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To enhance the thermoelectric performance of Cu,GeSes, a series of Te-alloyed samples CupGe(Sej_,Tey)s are
synthesized and investigated in this work. It is found that the lattice thermal conductivity is reduced drastically for x = 0.1
sample, which may be attributed to the point defects introduced by alloying. However, for samples with x > 0.2, the lattice
thermal conductivity increases with increasing x, which is related to a less distorted structure. The structure evolution,
together with the change in carrier concentration, also leads to a systemically change in electrical properties. Finally, a zT
of 0.55@750 K is obtained for the sample with x = 0.3, about 62% higher than that for the pristine sample.

Keywords: thermoelectric, Cu,GeSes, alloying, distorted structure

PACS: 72.15.Jf, 61.66.Dk, 72.20.Pa, 66.70.Df

1. Introduction

As one of the possible solutions for the energy crisis and
the environmental pollution, eco-friendly thermoelectric (TE)
materials have intensively attracted worldwide attention in re-
cent years due to its ability to directly convert heat into elec-
tricity and vice versa.'"*! The performance of a TE mate-
rial highly depends on its dimensionless TE figure of merit
T = S§%0T /%, where S is the Seebeck coefficient, o the elec-
trical conductivity, T the absolute temperature, and k the to-
tal thermal conductivity. S2o, which is also known as the
power factor (PF), is used to evaluate the electrical proper-
ties of a TE material. The total thermal conductivity x can
be divided into two parts: the lattice thermal conductivity &
and the electronic thermal conductivity k.. Great efforts have
been paid for obtaining high z7" materials which require both
high PF and low thermal conductivity. Two general strategies
have been proposed: enhancing electrical performance via the
carrier concentration optimization sometimes assisted by band
structure engineering,!>%! and reducing lattice thermal con-
ductivity by alloying!”! or nanostructuring.’®-'%" Also, based
on the phonon—glass electron—crystal (PGEC) concept,!!!~13!
many new TE materials have been discovered in the last two
decades.

Cu-based chalcopyrite compounds with diamond-like
structure have been widely reported recently!'*~17! due to their
high zT's, such as 1.18@850 K for CulnTe,,!'8! 1.4@950 K
for CuGaTe,,!"”! and 0.91@860 K for Cus ;ZngoSnSey. >

DOI: 10.1088/1674-1056/27/6/067201

Ternary Cuy/VSes (IV = Ge, Sn) is also a typical represen-
tative for Cu-based TE materials with diamond-like structure.
Shi et al. reported that a high z7' value of 1.14@850 K in
Cu;Sng 9lng 1 Ses was achieved, [21] associated with a relatively
low thermal conductivity of around 1.0 W-m~—!- K~! at 850 K.
By ab initio calculations, it was identified that Cu—Se network
is responsible for the charge carriers transportation, while Sn
atoms rarely make contribution to electrical transport but act as
phonon scattering centers in the framework. Since Cu,GeSes
has the same structure, similar band structure!??) and phonon
spectrum[>3! with Cu,SnSes, the similar transport mechanism
is expected in CupGeSe;. As a promising candidate for p-
type TE material with a direct band gap (E; = 0.78 eV),1>*!
the low thermal conductivity of Cu;GeSes was studied from
both theoretical and experimental aspects. Cho et al. reported
the occurrence of a large lattice anharmonicity (indicated by a
high value of Griineisen parameter) in Cu,GeSes, and a high
zT value of 0.5@750 K for Ga-doped samples.'*>! Shao et al.
investigated the phonon transport properties of Cu,GeSes by
ab initio calculations, and argued that the weak covalent Cu-
Se bonding rather than the strong lattice anharmonicity should
be the origin of the low lattice thermal conductivity. >3] As the
CuySnSe; and Cu,GeSes have similarly low lattice thermal
conductivity, comparable z7 values are expected. However, a
huge difference on the reported TE performance!>3-21 exists
between CuySnSes and CuyGeSes: Li el al. reported a record
high zT of 1.42@823 K for CujgsAgo.15Sn0.9lng Ses, !
whereas the highest zT" is 0.65@758 K for Cuj ¢95GeSe; re-
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ported by Huang el al.!*’! The unexpected results motivate us
to explore the possibility to enhance the TE performance of
CupGeSes.

In this work, Te is selected as alloying elements on Se
sites for further reducing the lattice thermal conductivity of
Cu,GeSe; via alloying effect to promote TE performance. A
series of CupGe(Se;_,Te,)3 (x =0, 0.1, 0.2, 0.3, 0.4) com-
pounds are prepared and investigated. The results show that
the lattice thermal conductivity for x = 0.1 is reduced by
~ 35% at 773 K compared to the pristine sample due to the al-
loying effect. A less distorted structure induced by increasing
Te content impedes further reduction in lattice thermal con-
ductivity for x > 0.2 samples. The carrier concentration also
undergoes modulation by the change in defect concentration
to some extent. Ultimately, a z7 of 0.55@750 K is obtained
for the x = 0.3 sample, approximately 62% higher than that of
the pristine sample.

2. Experiment

Cu,Ge(Se;_,Tey)s (x=0,0.1,0.2, 0.3, 0.4) samples were
synthesized by directly melting the stoichiometric amount of
elements Cu (99.999%), Ge (99.999%), Se (99.999%), and
Te (99.999%). The materials were first weighed in the glove
box, put into fused silica tubes, sealed under high vacuum and
heated up to 1173 K for 3 h, kept at that temperature for 12 h,
and then furnace-cooled to room temperature. The obtained
ingots were subsequently ground into powders, loaded into
graphite die and sintered under dynamic vacuum with the uni-
axial pressure of 45 MPa with a spark plasma sintering (SPS)
system for densification. The highest temperature for SPS pro-
cessing is 823 K and the holding period is 5 min. The relative
density of the samples is measured by the Archimedes method

and all the bulk samples show a density higher than 96% of
the theoretical value.

Powder x-ray diffraction (XRD) patterns were collected
using a PANalytical X Pert apparatus with Cu—Ko radiation
for the structure and phase analysis. Field emission scan-
ning electron microscopy (JSM-7800 F, JEOL) was used for
morphology and microstructure inspection. High-temperature
electrical conductivity and Seebeck coefficient were measured
by a commercial apparatus (LSR-3, Linseis, Germany) under
a static helium atmosphere on the rectangular samples with
the dimension of 2 mmx2 mmx8 mm. Thermal conductivity
was calculated by the formula ¥ = C, x D x p, where ther-
mal diffusivity (D) was obtained by a laser flash diffusivity
instrument (LFA 457, Netzsch, Germany) on the disk samples
with a thickness of about 1.2 mm and a diameter of 10 mm.
Specific heat (Cp) was determined by a differential scanning
calorimetry (DSC 404, Netzsch, German), and density p is
measured by the Archimedes method. The Hall coefficient
(Ry) was obtained in a homemade Hall system with a mag-
netic field of £1 T. Hall mobility (uy) was calculated by the
equation 0 = nyg X g X Uy, where ny is the Hall carrier con-
centration and g is the elementary charge. The measurement
deviations on electrical conductivity, Seebeck coefficient, ther-
mal conductivity were roughly 5%, 5%, and 7% respectively,
and the total deviation on zT is estimated as 20%.

3. Results and discussion

Figure 1 shows the XRD patterns for Cu,Ge(Se|—_,Tey)3
(x=0, 0.1, 0.2, 0.3, 0.4) samples at room temperature. It is
obvious that all the peaks shift to lower angle with increasing
x, indicating expended lattice parameters since Te has a larger
radius than Se.
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Fig. 1. (color online) (a) XRD patterns of Cu,Ge(Se;_,Tey)3 samples. The standard orthorhombic (PDF#85-1699) CuyGeSe; XRD patterns
are also listed for comparison and the inset shows the enlargement of the patterns in the range of 50° <26 < 60°; (b) Alloying dependence of

lattice parameters a, b, ¢, and the ratio of 2¢/a.

Another issue is that the ‘double peaks’, which is closely
related to the ratio of lattice parameters 2¢/a (in CuyGeSes, a
is almost the same as 3b, but a little different from 2c¢), seems

to merge into a ‘single peak’. The enlargement of patterns in

the range of 50° < 26 < 60° is shown in the inset of Fig. 1
as an example. The lattice parameters for all the samples are
plotted in Fig. 1(b), together with the value for 2¢/a. The ex-
pansion of lattice parameters is confirmed, and the 2¢/a shows
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a tendency to approaching 1 with increasing Te content, which
should be the reason why the ‘double peaks’ merged. Further-
more, a trace of impurity phases, Te and Cu,Te, are observed
in the sample with x = 0.4, indicating that the alloying limit of
Te on Se sites is around x = 0.3.

Figure 2 shows the scanning electron microscopy (SEM)
images of samples with x = 0.1 and x = 0.4. The grain size
is on the order of um, which confirms the advantage of SPS
that it can suppress the growth of grain size during the sin-
tering process. Another issue is that there are more pores in
the sample with x = 0.1 than x = 0.4, which may be related
to the higher melting point of Te than Se, since the sparking
process may lead to local sublimation and sometimes create

small pores in the sample.?”]

Fig. 2. SEM images for CuyGeSe; 7Tep 3 [(a) and (b)] and Cu,yGeSe; gTe; »
[(c) and (d)].

Figure 3(a) shows the temperature dependence of total
thermal conductivity kit for Cup,Ge(Sej—,Tey)3 (x =0, 0.1,
0.2, 0.3, 0.4) samples. It is clear that the thermal conduc-
tivity drops with rising temperature, which is normal since
the phonon—phonon scattering gets stronger at a higher tem-
perature. The ki of all the Te-alloyed samples is reduced
compared with the pristine sample, and the minimum value of
0.54 W-m~!.K~! at 773 K is obtained in the sample with x =
0.1, which is 37% lower than that of the pristine Cu;GeSes.
However for samples with x > 0.2, the ki increases with in-
creasing Te-alloying level. It is well known that the lattice
thermal conductivity (ki) can be deducted by subtracting the
electronic thermal conductivity k. from kio; via Wiedemann—
Franz law: k. = Lo T, where the Lorenz constant L is obtained
by the following equation

(k8N [ (A+T/2)Fysp(n)
v= () Vs
- {(z +5/2)Fy 132 (n)T}
(A+3/2)Fp(m] )

The lattice thermal conductivity xj is shown in Fig. 3(b). It
was reduced from 0.77 W-m~!.K~! for the pristine sample

ey

to 0.50 W-m—1-K~! for x = 0.1 at 773 K, which should be
attributed to the stronger phonon scattering caused by the dif-
ference in atomic mass and radius between Te and Se atoms.

2.0} CuyGe(Sei—,Te;); -z =0
-@-x=0.1
A =02
1.6} x=0.3
=04

(a)

0 L L L
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2.0} (b)

0 . . . .
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Fig. 3. (color online) Temperature dependence of (a) total thermal con-
ductivity and (b) lattice thermal conductivity for CuyGe(Se;_,Tey)3
(x=0,0.1,0.2, 0.3, 0.4). The dashed line in panel (b) is the minimum
lattice thermal conductivity deduced from kinetic theory.

Shao et al. >3] studied the phonon spectra of Cu,GeSes by
the first principle calculation and found that, the phonon den-
sity of states (DOS) at frequencies lower than 100 cm™! are
usually the dominating contribution for the heat transport and
mainly derived from the Cu and Se vibrations. So the alloying
of Te on Se sites will for sure disturb the phonon propaga-
tion. For samples with x > 0.2, k; shows the same tendency
as Ko that it increases with increasing Te-alloying level. The
approaching to a less distorted structure should be responsible
for this abnormal phenomenon since distortion in lattice struc-
ture does not favor the propagation of phonons. The presence
of two impurity phases CuyTe and Te, which has relatively
higher lattice thermal conductivity, may also contribute to the
high xj in the sample with x = 0.4. One may also consider the
contribution from either the difference in sample density or in
the microstructure, which does affect the lattice thermal con-
ductivity. From Fig. 3 we did observe difference in microstruc-
ture in different samples, which may be one possible reason
that leads to the difference in thermal conductivity; however
for the sample relative density (D), as shown in Table 1, the
biggest difference is within 3%, which is not high enough to
lead such big difference in lattice thermal conductivity. From
the kinetic theory, the minimum lattice thermal conductivity is
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estimated by

1
K| = gCVle,

where Cy is heat capacity (1.91 x 10® J.em™3-K™!), v, the
mean sound velocity (2.4 x 10> m-s™!), and [ the mean
free path of phonon (2.3 A).[?>) The value of Kimin =
0.36 W-m~!.K~! is shown in Fig. 3(b) as a dashed line. It
is clear that our experimental lattice thermal conductivity is

2

still above the theoretical minimum value (Kjmniy)-

Figure 4 shows the electrical properties of
Cu,Ge(Se;_,Tey)s (x =0, 0.1, 0.2, 0.3, 0.4). For pristine
CuyGeSes, the electrical conductivity decreases and the See-
beck coefficient increases with increasing temperature, which
is a typical behavior for degenerated semiconductor. With in-
creasing Te content, the electrical conductivity first drops and
then increases gradually and the Seebeck coefficient shows
reversed tendency, as shown in Figs. 4(a) and 4(b). The carrier
concentration for different samples at room temperature, de-
ducted from Hall measurement, are shown in Table 1. The car-
rier concentration decreases from 9.8 x 10'® cm ™3 in pristine
sample to 5.0 x 10!7 cm™3 in sample with x = 0.1, indicating
that Te-alloying may decrease the defect concentration such as
Cuge for some unknown reasons. With further increasing Te
amount, the carrier concentration gradually increases. Both
the lower electronegativity of Te relative to Se, and the ap-
proaching to a less distorted lattice structure, will lead to a
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narrower band gap in the system. A narrower band gap has
the tendency to make the defect level shallower, which leads
to easier defect ionization and higher carrier concentration at
a given temperature. So, the change of electrical conductiv-
ity and Seebeck coefficient with Te alloying amount can be
easily understood according to the change of carrier density,
since electrical conductivity and Seebeck coefficient is pro-
portional and inversely proportional to carrier concentration,
respectively. Figure 4(c) shows the temperature dependence
of power factor (PF) for all samples. All the Te-alloyed sam-
ples show a big decreased PF at room temperature compared
to the pristine sample, since the carrier concentration is tuned
away from the optimized value.?”! The room temperature PF
decreased from 0.24 mW-m~!-K~2 for the pristine sample
to 0.02 mW-m~!-K~2 for the sample with x = 0.1, together
with more than two orders decreasing in carrier concentra-
tion. However at high temperature, with further increasing of
Te amount or the approaching of carrier concentration to the
optimized value, the PF slowly recovered and the values for
sample with x = 0.3 and 0.4 even exceed that for pristine sam-
ple. In addition, the PF increased with increasing Te content
for x < 0.3, and then slightly decreased for x = 0.4. Again it
is close related to the relative position to the optimized car-
rier concentration, which is in between 0.9 x 10'® cm™3 (for
x=0.3) and 5.4 x 10'° cm~3 (for x = 0.4).
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Fig. 4. (color online) Temperature dependence of (a) Seebeck coefficient, (b) electrical conductivity, and (c) power factor for CuyGe(Se;_,Te,)3
(x=0,0.1, 0.2, 0.3, 0.4) samples. Carrier density dependence of panel (d) Seebeck coefficient and (e) carrier mobility at 320 K. The dashed line in

panel (d) is the Pisarenko curve simulated with m* = 0.7m; The dashed line in panel (e) is a simulated curve for uy o< np 173 . Data from Ref. [24]

are also plotted for reference.
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Table 1. Parameters for CuyGe(Se;_,Tey)3 (x =0, 0.1, 0.2, 0.3, 0.4) samples at room temperature.

Sample nu/10'° cm=3 S/uV-K! 6/10° S-m~! up/cm?.V-1.g71 D

Cu,GeSes3 9.8 122 16.7 10.5 98%

Cu,Ge(SepoTeo 1)3 0.05 383 0.13 17.1 96%

CuzGe(SeolgTe()Azh 0.27 281 0.46 10.6 97%

Cu,Ge(Sep.7Teo3)3 0.90 223 1.28 8.9 99%

Cu,Ge(SepTeoa)s 54 96 5.02 5.8 97%

. . . 0.6
. Figure 4(d.) shows the re.latlonshlp between Seebeck coe.f- _:_ i ig ) CusGe(Ser_,Tey)s

ficient and carrier concentration at 320 K. The reported data in 05 s w—002
the Cu-deficient samples(?”! is also plotted. According to the —v—z=03

single parabolic band (SPB) model, the carrier concentration
(np) and Seebeck coefficient (S) are described as

_ ks ((5/2+1)F3/2+A(77) B ) 3)
e \(3/2+2A)F )12 (n) ’
and
2mtkpT \ >/
np =4m (mth) Fipp(n), “4)

where A = —1/2 and 1) is the reduced chemical potential. The
Fermi integrals are given by

= &ldg
Bo= [ % 5
where & is the reduced carrier energy and m* is the density-of-
states effective mass:
2/3
h? np
2kBT 4ﬂF1/2(§)]

Based on the SPB model, a dashed line for the Pisarenko curve
with m* = 0.7m, was drawn in Fig. 4(d). It can be seen that
the data points at lower carrier concentration are below the
dashed line but those at higher carrier concentration are above
the dashed line. This phenomenon has been seen in many ther-
moelectric material systems, in which more bands contribute
to the electrical transport when Fermi level is shifted down-
ward. According to the formula ¢ = ny X g X uy, where ny
is the Hall carrier concentration, g the elementary charge, and
Uy the Hall mobility, the room temperature Hall mobility for
all the samples were calculated and shown in Fig. 4(e). Ac-
cording to the typical electron-phonon mutual effect,3!-33] the
relationship between mobility and carrier concentration can be
expressed by Uy o< 1, 1/3 (see the dashed line in Fig. 4(e)). The
mobility for pristine sample stands fairly above the dashed line
but the mobility for sample with x = 0.1 sits well below the
dashed line, indicating that the mobility suffers from the al-
loying of Te on Se sites. The disturbing of Cu—Se conducting
network by Te-alloying should be responsible for this. How-
ever, the mobility starts to get closer to the dashed line with
further increasing Te amount, suggesting the positive effect of
less distorted structure on the carrier mobility.

0.4F—¢—x=04

2T
o
w

T

0.2

0 1 1 1 1
300 400 500 600 700 800
T/K

Fig. 5. (color online) The temperature-dependent z7 values of
CuyGe(Sej_,Tey)3 samples.

Temperature-dependence of z7 is shown in Fig. 5.
Though the PF is not very exciting for Te-alloyed samples,
zT value is partially increased benefited from the decreased
lattice thermal conductivity. The highest figure of merit z7 is
0.55@750 K for the sample with x = 0.2 and 0.3, which is
~ 62% higher than the pristine CuyGeSes. This value is not as
high as the one reported by Huang et al.,*”] but still decent.

4. Conclusions

A series of CuyGe(Sej_,Te,)s samples with diamond-
like structure are prepared and investigated. Te alloying leads
to the expansion of the lattice parameters, and also reduces the
distortion in lattice structure. A small amount of Te-alloying
on Se sites significantly decreases the lattice thermal conduc-
tivity via point defects. However more Te content leads to
increased lattice thermal conductivity since the lattice struc-
ture is less distorted. The carrier mobility is suffered from Te
alloying, which is the drawback of Te alloying. The electrical
conductivity and Seebeck coefficient show clear dependence
on Te alloying, which can be easily understood by the evolu-
tion of carrier concentration. Eventually, the Te alloying sam-
ple with x = 0.3 shows the maximum of z7" = 0.55 at 750 K,
which is enhanced by 62% than the pristine sample Cu,GeSes.
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