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Vacancy engineering offers an alternative route to aliovalent and interstitial doping for optimization of the
carrier concentration in thermoelectric materials. For the wide-bandgap semiconductor BaCusSey, the Cu va-
cancy is dynamically stable; this feature can be rationally manipulated to maximize the thermoelectric figure of
merit zT. In this work, we show that at room temperature, Cu-deficient BaCuy_,Se; samples exhibit increased
hole effective mass and mobility, attributed to the energy band modulation, which are favorable for improved
electrical transport properties. More importantly, the defect energy level resulting from the Cu vacancies
continually contributes holes at high temperature, thereby allowing the hole concentration to approach an
optimal concentration. This effect leads to an increase of the power factors over a wide temperature range. The
artificial reduction of the Cu content in BaCusSe; results in the strengthened point-defect scattering, suppressing
the lattice thermal conductivity. This strategy allows simultaneous optimization of the electrical and thermal
transport properties, with a thermoelectric figure of merit 2T = 1.08 achieved for BaCuj 94Se; at 823 K, which is
38% higher than that of stoichiometric BaCuySe,. Within the measured temperature range, the average zT value
for BaCuy g4Sez is 0.494, which is 52.9% higher than that of BaCusSes.

1. Introduction

Thermoelectric (TE) materials, which can be used to convert a
temperature gradient into electricity based on the Seebeck effect, have
important applications ranging from recycling waste heat to powering
space-exploration missions [1]. The performance of a TE material is
determined by its dimensionless figure of merit, 2T = 6S>T/«, where T is
the operating temperature in Kelvin, and o, S, and « are the electrical
conductivity, Seebeck coefficient, and thermal conductivity (including
the lattice thermal conductivity «;, and electronic thermal conductivity
ke), respectively [2]. Ideal high-performance TE materials require both
excellent electrical transport properties (evaluated by the power factor
PF = 652) and low thermal conductivities. However, the strong coupling
among o, S, and «. related to the carrier concentration leads to great
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difficulties in obtaining a high 2T [3,4].

The concept of “Phonon-Glass, Electron-Crystal” (PGEC) was pro-
posed in 1995 by Slack [5], which implies that the state-of-the-art TE
compounds would possess excellent electrical transport properties like
crystals and low thermal conductivity like glasses. This idea guided
material scientists to explore filled-skutterudite as the first successful
example, where filled atoms act as phonon-scattering centers while the
CoSbs framework is responsible for the charge transport [6]. Recently,
Zintl phases have been reported as an emerging TE materials that meet
the requirements of PGEC, mainly because of the roles played by the
Zintl cations and anions [7-9]. Specifically, the polyanion frameworks
provide electronic tunnels through the covalently bonded network of
complex metals or metalloids. In addition, diverse and anisotropic
chemical bonding leads to strong lattice anharmonicity, which explains
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the low lattice thermal conductivity typically observed in Zintl com-
pounds [10]. In particular, layered 122-type Zintl phases, such as
EuZnySby [11], YbCdaSby [12,13], CaMgoBis [14], and YbZnoSb, [15],
have attracted extensive attentions in recent years, and caged 122-type
Zintl phases with the orthorhombic structure have occasionally been
discussed as TE candidates. Our group revealed the TE potential of
orthorhombic BaCuyTep, which processes an intrinsically high hole
concentration at room temperature due to the thermodynamically stable
Cu vacancies [16,17]. Thus, Ag doping and Cu compensation have been
intentionally performed aiming to suppress exorbitant Cu vacancies,
which is beneficial for the optimization of the hole concentration and
improvement of the power factor.

Orthorhombic a-BaCuySe, [18], isostructural to BaCusTe,, consists
of a cage-like three-dimensional network of Cu and Se atoms with two
local tetrahedral environments, regular and distorted respectively, for
the centered Cu atoms. The corner- and edge-sharing tetrahedrons play
an important role in the carrier transport, whereas the heavy-atom Ba is
viewed as the phonon-scattering center. Zhao et al. reported that the
heavy doping of Na at Ba sites in BaCuySey can transform the ortho-
rhombic BaCusS; type (Pnma) into a tetragonal ThCrsSis type (I4/mmm)
[19]. Unlike BaCuyTey, the intrinsic carrier concentration of a-BaCuySe;
is too low to reach the optimal carrier concentration of high-
performance TE compounds (1019—1020 cm*3) [20,21], which is the
key factor limiting its TE properties.

Aliovalent doping in the single-phase region is a simple but effective
way to control and optimize the carrier concentration [22]. In principle,
the optimal value of the carrier concentration for a specific TE material
is temperature dependent [23]. Thus, simple manipulation would not
realize the dynamic effect in heavily doped semiconductors [24,25]. In
this paper, we propose Cu vacancy engineering in BaCusSey, with the
aim of optimizing the hole concentration and improving the TE per-
formance. The results indicate that at room temperature, the hole con-
centration increases by an order of magnitude and that both the effective
mass and mobility are enhanced due to energy-band modulation with
the increase of Cu vacancies. Notably, the defectenergy levels of the Cu
vacancies in all the samples lead to a continuous rise of the carrier
concentration over a wide temperature range, which approaches the
optimal carrier concentration obtained by calculation and fitting.
Combined with the improved power factor and suppressed thermal
conductivity resulting from the point defects, a competitive zT of 1.08
was achieved for BaCuj ¢4Se; at 823 K. Meanwhile, the average zT value
of BaCuj 94Sey is 0.494 within the temperature range of 300-823 K,
which is 52.9% greater than that of pristine BaCusySes.

2. Experimental section
2.1. Sample synthesis

Polycrystalline BaCuy_,Ses (x = —0.02, 0, 0.02, 0.04, 0.06) samples
were directly synthesized from the corresponding elements by solid-
state reaction method. The raw materials Ba blocks (99.9%), Cu sheets
(99.999%) and Se powders (99.999%) were weighed according to the
stoichiometric ratio, and then loaded into a glass-carbon crucible within
an argon-filled glove box (H20 < 0.1 ppm, Oz < 0.1 ppm, MBRAUN).
These assembles were sealed into a quartz tube, transferred to a muffle
furnace for heating at 723 K over 10 h, followed by further annealing at
973 K at a heating rate of 20 K/h and held for another 36 h. In order to
obtain homogeneous samples, the products were ground into powder in
the glove box, and underwent an annealing treatment at 827 K for 24 h.
The as-obtained samples were ground into powder again, loaded into a
graphite die with the diameter of @10 mm, sintered and densified in a
vacuum hot-pressing furnace. The sintering pressure and temperature
were set as 65 MPa and 823 K (30 min), respectively. The real densities
of the hot-pressed samples were more than 97% compared with the
theoretical density, as showed in Table S1.
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2.2. Sample characterization

The phase structures of as-obtained samples were studied by powder
X-ray diffraction (PXRD, D/max-2200, Rigaku, Cu Ka radiation, 10° ~
90°, Japan) technology. The lattice parameters were calculated using
Fullprof software [26]. In order to understand the lattice dynamics of
BaCuySey, the temperature-variable X-ray diffraction measurements
(Rigaku SmartLab SE) from room temperature to 1073 K were carried
out. The microstructure and composition homogeneity were examined
by scanning electron microscope (SEM; ZEISS Gemini SEM300) and
energy dispersive X-ray spectroscopy (EDS) system, respectively. The
atomic structure of polycrystalline samples was characterized by
spherical aberration corrected transmission electron microscope (TEM;
Themis ETEM, Thermo Fisher Scientific, USA). Prior to the observation,
the sample was prepared with a focused ion beam (FIB) system. The
Seebeck coefficients and electrical conductivities were synchronously
collected using a ZEM-3 instrument (ULVAC-RIKO, Japan) under a he-
lium atmosphere. The thermal conductivities were calculated using the
formula x = Cp, 4 p, where 1 is the thermal diffusivity measured in an
argon atmosphere using the laser flash diffusivity method (LFA 467HT,
Netzsch). The densities (p) for the bulk materials were obtained from the
Archimedes principle. The specific heat (C,) was achieved by both
theoretical estimation (Dulong-Petit law) and experimental measure-
ment (differential scanning calorimetry, STA 449F3, Netzsch, Fig. S1).
The Hall coefficient (Ry), mobility (1) and carrier concentration (p) were
measured by 8400 series HMS system with a reversible magnetic field of
0.9 T (Lake Shore Cryotronics). The values of band gaps were extracted
by the diffuse reflectance model with a Hitachi u4150 UV-vis-NIR
spectrophotometer (Japan). The sound velocity of the sample is tested
by UMS-100 (Ultrasonic Echometer, France).

2.3. Energy band and defect formation energy calculation

The total energy and band structure calculations were performed by
the projector augmented wave (PAW) method as implemented in Vienna
ab initio Simulation Package (VASP) package [27-29]. To obtain the
accurate band gap, The Heyd-Scuseria-Ernzerhof (HSE) hybrid func-
tional was employed as the exchange-correlation functional in band
structure calculations [30]. The HSE screening parameter was set to 0.2
A~L. During defect-energies calculations, the exchange and correlation
energy we used was approximated by generalized gradient approxima-
tion (GGA) under the scheme of Perdew-Burke-Ernzerhof (PBE) [31],
and the Coulomb (U) [32] was introduced within the GGA + U model.
Ueff, set to 4 eV, was added to the d orbital of the Cu element. For the
calculations of formation energy of defects in BaCusSe;, we adopted the
supercell structure of 2*3*2 (240 atoms) and the k-mesh [33] was
1*1*1. The lattice constants and ionic positions of the structures without
defects were fully relaxed within energy convergence criterion of 107
eV, while the supercells containing defect only relaxed the ionic posi-
tion. The cutoff energies of plane-wave were both set as 380 eV during
all calculations.

3. Results and discussion

According to previous reports, BaCusSes has orthorhombic (a-phase)
and tetragonal (f-phase) structures. Normally, BaCusSes is stable in the
orthorhombic phase, whereas heavy p-doping would transform the
a-phase into the f-phase [34]. Fig. 1a presents the crystal structure of
orthorhombic a-BaCuySe; and tetragonal p-BaCuaSes. In the former,
four Se atoms are centered on Cu atoms to form a CuSey,4 tetrahedron
and form a column along the b direction through edge sharing. These
columns are connected by a common corner to generate the three-
dimensional frame, playing a vital role in hole transport [35]. Ba
atoms fill in the cages as chains along the b-axis. The size of the cage (the
maximum and the minimum distances are 8.9 and 2.62 A, respectively)
is much larger than the radius of Ba ions (1.35 10\), which may result in
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Fig. 1. (a) Crystal structure of a-BaCu,Se, and -BaCu,Se,, (b) the optical band gap of pristine BaCu,Se, deduced from the absorption spectra using the Kubelka-
Munk relation, (c) band gap of BaCu,Se, calculated using the HSE method, and (d) calculated defect formation energy E¢om in BaCuaSes as a function of Fermi energy
for Cu-poor and Se-rich condition, clearly indicating that the Cu vacancy is the most stable defect.

low lattice thermal conductivity because of the weak binding in-
teractions. According to our experimentally determined value of 1.627
eV (Fig. 1b), a-BaCuySe, is a wide-bandgap semiconductor, as also
evidenced by the calculated electronic band structures using the HSE
approaches along the high-symmetry directions (Fig. 1¢). BaCuaSey has
a direct band gap of 1.44 eV, which is close to the calculated value
determined by Zou et al. [36] using the HSE method. Generally, most
superior TE materials are narrow-band-gap semiconductors, including
PbTe [37], SbaTes [38], BizTes [39], and MgsSby [40]. Wide-bandgap
semiconductors are often overlooked in the TE community because of
their poor electrical properties, which is attributed to their inherently
low carrier concentration. However, wide band gaps can suppress the
bipolar diffusion and favor a high working temperature, opening the
way for a new TE research field [41].

In principle, instinct defects exist in semiconductors for thermody-
namic reasons, which also essentially determined the conduction be-
haviors. Herein, the defect formation energy (E}i) was calculated to
reveal the potential instinct defects in a-BaCuySey using the following
equation [42]:

E! = E}, (defect) — E (perfect) — Zinju; + q(E; + E, + AV) €))

where E¢ (defect) and E,(perfect) are the total energy of defect
structures and perfect structures, respectively; n; is the number of atoms
of the i-th type (host or impurity atoms) added to (n; greater than 0) or
deleted from (n; < 0) the matrix; y; is the chemical potential; q is the
charge state of the defect; Eris the Fermi level with respect to the valence
band maximum (E,) of the bulk system; and AV is the electrostatic po-
tential difference between the perfect system and the defective system.
The formation energy of the Cu vacancies was the lowest (Fig. 1d),
suggesting that V¢, defects can be easily formed during the synthesis
processes, which demonstrates that a-BaCuaSe; is a p-type conductive

material according to the following defect-reaction equation:
Ba** (Cquez)} —Ba*" (Cuy_Se,) @07 4 xCu® + xh* 2)

To improve the TE performance of wide-bandgap p-type materials, it
is key to increase the carrier concentration to an optimum level. The
experimental hole concentration of pristine BaCusSe, is ~ 3.2 x 10'®
em 3, which largely deviates from the optimal carrier concentration
corresponding to the maximum power factor. Because this limitation of
natural Cu vacancies prevents the power factor from being maximized,
artificial reduction of the Cu content was performed to enhance the
electrical transport properties.

In fact, the increase of Cu vacancies not only increases the originally
insufficient carrier concentration but also promotes the downward shift
of the Fermi level [43], leading to a high possibility of reaching the
second valence band (Fig. 1c). In this case, the hole effective mass may
be enhanced. Moreover, the defect energy level formed by the Cu va-
cancy defect can release the potential mechanism of excited carriers in
a-BaCuySe; [44]; that is, the defect energy level can continuously excite
the carriers at high temperature, which can result in an appropriate
carrier concentration over the entire temperature range. A detailed
discussion is provided in the following section. Therefore, Cu vacancy
engineering in a-BaCuySe; enables optimization of the carrier concen-
tration by artificially reducing the Cu content.

To reveal the effect of Cu vacancies on the TE performance of
a-BaCu,Ses, pristine and Cu-deficient BaCuy_,Se; (x = — 0.02, 0, 0.02,
0.04, 0.06) samples were synthesized and the PXRD results at room
temperature are presented in Fig. 2a. The main diffraction pattern of
these polycrystalline samples can be indexed as the orthorhombic
BaCusS; structure with space group Pnma. The diffraction peaks grad-
ually shifted to a higher angle upon decreasing the Cu content, indi-
cating that the lattice parameters a, b, and ¢ shrink as x increases
(Fig. S2). Fig. 2b and Table S2 show the dependence of the lattice
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Fig. 2. (a) Powder XRD patterns and (b) lattice parameters of BaCu,_,Ses (x = — 0.02, 0, 0.02, 0.04, 0.06) samples. (c) SEM images of BaCu,Se,. (d—f) EDS maps

corresponding to the rectangular area of BaCusSes.

parameters in three directions on the Cu content, with all three pa-
rameters monotonously decreasing. In addition, the change of the lattice
parameter in the b-axis is weakly correlated to the other two because it is
mainly determined by the Ba cation chains.

To further demonstrate the purity and uniformity of the sample, SEM
observations and corresponding EDS measurements were made for the
BaCuySe; sample. Fig. 2c presents back scattered-electron images of a
typical BaCuySes sample. A small amount of micropores can be
observed, which appear as black dots and are consistent with the real
density (Table S1). EDS mapping indicates that Ba, Cu, and Se were
uniformly distributed in samples (Fig. 2d-f) with a small trace of copper
selenide distributed along the grain boundaries (Fig. S3 and Table S3).

Fig. 3a shows the calculated carrier-concentration-dependent S, S%,
and 2T at room temperature. The results indicate that the optimal carrier
concentration corresponding to the maximum PF is 6.3 x 10'% em =3 at
room temperature, which is much higher than the experimental value
for pristine BaCusSes (3.2 x 10'® em™3) (Fig. 3b). By intentionally
introducing holes through vacancy engineering, a great increase of up to
2.81 x 10*° cm 3 can be realized, which is close to the optimal carrier
concentration. In addition, the hole mobility also undergoes a modest
rise with increasing Cu vacancy concentration at 300 K, reaching a peak
at x = 0.04. By applying the single parabolic band (SPB) model with the
assumption of acoustic phonons dominating the charge transport [45],
the Pisarenko lines at 300 K are plotted in Fig. 3c. The effective masses of
Cu-deficient BaCuy_,Ses samples are clearly larger than that of the

pristine sample, indicating that the reduction of the Cu content increases
the effective mass. This result can be understood from the involvement
of the second valence band. The higher carrier concentration can acti-
vate the second valence bands participating in the hole transport to
enhance the effective mass. The TEM image demonstrates the good
crystallization of the sample, and it corresponds well to the [-11-1]
projection of a-BaCusSe; (Fig. 3d).

Furthermore, to verify the presence of Cu vacancies within the
sample, a spherical-aberration-corrected transmission electron micro-
scope was used to characterize the atomic configuration. Fig. 4a displays
a typical high-angle annular dark-field (HAADF) image of BaCu; g4Ses,
projected along the [010] direction according to the selected area
electron diffraction (SAED) pattern inset. The diffraction spots indicate
the interplanar distances of 10.16 A and 11.65 A, agreeing well with that
of (100) and (001) of BaCuySes, respectively. As the all know, the
contrast in the HAADF image is highly dependent on the atomic number,
the region with dark contrast (marked by the yellow dashed rectangle) is
deduced to be atom-deficient.

Fig. 4b shows the electron energy loss spectroscopy (EELS) spectrum
extracted from the orange line (Fig. 4a), which indicates the constituent
elements of Ba, Cu, and Se. The variation of the chemical composition
across the dark-contrast region in the direction of the arrow is explored
by the line profile in Fig. 4c, where there is a dramatic drop in the in-
tensity of Cu compared with that of the Ba and Se elements. The Cu
deficiency or vacancies are further confirmed by the atom-resolved
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direction marked by the arrow, (d and e) HAADF images showing two different contrast areas [1,2], and (f) intensity of Se and Cu after Ba normalization.

HAADF image in Fig. 4d. According to the crystalline structure of and Se columns for the normal region (region 1) and atom-deficient

BaCuaSey, single-type atom columns can be observed along the [010] region (region 2) were extracted, as shown in Fig. 4e—f. This result in-
zone axis. Therefore, the brightest atom columns in Fig. 4d correspond dicates almost no change of Se but a dramatic lack of Cu. The above
to Ba (Z = 56), the middle-level ones to Se (Z = 34), and the lowest ones evidence indicates the presence of Cu vacancies in the lattice.

to Cu (Z = 29). After Ba normalization, the relative intensities of the Cu To verify the thermal stability and lattice dynamics of a-BaCusSes,
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variable temperature X-ray diffraction measurements from room tem-
perature to 900 K were conducted (Fig. 5a). No prominent phase tran-
sition was observed during the heating process. Aside from the
diffraction shift, all the patterns remained unchanged over the test
temperature, as shown in Fig. S4. The low-angle shift of the diffraction
peak from the enlarged image corresponds to the normal thermal
expansion behavior of BaCu,Se;. The lattice parameters calculated from
the refined X-ray diffraction pattern uniformly increased along the three
axes (a-, b-, c-) during the heating process, indicating weak anisotropy.

Fig. 5b-d show the temperature dependences of electrical conduc-
tivity, Seebeck coefficient and power factor for the BaCuy_,Ses (x = —
0.02, 0, 0.02, 0.04, 0.06) samples from 300 K to 823 K. The electrical
conductivity was greatly improved with increasing x from 4.53 S cm™!
for the pristine sample to 73.7 S em™! for BaCu; g6Ses at room tem-
perature, which is attributed to the increase of both the hole concen-
tration and mobility (Fig. 5b). The electrical conductivities of BaCusSes
and BaCug o2Sey exhibit semiconductor behavior from room tempera-
ture to 723 K, with their electrical conductivities increasing mono-
tonically with increasing temperature. However, the electrical
conductivity of the Cu-deficient samples gradually decreased before the
critical point of 500 K and then remarkably increased as the temperature
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increased to 700 K because of the rise of the hole concentration. The
activation energy can be determined by fitting the curve of the electrical
conductivity as a function of temperature from 500 K to 700 K (Fig. S5),
which basically shows a decreasing trend. Considering the large value of
the activation energy, the holes form impurity level cannot be fully
excited at room temperature (Fig. 6). With increasing of Cu vacancies,
the activation energy gradually decreases, indicating that the holes can
be generated at lower temperature for Cu-deficient samples in com-
parison with the pristine BaCuySe;. Hence, the carrier concentration of
the Cu-deficient samples rises slightly in the low temperature region,
and after 500 K, the holes are gradually activated as the temperature
rises, which is responsible for the continuously increasing 6, accounting
for the unusual o—T behavior of the BaCusy_,Ses (x = 0.02, 0.04, 0.06)
samples.

As shown in Fig. 5c, the positive values of the Seebeck coefficient
indicate p-type conduction. The Seebeck coefficients are in the
measured temperature range from 200 to 300 pV K™%, which are suitable
for TE considerations. In addition, the Seebeck coefficient declines from
~ 325 pv K~! for BaCusSey to ~ 204 pv K™! for BaCuj g¢Se; at room
temperature, which is attributed to the higher hole concentration of
BaCuj g6Seo. The behavior of the Seebeck coefficients with temperature
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Fig. 5. (a) Variable temperature XRD patterns of BaCu,Se,, temperature dependence of (b) electrical conductivity, (c) Seebeck coefficient, (d) power factor, (e)
carrier concentration, and (f) carrier mobility of BaCu,_,Se; (x = — 0.02, 0, 0.02, 0.04, 0.06).
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High temperature excitation
of impurity levels

CBM

Fig. 6. The Cu defect level is excited at high temperature, which leads to a
continuous increase of the carrier concentration.

can be roughly understood from the S ~ [1‘[/(371)]2/ 3m*T relation. The
upward trend at low temperatures is attributed to the increase of the
effective mass, while the sharp increase in the carrier concentration after
473 K can result in the rapid decrease of the Seebeck coefficients. The PF
values show a monotonous growth with increasing temperature and Cu
vacancies over the entire temperature range, which is due to the
continuous increase of the carrier concentration. Consequently, the PF
values are enhanced dramatically, up to 544% at room temperature,
with a peak value of 7.33 pW cm ™' K2 at 823 K achieved for
BaCuj 94Sey, which is an increase of 40% compared with that of the
pristine sample (Fig. 5d).

It is easy to tune the hole concentration to an optimal value at a
certain temperature; however, maintaining the optimum value within
the measured temperature range is very difficult. Previously, Luo’s
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group used the dynamic doping effect on PbSe and PbS, enabling the
carrier concentration to remain close to the optimal value over a wide
temperature range [46,47]. A similar effect occurs in BaCuy_,Sey, as
shown in Fig. 5e. The hole concentration of BaCuy_,Se; exhibits an
abnormal temperature-dependent behavior, continuously increasing
with increasing temperature. This behavior can be understood from the
continuous excitation of carriers by the Cu-defect energy level (Fig. 6).
The electrons at the valence band maximum (VBM) are continually
excited to the impurity level at high temperature, which leads to the
increase of hole concentration involved in conduction. The experimental
hole concentration data for BaCu; 94Sey approximately fits the curve of
the calculated data. Besides, the mobility of all the samples, as shown in
Fig. 5f, decreases slightly with temperature. It should be noted that with
decreasing Cu content, the dependence of the carrier mobility on the
temperature changed from T~ to T~1*> after careful fitting (dashed line
in Fig. 5f), which indicates that there is not a single scattering mecha-
nism and a possible combination of alloying and acoustic phonon scat-
tering mechanisms. As the Cu content decreases, the acoustic phonon
scattering mechanism plays a more dominant role.

As shown in Fig. 7a, the total thermal conductivity of a-BaCuySes
decreases from 1.06 to 0.53 W m™! K~! upon increasing the temperature
from 303 K to 823 K, demonstrating that a-BaCuySe; is a compound with
intrinsically low thermal conductivity. In addition, the introduction of
Cu vacancies further reduces the thermal conductivity. To understand
the effect of Cu vacancies on the thermal transport properties, we
calculated the electronic thermal conductivity x. using the Wiede-
mann-Franz law, k. = LoT (Fig. 7 b). The lattice thermal conductivity «i,
is estimated by subtracting the electronic k. from the total thermal
conductivity (Fig. 7c). L is the Lorenz factor determined from the above
SPB model with acoustic phonon scattering from the total thermal
conductivity. As we can see, the lattice thermal conductivity decreases
slightly with increasing Cu vacancy concentration because of the scat-
tering of point defects. As the temperature increases, ki, roughly obeys a
T! relationship, which can be attributed to Umklapp processes being
predominant at elevated temperatures. The lowest «j, at room temper-
ature is 0.83 W m™ ! K! for composition BaCuj g4Se; at room
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Fig. 7. Temperature dependence of (a) total thermal conductivity, (b) electronic thermal conductivity, (c) lattice thermal conductivity, and (d) dimensionless figure

of merit of BaCu,_,Se, (x = — 0.02, 0, 0.02, 0.04, 0.06).
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temperature, which is comparable to that of other TE materials with
intrinsically low thermal conductivity [48,49]. The limiting of the lattice
thermal conductivity of BaCuySes can be evaluated using the following
equation [50] by applying the measured sound velocity (Table S4), as
shown in Fig. S6, which is approximately 0.32 W m™* K~! in the tem-
perature range. Distinctly, there is room for the thermal conductivity to
drop, and further exploration experiments can be performed to enhance
the TE properties.

ky kT, /HD/T et
2avg b Jy o (e — 1)

Kmin = (3)

Combining the relatively stable inherent thermal properties of the
material and improved electrical properties due to the optimization of
the carrier concentration, an improved zT was obtained. Fig. 7d shows
that the 2T values increase with increasing temperature, with a
maximum 2T of 1.08 achieved at 823 K for BaCuj 94Se3, which is 38%
higher than that of BaCusSe;. The average zT of BaCuj g4Seg is 0.494
within the entire temperature range, which is higher by 52.9% than that
of the pure sample. The 2T value could be further enhanced through
optimization of the carrier concentration and reduction of the thermal
conductivity. These results indicate that the wide-bandgap semi-
conductor BaCuySe; can be used as a promising p-type TE material, and
vacancy engineering provides an effective route to improve the TE
properties of wide-bandgap semiconductors.

4. Conclusions

Vacancy engineering is a successful strategy to optimize the elec-
trical and thermal transport properties in TE investigation. In this work,
Cu vacancies were intentionally introduced to manipulate the hole
concentration of wide-bandgap a-BaCuySe;. Combining the experi-
mental work with calculation results, the optimal hole concentration
could be realized at room temperature for Cu-deficient samples. In
addition, the defect energy level of Cu vacancies can contribute extra
holes at high temperature, which enables the real hole concentration
approach to the optimal one, signifying an improvement of the power
factor within a broad temperature range. The point-defect scattering was
strengthened from the lack of Cu, which favors the reduction of the
lattice thermal conductivity. An enhanced zT of 1.08 was achieved at
823 K for BaCuj 94Seo, which is 38% higher than that of pristine sample
at the same temperature. The space of tuning the hole concentration to
the optimal one and reducing the lattice thermal conductivity
approaching to the glass limit allows to further enhancement of TE
properties in a-BaCusSes.
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