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Semiconductor BiOCl has a layered structure with ultralow lattice thermal conductivity [Q.D. Gibson
et al., Science 373, 1017–1022 (2021)] and has potential applications in the field of thermoelectric materi-
als. In the present study, the thermoelectric properties of BiOCl crystals are accurately predicted using the
first-principles calculation combined with Boltzmann transport theory. The dimensionless figure of merit
(ZT) of p-type BiOCl is found to be 0.2 at room temperature, reaching 1.1 at 800 K. In addition, applying
in-plane biaxial tensile strain εxy can lead to a further increase in the value of ZT to 1.9 at 800 K. This
means that p BiOCl is an excellent high-temperature thermoelectric material. And this is due to the fact
that biaxial strain drastically reduces the lattice thermal conductivity and the shift of the valence band
toward the Fermi level can optimize the carrier concentration. Thus, the present work paves a way for the
design of adjustable high-temperature thermoelectric materials.
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I. INTRODUCTION

Thermoelectric (TE) materials can convert thermal
energy directly into electric power without noise and pol-
lution [1–4]. This property can be used to replace compres-
sion refrigeration, generate electricity, and so on, which
provides effective ways to solve the global energy crisis
[5]. At present, the performance of thermoelectric mate-
rials is usually evaluated by the dimensionless figure of
merit, ZT = S2σT/(κe + κp), where S is the Seebeck coef-
ficient, σ is the electrical conductivity, κe is the electronic
thermal conductivity, κp is the lattice thermal conduc-
tivity, and T is the absolute temperature [6,7]. In this
respect, the higher ZT value means the better efficiency η

of thermoelectric conversion [8–10].
However, due to the Wiedemann-Franz law, [11] the

improvement of ZT is a complex problem caused by the
coupling between electron transport coefficients. Besides,
Hick et al. have established that quantum confinement
in low-dimensional structures on electrons and phonons
can greatly improve the value of ZT [12]. Slack et al.
put forward the concepts of “phonon glass, electronic
crystal,” and so on [9] with the aim of increasing the
power factor PF = S2σ and reducing thermal conductivity
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[13,14]. Based on this, many advanced methods were after-
wards proposed to improve the thermoelectric properties
of materials. Among them, the application of heteroin-
terfaces [15–18] and superlattices [19,20], lattice-strain
engineering [21–25], as well as the insertion of dopants
[26,27], amorphous phases [28], vacancy defects [29,30],
and others [31–38]. In particular, lattice-strain engineer-
ing can reduce the thermal conductivity and adjust the
electronic structure. This results in band degeneracy and
band convergence and thereby significantly improves the
thermoelectric properties of the materials.

For instance, Wu et al. [22] reported that lat-
tice strain enabled to significantly decrease the lat-
tice thermal conductivity and valence-band convergence
and successfully increase the TE properties in the
Na0.03Eu0.03Sn0.02Pb0.92Te alloy without reducing the car-
rier mobility in the latter. Lin et al. [23] have found via the
first-principles calculation that tensile strain exerts a posi-
tive influence on the thermoelectric properties of LaP and
LaAs. For example, 2% tensile strain at 1200 K allowed
one to achieve ZT > 2, being 90% higher than the orig-
inal LaP. Guo [24] studied the effect of biaxial strain
on the TE properties of monolayer PtSe2 by applying
the first-principles approaches. Their results revealed that
using biaxial tensile strain of 4.02% could induce the band
convergence and increase the Seebeck coefficient at reduc-
ing the room-temperature lattice thermal conductivity by
60%. Performing the first-principles calculations on the
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monolayer InSe, Wang et al. [25] found that tensile strain
enhanced the anharmonic phonon scattering, thus increas-
ing the phonon scattering rate and reducing the phonon
group velocity and heat capacity of the material under
consideration. Specifically, applying 6% strain was shown
to decrease the lattice thermal conductivity from 25.9 to
13.1 Wm−1 K−1.

In recent years, semiconductor BiOCl materials with
layered structure have attracted considerable attention due
to high chemical stability, nontoxicity, and excellent opti-
cal and electrical properties, finding application in the
fields of ultraviolet light detection [39], nitrogen fixation
[40], and so on [41–43]. However, the researches on the
thermoelectric characteristics of BiOCl are still scarce.
Recently, Gibson et al. [20] reported the ultralow lattice
thermal conductivity, endowing BiOCl with outstanding
thermoelectric potential. Therefore, the present work aims
to systematically study the thermoelectric properties of
BiOCl under in-plane axial strain.

II. COMPUTATION METHOD

The Vienna ab initio simulation package (VASP) pro-
gram is used for the first-principles calculation based
on density-functional theory (DFT) [44]. The exchange-
correlation function adopts the generalized gradient
approximation (GGA) in the form of Perdew-Burke-
Ernzerhof (PBE) [45]. Among them, the total energy
convergence criterion of 10−6 eV, the force convergence
criterion of 10−4 eVÅ

−1
, and the kinetic energy cutoff of

500 eV are used to optimize crystals. For thermal transport,
4 × 4 × 2 supercells and �-center k mesh of 1 × 1 × 1
are used to obtain harmonic atomic force constants matrix
(second FC) and anharmonic atomic force constants matrix
(third FC). In BiOCl crystals, each primitive cell con-
tains six atoms. When calculating the second FCs and the
third FCs, we set the maximum distance among the third
nearest-neighbor atom to distance cutoff. Considering the
symmetry of the crystal structure, the second FCs and the
third FCs can be obtained by performing 6 and 180 dis-
placement calculations, respectively [46]. According to the
second FC, the phonon spectrum is calculated by Phonopy
code [21,47]. Moreover, combined with the second FC and
third FC, the lattice thermal conductivity can be obtained
by solving the phonon Boltzmann transport equation via
the ShengBTE package [46], and 25 × 25 × 15 q mesh to
ensure the convergence. In addition, we also use the born
effective charge and dielectric tensor, which are obtained
by density-functional perturbation theory (DFPT), to con-
sider longitudinal and transverse optical phonon (LO-TO)
splitting for thermal transport [48].

In this study, the influence of spin-orbit coupling (SOC)
is included in the calculation of electronic structure, and
the TE transport coefficients are calculated by solving the

Boltzmann transport equations via the BoltzTraP2 pack-
age [23,49–51]. Dense k mesh of 30 × 30 × 20 is used to
obtain the charge density. Moreover, the carrier relaxation
time τe is calculated by Matthiessen’s rule:

1
τe

= 1
τac

+ 1
τimp

+ 1
τpol

, (1)

where τac, τimp, and τpol, respectively, represent the relax-
ation time of acoustic phonon scattering, impurity scat-
tering, and polarized phonon scattering. Among them,
according to deformation potential (DP) theory, in the
three-dimensional system, the relaxation time τac can be
expressed as [52,53]

τac = 2
√

2πC3D�4

3(kBT)3/2(m∗)3/2E2
DP

(2)

where �, kB, T are the reduced Planck constant, the Boltz-
mann constant and absolute temperature, respectively. The
C3D is the elastic modulus the EDP is the DP constant,
which can be calculate as [21]

EDP = ∂Eedge

∂(∂l/l0)
, (3)

where Eedge, ∂l/l0 are the conduction-band minimum
(CBM) or the valence-band maximum (VBM) and the
elastic strain, respectively. The m∗ is the carrier effective
mass, which can be obtained as [21]

m∗ = 1
�2

∂2E
∂k2 , (4)

where E, k are the electron energy and the wave vector,
respectively. In addition, both DP constant EDP and car-
rier effective mass m∗ need to calculate the band structure.
The shifts of VBM, CBM as a function of strain can be
used to calculate DP constant [see Fig. S1(a) and S1(b)
within the Supplemental Material [54] ] and the theoretical
parameters of the deformation potential are all shown in
Table S1 within the Supplemental Material [55]. The τimp
and τpol are calculated by Casu’s PYTHON code [56], and
the formulas for τimp can be expressed as

τimp =
√

2m∗(4πε0εs)
2

πnI Z2
I e4E−3/2

[
log

(
1 + 1

x

)
− 1

1 + x

]−1

(5)

x = �2q2
0

8m∗E
(6)

q0 =
√

e2nI

ε0εkBT
(7)

where ε0, εs are the the vacuum permittivity and static
dielectric constants, respectively, nI is the ionized impu-
rity concentration, ZI is the the impurity charge and q0 is
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the Debye screening wavevector. The formulas for τpol can
be expressed as

τpol =
[∑

i

C(T, E, eLO
i )− A(T, E, eLO

i )− B(T, E, eLO
i )

Z(T, E, eLO
i )E3/2

]−1

,

(8)

A = (n(ωLO)+ 1)︸ ︷︷ ︸
A0

f (x)
f (E)

[
(E + x)sinh−1(

√
w)− (Ex)1/2],

(9)

B = θ(y)n(ωLO)︸ ︷︷ ︸
B0

f (y)

f (E)

[
(E + y)cosh−1(

√
w) − (Ey)1/2] ,

(10)

C = 2E
[

A0
f (x)
f (E)

sinh−1(
√

w) + B0
f (y)

f (E)
cosh−1(

√
w)

]
,

(11)

Z = 2
W0

√
�ωLO

; W0 = e2

4π�

√
2m∗ωLO

�

(
1

ε∞
− 1

εs

)
,

(12)

where eLO
i = �ωLO is the energy of longitudinal-optical

phonons, ωLO is the longitudinal optical angular frequency,
f is the Fermi-Dirac function, n(ωLO) is the phonon occu-
pation number that follows the Planck distribution and ε∞
is the the high-frequency dielectric constants. x, y, and w
are defined as E + eLO

i , E − eLO
i , and E/eLO

i , respectively.
In addition, the required parameters are presented within
the Supplemental Material (Table S2 [57]).

III. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) display the side and top views of
the optimized structure of BiOCl, respectively. The unit
cell of BiOCl contains a pair of Bi atoms, a pair of Cl
atoms, and a pair of O atoms, and belongs to a simple
tetragonal lattice system. The bulk BiOCl possesses a lay-
ered structure wherein the intralayer direction (a and b
axes) is collectively referred to as in-plane direction (in
plane, ‖), and the interlayer direction direction (c axis)
is out-of-plane direction (out plane, ⊥). The optimized
lattice constants are a = b = 3.90 Å and c = 7.42 Å,
which are in good agreement with the experimental values
a = b = 3.89 Å and c = 7.37 Å [41].

Figure 1(c) depicts the phonon spectrum of BiOCl,
calculated by finite displacement method. There is no
imaginary frequency in the first Brillouin zone (BZ),
which provides evidence of lattice stability. Moreover, the
phonon modes along the � − Z direction are flatter than
those along the � − X direction, indicating that the group
velocity of the phonon modes and the lattice thermal con-
ductivity along the out plane are lower than those along
the in plane. Figure 1(d) shows the energy band structure
of BiOCl, allowing one to classify it as the indirect band-
gap semiconductor. The CBM is located at the Z point of
the BZ, and the VBM is near the R point. Considering that
PBE usually underestimates the band gap, the HSE func-
tion is used to correct it. In Figs. 1(c) and 1(d), it is not
difficult to find that the band gap has increased from 2.3
eV (PBE+SOC) to 3.49 eV (PBE+SOC+HSE), which is in
good agreement with the experimental data (3.57 eV).

In order to understand the TE performance of BiOCl,
the electrical and thermal transport properties of BiOCl are

(a) (c) (d) (e)

(b)

FIG. 1. (a) The side view and (b) the top view of the optimized structure of BiOCl. (c) The phonon spectrum of BiOCl. (d) The
electronic energy bands of BiOCl (PBE+SOC). (e) The electronic energy bands of BiOCl (PBE+SOC+HSE).
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(a) (b)
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FIG. 2. (a) The relaxation time τ of p-type BiOCl as a function
of electron energy E (T = 300 K). (b) The relaxation time τ of
p-type BiOCl as a function of temperature T (E = 1.8 eV above
the conduction edge).

systematically calculated. We find that the p-type BiOCl is
more suitable for thermoelectric materials compared with
the n-type BiOCl, and the peak values of ZT are equal to
0.05 and 0.2 along the in-plane and the out-plane orienta-
tion, respectively, at room temperature. More details can
be found in the Supplemental Material [58]. Therefore,
in this work, we mainly focus on the thermoelectric per-
formance of p-type BiOCl. Considering that BiOCl is a
polar material, ionized impurity scattering and polar opti-
cal phonon scattering are not negligible [56,59]. Therefore,
in order to accurately describe the carrier scattering behav-
ior of BiOCl, we calculate the acoustic phonon scattering,
impurity scattering, and polarized phonon scattering. It is
not difficult to find that the carrier scattering in p-type
BiOCl is dominated by LO-polarized phonon scattering.
In Fig. 2(a), τpol is an order of magnitude lower than τac
and τimp (doping concentration set as 1021 cm−3), and these
scattering behaviors become stronger with the increase of
temperature as shown in Fig. 2(b).

Figures 3(a)–3(c) and 3(d)–3(f) display the κe, PF ,
and ZT parameters of p-type BiOCl along in plane and
out plane, respectively, as functions of carrier concentra-
tion n at different temperatures. We can see that BiOCl
is a potential high-temperature thermoelectric candidate
material. Moreover, the thermoelectric performance of
BiOCl within the same temperature range monotonously
increased. From 300 to 800 K, the ZT peaks (ZTmax) of
p-type BiOCl along in plane increased from 0.05 to 0.3,
and that along out plane increased from 0.2 to 1.1. It is
not difficult to find that the ZT peaks of out plane is one
order of magnitude almost higher than the ZT peaks of in
plane, so the p-type BiOCl along out plane is more suitable
for TE transport compared with the p-type BiOCl along
in plane. Observing the behavior of κe and PF parameters
at various carrier concentrations n, a significant increase

(a)

(b)

(c)

(d)

(e)

(f)

FIG. 3. The relationship between the thermoelectric transport
coefficient and the carrier concentration at 300, 500, and 800 K,
respectively. (a) Electron thermal conductivity, (b) power factor,
and (c) ZT of p-type BiOCl along in plane. (d) Electron thermal
conductivity, (e) power factor, and (f) ZT of p-type BiOCl along
out plane. In this figure, the shaded areas I (yellowish-brown,
longitudinal), II (purple, longitudinal), and III (green, horizon-
tal), respectively, represent the κp variation, the κe range, and the
nopt range from 300 to 800 K.

in thermoelectric performance of p-type BiOCl is due to
the two aspects. The first is the change of PF has almost
no positive contribution to ZT as the increase of tempera-
ture, but also there is no significant reduction. The second
is associated with a reduction of the total thermal conduc-
tivity. As shown in Figs. 3(a) and 3(d), regions I and II,
respectively, represent the κp variation and the κe range
from 300 to 800 K. It is not difficult to see that the decrease
in total thermal conductivity of BiOCl is mainly provided
by κp [Figs. 3(a) and 3(d)]. This is due to the fact that, in
the temperature range of 300 to 800 K, phonons’ transport
is dominated by the Umklapp process, which conditioned
the relationship of κp ∼ T−1 [60,61]. In turn, the decrease
of κe is weaken. The fundamental reason is that the value n
corresponding to ZTmax—the so-called optimal carrier con-
centration (nopt)—varied in a small range for p-type BiOCl
with the increase of temperature. The width of region III,
represented the nopt variation from 300 to 800 K, vividly
illustrates this point, as shown in Figs. 3(a) and 3(d). Since
low carrier concentration means a decrease in κe, opti-
mizing nopt is an efficient way to improve thermoelectric
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(a) (b) (c)

FIG. 4. The relationships between the thermoelectric transport coefficient and the carrier concentration at 800 K under biaxial strain
εxy of 0%, 1%, and 2%. (a) PF , (b) ZT, (c) κp , and κe at nopt of p-type BiOCl along out plane.

performance. Moreover, the value of nopt in p-type BiOCl
is found to be as high as 1021 ∼ 1022 cm−3, which would
be hard to achieve experimentally. In addition, the under-
estimated band gap may cause nopt to be underestimated.
According to Jeffrey et al. [62], an ideal nopt of the ther-
moelectric material should be 1019 ∼ 1021 cm−3. There-
fore, optimization of nopt is a reliable mean to enhance
thermoelectric performance.

For this purpose, strain engineering can be theoretically
applied. In that regard, a small in-plane biaxial tensile
strain (εxy ≤ 2%) is further simulated in the in plane. As
seen from the plots in Fig. 4(b), the in-plane biaxial tensile
strain exerted a positive effect on the ZT values of p-type
BiOCl. At 800 K, the values of ZTmax of p-type BiOCl
exposed to strain of 0%, 1%, and 2%, are equal to 1.1,
1.5, and 1.9, respectively. In turn, the peak value of PF
remains almost unchanged in Fig. 4(a), while κp decreased
monotonously with the increase of εxy in Fig. 4(c). More-
over, according to Fig. 3(c), the reduction of κp usually
optimizes nopt to reducing κe and obtaining a larger See-
beck coefficient [62]. Therefore, the improvement of ZT of
p-type BiOCl could be finally attributed to the decrease
of κp . This means that εxy can improve the thermoelec-
tric performance of BiOCl without affecting the electronic
transport in the material. Moreover, the electron transport
coefficient of p-type BiOCl moved towards the lower car-
rier concentrations. It is noteworthy that the value of nopt
of p-type BiOCl is reduced by an order of magnitude,
from approximately 1021 to approximately 1020 cm−3.
This might be caused by the effect of in-plane strain on
the electronic structure and phonon thermal conductivity.
However, it is worth noting that BiSI is currently difficult
to obtain high carrier concentration through defect dop-
ing, because bismuth chalcohalides has a large ionization
potential [63]. Therefore, it is still a challenge to obtain
high carrier concentration by doping in bismuth sulfide
materials.

The impact of εxy on the electronic structure of BiOCl
is assessed by calculating the energy band structures (see

Fig. S6 within the Supplemental Material [64]). The differ-
ence in the responses from the valence-band structure and
conduction-band structure to εxy is obvious, the sensitivity
of the valence band structure, while the conduction-band
structure remains almost unchanged. Therefore, under the
influence of εxy , the change of valence band is one of the
reasons for the significant decrease of nopt of p-type BiOCl.
In particular, with the increase of εxy , the electron energy
of the first valence band, located at Z point, increased grad-
ually, approaching the Fermi level. At εxy = 2%, the VBM
changed from around R point to Z point, which results in
the transition from the indirect band gap to the direct one.
Therefore, due to the increase of εxy , the reduction of the
band gap is the direct reasons for the decrease of nopt.

For phonon thermal conductivity, the introduction of εxy
can reduce the lattice thermal conductivity. As seen in
Fig. 5(a), both the in-plane (κp‖) and out-of-plane (κp⊥)
lattice thermal conductivities significantly decreased with
the increase of strain in the temperature range from 300
to 800 K. Once the value of εxy achieved 2%, the in-plane
and out-of-plane lattice thermal conductivities are almost
reduced by 50%, which is beneficial to the improvement
of thermoelectric performance. This is predictable because
the tensile strain weakens the bonding and enhances the
anharmonic [18,65]. Moreover, the significant regulation
of phonon thermal conductivity by strain engineering has
also been found in other material systems [22–25]. Among
them, Lin et al. found that 2% tensile strain can reduce
the lattice thermal conductivity of LaP by 50%, while
2% compressive strain can increase the thermal conduc-
tivity of LaP by 125% [23]. In order to elucidate the
circumstances of the decrease of κp and the effects of
phonons with different frequencies, the normalized cumu-
lative thermal conductivity is analyzed. In particular, it was
found that 98% of the out-of-plane thermal conductivity
and 91% of the in-plane lattice thermal conductivity were
mainly derived from the low-frequency phonons (ω <

6 THz) [see Figs. S7(d) and S7(e) within the Supplemental
Material [66] ]. Using the empirical formula κp =
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(a)

(b)

||

||

||

FIG. 5. (a) In-plane lattice thermal conductivity (κp‖) and out-
of-plane lattice thermal conductivity (κp⊥) as functions of tem-
perature under biaxial tensile strain; (b) phonon relaxation time
as a function of frequency at different biaxial tensile strains.

1/3CvV2
gτp , where Cv , Vg , and τp are the heat capacity,

group velocity, and phonon relaxation time, respectively,
the parameters Cv, Vg , and τp are compared afterwards
under different strains at 300 K. According to Fig. 5(b), the
decrease of thermal conductivity is dominated by a sig-
nificant drop of τp of phonons with ω < 6 THz, whereas
the parameter Vg exhibits no obvious change (for more
details, refer to the Supplemental Material). In addition,
with the increase of tensile strain, the decrease of Cv

and the increase of Grüneisen parameter γ , as shown in
Fig. 5(b), proves that the in-plane tensile strain weak-
ens the bonding strength and enhances the anharmonic.
Weaker bonding strength can reduce the phonon frequency,
resulting in a red shift of the phonon vibration mode in the
phonon spectrum, which is proved in Fig. S7 within the
Supplemental Material.

Therefore, strain engineering can simultaneously adjust
the electronic structure and phonon transmission perfor-
mance. In particular, the dual effects of the adjustment of
the valence band and the suppression of phonon trans-
mission are thus the reason for a noticeable increase in
the value of ZTmax for p-type BiOCl. This could be con-
cluded from the plots in Fig. 6. Under a certain strain, the

(a)

(b)

(c)

FIG. 6. The temperature dependences at a specific strain and
the optimal carrier concentration: (a) electron thermal conduc-
tivity, (b) power factor, and ZT of p-type BiOCl p-type BiOCl.

ZTmax values of p-type BiOCl [Fig. 6(c)] tend to increase
linearly with increasing temperature. And the greater is the
strain, the larger is the linear slope of ZTmax with tempera-
ture, meaning that the more significant is the strain-induced
improvement in high-temperature thermoelectric perfor-
mance. From Fig. 6(b), the changes of tensile strain have
little effect on the PF of p-type BiOCl in the whole temper-
ature range, but has a great effect on the electronic thermal
conductivity, as shown in Fig. 6(a). Moreover, the lattice
thermal conductivity of BiOCl is strongly reduced with the
increase of stress, as shown in Fig. 5(a). Therefore, in the
entire temperature range (300–800 K), with the effect of
tensile strain, the decrease of total thermal conductivity is
the main reason for the increase in ZT of p-type BiOCl.

IV. CONCULSION

In conclusion, the thermoelectric transport of BiOCl is
studied by first-principles calculations using Boltzmann
transport theory. According to the findings, the ZT of p-
type BiOCl along the in plane and out plane reached 0.3
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and 1.1, respectively, at 800 K. In addition, the in-plane
biaxial tensile strain is found to increase phonon scatter-
ing and to reduce phonon relaxation time, resulting in a
significant decrease in phonon thermal conductivity along
the in plane and out plane. This, in turn, led to a notice-
able increase of ZT in the temperature range of 300 to 800
K. Moreover, the in-plane biaxial tensile strain is shown
to optimize the valence-band structure of BiOCl. As a
result, the band gap is reduced and BiOCl became a direct
band-gap semiconductor. Finally, the thermoelectric per-
formance of p-type BiOCl is significantly improved, and
the value of nopt of p-type BiOCl could be decreased by
an order of magnitude. Therefore, strain engineering is an
efficient way to improve thermoelectric performance of
BiOCl, making them have potential for high-temperature
TE applications.

SUPPLEMENTAL MATERIAL

See the Supplemental Material for the computational
details of electronic and phonon transport.
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