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Abstract The diamond-like compound CuzPSe, with low
lattice thermal conductivity is deemed to be a promising
thermoelectric material, which can directly convert waste
heat into electricity or vice versa with no moving parts and
greenhouse emissions. However, its performance is limited
by its low electrical conductivity. In this study, we report
an effective method to enhance thermoelectric performance
of CusPSe; by defect engineering. It is found that the
carrier concentrations of Cus;_,PSe; (x = 0, 0.03, 0.06,
0.09, 0.12) compounds are increased by two orders of
magnitude as x > 0.03, from 1 x 10'7 to 1 x 10" cm™>.
Combined with the intrinsically low lattice thermal con-
ductivities and enhanced electrical transport performance,
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a maximum z7 value of 0.62 is obtained at 727 K for
x = 0.12 sample, revealing that Cu defect regulation can be
an effective method for enhancing thermoelectric perfor-
mance of CuzPSe,.

Keywords Cu;PSe,; Thermal conductivity; Defect
engineering; Electrical conductivity; Thermoelectric
performance

1 Introduction

Thermoelectric (TE) materials can directly convert waste
heat into electricity or vice versa with no moving parts and
greenhouse emissions [1—4], which offers an alternative
strategy to solve the growing serious energy and environ-
ment issues as a complement to other renewable energy
resources. The performance of TE materials is defined by
the thermoelectric figure of merit z7 = 6S°T (rKe+ KL)_I,
where o is the electrical conductivity, S is the Seebeck
coefficient, . is the electronic thermal conductivity, xy is
the lattice thermal conductivity and 7 is the absolute
temperature [5]. Many efforts have been made to improve
the thermoelectric performance by manipulating the elec-
trical transport or phonon transport properties [6-8].
However, the electrical conductivity, Seebeck coefficient
and electronic thermal conductivity are physically inter-
twined, which sets obstacle for the continuous enhance-
ment of z7. Fortunately, the lattice thermal conductivity is
the relatively independent parameter among above trans-
port parameters. Therefore, it is feasible to discover some
novel TE compounds with intrinsically low thermal con-
ductivity where we can start to tune the electrical transport
properties through regulating carrier concentration,
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scattering mechanisms or band degeneracy, such as the
accomplishment in SnSe, Mg;Sb, and BiCuSeO [9-14].
Recent studies have shown that the complex derivative
compounds with a series of primitive cells based on Groups
II-VI such as ternary I-III-VI,, II-IV-V,, I-11[,—V1,, I—
IV-VI;, I-V-VI; and quaternary L-II-IV-VI; com-
pounds can be synthesized [15-19]. Compared with binary
compounds, the numbers of atoms in ternary or quaternary
compounds increase, and consequently, the contribution
from the acoustic phonons, which are mainly responsible
for heat transport, decreases to the overall heat capacity. As
a result, the lattice thermal conductivity decreases drasti-
cally. On the other hand, these multi-component deriva-
tives enrich the range of constituent elements, providing
more selectable doping elements to effectively improve
electrical properties. Therefore, a ternary or quaternary
compound with a diamond-like structure is expected to be a
potential thermoelectric material. However, researchers are
currently less concerned about the I3—-V-VI, alloys except
for CuzSbSey-based compounds. According to different
compositional elements, there are two types of crystal
structures for these compounds, in which one is tetragonal
structure, such as CusSbSe,, and the other is orthorhombic
structure, like Cu;PSey. In 2016, the thermoelectric prop-
erties of pure Cus;PSe, were preliminarily studied, which
exhibits a lattice thermal conductivity lower than several
typical Cu-based TE compounds at room temperature,
including Cu3SbSe,, CulnTe, and CuFeS, [20-22]. How-
ever, the low carrier concentration of the pure sample
results in poor electrical performance and the large band
gap of the Cu;PSe, makes it difficult to enlarge the carrier
concentration by conventional substitutional doping [23].
In this work, an alternative approach involving defect
engineering is purposed to promote power factor (PF) by
introducing Cu vacancy in wide band gap diamond-like
CusPSe, compound, which has been performed on other
TE compounds. All deficiency samples show increased
carrier concentration and improved electrical properties
while maintain the low lattice thermal conductivities.

2 Experimental
2.1 Sample preparation

Polycrystalline Cuz_,PSe, (x =0, 0.03, 0.06, 0.09, 0.12)
samples were synthesized by traditional solid-state reaction
method combined with spark plasma sintering (SPS). Sto-
ichiometric amounts of elemental Cu, P and Se with
99.99% purity were weighed and mixed as starting mate-
rials. Then, they were sealed in vacuum quartz tubes
(~ 1x107* Pa) and slowly heated to 723 K at a speed of
2 K-min~ !, kept at this temperature for 20 h and then
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cooled down to room temperature naturally. The ingots
were ground into fine powders and then consolidated by
pressing at room temperature. The products were annealed
at 723 K for another 20 h. Finally, the powers were con-
solidated into cylinder samples with 10 mm diameters by
SPS at 723 K for 5 min under a pressure of 75 MPa. The
final products were confirmed to reach 97% of the theo-
retical density.

2.2 Sample characterization

The phase purity of all samples was checked through
powder X-ray diffraction (XRD) on a PANalytical X‘Pert
apparatus with Cu Ko radiation (40 kV, 40 mA,
A =0.15406 nm). Transmission electron microscopy
(TEM) characterizations were performed on a probe-cor-
rected FEI Titan G2 microscope. The electrical conduc-
tivity (o) and Seebeck coefficient (S) were measured by a
Linseis LSR-3 system under the protection of helium, and
the thermal conductivity (k) was calculated from formula
K = pCpD, where thermal diffusivity (D) was obtained by
laser flash technique microflash LFA system (NETZSCH,
LFA 457), density (p) was measured by the Archimedes
method, and the specific heat (C,) was estimated using
Dulong—Petit value. The measurement errors were about
5%, 5% and 3% for electrical conductivity, Seebeck
coefficient and thermal conductivity, respectively. The
room-temperature carrier concentrations were measured by
a homemade Hall apparatus under a magnetic field of & 1
T.

3 Results and discussion

Figure 1a shows the room-temperature crystal structures of
CusPSe,. The Wurtzite-derived diamond-like compound
CusPSe, crystallizes in orthorhombic structure, belonging
to space group Pmn2, with lattice parameters of
a =0.7685 nm, b = 0.6656 nm, ¢ = 0.6377 nm, Z=2.
The three-dimensional structure shown in Fig. la can be
considered as a stacking of [Cu (2) Sey4] tetrahedron layer
and [Cu (1)-P-Se] tetrahedron layer along the b-direction
[24, 25]. From the crystallographic information of
Cu;PSe,, there are two non-equivalent crystallographic
positions of Cu atoms in lattice, which will be used to
confirm our low-temperature heat capacity fitting result.
The room-temperature XRD patterns for Cuz_PSe4 (x = 0,
0.03, 0.06, 0.09, 0.12) are shown in Fig. 1b. All peaks can
be indexed to the standard reference PDF No.78-575,
indicating that all of the samples are single phased within
the limitation dictation of apparatus. Figure 1c shows the
refined lattice parameters of the unit cell of Cus_ PSey
(x =0, 0.03, 0.06, 0.09, 0.12) obtained from MDI Jade 6
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Fig. 1 a Crystal structure of CuzPSes; b XRD patterns of Cu;_,PSes (x =0, 0.03, 0.06, 0.09, 0.12); ¢ lattice parameters of unit cell of

Cus_,PSe4 (x = 0, 0.03, 0.06, 0.09, 0.12) via Rietveld refinement

software. The lattice constant is decreasing with increasing
Cu vacancy, consistent with our expectation that Cu
vacancy will lead to shrink of lattice.

The images of energy-dispersive spectroscopy (EDS)
elemental mapping, shown in Fig. 2, indicate the uniform
element distribution throughout the sample. Figure 3a
shows the total thermal conductivity as a function of
temperature for Cuz_,PSe, (x =0, 0.03, 0.06, 0.09, 0.12)
compounds. It is found that the total thermal conductivities
of all compounds are decreasing with increasing tempera-
ture over the entire temperature range. Interestingly, the
thermal conductivity of different samples shows a contrary
dependence on Cu vacancy content. For example, the total
thermal conductivity of CusPSey is only 1.37 W-m "K'
while the value of Cu, ggPSey is as high as 1.62 W-m™ K",
The electronic thermal conductivity, which is shown in
Fig. 3b, is estimated by k.= LoT, where L is the Lorenz
number calculated from the single parabolic band model,
assuming ionized impurity scattering or acoustic phonon
scattering dominates. Then, by subtracting the electronic
thermal conductivities from the total thermal conductivities,
the lattice thermal conductivities of sample are attained and
shown in Fig. 3c. The lattice thermal conductivity shows
approximately the same trend and value as total thermal
conductivity, which implies the total thermal conductivities of
all samples are almost dominated by lattice contribution over
the entire temperature range. Furthermore, the room-

temperature lattice thermal conductivity of CuzPSe, is
1.37 W~m71‘K71, which is lower than those of other Cu-
based compounds like Cu3SbSe, (2.91 w-m LK™ [26],
CulnTe, (5.40 W-m~"-K™") [17] and CuFSe, (5.90 W-m™
K™") [27]. In order to probe the details about the underlying
lattice dynamics of low lattice thermal conductivity of
Cu3PSe,, the low-temperature heat capacity (C,,) of CuzPSe,
was measured and can be well fitted with the Debye lattice
mode and two Einstein oscillators, as shown in Fig. 3d. The
fitting is performed based on the following equation

G 2 s €T
= pT" +A(O " —
BT~ + A(Ok1) (cOs /T — 1)2
eOr/T

B(O)’ TP ————
( EZ) (eQEZ/T — 1)2

(1)

where fT° term is the Debye term based on long wave-
length acoustic modes, A and B are constants, while @
and Og, are the characteristic temperatures of two Einstein
modes. The best fitting parameters are # = 0.11 mJ-mol ™,
A =040 Jmol "K', B=250Jmol "K', O =58
K, O, = 65 K. The fitting parameters A + B = 2.9 are
closed to 3, which is the number of Cu atoms per molecular
formula. Besides, two Einstein modes are associated with
the two different local vibrational modes resulting from
two types of Cu atoms [28, 29]. From the discussion above,
we speculate that the local vibration of Cu atoms plays a
vital role in the observed intrinsically low lattice thermal

Fig. 2 a High-angle annular dark field (HAADF) image; elemental mappings for b Cu (red), ¢ P (blue) and d Se (yellow)
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Fig. 3 Thermal transport properties of Cus_ PSe; (x =0, 0.03, 0.06, 0.09, 0.12) compounds as a function of temperature: a total thermal
conductivity; b electronic thermal conductivity; ¢ lattice thermal conductivity and d C,/T vs. T? for CusPSe, (black circles), where red solid line
shows fitted curve by using a Debye lattice plus two Einstein modes, and other colored lines are Debye term f§ and two Einstein temperatures
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conductivity of these compounds, which means the
reduction in Cu content potentially weakens such effect.
Therefore, the variation in lattice thermal conductivity
should depend on the competition between Cu-induced
anharmonicity and vacancy scattering. Thus, the observed
increase in lattice thermal conductivity with x increasing is
reasonable, assuming the latter mechanism dominates at
room temperature. The same phenomenon was observed in
Cu;,SbsS 3 compounds when Sb, which contributes to the
low lattice thermal conductivity, was replaced by other
elements.

Figure 4 presents electrical transport properties of
Cuz_,PSe; (x =0, 0.03, 0.06, 0.09, 0.12) samples. As
shown in Fig. 4a, the pristine Cus;PSe, presents relatively
low electrical conductivity at room temperature which is
attributed to the low carrier concentration of the pristine
compound. It is clear to see that the room-temperature
electrical conductivity of Cus_,PSe, firstly increases with
Cu vacancy increasing (x < 0.06), and then decreases
(x > 0.06), which results from the competition between the
carrier concentration and the mobility as listed in Table 1.
What is more, it can be seen from the table that the room-
temperature carrier concentration increases dramatically
with vacancy content increasing, which successfully boosts
the carrier concentration from 1 x 10" to 1 x 10" cm_3,
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making the Cu,q4PSe, sample most conducting sample
with electrical conductivity value of 1648 S m™~' at room
temperature among Cu-deficient compounds. As the tem-
perature increases, such competition mechanism continues
to work. All samples show a trend of electrical conduc-
tivity increasing firstly and then decreasing with increasing
temperature. Finally, the electrical conductivity of
Cu, gsPSe, reaches a maximum value of 8009 S m ',
around 630 K. The temperature-dependent Seebeck coef-
ficient for Cu;_,PSe, is depicted in Fig. 4b, and all samples
show the positive values, implying that the major carriers
are holes. With temperature increasing, the Seebeck coef-
ficients of the pristine and lightly deficient samples drop
while that for the samples with more Cu vacancy show
slightly increase with respect to temperature. To fully
comprehend the electrical transport behavior, the temper-
ature-dependent carrier concentration and mobility have
been measured. As shown in Fig. 4c, the carrier concen-
tration of samples with small Cu vacancy content
(x < 0.06) shows a strong temperature dependence, sug-
gesting the non-degenerate semiconductor behavior of
these samples. With the increase in Cu vacancy content, it
is expected that the carriers donated by the defect level are
ionized near room-temperature region, and the carrier
concentration is greatly increasing to the order of

@ Springer
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Fig. 4 Electrical transport properties of Cu;,PSes (x =0, 0.03, 0.06, 0.09, 0.12) solid solutions: a temperature-dependent electrical
conductivity; b temperature-dependent Seebeck coefficient; ¢ temperature-dependent carrier concentration; d temperature-dependent carrier

mobility; e power factor; and f zT values

Table 1 Relationship of electrical properties of material with doping amount at room temperature

Compositions ny/(10'8 cm ™) w(cm>V~'.87h a/(Sm™h) S/(uV-K™h PF/(mW-m~1-K™?)
CusPSey 0.139 51.26 114 564.8 0.036
Cuy.97PSe, 0.877 21.09 296 4393 0.032
Cuy.04PSe, 14.800 6.96 1304 283.0 0.104
Cuy.0,PSe, 27.800 2.63 1170 235.3 0.065
Cu, g5PSe, 29.000 1.81 839 229.8 0.044

10" cm™>. In Fig. 4d, when x < 0.06, the mobility of all
Cu-deficient samples follows a 7' linear behavior,
indicating the acoustic phonon scattering plays a dominant
role in these compounds. As the vacancy content increases,
the mobility decreases rapidly near room temperature,
which may be due to the ionized impurity scattering. The
mobility of samples with high concentration of Cu vacancy
shows relative temperature independent behavior, which
suggests the domination of ionized impurity scattering
[30]. Benefiting from the largely enhanced electrical con-
ductivity and the moderately diminished Seebeck coeffi-
cients, the highest power factor of 0.55 mW-m~ 'K ™2 at
630 K is obtained for the sample Cu,ggPSe, (Fig. 4e).
Furthermore, as a result of the enhancement in electrical
transport performance and the intrinsically low thermal
conductivity, the thermoelectric performance of Cuz;PSe,
has been considerably improved. Ultimately, a maximum
2T value of 0.62 is attained at 727 K for x = 0.12 sample,
which is almost three times enhancement compared to the

@ Springer

pristine sample (Fig. 4f). From the above analysis, it can be
seen that the defect engineering in Cu;PSe, can effectively
improve the electrical transport properties while maintain
relatively low thermal conductivity.

4 Conclusion

In summary, the p-type Cuz_,PSe, (x =0, 0.03, 0.06, 0.09,
0.12) compounds with diamond-like structure have been
successfully synthesized by solid melting reaction. The
maximum z7 value of 0.62 at 727 K is achieved in
Cu, ggPSe4 by rational defect engineering. By regulating
the Cu vacancy content in pristine sample, we successfully
boost the carrier concentration from 1 x 10" to
1 x 10" cm™ while maintaining the low lattice thermal
conductivity of all deficient samples. Thereby, the large
enhancement in electrical conductivity and thermoelectric
performance are attained. This work reveals that Cu defect

Rare Met. (2020) 39(11):1256-1261
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regulation can be an effective method for enhancing ther-
moelectric performance of Cu;PSe,, which will shed light
on the strategy for promoting the thermoelectric perfor-
mance of other wide band gap compounds with similar
structure.
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