is supported by theoretical electronic band calculations. These results show
that BiSb films may be useful as band-engineered materials in thermoelectric devices.
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I. INTRODUCTION

Bi and Sb are semimetals with a rhombohedral structu
They have a small energy overlap between the conduc
and valence bands, high carrier mobilities, and small eff
tive masses. Because of these properties, Bi and Sb
frequently been used for quantum-size effect studies.
Bi12xSbx alloy system can be either a semiconductor
semimetal depending on the Sb concentration,1–17 as may be
seen from the band structure in Fig. 1. The addition of Sb
Bi causes theLs andT bands to move down with respect
the La band. At x50.04 the L bands invert2,3 and at x
50.07 the overlap between the holeT and La bands
disappears,4 resulting in an indirect band-gap semiconduc
for x,0.09. For 0.09,x,0.15, Bi12xSbx is a direct gap
semiconductor with a maximum band gap in the ran
18–20 meV for 12–15% Sb concentration.1,6,7 For x.0.15,
the holeH band lies aboveLs and we again have an indirec
semiconductor. Finally atx50.22, H crossesLa , and the
alloys are again semimetallic up tox51 ~pure Sb!. In addi-
tion, the BiSb band structure depends on temperature, e
nal pressure,11–15 and magnetic field.10 With properties such
as a small band gap, high mobility, and a reduced lat
thermal conductivity, semiconducting Bi-rich Bi12xSbx al-
loys may potentially be used as ann-type thermoelemen
operating around 80 K. The thermoelectric figure of me
defined byZT5(S2/rk)T, is 0.88 at 80 K in a magnetic
field of 0.13 T,6 whereS is the thermoelectric power~TEP!
or Seebeck coefficient,r is the electrical resistivity, andk is
the thermal conductivity.

There have been several earlier efforts to grow Bi t
films and superlattices. High-vacuum thermal evaporation
mica substrates was originally used to grow epitaxial
films,18 Bi/CdTe superlattices,19 and Bi/PbTe superlattices.20

Molecular-beam epitaxy~MBE! was more recently used t
grow Bi and BiSb thin films on BaF2

21–23 and CdTe
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substrates,24–28 and superlattices on CdTe substrates.24,27

Morelli, Partin, and Heremans16 reported, based on electrica
transport measurements, a slight enhancement of the b
gap of BiSb alloy thin films for various Sb concentratio
grown by MBE on BaF2(111) substrates. They attributed th
to a compressive strain caused by the smaller lattice cons
of the substrate. In the present paper, we report a deta
experimental study of the electrical resistivity and therm
electric properties of Bi12xSbx alloy films grown on
CdTe(111)B substrates over a wide range of Sb concen
tions (0<x<0.183). X-ray measurements of the thin-fil
lattice constants allow the effect of strain on the electri
and thermal transport to be assessed.

II. EXPERIMENT

Bi12xSbx alloy thin films with x50, 0.019, 0.035, 0.051
0.072, 0.088, 0.112, 0.143, 0.164, and 0.183 were grown

FIG. 1. Variation of energy bands near Fermi level of bu
Bi12xSbx alloys as a function of Sb compositionx in the interval
0<x,0.25.
10 691 ©1999 The American Physical Society
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10 692 PRB 59CHO, DiVENERE, WONG, KETTERSON, AND MEYER
MBE onto semi-insulating CdTe(111)B substrates. The bas
pressure of the growth chamber was in the 10210Torr range.
The growth direction of Bi12xSbx on CdTe(111)B is parallel
to the trigonal axis. We first deposited a 3000-Å CdTe buf
layer at 250 °C, followed by the Bi12xSbx layer at a rate of
0.4 Å/s and at a growth temperature of 100 °C. Bi12xSbx
films were prepared using two effusion cells containing
and Sb. To vary the Sb concentration in the alloys, we ma
tained the Bi cell at 720 °C and changed the Sb cell temp
ture between 480 and 550 °C. The compositions of all
were monitored by a quartz crystal microbalence. The ac
racy has been confirmed by inductively coupled plas
~ICP! spectroscopy analysis. For the ICP measurements
films were dissolved in 8% dilute nitric acid. Using tw
known standard concentrations we could determine
sample compositions by interpolation. The error in determ
ing the relative stoichiometry of the material is the instr
mental error,63% per element~e.g.,x50.08860.0026 for
the 8.8% Sb concentration!. We used these ICP calibrate
values for the Sb concentration in our samples. Reflec
high-energy electron diffraction~RHEED! was used to ex-
amine the specific surface reconstruction of the depos
layers. The Bi12xSbx epilayers had nominal thicknesses of
mm. Since the hexagonal lattice constants of Bi and Sb
4.546 and 4.308 Å, respectively, the lattice mismatch w
CdTe(111)B ~4.58 Å! increases from 0.7 to 1.8% betwee
these limits. The structural properties were repor
elsewhere.29

Films were processed into bar-shape patterns using
tolithography and lift-off techniques for electrical measu
ments. To measure the TEP we used the differential met
in which a small temperature difference is maintained acr
the sample to produce the thermoelectric voltage:DV
5S¹T1b(¹T)21..., where b is a constant. The thermo
electric voltage (DV) i versus temperature difference (¹T) i
were plotted and from the slope of the linear region we co
determine the TEP. To measure the temperature differe
across the sample, we used a differential Cu-constantan
mocouple. The thermoelectric voltage was measured by
ing thin copper leads and was later corrected for the TEP
the leads to obtain the final results.27

III. RESULTS AND DISCUSSION

The temperature-dependent electrical resistivities of
Bi12xSbx alloy thin films with various Sb compositions ar
shown in Figs. 2~a! and 2~b!. At room temperature, the re
sistivity differences between the various compositions
small. However, as the temperature decreases the beh
changes significantly. The 1.9% Sb concentration sam
shows a slightly increased resistivity at low temperature.
the Sb concentration increases, the resistivity increases
idly up to 8.8% Sb concentration as shown in Fig. 2~a!. It
should be noted that the 8.8% Sb alloy has the highest re
tivity at low temperature. With the further addition of Sb, th
resistivity decreases as shown in Fig. 2~b!. The 18.3% Sb
alloy shows a slightly increased resistivity at low tempe
ture. Note that at low temperatures the resistivity saturat

The saturation of the resistivity at low temperature m
indicate the existence of an impurity band.7 In n-type semi-
conductors, Wannier31 treated an impurity as a quasihydr
r
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genic atom in a continuous dielectric material with the ex
electron bound to a spherically symmetric positive cha
embedded in a solid dielectric material. The binding ene
of the electron to the impurity atom is then

En52
e4m*

2n2\2«2 '2
13.6

n2«2 S m*

m0
D eV ~1!

and the orbital radius of the electron is

r n5
n2\2«

e2m S m0

m* D'0.53
m0

m*
n2« Å, ~2!

wherem0 is the electron rest mass,m* is the effective mass
and« is the dielectric constant. The work necessary to se
rate the electron from the atom is given by

DE5E`2E1'
13.6

«2 S m*

m0
D eV. ~3!

BiSb alloys have a high dielectric constant32 ~;100! and low
effective masses (;0.01m0). Using Eqs.~2! and ~3! yields
DE;1.431025 eV and r l;5.33103 Å. In comparison, Si
has aDE;(1.0– 4.9)31022 eV and r 1;(1.9– 3.7)3101 Å
for «511.8 andm* /m50.33. Furthermore, free carriers a
expected to screen out the bound state of high doping le
since the screening length is much less than the orbital
dius. These values are dependent on the type of impurit30

The impurity levels are localized discrete levels for low im
purity concentrations. Above some critical concentrationni
the wave functions of neighboring impurities overlap and
impurity levels evolve into impurity bands. A rough estima
for the critical concentration for Bi-rich BiSb isni

FIG. 2. The temperature dependence of the electrical resis
ties of Bi12xSbx alloy thin films grown on CdTe(111)B with vari-
ous Sb concentrations. The 8.8% Sb alloy was graphed twice
comparison.
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'1/(2r 1)3'1012cm23, which is rather low compared to
concentration;1019cm23 required for Si. Thus this low
critical impurity concentration estimate supports the poss
presence of impurity bands in Bi-rich BiSb alloy thin film
since the impurity concentrations are of the order 1016cm23

for the highest purities available~99.9999%!.
In Figs. 3~a! and 3~b!, the TEP values for the Bi12xSbx

alloy thin films are plotted as a function of temperature b
tween 20 and 300 K. The TEP of a pure Bi film is seen to
in good agreement with the previous single crystal values
conduction perpendicular to the trigonal axis as reported
Gallo, Chandrasekhar, and Sutter33 and Korenblit, Kus-
tretsov, and Shalyt.34 The addition of Sb into Bi affects the
TEP values. The 1.9% Sb alloy shows a slightly enhan
TEP. As the Sb concentration increases, the magnitude o
alloy TEP increases. The maximum TEP was obtained
8.8% Sb alloy and thereafter decreases with a further
crease in Sb composition, as shown in Fig. 3~b!. The TEP
values for the alloy thin films are seen to be larger than th
for the pure Bi film. At low temperatures, the magnitude
the TEP increases linearly with increasing temperature a
bulk. For alloys with Sb concentrations between 3.5 a
16.4% reaches a peak at some intermediate temperature
the decreases at high temperature. However, the TEP o
1.9 and 18.3% Sb alloy thin films shows a temperature
pendence similar to that of pure Bi, in which no distinct pe
is observed. For a thermoelectric material containing b
electrons and holes, the total TEP may be modeled by
relation S5(seSe1spSp)/(se1sp), wherese and sp are
the electrical conductivities andSe andSp are the TEP’s for
electrons and holes, respectively. The observed negative
implies a higher mobility for electrons than for holes~assum-
ing n5p). The magnitude of the TEP increases with d

FIG. 3. TEP’s of Bi12xSbx alloy thin films as a function of
temperature perpendicular to the trigonal axis. The 8.8% Sb a
was graphed twice for comparison.
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creasing temperature above a certain temperature. This
crease is due to the freeze-out of electrons and holes an
increase of the electron-to-hole mobility ratio with decrea
ing temperature, which depends on the Sb concentration
low temperature, the magnitude of the TEP decreases
early with decreasing temperature as in bulk, which is due
the greater degeneracy of the carrier populations.

For a nondegenerate intrinsic semiconductor, assum
the contributing bands are parabolic with the same densit
states and that the carriers are scattered primarily by aco
phonons, the electrical resistivity and TEP can be writ
as30

r5r0 expS EC2EF

kBT D ~4!

and

S5
kB

e S EC2EF

kBT
1BD ~5!

wherer0 is a constant andEc , EF , andB are conduction-
band edge, Fermi energy, and scattering parameter, res
tively. The termEc2EF can be expressed as

EC2EF5 1
2 ~Eg02AT!, ~6!

whereEg0 is the band gap at 0 K andA is a constant. Using
Eqs.~4!–~6!, the band gap can be extrapolated to 0 K. Eq
tion ~4! has been used to derive the thermal effective ba
gap in the semiconducting BiSb alloy system.1–17 Strictly
speaking, it is hard to apply the above formula directly
BiSb because acoustic phonon scattering does not dom
in the thin films at low temperatures and because there
multiple hole bands~at L, H, andT!. The band which makes
the dominant contribution to the temperature dependenc
the resistivity depends on a complex interplay between
band gap, density of states, mobility, and temperature. H
ever, for a simple and qualitative understanding of the B
alloy system we used the above simple model to interpret
results and to compare our results with the reported litera
values for bulk material and thin films.

The fitted thermal band gaps using Eq.~4! are shown in
Fig. 4, compared with similarly calculated literature valu
for bulk1,6–8 and 1-mm-thick epitaxial thin films grown on
BaF2(111).16 As mentioned in the Introduction, the semico
ducting behavior in bulk occurs at alloys compositions b
tween 7 and 22% Sb with a maximum band gap~18–20
meV! at x50.15. However, we have observed several diff
ences relative to the bulk system. The 3.5 and 5.1% Sb al
~corresponding to semimetals in bulk! show semiconducting
behavior. The Sb concentration for the maximum band g
shifts to a lower Sb concentration, from 15% in bulk to 9%
It is seen that the effective band gaps of thin films grown
CdTe~111! are larger than the bulk values, with a maximu
gap of 40 meV.

Figure 5 shows a comparison of the TEP between our
films and bulk values as a function of Sb concentration
several temperatures. Three important points are
dent: ~i! The magnitude of the TEP of the alloys with S
concentration of 3.5 and 5.1% increases with decreas
temperature above 220 K, indicative of semiconducting
havior. ~ii ! The Sb concentration for the maximum TEP h

y
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10 694 PRB 59CHO, DiVENERE, WONG, KETTERSON, AND MEYER
shifted to lower Sb concentrations, from 15 to 9%.~iii ! The
TEP’s of the alloy thin films grown on CdTe~111! are larger
than for bulk alloys, which is consistent with an enhanc
gap@see Eq.~5!#. All these differences observed in TEP me
surements are consistent with the electrical resistivity resu
In both transport measurements~electrical resistivity and
TEP!, the 8.8% Sb alloy has highest effective gap and
highest TEP. Using Eq.~5!, we have fitted our TEP data t
obtain effective band gaps. The overall behavior of the b
gap with Sb concentration is quite similar to that determin
by the temperature-dependent resistivity. The maxim
band gap isEg0535 meV at 8.8% Sb as compared toEg0
540 meV determined from the temperature-dependent e
trical resistivity.

From theu–2u x-ray diffraction performed with a Matrix
diffractometer ~which utilizes a doubly-bent LiF crysta
monocromator and CuKa1 radiation! we can determine the
c-axis lattice constant with respect to the hexagonal unit
of BiSb, as shown in Fig. 6. For a given Sb concentrati
the lattice constant for our films is consistently smaller th
that of the bulk within scatter. The reproducibility of th
substrate alignment is limited, resulting in few tenths o
degree deviation in 2u, which leads to some scatter from th

FIG. 4. Effective thermal band gapEg0 at 0 K asdetermined
from temperature-dependent electrical resistivity measuremen
Sb concentration.

FIG. 5. TEP’s of Bi12xSbx alloy thin films and bulk crystal as a
function of Sb concentration at several temperatures: 220, 260,
300 K.
d
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line drawn in Fig. 6. However, the general tendency of t
c-axis lattice constants is toward smaller values than thos
the bulk. From this trend we infer the presence of a ten
strain in our alloy films. This strain becomes larger wi
increasingx, since the lattice mismatch between BiSb a
CdTe increases.

A possible explanation for the appearance of semic
ducting behavior in the 3.5 and 5.1% Sb alloys, a shift in
concentration with maximum band gap and an enhanced
fective band gap over bulk BiSb alloy, may be the stra
effect, which modifies the electronic band structure, result
in a shift of the relative position of the electron and ho
bands. The semimetallic behavior of Bi and Sb is related
their rhombohedralA7 crystal structure. TheA7 structure
has two atoms per unit cell located at~u,u,u! and (2u,
2u,2u) and a rhombohedral anglea ~for Bi, u50.237 and
a557°14.28; for Sb, u50.233 anda557°6.58). Recently,
total-energy all-electron relativistic band-structure calcu
tions of the phase stability of bulk Bi were performed usi
the full-potential, linear, muffin-tin-orbital method.35 It was
demonstrated that the internal displacement leads to a s
lization of the observedA7 structure and drives a meta
semimetal transition in Bi.~Bi is a metallic foru50.25.) In
addition, the increase in the trigonal shear angle with inter
displacement ~to u50.237) leads to a semimetal-to
semiconductor transition.35 For a560° ~cubic!, Bi becomes
a direct bandgap semiconductor with the calculated gap o
meV at theT points. This calculation suggests that the d
pendence of the electronic structure on the Bi crystal str
ture provide a way of controlling the electronic structur
The presence of tensile strain in our films grown
CdTe~111! leads to an increase in the rhombohedral ang
which drives the electronic band structure of BiSb towa
semiconducting behavior as mentioned above. The app
ance of semiconducting behavior in the 3.5 and 5.1%
alloys, the shift of the Sb concentration for the maximu
band gap, and the enhanced band gap over bulk BiSb al
are all consistent with strain-altered band structure. On
other hand, Morelli, Partin, and Heremans16 observed the
slightly enhanced gap in BiSb alloy thin films grown o
BaF2(111) substrates. They attributed their enhanced b
gap to a compressive strain caused by the smaller la

vs

nd

FIG. 6. Thec-axis lattice constant in the hexagonal unit cell
Bi12xSbx alloy thin films as a function of Sb concentration. Th
solid line gives results for bulk alloys.
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PRB 59 10 695TRANSPORT PROPERTIES OF Bi12xSbx ALLOY THI N . . .
constant of the substrate~4.38 Å!. As shown in Fig. 6, the
lattice constant for their films is consistently larger than t
of the bulk. This is in contradiction with results of the ban
calculations of Shick, Freeman, and Ketterson. On the o
hand, the large effect of hydrostatic pressure on the b
structure of bulk Bi and BiSb alloys has been reported ove
wide range of Sb concentrations. Both theL and T bands
move up and down, depending on pressure and
concentration.13

To evaluate the suitability of BiSb alloy thin films for
thermoelectric module, we have plotted the power fac
(S2/r) as a function of temperature in Fig. 7. Th
temperature-dependent power factor for a 7.2% BiSb a
thin film is compared to bulk Bi and Bi0.88Sb0.12 alloy crys-
tals. Only the largest literature values are graphed in Fig
These results show that power factors for the BiSb thin fil
peak at a significantly higher temperature~250 K! than for
previous results for the bulk alloy~80 K!. The peak tempera
ture mainly depends on the electrical resistivity behav
With a small band gap of 20 meV in bulk, the electric
resistivities of the alloys decreases with decreasing temp
ture below room temperature until a certain temperature,
lated to the thermal energy~e.g., at 300 K,kBT;25 meV).
We observe that the 1.9, 3.5, 16.4, and 18.3 % alloys ha
minimum in the resistivity below room temperature. How

FIG. 7. Temperature dependence of the power factor (S2/r).
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ever, for other films, e.g., 7.2% Sb alloy~having maximum
power factor!, the electrical resistivity increases with d
creasing temperature. Therefore the peak occurs at a h
temperature. These results imply that thermoelectric pro
ties, such as the optimum operating temperature and
magnitude of the figure of meritZ, depend on the magnitud
of the band gap of the material and can be controlled by b
engineering.

IV. CONCLUSION

We have studied the transport properties of MBE-grow
mm-thick Bi12xSbx alloy thin films on CdTe(111)B over a
wide range of Sb concentrations (0<x<0.183). Compared
to the bulk alloy system, there are three important conc
sions.~i! Semiconducting behavior was observed for the
and 5.1% Sb alloy thin films.~ii ! The Sb concentration fo
the maximum TEP and thermal bandgap shifts toward lo
Sb concentrations, from 15 to 9%.~iii ! The effective thermal
band gap and TEP’s of the alloy thin films grown o
CdTe~111! are larger than for bulk alloys. The differenc
between thin film grown on CdTe~111! and the bulk alloys
may be due to strain modifying the electronic band structu
In addition, we have observed that the power factorS2/r
peaks at a significantly higher temperature~250 K! relative
to that for the bulk alloy which peaks at~80 K!. The depen-
dence of the electronic structure on the Bi lattice parame
provides a means of controlling the electronic structure
thermoelectric properties of Bi and BiSb films by strai
imposed by film/substrate lattice mismatch. These res
suggest that band-engineered Bi-based materials may be
ful in thermoelectric devices.
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