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Abstract

Good thermoelectric performance is being sought to face major problems related to energy, especially in the concern of the
usage of energy on environmental impact. In this work, we investigate the underlying mechanism to enhance the thermo-
electric performance of bismuth selenide (Bi,Se;) by employing density functional theory (DFT) followed by the Boltzmann
transport equation under relaxation time approximation. The structural, electronic, and thermoelectric properties were cal-
culated and analyzed. From the analysis of combined results of thermoelectric properties and electronic properties as the
function of the Fermi level, we found that the power factor of Bi,Se; is improved by increasing electrical conductivity that
contributed by the large density of states and light effective mass of charge carriers. The figure of merit, on the other hand,
is enhanced by increasing Seebeck coefficient that contributed by heavy effective mass and decreasing thermal conductivity
that contributed by low density of states. We also found that both power factor and figure of merit can be improved through
n-type doping at 300 K and p-type doping at higher temperature (400 K and 500 K).
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Introduction

Thermoelectricity has become fascinating prospect for use
in generating green energy especially from the processes
of waste heat [1-3]. The narrow-band gap (0.3 eV) semi-
conductor such as Bi,Se; has been recognized as an out-
standing thermoelectric material [4-6]. Thermoelectric
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material’s unique properties is that it can convert waste heat
to electrical energy directly [7, 8]. It has contributed to the
development of many applications such as waste heat recov-
ery, humidity sensors, solid-state generators and radiation
sensors [9, 10]. The most attractive application is a sensor
that use for internet of things (IoT). There is considerable
demand to power these sensors without replacing the batter-
ies. Thermoelectric device is favorable candidate for wire-
less sensor networks (WSNs) in IoT due to its capability
such as no moving part, no maintenance requirement, high
reliability, small size and flexible [11]. Thermoelectric mate-
rial has advantages such as reliable conversion, scalable and
compact compared with other technologies of energy con-
version and can be the solution to the environmental crisis
because no energy waste produced during operation [12—-14].
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In the several crucial markets, thermoelectric devices are in
mass production for heating, temperature-control and cool-
ing applications. For future inquiry, if ZT performance of
thermoelectric devices has reached 2, commercial solid-state
heating, air-cooling systems and ventilating would become
available for public to use at home and office [15].

Thermoelectric performance of thermoelectric material is
evaluated by the equation ZT = S>6T /k, where S is Seebeck
Coefficient or thermopower, o is electrical conductivity, T is
temperature, k is thermal conductivity and ZT is dimension-
less figure of merit. From the equation, good thermoelectric
material is the one that has higher thermopower and electri-
cal conductivity, and a lower thermal conductivity.

Experimental report by Patil et al. shows one of the high-
est thermopower that Bi,Se; has ever attained which is
556 pV/K. Due to the lower electrical conductivity (1.877
S/cm), the performance of Bi,Se; is low as 0.033 [16]. The
experimental report by Kulsi et al. shows the same trend
which Bi,Se; has low performance (0.02) due to the lower
electrical conductivity (5.200 S/cm) [17]. Many modifica-
tions have been done to increase the performance such as
doping for instance. Doping by copper, antimony and nickel
have increased the ZT value to 0.54, 0.036 and 0.57, respec-
tively [16—18]. There are also modification by nano-struc-
turing such as nanoplates and nanosheets of Bi,Se; that have
increased the performance to 0.14 and 0.17, respectively [19,
20]. The advantage of nano-structuring is that the perfor-
mance can be improved by reducing thermal conductivity
without decreasing power factor greatly [13]. Even though
there are many high-performance thermoelectric materials
that almost reach unity 1.0 figure of merit, these materials
could only operate at higher temperature [21-24]. Bi,Se; on
the other hand, specialized in operating thermoelectricity at
room temperature [25, 26].

Study by Peter et al. has made enhancement through opti-
mization of p-doped Bi,Se; that has significant advantage
over Bi,Te; on thermoelectric properties at the range tem-
perature from 400 to 600 K. The optimization has produced
better ZT performance [27]. Study by Leo et al. made further
enhancement from optimized doped Bi,Se; for both n-type
and p-type through a tensile in-plain strain and compressive
uniaxial strain. The strain has increased Seebeck coefficient
that lead to increase of power factor [28]. There have been
many fruitful optimized doping predictions for thermoelec-
tric materials such as done on CuFeS,, Cr-doped Bi,Te; and
ZnSb which shows that analyzing in doped configuration
could predict good prediction of good thermoelectric per-
formance [29-31].

In this study, we attempt to investigate thermoelectric
properties of Bi,Se; as the function of Fermi level to find its
optimal doping level and performance by using first-princi-
ples study of density functional theory (DFT). According
to Xu et al., Fermi level can be controlled and adjusted in
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topological insulator [32]. Bi,Se; also exhibit as topological
insulator besides thermoelectric material [4, 32-34]. Thus,
thermoelectric properties are expected can be significantly
tuned and optimized. The study involved the investigation
on structural, electronic and thermoelectric properties of
Bi,Se;. Structural properties are calculated using Cambridge
Serial Total Energy Package (CASTEP) as an introduction of
the unique structure of Bi,Se; especially its Van der Waals
interaction that gives influence on thermal conductivity
of thermoelectric material [35]. Electronic properties that
consist of band structure and density of states (DOS) were
calculated using full-potential linearized augmented plane
wave (FP-LAPW) that implemented in WIEN2K. The con-
tribution of electronic properties on thermoelectric perfor-
mance was analyzed. Finally, thermoelectric properties were
calculated by employing Boltzmann transport equation that
implemented in Boltzmann transport properties (BoltzTraP)
computer code.

The investigation of enhancement mechanism of thermo-
electric performance of Bi,Se; is done through the contribu-
tion of Seebeck coefficient, electrical conductivity, thermal
conductivity, DOS, carrier concentration and effective mass
to the maximum value of power factor and figure of merit
(ZT). We found that, the power factor and ZT have different
kind of contribution to attain their maximum point. How-
ever, both contributed by n-type doping at their correspond-
ing optimum level to gain maximum value at 300 K. This
study could give insight and guideline to narrow down the
necessity parameter and region of doping for experiments to
improve the thermoelectric performance.

Computational details

Rhombohedral structure of Bi,Se; with the space group
Dg ,(R 3 m)is used [6]. The initial structural parameter was
taken from the experimental study by Nakajima [36]. Struc-
tural optimization was calculated using DFT that imple-
mented in CASTEP within Materials Studio. For optimiza-
tion, on-the-fly generation (OTFG) ultrasoft pseudopotential
was used to reduce the inaccuracy with respect to completely
converged all-electron DFT calculations [37]. Van der Waals
(vdW) was considered within Ortmann—Bechstedt—Schmidt
(OBS) schemes since Bi,Se; has vdW interaction in its struc-
ture [38, 39]. Generalize gradient approximation for solid
(GGA-PBESoI) is chosen as functional exchange—correla-
tion [40]. After performed convergence test, cut-off energy
350 eV and k-points 4 x4 X 1 are chosen. All forces on atoms
were converged to less than 0.03 eV/A, the maximum ionic
displacement was set to 0.001 A and the total stress tensor
was decreased to the 0.05 GPa.

After optimization, electronic properties that consist of
band structure and density of states (DOS) were calculated
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using full-potential linearized augmented plane wave (FP-
LAPW) that implemented in WIEN2K. The atomic space in
FP-LAPW consists of muffin-tin (MT) region and interstitial
region. The former is the space throughout atoms occupied
by spheres of radius, Ry, that is known as MT spheres. The
latter is the remaining space region [41]. GGA-PBE has
been employed as the exchange—correlation functional [42].
Spin—orbit coupling (SOC) is not considered in the calcula-
tion. We use 500 k-points in the first Brillouin zone for the
self-consistent calculation. The calculation was converged
with respect to the Ry 1K, =7.0 and G,,, =12.0.

The calculation of thermoelectric properties was executed
by using semi-classical Boltzmann transport equation that
implemented in BoltzTraP incorporated into WIEN2K com-
puter code within FP-LAPW [43, 44]. The properties can be
computed based on calculated band structure on the rigid
band approach [44]. The thermoelectric properties consist of
thermopower or Seebeck coefficient S, electrical conductiv-
ity o, thermal conductivity x and figure of merit ZT.

Results and discussion

Thermoelectric material operates under the system that
based on the equation ZT = S?6T/k. From the equation,
excellent thermoelectric material receives an advantage from
higher Seebeck coefficient and electrical conductivity [45].
In addition, the material must have lower thermal conduc-
tivity. Higher Seebeck coefficient can be achieved through
larger effective mass and smaller carrier concentration [46,
47]. On the contrary, to attain higher electrical conductivity
required high carrier concentration and light effective mass
[48, 49]. Besides that, thermal conductivity contributed by
electronic thermal conductivity and lattice thermal conduc-
tivity [50]. Electronic thermal conductivity has a strong
relationship with electrical conductivity based on Wiede-
mann—Franz law which by decreasing electronic thermal
conductivity would also decrease electrical conductivity
[51]. These contradictory conditions hindered the develop-
ment towards a higher performance (ZT) for many years.
This work will set forth on structural properties which is
the lattice parameter. Then, the result of electronic properties
which are band structure and density of states was analyzed.
Then, we will explore the transport properties which consist
of Seebeck coefficient S, electrical conductivity o, thermal
conductivity k, power factor, and dimensionless figure of
merit ZT. Geometrical optimization is done using GGA-
PBESol functional together with the corresponding available
experimental and theoretical values are listed in Table 1. The
structure consists of five-atom layers known as quintuple
layers along z-direction as shown in Fig. 1. The layer of the
structure arranged with the sequence system of Sel-Bi-Se2-
Bi-Sel [5]. The structure has a strong bond within the

Table 1 Calculated lattice parameters of Bi,Se; using GGA-PBESol
approach along with available experimental and other theoretical
works

Method References ad) b@A) c@A)

GGA-PBESol This work 4.137 4.137 28.493
GGA-PBE Theory (VASP) [54] 4.138 4.138 28.635
GGA-PBE Theory (BSTATE) [55] 4.076 4.076 29.830
LDA Theory (CASTEP) [6] 3.840 3.840 26.940
LDA Theory (VASP) [56] 4.102 4.102 27.865
X-ray diffraction Experiment [57] 4.137 4.137 28.679
X-ray diffraction Experiment [58] 4.130 4.130 28.600
X-ray diffraction Experiment [59] 4.134 4.134 28.680
X-ray diffraction Experiment [60] 4.100 4.100 28.616

Fig. 1 Rhombohedral structure
of Bi,Se;

quintuple layer. However, the bond is weak between quintu-
ple layers. The weak bond is known as Van der Waals bond
and this the reason we included the OBS Van der Waals
scheme in the calculation [52, 53]. As can be seen, the opti-
mized lattice parameters concur very well with the experi-
mental works with the small difference around 0.07-0.17%
for lattice a =b and 0.38-0.67% for lattice c. The calculated
lattice parameter also agrees very well with the other theo-
retical works. Unlike local density approximation (LDA) due
to the treatment limitation, our GGA-PBESol approach is
closer to the available experimental values.

After structural optimization was performed, electronic
properties which are band structure and density of states
were calculated. The calculated band structure was per-
formed using GGA-PBE functional. The calculated band
structure is shown in Fig. 2 which has a direct band gap of
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Energy (eV)

Wave Vector

Fig.2 Band structure of Bi,Se; along selected symmetry direction of
XtoZ

0.33 eV at P position. This band gap is overestimated by
9.09% when compared with its typical band gap of 0.30 eV
as shown in Table 2 [33, 61, 62]. We find our band gap is
in agreement with the other experimental work by LaForge

et al. [63] and overestimated by 3.08% when compared with
the work of Valla et al. [64].

To understand the origin and orbital contribution to the
band structure, the density of states is plotted against the
energy as shown in Fig. 3. It shows that total Se orbital is
the most contributed at the valence band especially orbital
Se-4p when compared with total Bi orbital. The maximum
valence band wave vector P is contributed by orbital Se-4p.
Orbital Se-4p and Bi-6s are partially hybridized. At the
conduction band, both Se and Bi orbital contributed evenly
specifically orbital Se-4p and Bi-6p. At the range of energy
from 3 to 5 eV, orbital Bi-6p and Se-4p show antibonding
states. Minimum conduction band at wave vector I" and P
solely contributed by orbital Bi-6p. Se-4p is fully hybridized
with orbital Bi-6p.

Next, thermoelectric properties were calculated using
semi-classical Boltzmann transport equation that imple-
mented in BoltzTraP. Under rigid band approximation, the
Fermi level can go up or down based on the type of doping
(p-type or n-type). However, the fundamental band structure
is not allowed to change. Therefore, only one band structure

Table 2 The value of the band

. ; Method References Band gap (eV)
gap of Bi,Se; using GGA-PBE
approach along with available GGA-PBE This work (WIEN2K) 0.33
fﬁggfgfﬁ%};ﬁg other Photoemission spectroscopy Experiment [64] 0.32
Photoemission spectroscopy Experiment [33] 0.30
Electric field effect (EFE) geometry Experiment [61] 0.30
High-resolution angle resolved photoemission Experiment [62] 0.30
spectroscopy (ARPES)
Infrared magneto-optical Experiment [63] 0.33

Fig. 3 Density of states (DOS)
of Bi,Se; against energy from
—-10to 10eV
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is needed to compute thermoelectric properties at different
doping level. This approach has been widely used and help-
ful for the theoretical investigation of thermoelectric proper-
ties based on band structure [44, 65, 66]. The effectiveness
of the rigid band model for higher holes or electrons concen-
tration depends the dopant substitution. In our case, Se-4p is
the highest contribution in the band structure, specifically at
the valence band. Therefore, substituting some of Se atoms
at higher concentration would change the band structure,
otherwise, the doping does not change the band structure
considerably. Thus, for some cases, the rigid band model is
effective large concentration [67]. The result of each ther-
moelectric properties was plotted against the various Fermi
level from — 1.0 to 1.0 eV at different temperatures as shown
in Fig. 4 to analyze of what gives enhancement to good ther-
moelectric properties along the Fermi level.

Basically, as the Fermi level reaches band edges, the DOS
increases as shown in Fig. 3. From the energy range 10-5 eV,
the DOS is very low. The DOS started to increase when
the Fermi level reaches 5 eV and band edge at minimum
conduction band. Figure 4a shows that the Seebeck coeffi-
cient exhibits a high value at the band gap region. It quickly
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Fig.4 a Density of states, Seebeck coefficient, electrical conductivity
and power factor against Fermi level. The dotted vertical line is drawn
along the peak value of thermoelectric power factor of each tempera-
ture 300 K, 400 K and 500 K. b Seebeck coefficient, electrical con-

decreases as the Fermi level depart from the band gap and
get into band edges. Even though Seebeck coefficient attains
high value at the middle gap, for desirable thermoelectric
performance, the value of Seebeck coefficient at the band
edge is crucial as shown in Fig. 4a. Higher power factor is
attained when the Fermi level at the band edge of valence
band where Seebeck coefficient is 27.77 pV/K at 300 K,
very low when compared with the other reports which has
typical values 50-95 pV/K [19, 58, 59, 68-70]. However,
the power factor attained maximum value mostly through
the contribution of electrical conductivity at the Fermi level
— 0.42 eV. In addition, large power factor occurred at p-type
of doping (corresponding to negative value of Fermi level).
The electrical conductivity contributed mainly by the orbital
Bi-6s and Se-4p. Large DOS contributed to the large electri-
cal conductivity [71, 72]. The ideal location of Fermi level
to attained higher electrical conductivity would be at region
—1.2to — 0.6 eV. Yet, the Seebeck coefficient is very weak
at these regions and that is undesirable.

Besides calculating favorable power factor to attain, we
also calculated figure of merit (ZT) to investigate favora-
ble ZT as the function of Fermi level. The results of the
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ductivity, thermal conductivity and figure of merit (ZT), respectively,
against Fermi level. The dotted vertical line is drawn along the peak
value of figure of merit (ZT) of each temperature 300 K, 400 K and
500 K
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calculation are shown in Fig. 4b. Contrary with the highest
power factor that occurred at p-type of doping, the highest
figure of merit occurred at n-type of doping (correspond-
ing to positive value of Fermi level). In addition, it also
occurred exactly at the band edge which is minimum con-
duction band. Higher figure of merit mostly contributed by
the higher Seebeck coefficient with the value — 727 pV/K
at 300 K and lower thermal conductivity. However, at 400 K
and 500 K, the highest ZT attained occurred at middle gap
and mostly contributed by higher Seebeck coefficient and
thermal conductivity.

Another particular part of theoretical investigation for
thermoelectric material is to discover level of optimal dop-
ing at which the power factor and figure of merit accom-
plish the maximum value. This investigation would deliver
a direction in narrowing down doping area in experimental
work. To carry out the investigation of discovering level
of optimal doping, electrical conductivity with respect to
relaxation time and Seebeck coefficient were calculated at
wide range of doping concentrations ranging from 10% to

10! ¢cm™ for power factor and included thermal conductiv-
ity in the calculation within concentration range from 10 to
10'8 cm= for ZT. The result of calculated power factor with
respect to the relaxation time and ZT were plotted against
carrier concentrations that consist of electron concentrations
and hole concentrations as shown in Fig. 5. For each case,
the optimal doping was referring to the peak value and all
the maximum values are tabulated in Table 3.

The power factor attained a maximum value of
39.487 pW/cm K? s at 0.654 p-type doping level. The value
is increased as the temperature increased. It is clear that
Bi,Se; has higher thermoelectric power factor for p-type
doping than n-type doping. The optimum doping level
of p-type is higher than the optimum n-type doping level
which shows holes contributed more to power factor. How-
ever, n-type doping has a higher power factor at 300 K when
compared with the p-type doping power factor. Most of the
high power factors for p-type doping correspond to carrier
concentration ranging from 8 x 10%° to 2 x 10*! cm™>. Power
factor contributed by the higher charge carrier instead of

Fig.5 a Power factor against

hole and electron concentration 1.0;
respectively for each tempera- 0.8-
ture 300 K, 400 K and 500 K. b
Figure of merit against hole and 0.6
electron concentration, respec- 0.4/
tively, for each temperature — *
300 K, 400 K and 500 K N‘ﬂ = 0.2-
X o
e = 0.0:
T S T T
é’ 2.50E+021 5.00E+021 2 2.00E+018 4.00E+018
. -3 . -3
3 Hole Concentration (cm™) % Hole Concentrations (cm )
e 30
=) o 1.2
-
x 25 31.0]
w 20 L ]
o 0.8
15 0.6
10 0.44
5 0.2;
0.0+
2.50E+021 5.00E+021 2.00E+018 4.00E+018
. -3 . -3
Electron Concentration (cm™) Electron Concentration (cm™)
(a) (b)
Tab!e 3 Lev;l of optimal Power factor (uW/cm K2 s) Figure of merit
doping (carrier/u.c) for both
p-type and n-type along with p-Type doping n-Type doping p-Type doping n-Type doping
the corresponding value of 5 B ; -
thermoelectric power factor and Doping level Value  Dopinglevel Value Dopinglevel Value Dopinglevel Value
figure of merit 300K 0.654 19.284  0.114 27.157 0000027 09443 0000027  1.1476
400K 0.654 29.369 0.113 24.358 0.000040 0.9174  0.000042 0.8811
S00K 0.654 39.487 0.111 21.201 0.000189 0.9001 0.000123 0.7923
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Table 4 The effective mass that calculated based on the curvature of
band structure of Bi,Se; along the specified wave vector

Wave vector Valence band Conduction band

L 0.00340 m, 0.00852 m,
r 0.00161 m, 0.00148 m,
P 0.00202 m, 0.00251 m,

thermopower. One of the main reasons power factor has
lower value for n-type doping is due to the lower DOS at
conduction band region which is lower charge concentration
as shown in Fig. 3.

The figure of merit (ZT) attained maximum value at
300 K with n-type of doping 0.000027, very small when
compared with the optimum level of doping for power fac-
tor. The ZT is decreased as the temperature and doping level
increased. Besides 300 K, the ZT has a higher value from
p-type doping at 400 K and 500 K when compared with
n-type doping. It is clear that electrons contributed more to
ZT at 300 K. Lower carrier concentration on contribution
to the figure of merit indicates electrical conductivity does
not contribute much to the accomplishment of higher ZT.
Instead, it is lowering electronic thermal conductivity that
plays the main role to achieve high ZT.

Finally, we investigate the reason for the higher power
factor and figure of merit based on the band structure. Based
on Fig. 2, there are two types of bands that occurred on the
structure which are flat and curve bands. Flatter band indi-
cates heavy effective mass, while the curve band indicates
light effective. Effective mass was calculated as shown in
Table 4.

We calculated effective mass at the wave vector P, L and
I'. It can be seen that, conduction band has higher effective
mass when compared with the effective mass at the valence
band except at the wave vector I” which the conduction band
lower effective mass by 8.78%. Heavy effective mass con-
tributed to the higher Seebeck coefficient as shown its maxi-
mum value occurred at the conduction band. The negative
value of Seebeck coefficient indicates electron carrier. Light
effective mass, on the other hand, contribute to the charge
mobility to improve electrical conductivity as shown higher
DOS in valence band.

Conclusion

Our density functional theory calculations show that there
are two ways to improve the thermoelectric performance of
Bi,Se; which are through enhancing thermoelectric power
factor or figure of merit (ZT). The power factor can be
enhanced by increasing electrical conductivity with the price
of reducing thermopower. The contribution of increased

electrical conductivity can be found through large DOS and
light effective mass at the valence band of Bi,Se;. The power
factor also can be improved through the optimal n-type dop-
ing at the temperature 300 K. However, for the higher tem-
perature (400 K and 500 K), p-type is the optimal type of
doping. ZT is improved through the higher thermopower
and lower thermal conductivity with the price of reducing
electrical conductivity. We found that high Seebeck coef-
ficient contributed by heavy effective mass and low thermal
conductivity contributed by low DOS. Furthermore, ZT
also can be enhanced through the n-type of doping at 300 K
and p-type doping for higher temperatures the same case as
the power factor. We hope that our theoretical investigation
could give help and provide a guideline to improve thermo-
electric performance of Bi,Se;.
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