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ABSTRACT: Vacancy is a very important class of phonon scattering center to reduce thermal conductivity for the development
of high efficient thermoelectric materials. However, conventional monovacancy may also act as an electron or hole acceptor,
thereby modifying the electrical transport properties and even worsening the thermoelectric performance. This issue urges us to
create new types of vacancies that scatter phonons effectively while not deteriorating the electrical transport. Herein, taking
BiCuSeO as an example, we first reported the successful synergistic optimization of electrical and thermal parameters through Bi/
Cu dual vacancies. As expected, as compared to its pristine and monovacancy samples, these dual vacancies further increase the
phonon scattering, which results in an ultra low thermal conductivity of 0.37 W m−1 K−1 at 750 K. Most importantly, the clear-
cut evidence in positron annihilation unambiguously confirms the interlayer charge transfer between these Bi/Cu dual vacancies,
which results in the significant increase of electrical conductivity with relatively high Seebeck coefficient. As a result, BiCuSeO
with Bi/Cu dual vacancies shows a high ZT value of 0.84 at 750 K, which is superior to that of its native sample and
monovacancies-dominant counterparts. These findings undoubtedly elucidate a new strategy and direction for rational design of
high performance thermoelectric materials.

■ INTRODUCTION

Because of their ability to achieve direct and reversible energy
conversion between heat and electricity, thermoelectric devices
are recognized as a promising candidate for alleviating energy
crisis and environmental pollutions.1−4 Generally, the con-
version efficiency is governed by the dimensionless thermo-
electric figure of merit, ZT = σS2T/(κe + κl), where σ, S, T, κe,
and κl are the electrical conductivity, Seebeck coefficient,
absolute temperature, electronic, and lattice thermal con-
ductivity, respectively.5,6 However, due to the inverse coupling
between the electrical and thermal parameters through inherent
electronic structure of materials, the thermoelectric figure of
merit, ZT value, is hitherto limited at low values, which strongly
hinder the application and commercialization of thermoelectric
materials.7−9 Therefore, any developed strategies and materials
that could compromise or decouple these interrelated
parameters should be critical for the breakthrough and ultimate
commercialization of thermoelectric technology.10−12

On the road of exploitation in high performance thermo-
electric materials, reduction of lattice thermal conductivity has
been widely considered to be one of the most effective
strategies.13−17 It is well-known that the lattice thermal
conductivity in solids is governed by phonons, which are the

dissipation of vibrational energy between adjacent atoms
through chemical bonding. So, to produce the scattering center
for phonons became the key prerequisite in the reduction of
lattice thermal conductivity. Because they can break the
continuity of chemical bonding by virtue of both missing
atom and missing interatomic linkages, vacancies are expected
to be efficient scattering sites to reduce thermal conductiv-
ity.18−23 However, widely investigated monovacancy may also
act as electron or hole acceptor, thereby modifying the
electronic transport properties and even worsening the
thermoelectric performance.24 On the other hand, the amounts
as well as distributions of vacancies also influence the
thermoelectric properties originating from their contrary
contributions to the reduction of lattice thermal conductivity
and deterioration of electrical mobility.25,26 These issues urge
us to create new types of vacancies that scatter phonons
effectively while not deteriorating the electrical transport. Most
recently, multiple compounds, such as I2−II−IV−VI4,27−30
AgPbmSbTe2+m,

31−35 BiCuSeO,36−42 and so on, have attracted
the most considerable attention to develop advanced thermo-
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electric materials. As compared to conventional binary
compounds, plural kinds of element component in multiple
compounds attract our attention, which means we can create
new types of vacancies, such as dual or multiple vacancies to
overcome the aforementioned issue. In fact, it has been proven
that dual vacancies significantly affect the property in other
functional materials.43−45 For example, it has been found that,
in the dual-vacancies dominant NiO,43 carrier concentrations
can be modulated by the presence or absence of oxygen defects
around nickel defects, which substantively affect its properties.
However, this effect has been long neglected in thermoelectric
materials. Therefore, it is urgently necessary to develop a new
strategy based on the manufacture of dual or multiple vacancies
to tackle the essential issue of coupling between electrical and
thermal transport properties in thermoelectric materials.
As a typical multiple compound, BiCuSeO shows a unique

and tangible structure stacking by alternating insulating
[Bi2O2]

2+ layers and conductive [Cu2Se2]
2− layers38 along the

c axis, which provides us an ideal platform to clearly investigate
the dual vacancies’ effect. Herein, by simultaneously introduc-
ing 2.5% Bi and Cu vacancies into the insulating [Bi2O2]

2+

layers and conductive [Cu2Se2]
2− layers, respectively, we

successfully synergistically optimized the electrical and thermal
parameters. As expected, these dual vacancies effectively
decrease the lattice thermal conductivity. Most importantly,
the clear-cut evidence in positron annihilation unambiguously
confirms the interlayer charge transfer between these Bi/Cu
dual vacancies, which results in the significant increase of
electrical conductivity with a relatively high Seebeck coefficient.
As a result, a high ZT value up to 0.84 was achieved in
Bi0.975Cu0.975SeO at 750 K, which is nearly 4 times larger than
that of the pristine BiCuSeO and superior to the most reported
doped counterparts at the same temperature. This charge
transfer in heterolayer through dual-vacancies strategy also
elucidates a new direction to optimize and design for high
performance thermoelectric materials.

■ EXPERIMENTAL SECTION
Materials. All chemicals were of analytic grade purity purchased

from Sinopharm Chemical Reagent Co., Ltd., and used as received
without further purification.
Synthesis. Samples with a composition of Bi1−xCu1−ySeO were

synthesized using a one-pot solid-state reaction route. Stoichiometric
mixtures of Bi2O3 (2N), Bi (4N), Se (AR), and Cu (2.7N) powders
were homogenized in agate mortar by hands and sealed in evacuated
silica tubes, which were subsequently heated at 573 K for 12 h and
then 923 K for 9 h with a 5 K/min heating rate and 2 K/min cooling
rate. The obtained bulk materials were then crushed into powders and
finely grinded. Finally, the obtained powders were hot-pressed into a
disk-shaped sample (pellet) of ϕ 15 mm × 2.5 mm under the axial
compressive stress of 60 MPa in a vacuum at 873 K for 30 min in high-
density graphite die. All sample preparation processes, including the
weighing of raw materials and grinding of powders, were carried out in
air.
Characterization. The structure of these obtained samples was

characterized via X-ray diffraction (XRD) pattern, which was recorded
on a Rigaku Dmax diffraction system using a Cu Kα source (λ =
1.54187 Å). The field emission scanning electron microscopy (FE-
SEM) images were taken on a JEOL JSM-6700F scanning electron
microscopy. High-resolution TEM (HRTEM) images and high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) images were collected on a spherical aberration-
corrected JEOL ARM-200F field-emission transmission electron
microscope operating at 200 kV accelerating voltage. Hall coefficient
measurements were performed on a Quantum Design Physical

Property Measurement System (PPMS-9) using the van der Pauw
method.

Thermoelectric Properties. The resulting discs are extremely
brittle and have more than 95% theoretical density, determined from
the geometric densities. The samples were well cut and polished with a
shiny surface. Rectangular shape samples with typical sizes of 10 mm ×
2 mm × 2 mm were employed to simultaneously measure electrical
conductivity σ and Seebeck coefficient S by the standard four-probe
methods in a He atmosphere (ULVAC-RIKO ZEM-3). Thermal
conductivity κ was calculated using the equation κ = DρCp from the
thermal diffusivity D obtained by a flash diffusivity method (LFA 457,
Netzsch) on a round disk sample with diameter of about 10 mm and
thickness of 2 mm, and specific heat Cp determined by a differential
scanning calorimeter method (DSC Q2000, Netzsch).

Positron Annihilation Spectroscopy. The positron lifetime
experiments were carried out with a fast−slow coincidence ORTEC
system with a time resolution of about 230 ps full width at half-
maximum. A 30 μCi source of 22Na was sandwiched between two
identical Bi1−xCu1−ySeO samples with a total count of two million. The
lifetime and the density distribution of a positron in a perfect bulk
crystal or that of a positron trapped at a defect were calculated by
solving the three-dimensional Kohn−Sham equation with the finite-
difference method based on the conventional scheme46 and the
density functional theory.47 To obtain the electron density and the
Coulomb potential due to the nuclei and the electron density, several
self-consistent calculations for electronic structures were performed
with the PBE-GGA approach48 or electron−electron exchange-
correlations. To obtain the positron lifetimes, the GGA (Generalized
Gradient Approximation) form of the enhancement factor proposed
by Barbiellini49 is chosen.

■ RESULTS AND DISCUSSION
Prior to transport measurements, the phase purity and
crystallinity of the products were investigated by powder X-
ray diffraction (XRD) patterns. As shown in Figure 1a, all XRD
patterns of the obtained Bi1−xCu1−ySeO samples could well be
indexed to the tetragonal BiCuSeO (P4/mmm space group)
with lattice parameters of a = b = 3.93 Å, c = 8.93 Å (JCPDS
no. 45-0296). No other peaks were detected, indicating the
high purity of these samples. Figure 1b shows an electron
diffraction pattern of the Bi0.975Cu0.975SeO sample with selected
area aperture of only one grain, which does not show splitting
Bragg spots, indicating the single nature of the grain. The two
nearest spots with an orientation angle values 90° are fairly
consistent with the theoretical values of (001) and (01 ̅0) planes
for tetragonal BiCuSeO; thus the SAED pattern can be easily
indexed as the [100] zone axis projection. The high-resolution
HAADF-STEM image present in Figure 1c is taken along the
[100] zone axis of the Bi0.975Cu0.975SeO sample, which couples
both structural and atomic information at the atomic
resolution.50−52 Taking into account that the contrast in a
HAADF image is proportional to ∼Z2 (Z being the atomic
number), in our Bi0.975Cu0.975SeO sample, Bi atoms are
expected to be brighter than both Cu and Se atoms because
of their much higher atomic mass. Meanwhile, the O atoms are
invisible in the HAADF image, because they are not heavy
enough to produce any contrast.52 According to the Z contrast,
the bright and dark stripes in Figure 1c can correspond to
[Bi2O2]

2+ and [Cu2Se2]
2− layers, respectively. The intensity

profiles in Figure 1d and e, recorded along the superimposed
white lines in Figure 1c, clearly feature alternate intense and
weak peaks due to local contrast variations along the lines.
Combined with the superimposed atomic structure in Figure
1c, we can determine the corresponding atoms of each peak
accordingly, as labeled in the image. Lattice parameter with a =
b = 3.93 Å, c = 8.93 Å can be easily obtained from the distance
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between adjacent Bi atoms along the b axis (line e in Figure 1c)
and c axis (line d in Figure 1c), respectively, which perfectly
match with the theoretical values. It is worth noting that,
although O columns are invisible in HAADF images,
corroboration of their existence and the specific position can
be achieved by the weak foot peaks close to the Bi peaks
(Figure 1d, marked by red asterisks).
Because of its nondestructive and selective detection of the

negatively charged defects in solid materials with ppm-level
sensitivity,53−55 positron annihilation spectrometry (PAS) was
employed to detailedly study the type and relative concen-
tration of cation vacancies in our samples. As shown in the
positron lifetime spectra (Figure 2a) and its derived lifetime
parameters (Table 1), the Bi1−xCu1−ySeO samples yield
different lifetime components (range from 3 to 5) due to

composition variation. Pure BiCuSeO has only three lifetime
components, among which the predominant shortest compo-
nent (τ1, 175−180 ps) can be ascribed to the bulk lifetime
(Table 2), while the two longer life components (τ4, 406−418
ps and τ5, 1.3−1.9 ns) come from positron annihilation in the
large size defects and the interface present in the samples.54,55

Bi- and Cu-deficient samples, Bi0.975CuSeO and BiCu0.975SeO,
have one more extra lifetime component (τ2, around 290 ps for
the former, and τ3, around 205 ps for the latter), which could
be attributed to positron annihilation that trapped at the single
isolated Bi (or Cu) vacancies, respectively, according to the
theoretically calculated positron lifetime values in Table 2 (as
graphical ly shown in Figure 2b). Natural ly , the
Bi0.975Cu0.975SeO sample with Bi/Cu dual vacancies shows
two more extra lifetime components belong to Bi and Cu
vacancies. From the relative intensity of the positron lifetime
(Table 1), it is clear that Bi vacancies and Cu vacancies are
predominant in the corresponding samples.
Figure 2b represents the projection of the positron density

distribution for the (100) plane of pure, Bi-vacancy, Cu-
vacancy, and Bi/Cu dual-vacancies samples. It is well-known
that the metal vacancies are usually composed by a negatively
charged center encircled with positively charged holes. As the
positrons are injected into the system, the negatively charged
centers will annihilate these positrons. In other words, the
positrons usually concentrate at the negatively charged centers,
just as shown in Figure 2b-2 and -3, in which the positrons are
distributed around the Bi and Cu vacancies in Bi0.975CuSeO and
BiCu0.975SeO, respectively. However, in the Bi0.975Cu0.975SeO
sample with Bi/Cu dual vacancies (as shown in Figure 2b-4),
the positron distribution around Bi vacancy center is more
concentrated than that in Figure 2b-2, and the positron
distribution around the Cu vacancy center is less concentrated
than that in Figure 2b-3. This phenomenon clearly illustrates
that positron distribution in the dual-vacancies sample is not a
simple superposition by that in monovacancy sample, indicating
that a redistribution of carreris should take place in the dual-
vacancies system. From Figure 2b-4, we can easily conclude
that charge transfers from Bi vacancy centers to Cu vacancy
centers, because the positrons are mainly concentrated around
Bi vacancies. Taking into account that the holes are the
majority charge carriers in p-type Bi0.975Cu0.975SeO, this charge
transferring from Bi vacancy center ([Bi2O2]

2+ insulating layer)
to Cu vacancy center ([Cu2Se2]

2− conductive layer)
undoubtedly increased carrier concentration (see Figure S1 of
the Supporting Information), giving it the highest electrical

Figure 1. Structure and phase characterization. (a) XRD patterns for
Bi1−xCu1−ySeO samples, the inset displaying the schematic representa-
tion of the crystal structure of BiCuSeO along the [100] direction,
showing the [Bi2O2]

2+ and [Cu2Se2]
2− layers stacking alternately along

the c axis. (b) The SAED patterns of the nominal Bi0.975Cu0.975SeO
sample, representing a [100] zone axis projection. (c) Experimental
obtained [100] HAADF-STEM image of the Bi0.975Cu0.975SeO sample
with a superposition of the atomic structure, scale bar, 1 nm, and (d,e)
intensity profiles along the superimposed white lines in image (c),
corresponding to the [001] axis and [010] axis, respectively. Red
asterisks in image (d) point out the existence and specific position of
O columns.

Figure 2. Positron annihilation spectrometry characterization of the Bi1−xCu1−ySeO samples, showing the interlayer charge transfer in Bi/Cu dual-
vacancies Bi0.975Cu0.975SeO sample. (a) Positron lifetime spectrum of Bi1−xCu1−ySeO samples. (b) Schematic representation of trapped positrons for
Bi1−xCu1−ySeO samples in (100) plane.
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conductivity, which has been proven by the electrical transport
properties measurement. The electrical transport properties of
our Bi1−xCu1−ySeO samples were measured, and the results are
depicted in Figure 3. Figure 3a shows the temperature
dependence of the electrical conductivity for the
Bi1−xCu1−ySeO samples. Pristine BiCuSeO exhibits quite low
electrical conductivity values over the entire measuring
temperature range. In contrast, Bi- and/or Cu-deficient samples
exhibit significantly enhanced electrical conductivity. For
example, the conductivity increases from 1300 S m−1

(BiCuSeO) to 4700 S m−1 (Bi0.975Cu0.975SeO) at 750 K.
Figure 3b shows the temperature-dependent Seebeck

coefficients for Bi1−xCu1−ySeO. The positive Seebeck coefficient
values are indicative of p-type electrical transport behavior of
tetragonal BiCuSeO. For pristine BiCuSeO, the Seebeck
coefficient is very large, varying from 525 μV K−1 at 300 K
to 382 μV K−1 at 750 K. The large Seebeck coefficients could
be related to the two-dimensional confinement of charge
carriers7,56 caused by the “natural superlattice” layered structure
stacking by alternated insulating [Bi2O2]

2+ layers and
conductive [Cu2Se2]

2− layers. Upon introducing Bi and/or
Cu vacancies, the Seebeck coefficient decreases due to

increased electrical conductivity, but still maintains at 433−
300 μV K−1 (Bi0.975Cu0.975SeO, for example) over the entire
measuring temperature range, which is still quite large as
compared to most thermoelectric materials.2,9,10,57

Figure 3c shows the thermal conductivity values for
Bi1−xCu1−ySeO, with distinct performances between the native
and vacancy-modulated samples. The total thermal conductivity
for pristine BiCuSeO (0.86 W m−1 K−1 at 300 K) is consistent
with previous values, and lower than most thermoelectric
materials. Such low lattice thermal conductivity may have
originated from the weak bonding between layers and low
Young’s modulus as reported in previous literatures.39 Upon
vacancy modulation, thermal conductivities can be further
reduced and reach the minimum in the Bi0.975Cu0.975SeO
sample with Bi/Cu dual vacancies, for example, 0.63 W m−1

K−1 at 300 K. Furthermore, thermal conductivity with a
negative temperature dependence was maintained over the
entire measuring temperature range (see Figure 3c), implying
predominant phonon (lattice) contribution.58 Normally, the
total thermal conductivity is the sum of the electrical and lattice
thermal conductivity, that is, κ=κl + κe. According to the
Wiedemann−Franz law,59 κe = LσT, where L is the Lorenz
number obtained from fitting the respective Seebeck coefficient
values with an estimate of the reduced chemical potential,58 and
σ is the electrical conductivity. On the basis of the calculated
Lorenz number (as shown in Figure S2 of the Supporting
Information), the temperature-dependent κe is plotted in Figure
3d. The electrical contribution to the total thermal conductivity
is estimated to be less than 0.23% for the pristine BiCuSeO

Table 1. Positron Lifetime Parameters of Bi1−xCu1−ySeO Samples

sample τ1 (ps) τ2 (ps) τ3 (ps) τ4 (ps) τ5 (ns) I1 (%) I2 (%) I3 (%) I4 (%) I5 (%)

BiCuSeO 178.6 406.2 1.72 79.0 20.7 0.3
Bi0.975CuSeO 176.7 289.5 417.3 1.90 13.9 69.4 16.5 0.2
BiCu0.975SeO 179.2 208.1 409.9 1.36 18.4 71.0 10.3 0.3
Bi0.975Cu0.975SeO 175.2 205.6 290.2 413.7 1.4 4.1 40.3 45.2 10.2 0.2

Table 2. Calculated Positron Lifetime Values of
Bi1−xCu1−ySeO Samples

defect

bulk VBi‴ VCu′
lifetime (ps) 174 289 202

Figure 3. Thermoelectric properties of Bi1−xCu1−ySeO samples. (a) Temperature-dependent electrical conductivity of Bi1−xCu1−ySeO samples. (b)
Temperature-dependent Seebeck coefficient for Bi1−xCu1−ySeO samples. (c) Temperature-dependent thermal conductivity (total, κ), (d) electrical
thermal conductivity (κe), (e) lattice thermal conductivity (κl), and (f) dimensionless thermoelectric figure of merit (ZT) for Bi1−xCu1−ySeO
samples.
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sample and increases maximally to 2.5% at 750 K. These results
confirm that the lattice thermal conductivity contribution is
predominant for native BiCuSeO, which motivates us to pursue
even lower thermal conductivity through reduction of lattice
thermal conductivity.
According to the quantum theory, thermal transport is

accomplished by energy transfer between heat-carrying
phonons through the lattice, which inspires us in that increasing
the phonon scattering in solids should be an effective strategy
to reduce the lattice thermal conductivity. As aforementioned,
vacancies can serve as scattering center to reduce the lattice
thermal conductivity by increasing the magnitude and
frequency of the scattering event for heat-carrying phonons.
Moreover, phonons with different length scales are more likely
to be scattered by defects with comparable sizes (see schematic
diagram in Figure 4). Thus, in vacancy-modulated
Bi1−xCu1−ySeO, while the Bi/Cu vacancies and grain
boundaries are favorable for short- and long-wavelength
phonon scattering, the superlattice interfaces between adjacent
[Bi2O2]

2+ and [Cu2Se2]
2− layers can strongly scatter the mid-

wavelength phonons, achieving an all-length-scale phonon
scattering. Combined with the emerging interlayer charge
transfer, phonon scattering by Bi/Cu vacancies can effectively
decrease the lattice thermal conductivity with no deterioration
of electrical conductivity. As shown in Figure 3e, the lattice
thermal conductivity κl for vacancy-modulated samples,
obtained by directly subtracting κe from κ, are obviously
lower than the pristine counterpart. Moreover, in dual-
vacancies BiCuSeO, by virtue of simultaneous phonon
scattering in both insulating [Bi2O2]

2+ layers and conductive
[Cu2Se2]

2− layers, lattice thermal conductivity was further
reduced in dual-vacancies sample as compared to the
monovacancy ones, making Bi0.975Cu0.975SeO with Bi/Cu dual
vacancies show the minimum lattice thermal conductivity
among all of the samples. It is worth noting that because the
particle sizes and grain boundaries are indentical in
Bi1−xCu1−ySeO with different compositions (see Figures S3,
S4 of the Supporting Information for details), the different
trends in reduction of thermal conductivity are directly
correlated with their vacancy-type differences.
On the basis of the measured electrical and thermal transport

properties, the dimensionless thermoelectric figure of merit ZT
is calculated as shown in Figure 3f. ZT increases with
temperature, with the maximum value 0.84 at 750 K for the
dual-vacancies Bi0.975Cu0.975SeO sample, which is superior to its
native sample and among the highest values reported for bulk
BiCuSeO-based thermoelectric materials when evaluated at the
same temperature level (∼750 K). What is more, the ZT value

holds a “ferocious rally” at higher temperature, and thus we
would expect even higher ZT values at higher temperatures.
Combined with the aforementioned results, the enhancement is
unambiguously correlated to the relative higher electrical
conductivity and extremely low thermal conductivity while
maintaining a relatively high Seebeck coefficient over the whole
temperature range.

■ CONCLUSION

In summary, we highlight the manufacture of dual vacancies as
an effective strategy to synergistically optimize electrical and
thermal parameters. Taking BiCuSeO as an example, along with
simultaneous introduction of Bi and Cu vacancies into the
heterolayer of [Bi2O2]

2+ layers and [Cu2Se2]
2− layers,

respectively, Bi/Cu dual-vacancies dominant BiCuSeO shows
much intensive phonon scattering in the whole system with a
result of significant reduction of thermal conductivity as low as
0.37 W m−1 K−1 at 750 K. Most importantly, the clear-cut
evidence from positron annihilation unambiguously elucidates
the interlayer charge transfer between these Bi/Cu dual
vacancies, which results in the substantial enhancement of
electrical with relatively high Seebeck coefficient. In Bi/Cu
dual-vacancies Bi0.975Cu0.975SeO, induced holes transfer from Bi
vacancy center to Cu vacancy center, and participate in the
electrical transport process, giving it much higher electrical
conductivity of 4700 S m−1 at 750 K. As a result, a high ZT
value of 0.84 has been obtained at 750 K in the BiCuSeO
sample with Bi/Cu dual vacancies, which is superior to that of
its native sample as well as monovacancies counterparts. Our
dual-vacancies strategy undoubtedly elucidates a new strategy
and direction for rational design of high performance
thermoelectric materials.
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2+ and [Cu2Se2]
2− layers can strongly scatter the mid-

wavelength phonons, achieving an all-length-scale phonon scattering.
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