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a b s t r a c t

The high-performance thermoelectric materials are considered a potential resource for clean and sus-
tainable energy. Highly mismatched alloys (HMAs), that are admired for the dramatic modifications in
their electronic band structures can essentially play important role in developing high-performance
thermoelectric materials. Here, we explore the potential of GaBi1-xSbx based HMAs for their thermo-
electric applications via density functional theory coupled with the Boltzmann transport theory. To
perform a comprehensive analysis, four different Sb alloying compositions such as GaBi, GaBi0.875Sb0.125,
GaBi0.75Sb0.25, and GaBi0.625Sb0.375, are considered. It is found that the Sb replacement over Bi in GaBi1-
xSbx has stimulated two major modifications in the electronic band structure: the band-gap enhance-
ment, and contraction in the curvature of conduction band minimum. These features have remarkably
evolved the thermoelectric properties of GaBi1-xSbx as a function of Sb contents. The significant increase
in Seebeck coefficient and decrease in the electrical conductivity of GaBi1-xSbx alloy as a function of Sb
content have resulted in large values of thermoelectric power factor as well as the figure of merit (ZT).
Considerable improvement in the ZT values as a function of Sb has been recorded that approaches to ~1.0
for GaBi0.625Sb0.375 at room temperature. The occurrence of optimal thermoelectric coefficient values, at
attainable doping levels below the Fermi level reveals the predominantly p-type nature of the GaBi1-xSbx.
Hence, GaBi1-xSbx (GaBi0.625Sb0.375 in particular) exhibits interesting thermoelectric properties at room
temperature, and is therefore believed to be good candidate material for room temperature based
thermoelectric devices and applications.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

The escalating increase in the environmental pollution due to
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the globalization, the industrial revolution and increased popula-
tion demands for the alternative and renewable sources. Therefore
researchers have shown a remarkable interest in the quest for
finding new and improved methods and resources to bring clean,
abundant and renewable sources of energy to the society in har-
mony with nature. This worldwide demand can be accomplished
for example, by new and highly efficient energy generating devices
based on materials that are earth-abundant and non-toxic. Such
motives have made thermoelectrics one of the fascinating topics in
the field of sustainable energy utilization [1,2]. The feature of direct
inter-conversion between heat energy and electrical energy for
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power generation or refrigeration reveals the significant potential
of thermoelectric materials in solving the energy crises that likely
can make essential contributions to reducing the carbon-based
fuels and cutting energy waste [3]. The efficiency of these mate-
rials in terms of converting heat into electrical energy is charac-
terized by the dimensionless figure of merit. The figure of merit,
ZT¼ S2sT/k is determined by Seebeck coefficient (S), absolute
temperature (T), electrical conductivity (s), and thermal conduc-
tivity. To attain a high value of ZT, a large value of the Seebeck
coefficient, high electrical conductivity, and low thermal conduc-
tivity are needed simultaneously. However, the conflicting corre-
lation between these parameters is the major complexity in
achieving the maximum ZT value. Maximizing the ZT value is,
therefore, demanding for optimized values of a number of param-
eters such as carrier concentration, effective masses of charge car-
riers, and the electronic/lattice thermal conductivity that have been
the subject of significant ongoing research in recent years.

Literature shows that relatively high ZT values materials,
ranging from 0.6 to 1.1 (at 773e823 K), have been reproduced by
employing different approaches such as doping [3,4], microstruc-
ture modulation [5,6] and band structure engineering via alloying
[7,8]. Alloying of materials (semiconductors in particular) is a pro-
nounced approach offering numerous opportunities for tailoring
new dimensions into their physical properties for any desired ap-
plications [9e14]. Literature also illustrates that alloying has often
been practiced among iso-electronic semiconductors holding
relatively well-matching properties for achieving the characteris-
tics as demanded for electronic and optoelectronic applications
[10e17]. Such conventional alloys are typically represented by the
relation A(1-x)B(x)C, where A and B represents the cations usually
belongs to group-II or III elements and the anions C is taken from
the corresponding VI or V. However, with swift advances in the
fabrication and characterization techniques, a new trend of alloying
has been established, where the alloying constituents are chosen to
be highly mismatched in terms of their physical properties, and this
novel class of materials is therefore named as a highly mismatched
alloys (HMAs) [16,18e23]. They are now described by the relation
XY(1-x)Z(x), with X being the cation from II or III and, Y and Z are the
corresponding anions. In contrast to conventional alloys, the host
anions are replaced by elements that exhibit enhanced physical
properties in HMAs. The capability of HMAs to bring in dramatic
evolution in the physical properties, particularly the electronic
band gap on account of minor compositional change has triggered
the high interest of the scientific community. It is therefore
believed that the capability of dramatic modifications in the elec-
tronic band structure of HMAs can possibly provide sufficient room
for the enhanced thermoelectric performance.

Although many HMAs have been explored for the applications
in electronics, optoelectronics, a deep understanding of their
thermoelectric coefficients is scarce so far [14,24,25], that demands
further investigations in order to develop a useful guide for
enhancing their thermoelectric properties. In this paper, we
attempted the designing of highly mismatched alloys (HMAs)
based on GaBi1-xSbx with tunable band gap/band structure and
subsequent modulation in thermoelectric properties. The aim of
the present study is to examine the potential of the GaBi1-xSbx for
thermoelectric applications in the framework of density functional
theory in conjunction with the Boltzmann transport theory. To
explore the dependence of thermoelectric properties GaBi1-xSbx on
the alloying concentration and temperature, we looked into
different compositions of these HMAs such as GaBi, GaBi0.875Sb0.125,
GaBi0.75Sb0.25, and GaBi0.625Sb0.375, at 300 K, 600 K, and 900 K to
this end.
1.1. Research methodology

In the present DFT based electronic structures study, the cal-
culations are done by the full potential linearized-augmented-plus-
local-orbital (FP-L(APWþlo)) method. The basis set used is there-
fore realized by dividing the unit cell into two regions namely: the
interstitial region and the non-overlapping spheres centered on the
atoms. In the interstitial region, the wave functions are represented
by the plane wave basis set, where inside the spherical region, are
augmented by the atomic-like wave function. The wave functions
inside the spherical region (muffin-tin spheres) have been
expanded up to lmax¼ 10, where for the convergence of eigenvalues
in the interstitial region, energy cutoff Kmax¼ 8.0/RMT (Ryd) 1/2 was
taken into account. The electronic-structure related calculations are
performed by the modified Becke-Johnson (mBJ) exchange poten-
tial [26e28] including the spin-orbit coupling (SOC) through the
second variational procedure [29,30]. Different compositions of
GaBi1-xSbx are realized by constructing so-called supercells with 16
atoms/cell. To achieve the ground state, geometry optimizationwas
performed by relaxing the ionic positions and cell size. The RMT
values were chosen for Ga, Bi and Sb as 2.08 a.u, 2.30 a.u, and 2.30
a.u respectively. The Fourier-expanded charge density was trun-
cated at Gmax¼ 16 au�1. The Brillion Zone (BZ) integration has been
done using MonkhorstePack special k-points approach [31]. For
good convergence of energy, the integrals over the special BZ are
performed up to 256 (8� 8� 8) k-points. The total energy was
found to be converged to 10�5Ryd/unit cell in our present self-
consistent computations for well-defined results. Calculations
based on the mentioned computational details were executed by
WIEN2k code [32].

The results of the electronic structure calculations have been
used for the calculations of thermoelectric properties within a
semiclassical Boltzmann theory under a constant scattering time
approximation as implemented in the BoltzTraP code [33]. A brief
summary of the adopted method for the calculations of electrical
conductivity, Seebeck coefficient, power factor (PF), and ZT value
has been given in the following, whereas a detailed explanation of
the Boltzmann transport theory can be found elsewhere [34,35].
The mentioned thermoelectric coefficients have been determined
as a function of chemical potential (m) and temperature using the
following equations.

sabðT ;mÞ ¼
1
U

Z
SabðεÞ

�
� vf0ðT ; ε;mÞ

vε

�
dε; (1)

SabðT;mÞ ¼
1

eTUsabðT ;mÞ
Z

ðε� mÞSabðεÞ
�
� vf0ðT ; ε;mÞ

vε

�
dε;

(2)

where a and b are Cartesian indices of the tensor quantities. Sym-
bols e, U and fo represent the electronic charge, volume of the unit
cell and the FermieDirac distribution function of the carriers
respectively.

The energy projected transport distribution function repre-
sented by Sab is central term in equations (1) and (2) and can be
defined as

SabðεÞ ¼
e2

N

X
i;k

tnaði; kÞnbði; kÞd
�
ε� εi;k

�
; (3)

where naði; kÞ ¼ 1
ħ
vεi;k
vka

represents the group velocity, and i, k, N, and

tmentioned in Eq. (3) are used for the band index, wave vector, the
total number of k-points used for the BZ sampling and relaxation
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time, respectively. Since the wave-vector-dependent relaxation
time is an undetermined quantity in the present calculations, the
t-dependent quantities such as electrical conductivity and power
factor (S2s) are reported with respect to t i.e s=t and S2s=t.
Fig. 2. Total density of states of GaBi1�x Sbx for x ¼ 0, 0.125, 0.25, and 0.375 determined
with mBJþSOC. The inset shows the upward movement of the conduction band
minimum as a function of Sb concentration.
2. Results and discussion

In the present DFT based investigations of the thermoelectric
properties of GaBi1-xSbx, four different compositions of Sb alloying
such as GaBi, GaBi0.875Sb0.125, GaBi0.75Sb0.25, and GaBi0.625Sb0.375 are
considered for a comprehensive understanding of composition
induced modifications in the thermoelectric parameters. Fig. 1
shows a schematic of the designed 16-atoms supercell of GaBi
used in the present study.

GaBi has been found to be thermodynamically stable in zinc-
blende phase with the space groups of F43m [36,37]. The lattice
constant “a” of GaBi in zinc-blende phase has been estimated in
experiments as 6.33 Å [38], whereas the first-principles based ap-
proaches report it as 6.28 Å [36], 6.26 [39], 6.324 Å [37]. GaBi
demonstrates a lot of similarity with GaSb that crystalizes in zinc-
blende phase with a lattice constant of magnitude ~6.10 Å [40],
6.12 Å [41]. This provides a good opportunity for the mutual
alloying of GaBi and GaSb such as GaBi1-xSbx. Moreover, the solu-
bility of Sb at high concentration in the matrix of GaBi can be
anticipated. Owing to these features, the alloying between the
constituents of GaBi and GaSb (such as GaBi1-xSbx) has been prac-
ticed in both experimental [42e48] and theoretical [49e51]
frameworks.

Next, we examine the effect of Sb contents on the electronic
band structure of GaBi1-xSbx as the modifications in the electronic
band structure alter the electrical conductivity and consequently
the other thermoelectric coefficients. Hence, we determine the
density of states of GaBi1-xSbx against energy using mBJþSOC
(Fig. 2).

Fig. 2, shows that GaBi1-xSbx based HMAs possess noticeably
narrow bandgap that however undergo a considerable enhance-
ment with an increase in Sb contents. Our analysis of the electronic
band structures reveals that Sb alloying with GaBi has induced two
considerable modifications in the band structure. First is that;
replacing Sb over Ga has affected the conduction band edges by
pushing them to higher energies in the conduction band that
grounds the observed increase in the band gap of GaBi1-xSbx as a
function of Sb concentration. The advancement of the conduction
band minimum (CBM) into upper conduction band as a function of
Sb concentration has been shown in the inset of Fig. 2. Our analysis
of the partial DOS (Fig. 3) shows that CBM of GaBi is defined mainly
by the Ga related bands (s-band in particular) with some contri-
bution from Bi related s,p-states. Alloying of Sb with GaBi
Fig. 1. Schematic of the designed 16-atoms supercell of GaBi used in the present study.
introduces Sb related impurity states into the valence and con-
duction bands in the vicinity of Fermi level. Although Sb related
impurity bands experience strong hybridization with Bi-p in the
valence band, their influence is rather significant in the lower part
of the conduction band where the Sb-s,p states, mixed with Ga-s
and Bi-p, lead to significant modifications in the arrangement of
states in the lower conduction band. The upward movement of the
conduction band is likely the result of the interactions taking place
between these mixed states that consequently enhanced the en-
ergy band-gap. The dependence of energy band gap on the alloying
composition has been shown in Fig. 4(a). The increase in the band
gap on account of Sb content has also been reported concerning
various other materials such as SnO2 [52], CuAlO2 [53], Bi2Te3 [54]
and ZnO [55] etc.

The second major observation is regarding the parabolic bands
defining the conduction band minimum where their curvatures
experience a continuous reduction in their radii as the Sb concen-
tration increases (Fig. 4(b)). The radii of the curvatures defined by
the bandgap edges show significant influence on the masses of the
charge carriers associated with these bands. The correlation be-
tween the curvatures of the band edges and masses of the charge
carriers can be further understood by the following equation.

d2E=dk2 ¼ Z2
.
m  (4)

It is evident from equation (4) that bandgap edges with larger
curvatures are conducive to heavier masses of charge carriers and
vice versa. Consequently, heavier masses of charge carriers on ac-
count of larger curvature results in lowering the electrical con-
ductivity of the corresponding solid materials.

Based on equation (4), we assume heavier masses of electrons in
GaBi due to its comparatively larger CBM's curvature, however,
GaBi simultaneously exhibits narrower band-gap, resulting in suf-
ficiently larger electrical conductivity compared to the other
alloying compositions. The effect of bandgap enhancement on the
electrical conductivity is further seen in Fig. 5, where the conduc-
tivity of GaBi1-xSbx based HMA decreases with increase in Sb
composition. Besides, the difference in the electronegativity values
of the constituents of the GaBi1-xSbx also was found to be playing
important role in the observed degradation of the electrical con-
ductivity. In principle, a small difference in the electronegativities
of the constituents is more favorable for covalent bonding and
therefore results in higher carrier mobility [56], otherwise, the
carrier mobility is lower. In the present case, the difference in the
Pauling electronegativity of Ga (~1.81) with Sb (~2.05) is larger as
compared to that of Bi (~2.02), as a result carrier mobility in GaBi is
potentially larger than that of GaBi0.875Sb0.125, GaBi0.75Sb0.25, and
GaBi0.625Sb0.375. Therefore, the decrease in the electrical



Fig. 3. The partial density of states of GaBi1�x Sbx for x¼ 0 (a), 0.125 (b), 0.25 (b), and 0.375 (d) highlighting the role of Ga, Bi and Sb related s,p electrons into the electronic
properties of GaBi1�x Sbx.

Fig. 4. (a) The enhancement in the energy gap of GaBi1�x Sbx has been shown as a function of Sb concentration. (b)The dependence of conduction band minimum of GaBi1�x Sbx
along G-point in the Brillion zone. An obvious reduction in the radii of the curvature of the conduction band minimum has been seen as a function of Sb concentration.
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conductivities of GaBi1-xSbx HMA with an increase of Sb contents
can be attributed to the combined effect of enhanced energy
bandgaps and the degradation in carrier mobility due to the dif-
ference of their electronegativities.

We further investigate the effect of temperature on the electrical
conductivity of GaBi1-xSbx by performing calculations at three
different temperatures such as 300 K, 600 K, and 900 K. Fig. 5,
further demonstrates the effect of temperature on the electrical
conductivity. The response of the electrical conductivity to the
temperature is such that it increases monotonically with temper-
ature, showing that GaBi1-xSbx based HMAs are semiconductor in
nature. The electrical conductivity of GaBi at Fermi level was
recorded as 4.53� 1018/Ums at 300 K that increased to 0.05� 1020/
Ums at 600 K and 0.055� 1020/Ums at 900 K. Whereas the elec-
trical conductivity of GaBi0.875Sb0.125 magnitudes to 3.15� 1011/
Ums at 300 K, 1.06� 1015/Ums at 600 K and 2.09� 1016/Ums at
900 K, for GaBi0.75Sb0.25, the calculated conductivity at Fermi level
was found as 5.09� 109/Ums at 300 K,1.41� 1014/Ums at 600 K and
6.19� 1015/Ums at 900 K and for GaBi0.625Sb0.375, the electrical
conductivity amounts to 2.53� 109/Ums at 300 K, 1.03� 1014/Ums
at 600 K and 5.11� 1015/Ums at 900 K. As can be seen from Fig. 5,
the electrical conductivity experiences an abrupt increase in the
vicinity of Fermi level corresponding to the band gap edges.

As seen, the pure GaBi exhibits sufficiently larger electrical
conductivity over Fermi level due to its narrower band gap and a
large number of charge carriers. However, the electrical conduc-
tivity of GaBi experiences rapid reduction upon Sb substitution.
This reduction in the electrical conductivity can be attributed to the
enchantment of energy gaps and reduction in carrier's mobility for
the replacement of Sb over Bi. The reduction in electrical conduc-
tivity is likely to stimulate significant enhancement in the Seebeck
coefficients and ZT values. However, the variation in the electrical
conductivity is relatively less significant among GaBi0.875Sb0.125,
GaBi0.75Sb0.25, and GaBi73.5Sb62.5. As a result, the variation in the
transport coefficients is predicted less significant with an increase
in Sb compositions in GaBi0.875Sb0.125, GaBi0.75Sb0.25, and



Fig. 5. Dependence of electrical conductivity (s/t) and thermal conductivity (k) of GaBi1�xSbx based HMAs for x¼ 0, 0.125, 0.25, and 0.375 on chemical potential and temperature.
The s/t and k are found to increase to with temperature due to semiconducting nature of GaBi1�xSbx.

Fig. 6. Modifications in the Seebeck coefficient (S) of GaBi1�xSbx based HMAs for x¼ 0,
0.125, 0.25, and 0.375 on the account of Sb contents. Seebeck coefficients experience an
abrupt increase in the presence of Sb. Seebeck coefficients of GaBi1�xSbx were found to
decrease with increase in temperature. In the inset, a prototype temperature depen-
dence of Seebeck coefficient has been shown for GaBi0.75Sb0.25.

S. AlFaify et al. / Journal of Alloys and Compounds 739 (2018) 380e387384
GaBi73.5Sb62.5.
In addition to electrical conductivities, the thermal conductiv-

ities of the considered compositions of GaBi1-xSbx have also been
calculated as shown in Fig. 5. It is seen that the increase in thermal
conductivity of GaBi1-xSbx with an increase in temperature is sig-
nificant than that of electrical conductivity. In the adopted Boltz-
mann transport theory for thermoelectric calculations, the thermal
conductivity is majorly considered from the contribution of the
electrons whereas the role of lattice thermal conductivity is
neglected [33]. This is sufficiently reasonable as increase in tem-
perature (particularly above room temperature) leads to the exci-
tations of electrons that consequently result in the enhancement of
electrical thermal conductivity. Whereas the sever lattice vibration
with increase in temperature results in enhancing the ratio of
phonon scattering that subsequently reduces lattice contributions
to the thermal conductivity [57]. This inverse relation of lattice
thermal conductivity with temperature has also been reported in
experiments [58]. Thus it is reasonable to assume the insignificant
contribution from lattice thermal conductivity to the total thermal
conductivity in comparisonwith the electronic contribution at high
temperature. Therefore the adopted approach is believed to pro-
vide a sufficiently good estimate of thermal conductivity and
thermoelectric figure of merit at room temperature and above.

Our analysis shows that the electrical and thermal conductiv-
ities of GaBi1-xSbx have larger values for n-type doping or electrons
than p-type or holes possibly due to the lighter masses of electrons
in CB than holes in VB.

On the other hand, the Seebeck coefficients of GaBi1-xSbx shown
in Fig. 6, occur with optimal values for p-type doping as it is pro-
portional to holes concentration (p�2/3). The electrical
conductivities encounter for the mentioned range of energy with
minimum value due to their inverse relation with Seebeck co-
efficients. It is, therefore, GaBi exhibit a comparatively lower See-
beck coefficient for its calculated higher electrical conductivity.
Hence, our results are fairly consistent with each other. The typical
appearance of Seebeck coefficients below the Fermi level suggests
that p-type doping is more favorable for GaBi1-xSbx alloys.

At room temperature, GaBi exhibits its maximum Seebeck value
of magnitude 438.5 mV/K at �0.27 eV and �354.0 mV/K at �0.22 eV.
However, a dramatic increase in the Seebeck value GaBi1-xSbx has
been observed in the presence of Sb contents. For instance, the
Seebeck coefficient of GaBi0.875Sb0.125 is almost four times larger



Fig. 7. The thermoelectric power factors of GaBi1�xSbx based HMAs for x¼ 0, 0.125,
0.25, and 0.375 on the account of Sb contents have been shown. A significant evolution
has been seen in the power factors GaBi1�xSbx in the presence of Sb contents. Further
increase in the power factor values has been recorded with an increase in temperature
as shown in the inset for GaBi0.875Sb0.125.
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than that of GaBi. GaBi0.875Sb0.125 attains maximum Seebeck value
of magnitude 1860 mV/K at - 0.22 eV and 1710 mV/K at �0.10 eV
respectively. Similarly, for the GaBi0.75Sb0.25, Seebeck value has
been recorded as 2050 mV/K at�0.15 eV and 1890 mV/K at�0.04 eV,
whereas GaBi0.625Sb0.375 attains maximum values of Seebeck co-
efficients at �0.14 eV and �0.014 eV of magnitude 2080 mV/K
and �1893 mV/K respectively.

The Seebeck coefficient plays important role in the thermo-
electric performance of any material. A typical value of
150e250 mV/K or greater is considered a prerequisite to achieve the
demanded value of ZT (z1) for good thermoelectric performance
[59]. Therefore GaBi1-xSbx alloys with high Seebeck values profi-
ciently fulfill the fundamental requirement for thermoelectric ap-
plications. In fact, these alloys possess the Seebeck values
comparable to that of the well-recognized thermoelectric materials
such as PbTe [60,61]. The Seebeck coefficient of GaBi1-xSbx calcu-
lated in the present study experiences significant reductionwith an
increase in temperature. A prototype of Seebeck coefficient's
dependence on temperature has been shown in the inset of Fig. 6.

The major structures appear in the electrical conductivity and
Seebeck coefficient stem the PF (S2s=t) at the corresponding en-
ergies. Hence the peaks appear in the PF might be originated from a
corresponding peak either in the electrical conductivity, Seebeck
coefficients or both. The calculated maximum values of PF with
corresponding energies are listed in Table 1.We recorded large PF in
GaBi of magnitude 8.34� 1014mW/cmK2s for n-type doping at
0.75 eV (Fig. 7). Since the Seebeck coefficient has negligible value at
the corresponding energy, the PF is therefore assumed to be mainly
contributed by the high electrical conductivity of magnitude
0.76� 1020/Ums at the corresponding chemical potential. In
contrast to GaBi, the PF favors p-type doping in the case of
GaBi0.875Sb0.125, GaBi0.75Sb0.25, and GaBi73.5Sb62.5, and go through
significant improvement in the presence of Sb contents. The
maximum PF value in the case of GaBi0.875Sb0.125, GaBi0.75Sb0.25,
and GaBi0.625Sb0.375 is considered being the joint contribution of
electrical conductivity and Seebeck coefficient as both parameters
exhibit noteworthy response at the corresponding energies. The
maximum value of PF for GaBi0.875Sb0.125 described by sharp peak
magnitudes to ~12. 38� 1014mW/cmK2s at �0.75 eV. The recorded
electrical conductivity and Seebeck coefficients at this energy
amounts to 0.033� 1020/Ums and 191.7 mV/K respectively. For
GaBi0.75Sb0.25, the PF achieves maximum value of magnitude
~12.40� 1014mW/cmK2s at �0.82 eV with electrical conductivity
~0.064� 1020/Ums and Seebeck value 151.4 mV/K at the corre-
sponding energy. Similarly, the maximum PF for GaBi0.625Sb0.375
magnitudes to 12.41� 1014 mW/cmK2s at �0.72 eV, and the corre-
sponding electrical conductivity and Seebeck coefficients were
recorded as ~0.037� 1020/Ums and 183.70 mV/K respectively. The
high values of PF of GaBi1-xSbx emphasize the capacity of these
materials to quantify the actual electrical power produced by a
temperature gradient. Although no literature is available on the
thermoelectric properties of GaBi1-xSbx to our knowledge, our re-
sults are fairly comparable to the thermoelectric properties of
narrow bandgap materials comprising of heavy atoms such as PbTe
Table 1
The maximum values of PF (in units of 1014mW/cmK2s) at room temperature with a posit
1020/Ums) and Seebeck coefficients (in units of mV/K) at energies corresponding to the ma
type doping and vice versa.

Composition (x) Type of doping Epeak(eV) PFmax(at 300K)

GaBi n 0.75 8.34
GaBi0.875Sb0.125 p �0.75 12.40
GaBi0.75Sb0.25 p �0.82 12.40
GaBi0.625Sb0.375 p �0.72 12.41
(~74� 1014mW/cmK2s), YPtBi (~18� 1014mW/cmK2s), Na3Bi
(~7.5� 1014mW/cmK2s), and TaAs (~53� 1014mW/cmK2s) [60,61].
The response of the PF of GaBi1-xSbx alloys to the temperature is
such that; it observes a linear increase with increasing temperature
(See inset in Fig. 6). Our analysis shows that an increase of 300 K
causes enhancement of order 1.5 to 2 in the PF.

The trade-off observed between the electrical conductivities
and Seebeck coefficients of GaBi1-xSbx alloys propose the existence
of an optimal doping level where the figure of merit ZT can attain a
maximum value. These parameters are inter-related to each other
by the following relation

ZT ¼ S2sT
k

(5)

In equation (5), k represents the thermal conductivity.
Furthermore, equation (5), suggests that ZT can be enhanced by
lowering thermal conductivity, and enhancing the combined effect
of the Seebeck coefficient and electrical conductivity. Fig. 8, shows
dependence of ZT on Sb content and temperature with respect to
chemical potential. The optimal ZT values occur at modest doping
levels for all compositions of the investigated alloys, and favors p-
type doping. As seen from figure, the ZT experiences a notable
ion on energy window relative to Fermi level. The electrical conductivity (in units of
ximum PF are also given. The concurrence of PFmax at positive energy is referred to n-

Electrical conductivity Seebeck coefficients ZT (at 300 K)

0.76 �3.47 0.844,
0.033 191.7 0.993
0.064 151.4 0.994
0.037 183.70 1.0



Fig. 8. The thermoelectric figure of merit (ZT) calculated for GaBi1�xSbx based HMAs
for x¼ 0 (a), 0.125 (b), 0.25 (c), and 0.375 (d) as a function of temperature and Sb
concentration. The ZT values of GaBi1�xSbx are considerably enhanced with an increase
in Sb concentration. Moreover, ZT values have been degraded with an increase in
temperature possibly due to the significant reduction was seen in the Seebeck
coefficient.
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increase in the presence of Sb content compared to GaBi. The room
temperature ZT values for GaBi, GaBi0.875Sb0.125, GaBi0.75Sb0.25 have
been listed in Table 1. The higher ZT values of GaBi1-xSbx alloys
reveal them highly efficient for energy conversion at room tem-
perature. The abrupt increase in ZT values is likely induced by the
degraded electrical conductivities and enhanced Seebeck co-
efficients as a function of Sb content. Furthermore, the linear
decrease in ZT with increase in temperature seen in Fig. 8, is
possibly caused by the drastic reduction in Seebeck value with
temperature (Fig. 5). The effect of electrical conductivity is ruled out
as the change in electrical conductivity is comparatively less sig-
nificant. Overall, the GaBi1-xSbx based highly mismatched alloys are
predominantly p-type in nature where their thermoelectric co-
efficients with optimal values occur at attainable doping levels. It is
therefore believed that they can be good candidates for thermo-
electric applications.
3. Conclusions

In our present study, two foremost variations; 1) linear
enhancement in the energy gap, 2) contraction of the curvature of
conduction band minimum, in the electronic structures of the
highly mismatched alloys GaBi1-xSbx, were identified.
Consequently, appealing results for thermoelectric properties like
large values of Seebeck coefficients, thermoelectric power factors,
and ZTz 1 values, in particular, for GaBi0.625Sb0.375, at room tem-
perature, were obtained. Moreover, the highly mismatched GaBi1-
xSbx alloys were predominantly found in p-type nature and the
values of their optimal parameters were found at attainable doping
levels. Hence, the striking values of the thermoelectric figure of
merit at room temperature and other features predict the GaBi1-
xSbx alloys an appropriate candidate for the conversion of heat
energy into electricity, in other words, this also predicts them as
potential materials for thermoelectric applications that should be
explored experimentally.
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