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her thermoelectric performance in
BiCuSeO by weakening electron–polar optical
phonon scattering†

T. Zhao, *a Q. D. Gibson,b L. M. Daniels, b B. Slater a and F. Corà *a

BiCuSeO is a promising thermoelectric material, but its applications are hindered by low carrier mobility. We

use first-principles calculations to analyse electron–phonon scattering mechanisms and evaluate their

contributions to the thermoelectric figure of merit ZT. The combined scattering of carriers by polar

optical (PO) and longitudinal acoustic (LA) phonons yields an intrinsic hole mobility of 32 cm2 V�1 s�1 at

room temperature and a temperature power law of T�1.5 between 100–875 K, which agree well with

experiments. We demonstrate that electron–phonon scattering in the Cu–Se layer dominates at low T (<

500 K), while contributions from the Bi–O layer become increasingly significant at higher T. At room

temperature, ZT is calculated to be 0.48 and can be improved by 30% through weakening PO phonon

scattering in the Cu–Se layer. This finding agrees with the experimental observation that weakening the

electron–phonon interaction by Te substitution in the Cu–Se layer improves mobility and ZT. At high T,

the figure of merit is improved by weakening the electron–PO phonon scattering in the Bi–O layer

instead. The theoretical ZT limit of BiCuSeO is calculated to be 2.5 at 875 K.
Introduction

Thermoelectric materials are attracting increasing attention in
applications such as waste heat recovery and solid-state cool-
ing.1–3 The thermoelectric performance of materials is evaluated
by the dimensionless thermoelectric gure of merit ZT, which is
determined by the interplay of Seebeck coefficient S, electrical
conductivity s, thermal conductivity k, and absolute tempera-
ture T through the equation ZT ¼ S2sT/k. The combined
quantity S2s is called thermoelectric power factor, and k is
composed of electrical thermal conductivity ke and lattice
thermal conductivity kL, i.e. k ¼ ke + kL. Oxides were once
believed to be poor thermoelectric materials due to their high
thermal conductivity and low carrier mobility.3 However, prac-
tical high temperature thermoelectric applications call for
oxides because of their high thermal and chemical stability.
Currently, several families of promising thermoelectric oxides
have been discovered,3–5 among which NaxCoO2 and SrTiO3

based materials possess relatively high thermoelectric power
factor.6,7 Mixed anion compounds, such as the layered BiCuSeO
which combines characteristics of both oxide and chalcogenide
materials, are advantageous in thermoelectric applications
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because of their intrinsically low thermal conductivity
(�1 W m�1 K�1 at room temperature) and high thermal
stability.8,9 BiCuSeO-based materials have emerged as state-of-
the-art thermoelectric oxychalcogenides since 2010.8–10 Various
doping strategies, such as substitution of Bi with alkali,11,12

alkaline earth,9,13–16 and post-transition metals such as lead,17–20

have been successfully demonstrated to obtain ZT values close
to or beyond unity at high temperatures. The highest p-type ZT
has reached 1.5 at 873 K by employing a dual-doping method at
the Bi site in Bi0.88Ca0.06Pb0.06OCuSe.21 However, the low carrier
mobility of BiCuSeO (�20 cm2 V�1 s�1 vs. 525 cm2 V�1 s�1 of
Bi2Te3 at room temperature) limits further optimisation of its
thermoelectric performance.1,20,22

Up to now, much theoretical efforts have been devoted to
investigating the phonon transport properties of BiCuSeO in
order to unravel the reason behind the ultralow thermal
conductivity, which has been attributed to high Grüneisen
parameter,23 acoustic–optical phonon hybridization at low
frequency range,24 low frequency vibrations arising from weak
bonding of Cu atoms,25 and also a remarkable contribution
from high frequency optical phonons due to O vibrations.26 On
the other hand, computational analysis that applies deforma-
tion potential (DP) theory has been used to explain the charge
transport properties of BiCuSeO by assuming that scattering
from the longitudinal acoustic (LA) phonon dominates charge
transport,27–29 which is based on the fact that the measured
mobility obeys the temperature power law of T�1.5.15,30 This
power law is normally observed when the band edges can be
represented by the single parabolic band (SPB)
J. Mater. Chem. A, 2020, 8, 25245–25254 | 25245
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approximation.22,28,31 However, there is an eight-fold valley
degeneracy near the valence band maxima of BiCuSeO as
revealed in previous work,27 so the assumption of SPB in
BiCuSeO is debatable. In addition, past computational studies
have neglected electron–polar optical (PO) phonon scattering.
This mechanism, accounting for the interaction between charge
carriers and the electric eld generated by vibrations of atoms
with opposite charge, is important for semiconductors such as
SrTiO3 and CH3NH3PbI3,32–34 because of the large electronega-
tivity difference between different elements. Recent experi-
mental research hints at the importance of electron–optical
phonon scattering in determining the charge transport prop-
erties of BiCuSeO.22,35 For example, Te-doping is found to
increase the bond covalency in the Cu–Se layer and thus might
improve the carrier mobility of BiCuSeO through affecting
electron–PO phonon scattering.22 A large temperature depen-
dence of carrier mobility (m� T�2.28) is found in BiCuSeO single
crystals between 50–300 K, which might be due to electron–
optical phonon scattering.35 Therefore, electron–PO phonon
coupling may be expected to play an important role in BiCuSeO.
However, its effect on charge transport and thermoelectric
properties of BiCuSeO has not yet been investigated explicitly.
Here, by performing rst-principles calculations we demon-
strate that electron–PO phonon scattering plays a more funda-
mental role than electron–LA phonon scattering in the charge
transport properties of BiCuSeO, particularly at temperatures
below 500 K. This is due to a combination of multiple valley
effects in the electronic band structure and low-lying optical
phonons in the phonon band structure. Our results further
highlight that contributions from Cu–Se and Bi–O layers
dominate in different temperature ranges and carrier concen-
trations, and thus suggest ways for rational optimisation of the
thermoelectric performance of BiCuSeO.

Computational details

Accurate calculation of the crystal structure of BiCuSeO requires
careful account of dispersion contributions in the interlayer
interaction. The electronic structure necessitates a proper
description of the strongly correlated d orbitals on Cu, and the
relativistic effects for the heavy Bi ions. In addition, charge
transport calculations need very ne sampling of the band
structure in reciprocal space, and the phonon dispersion
requires calculation through supercell expansions or perturba-
tion theory. The combinations of all the above features make
calculating the thermoelectric gure of merit of BiCuSeO
a formidable computational task. Tomake the solution feasible,
without loss of accuracy, we have employed different formula-
tions of density functional theory (DFT) for individual compo-
nents of the analysis. An in-depth analysis of how the choice of
DFT functional affects structural and electronic properties of
BiCuSeO is provided in the ESI (Tables S1–S4 and Fig. S1–S6).†

All calculations employed the Vienna ab initio simulation
package (VASP).36,37 All structural observables, including
geometry optimisations, elastic constants, and phonon disper-
sion have been calculated using the optB86b-vdW functional38

that accounts for the van der Waals interactions between layers.
25246 | J. Mater. Chem. A, 2020, 8, 25245–25254
The cut-off energy of the plane wave basis set was 550 eV. The k-
mesh in optimisation was 11 � 11 � 5. The energy and force
convergence criteria were 1 � 10�5 eV and 1 � 10�2 eV �A�1,
respectively. The optimised lattice parameters compare well
with experiment (Table S1†). The calculated Brillouin zone
centre phonon frequencies for the polar optical phonon modes
are in very close agreement to experiment and previous calcu-
lation (see Table S2†). Phonon band structure and phonon
density of states (DOS) were obtained by combining VASP with
phonopy39 using a 4 � 4 � 4 supercell (512 atoms). The longi-
tudinal optical and transverse optical (LO–TO) splitting was
included. Born effective charges are shown in Table S3.† Our
analysis in ESI indicates the inclusion of spin–orbit coupling
(SOC) and orbital dependent parameters are vital for obtaining
accurate electronic band structure. In addition, the comparison
of band structure calculated by using optB86b-vdW and PBE
(Fig. S2 and S3, ESI†) show that the exclusion of van der Waals
interaction and the transit of exchange functional from optB86b
to PBE have negligible effect on electronic states at band edges.
Furthermore, Table S1† shows that inclusion of SOC and orbital
dependent parameters has a minimal effect on the lattice
parameters, comparing a and c optimised by using PBE, PBE+U,
PBE+SOC and PBE+U+SOC functionals. The PBE+U+SOC func-
tional alone, however, overestimates the lattice parameters
(Table S1†), underestimates PO phonon frequency and elastic
constants (Tables S2 and S4†), as the van der Waals interaction
is vital for structural properties. Therefore, for feasibility and
avoiding loss of accuracy, all electronic properties, including
the electronic band structure and all observables derived from
analysis of the band structure, have been calculated using the
PBE+U+SOC functional, based upon the optB86b-vdW opti-
mised crystal structure. Spin–orbit coupling (SOC) was treated
self-consistently via perturbational methods. Two-component
treatment was used through non-collinear magnetic structure
calculation. The SOC operator was expressed using the zeroth-
order-regular approximation (ZORA).40 A Hubbard U value of
4 eV was added to the Cu 3d orbitals, as validated for Cu-based
multinary semiconductors.41 The same setting has also been
adopted in earlier band structure calculations of BiCuSeO in
literature.42,43 Band structures calculated with PBE+U+SOC and
the hybrid exchange HSE06+SOC functionals are compared in
Fig. S6.† They show very similar dispersion in reciprocal space;
for instance, the effective mass of hole at the valence band
maximum along the G–M direction is 0.21m0 in both setups.
Further comparisons are discussed in the Results section.
Uncorrelated PBE+SOC calculations yield instead a metallic
solution with zero band gap (Fig. S3†). A rigid shi of 0.44 eV of
the conduction band levels (scissor operator) to reproduce the
experimental band gap of 0.8 eV (ref. 44) has been applied to the
PBE+U+SOC results for calculations of the transport properties.

Boltzmann transport theory in relaxation time approxima-
tion as implemented in the BoltzTraP code45 was employed to
calculate the charge carrier mobility and thermoelectric coeffi-
cients of BiCuSeO. The electrical conductivity s, Seebeck coef-
cient S, electrical thermal conductivity ke, carrier
concentration ne, and charge carrier mobility m are calculated as
This journal is © The Royal Society of Chemistry 2020
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s ¼
ð
d3

�
� vf0ð3Þ

v3

�
sð3Þ (1)

S ¼ 1

seT

ð
d3

�
� vf0ð3Þ

v3

��
3� 3f

�
sð3Þ (2)

ke ¼ �S2sT þ 1

Te2

ð
d3

�
� vf0ð3Þ

v3

��
3� 3f

�2
sð3Þ (3)

sð3Þ ¼ e2
X
n

ð
dk

8p3
sn;kvn;kvn;kdð3� 3n;kÞ (4)

ne ¼ N �
ð
gð3Þf0ð3Þd3 (5)

m ¼ s/nee (6)

where 3n,k is the electron energy, vn,k is the group velocity, sn,k is
the relaxation time, e is the elementary charge, T is the absolute
temperature, f0 is the Fermi–Dirac distribution function, 3f is
the Fermi energy, n is the notation of bands, g is the electron
density of states, and N is the number of electrons within a unit
cell. A ne k-mesh of 31 � 31 � 11 was adopted to calculate
electron energy, which was further interpolated 15 times in
BoltzTraP in order to converge the calculation of the above
charge transport coefficients.

We implemented relaxation time calculation in BoltzTraP to
investigate the LA and PO phonon scattering mechanisms. The
total relaxation time is calculated according to Matthiessen's
rule by:

1

sk
¼ 1

sk;LA
þ 1

sk;PO
(7)

Deformation potential theory is used to calculate the LA
phonon scattering limited relaxation time by:31

1

sk;LA
¼
X
k
0

2p

ħ

��Mðk; k0Þ��2d�3ðkÞ � 3
�
k
0��ð1� cos qÞ (8)

where ħ is the reduced Planck constant, q is the scattering angle
between k and k0, |M(k,k0)| is the scattering matrix calculated as

��M�k; k0��� ¼ kBT

3

X
i¼1;3

E1;i
2

Cii

(9)

where E1,i is the deformation potential constant in three normal
directions, Cii is the corresponding elastic constant, kB is the
Boltzmann constant. The elastic constant Cii was calculated by
using the DFPT formalism in VASP. The deformation potential
constant E1,i was calculated by rstly applying a small strain on
the unit cell and then performing a linear tting of the variation
of the energy of valence band maximum (VBM) with strain in
three normal directions. The deformation potential constants
were calibrated by the Cu 3p core level energy at the G point.
Since relaxation time is a scalar quantity, and charge carriers are
scattered by acoustic phonons in all directions simultaneously
This journal is © The Royal Society of Chemistry 2020
between two scattering events in real materials, the scattering
matrix is averaged over three normal directions.

The relaxation time due to PO phonon scattering is calcu-
lated by:34,46

1

sk;PO
¼ e2uPO

4
ffiffiffi
2

p
p30ħ

�
1

kN
� 1

k0

� ffiffiffiffiffiffiffi
m*

p
ffiffiffiffi
E

p

�
"
nq

f0ðE � ħuPOÞ
f0ðEÞ

 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ħuPO

E

r

þ ħuPO

E
cosh�1

�
E

ħuPO

�1=2
!

þ �nq þ 1
� f0ðE þ ħuPOÞ

f0ðEÞ

 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ħuPO

E

r

� ħuPO

E
sinh�1

�
E

ħuPO

�1=2
!#

(10)

when E > ħuPO, and

1

sk;PO
¼ e2uPO

4
ffiffiffi
2

p
p30ħ

�
1

kN
� 1

k0

� ffiffiffiffiffiffiffi
m*

p
ffiffiffiffi
E

p

�
"
2
�
nq þ 1

� f0ðE þ ħuPOÞ
f0ðEÞ sinh�1

�
E

ħuPO

�1=2
#

(11)

when E < ħuPO, where is E the electron energy,m* is the effective
mass, 30 is the vacuum permittivity, k0 is the static and kN the
high-frequency dielectric constant, uPO is the frequency of the
PO phonon modes, nq is the Bose–Einstein distribution func-
tion of phonons. E is calculated with respect to VBM for holes.
The parameter m* is obtained by tting a parabola near the
band edges. Since usually k0 [ kN, 1/k0 is omitted. kN of
BiCuSeO is calculated to be 17.61 and 13.25 for in-plane and
out-of-plane directions, respectively, which agree well with
previous calculations (18.01 and 13.79 in ref. 24; 15.3 and 12.0
in ref. 43). The relaxation time due to multiple PO phonon
modes was also added by using the Matthiessen's rule.

While more accurate rst principles techniques exist to
calculate electron–phonon couplings (EPC), such as density
functional perturbation theory (DFPT) and Wannier interpola-
tion,47 these are not yet available in conjunction with orbital
dependent functionals (DFT+U or HSE06) that are required to
reproduce electronic and phonon band structures of BiCuSeO.
Our choice that focuses on the two most important and physi-
cally different electron–phonon scattering mechanisms in
BiCuSeO is therefore a pragmatic solution to further our
understanding of this and related mixed-anion thermoelectrics.
Results and discussion

BiCuSeO is formed by ionic layers of composition [Bi2O2]
2+ and

[Cu2Se2]
2�, and adopts a tetragonal cell with space group P4/

nmm (Fig. 1c). The optimised lattice constants in our calculation
(a ¼ 3.926 �A, c ¼ 8.957 �A) show excellent agreement with
experimental values (a¼ 3.930�A, c¼ 8.927�A).9 As the electronic
and phonon band structure are well documented in litera-
ture,24,26,27,42 we present our results for band and phonon band
J. Mater. Chem. A, 2020, 8, 25245–25254 | 25247
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Fig. 1 (a) Electronic band structure and density of states (DOS) of BiCuSeO. (b) Phonon band structure and phonon DOS. (c) Crystal structure of
BiCuSeO, and charge distribution for the eigenstate at the VBM. (d) Variation of VBM energy with strain in a and c directions. The reference energy
of the Cu-3p core level used to obtain the deformation constants is also shown. (e) Symmetry, frequency and atomic displacements for the PO
phonon modes at G.
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structure in the following and compare the key features that
determine the charge transport properties of BiCuSeO. The
electronic band structures and density of states (DOS) calcu-
lated with the PBE+U+SOC functional are shown in Fig. 1a. The
calculated band gap is 0.36 eV. The HSE06+SOC calculation
shows a band gap of 0.93 eV (Fig. S5†), which is closer to the
experimental measure of 0.8 eV.44 The PBE+U+SOC band
structure compares well with the more expensive HSE06+SOC
result aer a rigid band shi (Fig. S6†). The top of the valence
band of BiCuSeO is composed of Se and Cu orbitals and the
bottom of the conduction band is constituted of Bi orbitals. The
valence band maximum (VBM) is located along the G–M direc-
tion. The charge density at the VBM is shown in Fig. 1c. There
are three valence band maxima, one along G–M, one at Z and
one along Z–R with only a minor energy difference (15 meV
between the valence band maxima along G–M and at Z, 51 meV
between valence band maxima along G–M and Z–R). The hole
effective mass around the three valence band maxima is
calculated to be 0.21m0, 0.68m0, and 4.60m0, (where m0 is the
electron mass), respectively, which agree with previous theo-
retical results (G–M: 0.21m0, Z–G: 0.47m0, and R–Z: 4.53m0) ob-
tained at the HSE06+SOC level of DFT calculation.27 This
warrants the reliability of our chosen PBE+U+SOC setup for
25248 | J. Mater. Chem. A, 2020, 8, 25245–25254
further calculation of thermoelectric coefficients of BiCuSeO, as
a scissor operator can be applied to reproduce the accurate
band dispersion and band gap. The phonon band structure and
phonon DOS of BiCuSeO are shown in Fig. 1b. The phonons
with frequencies above 200 cm�1 are mainly projected to oxygen
and those below 200 cm�1 are mostly due to the heavier atoms.
The G point has D4h point group symmetry, with phonons
belonging to the following irreducible representations: G¼ 4A2u
+ 2A1g + 2B1g + 4Eu + 4Eg. For the doubly degenerate Eu and Eg

modes, atoms vibrate in plane, while for A2u, A1g, and B1g

modes, atoms vibrate out of plane. Fig. 1e shows the six PO
modes of BiCuSeO. The calculated frequencies of the PO modes
compare well with experiment and previous calculation (Table
S2†).24 The lower four PO phononmodes with frequencies below
200 cm�1 are mainly due to atomic displacements in the Cu–Se
layer, while the two PO modes with frequencies above 200 cm�1

are due to oxygen vibrations in the Bi–O layer.
In order to discriminate the relative importance of LA and

PO phonon scattering on charge transport in BiCuSeO, the
electron–LA phonon scattering is calculated by using deforma-
tion potential (DP) theory30,31 and the electron–PO phonon
scattering is calculated by accounting for the Fröhlich interac-
tion.33 The DP constants are calculated by monitoring the
This journal is © The Royal Society of Chemistry 2020
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Table 1 Deformation potential constant E1, elastic constant Cii,
Young's modulus E, LA phonon scattering limited mobility mLA and
average relaxation time sLA, PO phonon scattering limitedmobility mPO,
and average relaxation time sPO, and the total carrier mobility limited
by LA and PO phonon scattering mTotal for holes in BiCuSeO at 300 K

Direction

This work

Experimenta c

E1 (eV) 4.5 4.1
Cii (GPa) 155.1 103.7
E (GPa) 104.1 63.5 76.5 (ref. 23)
sLA (fs) 80
sPO (fs) 15
mLA (cm2 V�1 s�1) 168 64.7
mPO (cm2 V�1 s�1) 45.1 17.7
mTotal (cm

2 V�1 s�1) 31.6 12.4 20 (ref. 15)
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variation of the energy of VBM with strain (Fig. 1d). Although
this method is approximate,48 it has previously been success-
fully applied to describe the electron–LA phonon scattering in
CH3NH3PbI3, and the calculated DP constants (4.3 eV for elec-
trons and 1.5 eV for holes)49 are comparable to experimental
results (2.93 eV for electrons and 2.2 eV for holes).50 The DP
constants for holes in BiCuSeO are calculated to be 4.5 and
Fig. 2 Hole mobility m of BiCuSeO as a function of temperature: LA, PO,
Experimental results are shown for comparison. Hole mobility calculated
PO modes with frequency >200 cm�1 and <200 cm�1, respectively, in (c

This journal is © The Royal Society of Chemistry 2020
4.1 eV in the a and c directions, respectively (Table 1) with
PBE+U+SOC functional. We also compared the DP constants
calculated with PBE+U (4.8 eV in a and 4.0 eV in c direction,
Fig. S7†), which indicates the SOC has a minor effect on DP
constants. A deformation potential constant of 24 eV is available
in the literature, tted from experimental data by assuming that
LA phonon scattering dominates the charge transport proper-
ties of BiCuSeO and the valence band can be represented by
a simple parabolic band (SPB) structure.27,28 However, these
assumptions are questionable given the multiple maxima
present in the band structure,27 such that the deformation
potential as high as 24 eV should be taken with caution. We
calculated DP constants from rst-principles in order to eval-
uate the relative importance of LA and PO scattering. The elastic
constants of BiCuSeO are calculated to be 155.1 and 103.7 GPa
in a and c directions, respectively. The calculated Young's
modulus is 104.1 and 63.5 GPa in the a and c directions,
respectively. The isotropic Young's modulus for polycrystalline
samples is calculated to be 98.4 GPa by using the Voigt–Reuss–
Hill scheme,51 which agrees well with previous theoretical
calculations (93 GPa in ref. 24; 109.3 GPa in ref. 52), but has an
overestimation over the experimental value of 76.5 GPa
measured on polycrystalline samples.23 The reason of the
overestimation might be that theoretical values correspond to
and total scattering limited mobility in (a) a direction and (b) c direction.
by considering PO scattering only, and separate contributions from the
) a direction and (d) c direction.
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0 K, while experimental measurement is performed at room
temperature.

The temperature dependence of the mobility is strong
evidence for revealing the dominant electron scattering mech-
anisms. Fig. 2a and b show the temperature dependence of hole
mobility calculated by considering both LA and PO phonon
scattering, and the limiting contribution when only one of the
two terms is accounted for, in the in-plane (a) and out-of-plane
(c) direction, respectively. The calculated room temperature
mobilities in the a and c direction are 31.6 and 12.4 cm2 V�1 s�1,
respectively, which shows an excellent agreement with the
experimental value (�20 cm2 V�1 s�1) for pristine BiCuSeO
measured on polycrystalline samples that is thus reported as
isotropic.15 The difference between theoretical and other
experimental data in Fig. 2a is due to the fact that other samples
are doped; scattering from point defects is expected to reduce
the mobility. We attribute the mobility anisotropy between in-
plane and out-of-plane directions to the anisotropy of effective
mass (0.21m0 in-plane vs. 0.68m0 out-of-plane), clearly linked
with the layered structure of the compound. Our results indi-
cate that the PO dominates over the LA phonon scattering along
both in-plane and out-of-plane direction, in particular at
temperatures <500 K; only for temperatures above �600 K does
the electron–LA phonon scattering become the predominant
mobility-limiting mechanism. We note here that although the
specic transition temperature for the dominance between LA
and PO might change accounting for the thermal effect on the
elastic constants (the Cii usually decrease with increasing
temperature),53 our conclusion in the low temperature range
will not be affected since the LA phonon scattering becomes
comparable to the PO scattering only for T > 500 K. The
combined scattering of LA and PO phonons results in the power
law of T�1.5 and T�1.6 in a and c directions, respectively, in good
agreement with the power law from experiment (T�1.4).15 The LA
phonon scattering limited mobility (i.e. the mobility obtained
neglecting PO phonon scattering) follows a power law of T�2.4.
The assumption made until now when investigating mobility in
BiCuSeO that LA phonon scattering follows a power law of
�T�1.5,15,20,28 is therefore debatable, as is explained in the
following. Firstly, the simple assumption of the dominant role
of LA in the charge transport properties of BiCuSeO ignores the
important effect of electron–PO phonon scattering. As shown in
Fig. 1e, the PO phonon frequencies due to Cu–Se layer are
smaller than 200 cm�1: 56.2, 91.4, 136.0, and 175.2 cm�1, which
correspond to temperatures of 81, 131, 195, and 250 K,
respectively. This means that these PO phonon modes with low
frequencies can be excited from at least 100 K, as shown in
Fig. 2a and b. Mobility due to PO scattering only has a weaker
temperature dependence and stronger scattering magnitude
than that from LAmodes, which results in stronger electron–PO
phonon scattering than electron–LA phonon scattering between
100–600 K. The energy dependence of the relaxation time has
been plotted in Fig. S8,† which indicates PO phonon scattering
dominates LA for holes with energy between �0.1 to 0 eV (with
respect to VBM); PO and LA scattering have similar magnitude
below�0.1 eV. When 3f ¼�0.1 eV, the hole density is 1.4� 1021

cm�3 at 300 K (Fig. S9, ESI†), which implies the LA phonon
25250 | J. Mater. Chem. A, 2020, 8, 25245–25254
scattering dominates PO phonon only in very heavily doped
samples. Secondly, the association of a T�1.5 dependence with
acoustic phonon scattering as the dominant mechanism is
commonly made in the literature,1,54 but it is not necessarily
correct for semiconductors with high band degeneracy (Nv,
number of valleys). It has been demonstrated that in PbTe (Nv ¼
12) the polar optical phonon scattering dominates acoustic
phonon scattering.55 First-principles calculation also indicates
that polar optical phonon scattering is comparable with
acoustic phonon, and thus also important in Bi2Te3 (Nv ¼ 6).56

The m � T�1.5 power law of electron–LA phonon scattering is
expected in deformation potential theory only under the simple
parabolic band (SPB) approximation; in this case30,31

mLA ¼ 2
ffiffiffiffiffiffi
2p

p
eCiiħ4

3ðkBTÞ3=2E1
2m*5=2

(12)

where E1 is the deformation potential constant, Cii is the elastic
constant, kB is the Boltzmann constant, ħ is the reduced Planck
constant, m* is the effective mass. The deviation from the T�1.5

power law, associated with a single parabolic band, arises from
the temperature dependence of the effective mass observed for
systems with multiple valleys.57 For example, LA phonon scat-
tering coupled with intervalley scattering results in a power law of
T�2.01 in InTe.58 A valley degeneracy of eight is found in previous
work and conrmed by our band structure calculations shown in
Fig. 1a: four valence valleys along G–M and another four along Z–
R.27 In our analysis, the multiple valley scattering effects are
included by calculating the scattering between electron states
with the same energy in different valleys. The effective hole mass
for BiCuSeO has been calculated by applying a Fermi–Dirac
distribution to the calculated band structure (Fig. S10†), and
shows a temperature power law of T0.8. A recent experimental
work has inferred the dominant role of electron–optical phonon
scattering to explain the measured mobility power law of�T�2.28

between 50–300 K (as is reproduced to be T�2.1 between 100–300
K in Fig. 2a).35 However, this work does not discuss electron–PO
phonon scattering explicitly, but rather electron–optical phonon
scattering in general. The BiCuSeO single crystal samples re-
ported in this experimental work show high carrier density (�2.5
� 1020 cm�3),35 while several other experimental results show
a carrier density only on the order of 1018 cm�3 for pristine
BiCuSeO.14–16,19 The room temperature hole mobility of BiCuSeO
reported in this work (6 cm2 V�1 s�1)35 is considerably lower than
the widely accepted value of 20 cm2 V�1 s�1 for pristine BiCu-
SeO.15,16,22 These results may indicate that the samples employed
in ref. 35 contain a large number of defects and thus the
discussion of electron–phonon interaction and the measured
mobility dependence of T�2.28 are affected by defect scattering.

As the phonon DOS contains a gap around 200 cm�1, this
feature can be used to separate the effects of POmodes above and
below 200 cm�1 and discriminate their relative contribution to
hole mobility. As shown in Fig. 2c and d, the heavier atoms in the
Cu–Se layer (modes below 200 cm�1) play a dominant role at T
below �500 K, while oxygen vibrations in the Bi–O layer become
more important on increasing T above�500 K. It is interesting to
note that increased carrier mobility has been reported
This journal is © The Royal Society of Chemistry 2020
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experimentally upon Te doping into the Cu–Se layer, whichmight
weakens the electron–PO phonon scattering through higher
bond covalency.22 A temperature power law of T�1.9 is obtained
for Te doped samples.22 This is consistent with our simulation,
because when the PO phonon scattering from the Cu–Se layer is
weakened, the power law will increase towards that of LA
phonons (T�2.4). Te doping also effects the LA phonon scattering
as the both electron and phonon dispersions are determined by
Cu–Se layer, but this contribution is expected to be compensated
by two converse effects. On the one hand, the effect of acoustic
phonon on carrier scattering is mainly due to the change of
density during lattice vibrations. The elastic constant reduces
�16% when x changes from 0 to 0.1 in Bi0.96Pb0.04CuSe1�xTexO,
estimating from sound velocity and the mass density changes
reported in literature.22 This will result in smaller mobility
limited by LA phonon. On the other hand, rst-principles
calculations show that Te doping results in higher mobility due
to decreased band gap and decreased density of states at the
band edge.59 Therefore, these two effects acting in opposite
directions are likely to compensate each other to a large extent.

Fig. 3 shows the dependence of the thermoelectric coefficients
of BiCuSeO on carrier concentration at 300 K in the in-plane
direction. Results for the out-of-plane direction are shown in
Fig. S11.† Both electron–LA and electron–PO scattering mecha-
nisms are included. The Seebeck coefficients S is strongly
Fig. 3 Thermoelectric observables as a function of carrier concentration
(b) electrical conductivity s, (c) electrical thermal conductivity ke, (d) Loren
figure of merit ZT. Experimental values under various doping methods a

This journal is © The Royal Society of Chemistry 2020
affected by the band gap size due to the possible bipolar effect.
Therefore, we applied a rigid band shi (0.44 eV) on the
conduction bands to match the gap of 0.8 eV in experiment.44

Fig. 3a shows that S decreases with increasing carrier concen-
tration and has excellent quantitative match with experimental
results, especially at higher carrier concentrations. Fig. 3b and c
show that both electrical conductivity s and electrical thermal
conductivity ke increases linearly with carrier concentration, and
again agree exceptionally with experiments at low carrier
concentrations <1019 cm�3. However, s and ke are overestimated
at elevated carrier concentration due to the exclusion of extrinsic
scatteringmechanisms such as defect and boundary scattering in
our simulations. Thismight cause discrepancy when we compare
the calculated values with experimental results, especially with
samples with high dopant concentrations. However, the purpose
of our calculation is to predict power factor and ZT values owing
to phonon scattering only, which can be seen as the theoretical
upper limit of the power factor and ZT. The Wiedemann–Franz
law connects s and ke by ke¼ LsT, where L is the Lorenz number.
The Lorenz number ranges between (1.53–2.38) � 10�8 W U K�2

when carrier concentration changes from 1 � 1018 to 1 � 1021

cm�3, and compares well with the Mg doped BiCuSeO at low
carrier concentration (Fig. 3d). It becomes closer to the theoret-
ical value for metals (2.44 � 10�8 W U K�2) at high carrier
concentrations. As shown in Fig. 3e, the theoretical limit of the
in the in-plane direction of BiCuSeO at 300 K: (a) Seebeck coefficient S,
z number L, (e) thermoelectric power factor S2s, and (f) thermoelectric
re shown for comparison.
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power factor is 21.3 mWcm�1 K�2 at a carrier concentration of 2.0
� 1020 cm�3, which is approximately double the values currently
achieved experimentally in various doped systems. The experi-
mental lattice thermal conductivity of polycrystalline BiCuSeO
samples (as reproduced from ref. 18 in Fig. S12, ESI†) is used to
calculate the thermoelectric gure of merit of BiCuSeO.18 The
optimal room temperature ZT is calculated to be 0.48 at 1.0 �
1020 cm�3. As shown in Fig. 3f, most of the experimental ZT
values are below the theoretical values presented in this study.
Some, however, become larger than the theoretical value at
higher carrier concentrations. The possible reason can partially
be due to our overestimation of the electrical thermal conduc-
tivity, as well as the fact that microstructural effects, such as
creation of nanodots19 and all-scale structural optimisation21 are
employed in experiments to reduce the lattice thermal conduc-
tivity below the polycrystalline value used here.18

Our analysis on the effects of different phonon scattering
mechanisms on the carrier mobility in BiCuSeO has shown that
LA and PO phonon modes dominate charge transport at
different temperatures; the PO contributions can be further
partitioned into modes from the Cu–Se layer below 200 cm�1

and from the Bi–O layer above 200 cm�1, each becoming the
mobility-limiting mechanism under different conditions. Here
we investigate whether the different phonons also show
a different effect and power factor and gure of merit ZT, by
excluding from the calculations the contribution of PO phonons
with frequencies <200 cm�1 and >200 cm�1, respectively. Fig. 3e
shows that the optimal power factor can indeed be signicantly
Fig. 4 Variation of (a) power factor S2s and (b) thermoelectric figure of m
The circles denote the position of maximum ZT at different temperature
range of 300–875 K. Data are shown for in-plane direction. Experiment

25252 | J. Mater. Chem. A, 2020, 8, 25245–25254
improved by suppressing specic types of phonons: in partic-
ular at low carrier concentrations by suppressing Cu–Se
phonons, while high carrier concentrations benet particularly
by the suppression of Bi–O phonons. The optimal power factor
raised to �30 mW cm�1 K�2 at the carrier concentration of 8.0 �
1019 cm�3 when Cu–Se phonons are excluded. This is mainly
due to the increase in electrical conductivity (Fig. S13, ESI†). A
similar increase in the optimal ZT is observed, with maximum
of 0.71 at the carrier concentration of 5.0� 1019 cm�3 when Cu–
Se phonons are excluded.

Fig. 4a and b show the variation of power factor and ZT with
carrier concentration and temperature, respectively in the in-
plane direction. The results in the out-of-plane are shown in
Fig. S14.† The corresponding results when the charge scattering
effects of the two groups of PO phonon modes are explicitly
excluded are shown in Fig. S15 and S16.† It is seen in Fig. 4a that
the power factor does not peak even at high carrier concentra-
tion of 2.0 � 1020 cm�3 when the temperature is above 450 K.
This can be attributed to the multiple valley feature of the
valence band since the Seebeck coefficient decreases slowly at
elevated carrier concentration when there is sharp increase in
the density of states, according to the theory of Mahan.60,61

Indeed, three maxima of power factor are recently observed in
Pb-doped BiCuSeO samples, containing PbSe precipitates.20

Fig. 4 further shows the maximum ZT in the 300–873 K
temperature range (4d), and the corresponding value of the
power factor (4c). The highest effect for improving power factor
and ZT of BiCuSeO around room temperature is achieved by
erit ZTwith temperature and carrier concentration for p-type BiCuSeO.
. (c) Power factor and (d) optimal figure of merit ZT in the temperature
al values under various doping methods are shown for comparison.

This journal is © The Royal Society of Chemistry 2020
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doping in the Cu–Se layer, while the largest enhancement at
high T > 500 K require modications of the Bi–O layer. A 13%
increase in power factor is retained even at 875 K when Bi–O
phonons are excluded. The optimal ZT increases monotonically
with temperature and reaches 2.5 at 875 K, which is much
higher than the currently highest ZT obtained in experiment of
1.5 at 873 K in the Pb–Ca dual doped BiCuSeO sample Bi0.88-
Ca0.06Pb0.06OCuSe.21 ZT can be improved by 30% both through
weakening Cu–Se or Bi–O phonons at room temperature
(Fig. 4d). At higher temperatures, the increase of ZT by
excluding both PO phonon <200 cm�1 and >200 cm�1 is smaller
than the magnitude of increase in power factor. This is due to
the overestimation of electrical thermal conductivity at higher
temperatures in our calculation. The theoretical limit of ZT can
be improved to 2.7 at 875 K when Bi–O phonons are excluded. It
is intriguing to note that experimentally �35% improvement in
ZT can be achieved by introducing Te into Cu–Se layer at 873
K,22 weakening electron–phonon scattering. Our results suggest
that weakening the coupling between carriers and Bi–O
phonons can also improve ZT in BiCuSeO-based materials,
which might be achieved by substituting Bi with atoms with
higher electronegativity than Bi (2.02), such as Pb (2.33) and Sb
(2.05), or lower formal charge than Bi3+, including vacancies.
Indeed, Pb doping is found to retain higher electrical conduc-
tivity compared to doping with alkaline earth metals (electro-
negativity in the range of 0.89–1.31).21 Overall, due to the layered
structure and the presence of different anions in each sub-
block, BiCuSeO has phonon bands well separated in
frequency space that can be engineered independently and
optimised to yield best performance under specic T and carrier
concentration conditions through targeting specic phonons.

Conclusions

In summary, by combining density functional theory calcula-
tions with electron–phonon scattering models we demonstrate
the fundamental role of electron–PO phonon scattering in charge
transport properties of BiCuSeO. An intrinsic hole mobility of
�32 cm2 V�1 s�1 at room temperature is predicted under the
combined scattering effects of PO and LA phonons, which
compares well to the experimental value of �20 cm2 V�1 s�1.15

The calculated power law of m � T�1.5 also agrees well with
experiments. Due to multiple valley effects, the LA phonon
limited mobility in BiCuSeO follows a power law of m � T�2.4,
rather than the commonly assumed m� T�1.5.15,27,28 The groups of
PO phonon modes (four with frequency <200 cm�1 mainly due to
atomic vibrations in the Cu–Se layer and two with frequency
>200 cm�1 localised to oxygen vibration in the Bi–O layer) have
comparable scattering effects between 300–875 K. This explains
the experimental observation that improved carrier mobility can
be obtained by doping Te into the Cu–Se layer,22 weakening
electron–PO phonon interaction. The theoretical limit ZT of
BiCuSeO is calculated to be 2.5 at 875 K. Weakening the coupling
between carriers and PO phonons in the Bi–O layer is also
a possible strategy for enhancing ZT. We acknowledge that
considering the effect of doping only through inclusion or
exclusion of PO phonons > and <200 cm�1 is a crude
This journal is © The Royal Society of Chemistry 2020
approximation. The modication of PO scattering effects due to
specic doping mechanisms can be calculated, but this goes
beyond this study and might deserve further elucidation from
both theoretical and experimental research. Our work provides
valuable new insights for further rational optimisation of charge
transport and thermoelectric properties of BiCuSeO through
targeting specic phonons. Beyond BiCuSeO, this approach is
likely applicable to other materials composed of subunits with
distinct characteristic phonon frequencies, such as other mixed
anion compounds with light and heavy elements segregated in
different structural units.62–64
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