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The thermoelectric properties of Cu-doped Cu,Bi,Ses (x = 0, 0.005, 0.010, 0.015 and 0.020) were investi-
gated in the temperature range of 300 K to 590 K. The results indicate that, at 300 K, the thermal conduc-
tivity of moderately doped Cu,Bi,Ses (x=0.010 and 0.015) is by 30-50% lower than that of un-doped
Bi,Ses, which is attributed to enhanced phonon scattering by the dopant. Though the absolute values
of the thermopower are reduced by the doping, the electrical resistivity of the doped samples is strongly
reduced (by ~30% at 500 K, for instance), thus maintaining high values of power factor at both 300 K and

Keywords: . 590 K, especially for samples with x > 0.01. As a result, the lightly doped compound Cug 1Bi,Ses exhibits
Thermoelectric performance . . . . .
BiSes the best thermoelectric performance, with a figure of merit, ZT, of 0.54 at 590 K. This is more than twice

larger than that of the un-doped Bi,Se; studied here, suggesting that proper Cu-doping in Bi,Ses is a

Thermal conductivity o . : :
promising way to improve its thermoelectric performance.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Thermoelectric materials have attracted tremendous attention
for their ability to convert energies between heat and electricity
directly [1,2]. The efficiency of thermoelectric materials can be
characterized by a dimensionless figure of merit that is defined
as: ZT = S%6T/x, where S, 0, k, and T are Seebeck coefficient, electri-
cal conductivity, thermal conductivity and temperature, respec-
tively [3-5]. Therefore, large o, large S and small x should be
achieved at the same time for a good thermoelectric material.
The alloys of V-VI binary compounds, such as Bi,Tes [2,3,6,7],
Sb,Te; [8,9] and BiSes [10,11] and ternary compounds, e.g.
Bi,Te;_,Se, [12-16] and Bi,Sb;_,Tes [17-19], are the best candi-
dates of high-efficient thermoelectric materials. Among these bin-
ary isostructural compounds, Bi,Se; has received much attention
recently due to its relatively large band-gap (Eg=0.3 eV), which
makes it be suitable for utilization near or above room tempera-
tures. Recent theoretical studies show that Bi,Ses is one of the
most  promising  thermoelectric =~ materials [10,20-22].
Experimentally, Bi,Se; nanostructures were synthesized by Kadel
et al. and a maximum value of ZT = 0.096 was obtained at 523 K
[23]. Hor et al. studied the thermoelectric properties of p-type
Bi,Ses single crystals in the temperature range from 2 K to 300 K,
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and they obtained a highest ZT=0.17 at 300K [24].
Thermoelectric properties of Bi,Ses nanoflakes were studied by
Min et al, and a maximum ZT =~0.19 at 480 K was achieved
[25]. Recently, Sun et al. obtained a ZT value of 0.35 at 400 K for
Bi,Ses single-layer based composites, which is ca. 8 times higher
than that of the bulk material [26]. Nonetheless, the reported ZT
values of Bi,Ses are still too small to meet the requirements of
practical applications. Hence, it is imperative to further optimize
its thermoelectric performance.

Bi,Ses has a rhombohedral layered structure which is based on
slabs of five shifted Se and Bi atomic layers stacked along the c-
axis. Adjacent Se®-Se(? atomic layers are bound by van der
Waals faces. This is similar to the layer-structured TiS; [27] where
the van der Waals gap allows for intercalation by a wide range of
both organic and inorganic materials [28,29] and leads to the
reduction of the thermal conductivity and an improvement of the
thermoelectric performance [30,31]. Hence, the introduction (dop-
ing) of guest atoms into the van der Waals gap of Bi,Ses appears as
promising way to enhance the thermoelectric performance.

Previous work revealed that copper can intercalate into the van
der Waals gap of Bi,Ses [32]. The Cu-doped compound Cu,Bi,Se;
(0.12 < x < 0.15) is found to exhibit superconductivity at low tem-
peratures (3.8 K) [33]. However, the high-temperature thermoelec-
tric properties of Cu,Bi,Se; have not been studied systematically.
In this work, we prepared bulk samples of Cu,Bi,Ses with different
Cu contents (x = 0, 0.005, 0.010, 0.015 and 0.020) and studied their
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thermoelectric properties in the temperature range from 300 K to
590 K. Our results show that the thermal conductivity of the mod-
erately doped Cu,Bi,Se; samples (x =0.010, 0.015) is remarkably
reduced; at the same time, the electrical resistivity is sizably
decreased. Consequently, these doped compounds exhibit excel-
lent thermoelectric performance. The largest ZT of about 0.54 at
590 K is obtained for Cugg;BiySes.

2. Experimental section

Cu,Bi,Se; (x=0, 0.005, 0.010, 0.015, 0.020) compounds were synthesized by
melting and hot-pressing method. The elements Cu (99.9%), Bi (99.999%) and Se
(99.99%) were weighed in stoichiometric ratios, and were evacuated and sealed
in a quartz ampule. The samples were placed in a digitally controlled furnace and
heated slowly (20 K/h, about 2700 min) from room temperatures to 1073 K, held
there for 12 h, and then cooled to 300 K naturally. The obtained compounds were
ground to fine powders in agate mortar, and then compacted by vacuum hot press-
ing with the temperature 563 K and pressure 300 MPa for 60 min. The phase struc-
tures of the bulk samples were checked by X-ray diffraction (XRD) using a Philips
X'Pert PRO X-ray diffractometer equipped with graphite monochromatic Cu Ko
radiation (4 =1.54056 A). The morphology and the compositions were character-
ized by field emission scanning electron microscopy (FESEM) and energy dispersive
X-ray spectroscopy (EDS) (Hitachi SU8020). Bars of 2 x 2 x 6 mm® and disks of
diameters of about 6-10 mm were cut and polished from the hot-pressed bulk disks
for electronic- and thermal-transport measurements, which were performed on the
commercial equipment ZEM-3(M08) (Ulvac Riko, Inc.) and the Netzsch LFA-457
system, respectively. All the thermoelectric properties were measured perpendicu-
lar to the hot pressing direction. The sample densities D measured by the
Archimedes’ method were about 6.77-6.95 g cm™> (see in Table 1). The resulting
thermal conductivity x was calculated from the measured thermal diffusivity o,
specific heat C,, and density D using the relationship « = «DC,.

3. Results and discussion
3.1. Microstructure characteristics

The phase composition of the hot pressed bulk samples was
checked by XRD, as shown in Fig. 1. It is clear that all the diffraction
patterns can be indexed to Bi,Ses, in good agreement with the
ICDD PDF number 00-033-0214. No other phase could be detected
from the XRD patterns, which indicates that the Cu doped speci-
mens have the same crystallographic structure as the Bi,Se3 phase.
As is known, Bi,Ses has a layered structure with the quintuple layer
(QL) stacked along the c axis with weak van der Waals interactions
between neighboring QLs [34]. In order to identify the location of
trace amounts of Cu, the values of the lattice parameters a and ¢
for the doped samples were calculated from the XRD data and
are presented in Fig. 2. It can be seen that the lattice parameter c
increases monotonously from 28.645 A to 28.710 A as the Cu con-
tent x increases from 0.005 to 0.020. The lattice parameter a does
not show an appreciable change for x < 0.015; for x=0.020 a is
slightly smaller. Obviously, the monotonous increase of ¢ with
increasing x suggests that Cu atoms are intercalated into the van
der Waals gaps between QLs of Bi,Ses. The slight shrinkage of a
in the most heavily doped sample (x =0.020) could arise from
the requirements of lowing the distortion energy of the lattice,
for large expansion of the lattice cells gives rise to high strain
energy.

Table 1
Density D, relative density D,, porosity @, orientation factor y and the weight percent
of Se and Bi of all Cu,Bi,Se; samples with different Cu content x studied here.

b D (gcm™3) D, (%) D (%) y Se (Wt%) Bi (Wt%)
0 6.95 90.5 9.5 0.33 36.5 63.5
0.005 6.90 89.8 10.2 0.28 37.2 62.7
0.010 6.77 88.1 11.9 0.29 35.1 64.9
0.015 6.84 89.1 10.9 0.30 35.8 64.2
0.020 6.93 90.3 9.7 0.33 36.9 63.1
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Fig. 1. XRD patterns of (a) ICDD PDF number 00-033-0214, (b-f) the Cu,Bi,Ses bulk
samples perpendicular to the hot pressing direction with the Cu contents x =0,
0.005, 0.010, 0.015 and 0.020, respectively; (g) the CugoisBi>Ses bulk sample
parallel to the hot pressing direction.
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Fig. 2. Lattice constants a and c for the Cu,Bi,Se; samples with the Cu contents
x =0, 0.005, 0.010, 0.015 and 0.020.

In addition, one notices from the XRD patterns that the intensity
of the (001) diffraction peaks for the doped samples perpendicular
to the hot-pressing direction increases as compared with that of
the (001) peaks in the ICDD PDF number 00-033-0214, indicating
that all of the samples have a preferred orientation due to the
flake-like grains (also see Fig. 3) parallel to the [001] crystal planes
of Bi,Ses. Quantitatively, the preferred orientation can be described
by an orientation factor defined as y = (P — Py)/(1 — Py), where P is
the fractional intensity of the (001) planes, Py is the value of Pin the
case of ideal isotropy and P=XI(00[)/ZI(hkl) [35]. The calculated
y = 0.28-0.33 for the Cu,Bi,Se; samples of different Cu contents
are given in Table 1. Sections parallel to the hot pressing direction
have also been measured; the (00[) plane orientation factor
measured in this direction is smaller than zero (y = ~—0.1), which
is understandable since most of the grains have the (00!) plane
lying in the plane normal to hot pressing direction, as shown in
Fig. 3()-()).

The microstructures of both the sections parallel and
perpendicular to the hot pressing direction for the as-prepared
bulk samples are characterized by field emission scanning electron
microscopy (FESEM), as shown in Fig. 3. By comparing Fig. 3(a)-(e)
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Fig. 3. FESEM images of the fracture surfaces ((a)-(e) perpendicular to and (f)-(j) parallel to the hot-pressing direction) of Cu,Bi,Se; bulk samples for the different Cu contents

x =0, 0.005, 0.010, 0.015 and 0.020, respectively.

with Fig. 3(f)-(j) we see that the grains observed in the sections
perpendicular to the hot pressing direction show flake-like shape
while the grains in the sections parallel to the hot-pressing direc-
tion show stripe-like shape, which agrees well with the measured

orientation factors (Table 1). The average grain size perpendicular
to the hot-pressing direction Fig. 3(a)-(e) does not change substan-
tially from sample to sample. It is measured to be around 0.89 pum,
0.91 pm, 0.90 pm, 0.90 pm and 0.91 pm for the Cu,Bi,Se; samples
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with x = 0, 0.005, 0.010, 0.015 and 0.020, respectively. Some much
large grains are found in the heavily doped samples. The mean
grain thickness observed parallel to the hot-pressing direction is
about 0.26 pm for all the samples (Fig. 3(f)-(j)).

3.2. Transport properties

Fig. 4 shows the electrical resistivity p of all Cu,Bi,Se; samples
(x=0, 0.005, 0.010, 0.015, 0.020) with the temperature ranging
from 300 K to 590 K. Overall, the resistivity p of all the samples
decreases monotonically with increasing temperature, showing
non-degenerate semiconducting behavior. Nevertheless, p of the
Cu-doped samples is much smaller than that of the undoped
Bi,Se; sample. For instance, the resistivity p of the un-doped
Bi,Se; sample decrease from 3.97 x 107> Qm to 2.68 x 107> Qm
with increasing temperature from 300 K to 590 K; while the lightly
Cu-doped samples (x <0.020) show a resistivity changing from
3.60-3.80 x 107> Qm to 1.52-1.61 x 107> Qm in the same tem-
perature range. For the heavily doped sample Cug,Bi,Ses, how-
ever, the resistivity decrease greatly and reaches 2.73 x 107> Qm
and 1.34 x 107> Qm at 300 K and 590 K, respectively, which could
be related to its larger orientation factor (y = 0.33) than the more
lightly doped samples, besides the doping effect.

The temperature dependences of the Seebeck coefficient S for
the Cu,BiSe; samples (x=0, 0.005, 0.010, 0.015 and 0.020) is
depicted in Fig. 5. The negative values of the Seebeck coefficient
found for all samples over the entire temperature range show that
the major charge carriers in Cu,Bi,Ses are electrons. For all Cu-
doped samples, the absolute values of the Seebeck coefficient, |S],
decrease with increasing temperature, reflecting their non-de-
generate behavior, which is in agreement with the behavior of
the electrical resistivity p (Fig. 4). In comparison, |S| of the doped
samples is substantially smaller than that of the un-doped one:
IS| of the undoped sample Bi,Se; decrease from 178 uV/K to
140 pV/K as T increase from 300 K to 590 K while |S| of Cu,Bi,Se;
(x=0.005, 0.010, 0.015 and 0.020) decrease rapidly from 170 pV/
K to 105 pV/K as T increase from 300 K to 550 K. |S| of the doped
samples re increases slightly with further increasing T. The overall
decrease in |S| of the doped samples can be ascribed to the increase
in electron concentration n upon Cu doping. According to Mott's
formula, the thermopower S can be expressed as:

81n(0(E))} 7n2k§T Fan(E) 1 9u(E)
OF  Jpg 3e [n OE p OF [pg

6 kT
3n

(1)

where e is electron charge, u(E) the electron mobility, kg the
Boltzmann constant, and Ey is the Fermi energy. Eq. (1) indicates
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Fig. 4. Temperature dependences of resistivity p for the Cu,Bi,Se; (x =0, 0.005,
0.010, 0.015 and 0.020) samples.
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Fig. 5. Temperature dependences of Seebeck coefficient S for the Cu,Bi,Ses (x =0,
0.005, 0.010, 0.015 and 0.020) samples.

that |S| decreases with increasing n, which can also explain why
|S| decreases with increasing doping content for the lightly doped
samples (x = 0.005-0.015). However, |S| of the sample for x = 0.020
increases again and is comparable to that of the sample for
x=0.010. A similar behavior was reported in (Znggg>Alg.00s0)mln203
[36]. This unusual re increase in |S| for the sample with x = 0.020
could be caused by an increase in the scattering parameter 4, We
rewrite the Eq. (1) as

21,2 j—1
g_T ksT [10n(E) A—3 2
3e |n OE E ey,

with u = gt/m* where q, T and m* are the electron charge, relaxation
time, and effective mass, respectively (here we assume that the
relaxation time follows a power law in energy t=ToE* 1/2).
Obviously, as the doping content increases the number of ionized
impurities (dopants) should increase, which will cause the carrier
scattering mechanism to transform from acoustic-dominant pho-
non scattering (1=0) to ionized impurity-dominated scattering
(4=2), giving rising to an enhancement of the thermopower, as
seen in Fig. 5.

Obviously, the increase in n in the doped samples also explains
why their resistivity p is decreased as compared to that of the un-
doped sample since p = 1/neu. This increased electron concentra-
tion n could be caused by the above discussed intercalation of Cu
into the van der Waals layers of Bi,Ses, for the doping of any guest
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Fig. 6. Temperature dependences of power factor PF for the Cu,Bi,Se; (x = 0, 0.005,
0.010, 0.015, 0.020) samples.
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atom in van der Waals layers reproves interstitial doping and thus
to donor behaviors.

Fig. 6 shows the power factor PF as a function of temperature.
PF changes systematically with the Cu content. Although the PF
of most of the doped sample is not larger than that of the undoped
sample, the PF of the heavily doped sample Cug o,Bi,Ses is substan-
tially larger than that of the un-doped one, and has the largest PF
with a peak value reaching ~10.5 uW cm™! K2 at ~325 K, which
is mainly due to its low resistivity p (see Fig. 4).

3.3. Thermal conductivity and thermoelectric performance

The total thermal conductivity x of all Cu,BiSe; samples
(x=0.005, 0.010, 0.015 and 0.020) is given in Fig. 7(a). k of the
samples increases slightly with increasing temperature. Cu-doping

causes a large reduction of x with respect to the undoped sample.
As shown in Fig. 7(a), k = 1.35-1.54 W/mK for the undoped sample
Bi,Se; but only about 0.7-0.8 W/mK for x = 0.010. With further
increasing Cu content, k increase again. The lattice thermal con-
ductivity x; can be obtained from k = k; + K, in which . is the
charge carrier contribution, which can be estimated by using the
Wiedemann-Franz law: x.=LT/p, where L is the Lorenz number.
Here, L=1.5 x 1078 V2 K2 is used, for this value is widely used
in low-dimensional materials and nondegenerate semiconductors
[37]. As shown in Fig. 7(b), the carrier thermal conductivity k. for
all the samples increases monotonically with increasing tempera-
ture due to the increased carrier concentration arising from ther-
mal excitation at higher temperatures. k. of the doped samples is
obviously larger than that of the un-doped sample, which is attrib-
uted to the increased electron concentration of the doped samples
in contrast to the mechanism that causes changes of k. in p-type
Big5Sby.sTes [38,39]. Comparing Fig. 7(a) with Fig. 7(c) one finds
that although x and x; show similar trends as function of the dop-
ing content x, they have different temperature dependences. That
is, K increases slightly with increasing temperature while x;
decreases with increasing temperature due to enhanced phonon-
phonon scattering. Obviously, the increase of x with temperature
is caused by the temperature dependence of k. as shown in
Fig. 7(b). Likewise, the enhanced contribution of k. can explain
why k[ for all the samples decreases with increasing tempera-
ture and why x;/x is smaller for the doped samples Cu,Bi,Ses3
(x=0.005, 0.010, 0.015 and 0.020) than for the un-doped sample
(Fig. 7(d)).

As is well known, besides doping the lattice thermal conductiv-
ity x; can be influenced by microstructural factors, such as porosity
(or relative density), grain size, or preferred orientation. As shown
in Table 1, the differences of the porosity, grain size, and preferred
orientation (orientation factor 7) in the samples with different Cu
contents are not very large. In other words, the changes (decreases)
of k; of the Cu,Bi,Se; samples with different Cu contents could be
mainly caused by the copper doping. Since the van der Waals gaps
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of Bi,Se; have very large spaces, as Cu atoms are introduced only
weak chemical bonds between Cu and Se can be formed. This
means that the doped Cu atoms can vibrate with low frequencies,
or “rattle” in the doped sites as filled-atoms do in CoSbs [40-42],
leading to strong phonon scattering or even to a modified phonon
density of states. This can explain why x; of the Cu,Bi,Se; samples
decrease remarkably as the Cu content x increases from x =0 to
x=0.010 (as shown in Fig. 7(c)). However, with further increasing
the Cu content to x=0.015 and 0.020, k; increases again. This
increase in x; for the heavily doped samples could be caused by
the formation of stronger bonding between doped Cu atoms and
neighboring Se atoms of the host or/and by an ordered distribution
of Cu atoms in the gaps upon heavy doping, both of which tend to
weaken the phonon scattering.

Fig. 8 shows temperature dependences of ZT for all the samples.
ZT of all Cu doped samples is larger than that of the undoped sam-
ple. This result indicates that Cu doping is an effective way to the
enhancement of thermoelectric performance for Bi,Ses. The ZT val-
ues of the samples with x = 0.01 and 0.015 are substantially larger
than that of the un-doped sample reaching a maximum value of
~0.54 at about 590 K due to the large reduction of x; by Cu doping.
Notably, the largest value of ZT obtained here (ZT = 0.54) is sub-
stantially larger than all the values (ZT = 0.096-0.35) reported for
BiZSe3 [23—26]

4. Conclusions

In summary, we have investigated the thermoelectric proper-
ties of the Cu-doped Cu,Bi,Sez (x=0, 0.005, 0.010, 0.015 and
0.020) samples in the temperature range of 300 K to 590 K. Our
study shows that the thermoelectric properties of the Cu-doped
samples is sizably enhanced as compared to un-doped Bi,Ses.
The electrical resistivity p is decreased by about 30% at 500 K upon
doping. Although the power factor PF for most of the doped sam-
ples is not superior to that of the un-doped Bi,Ses, x; of the mod-
erately doped samples with x=0.01 and 0.015 is strongly reduced
(by 30-50% at 300 K) presumably due to enhanced phonon scatter-
ing of the dopant. As a result, ZT of all the doped samples is
enhanced as compared with that of the un-doped samples, and
the largest value of ZT = 0.54 at 590 K is obtained for Cug;Bi,Ses.
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