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Abstract
CuGaTe2 based composites incorporated with graphite nanosheets(GNs)
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CuGaTe2/x G (G=GNs, 0x3.04 vol.%) were prepared, and the thermoelectric
properties of the composites were studied from 300 to 875 K. The results show that
the incorporation of GNs into the CuGaTe2 matrix can enhance the Seebeck
coefficient and power factor over the whole temperature range investigated due to
energy filtering effects, and the reduction of thermal conductivity below 750K owing
to interface scattering. Although the resistivity increases, energy filtering significantly
raises the Seebeck component, and the overall effect on power factor is positive. The
sample with 2.28 vol.% GNs had the largest ZT value, reaching 0.93 at 873K, which
is a ~21% improvement on pure CuGaTe2.
Today, thermoelectrics are attracting ever increasing interest from researchers
due to their advantages in efficient and environmentally friendly energy conversion

[1-

4]

. The efficiency of thermoelectric(TE) device is determined by the TE figure of

merit, defined as ZT = S2σT/ , where T, S, σ, and κ are the absolute temperature,
Seebeck coefficient, electric conductivity, and thermal conductivity, respectively. A
good TE material should possess a high power factor (PF=S 2σ) and low thermal
conductivity.
The lead free material CuGaTe2 has been widely investigated as a promising
candidate for thin film solar cells, photovoltaic devices, and so on

[5-11]

. A p-type

semiconductor with band gap of Eg=1.2eV, CuGaTe2 has chalcopyrite structure of the
space group I-42d. Until recently, it was reported as a promising thermoelectric (TE)
candidate material. Theerayuth Plirdpring et al[12] found that pure CuGaTe2 had high
ZT value at high temperatures. To enhance the TE performance of CuGaTe 2, we
introduced graphite nanosheets (GNs) into the matrix as a secondary phase. The aim
1

of this approach is to obtain a smaller thermal conductivity  due to effective interface
scattering

[13-15]

, and to tailor the transport properties of CuGaTe2 via enhancement of

the carrier mobility through the injection of ultrahigh mobility electrons from the
GNs[16]. Experimental details are provided in the supplemental materials and in the
Experimental section[17].
Figure 1(a) shows the Raman spectra taken from GNs and the composites
CuGaTe2/x G (0x3.04 vol.%), three peaks marked with “D”, “G” and “2D” can be
clearly identified, which are assigned to the D band (defects or edge areas) and G
band (the vibration of sp2 hybridized carbon) excitations [18], which suggest the

chinaXiv:201803.01551v1

presence of GNs. The “2D” mode appears to be flat and weak as compared to the “G”
mode, indicating that the materials may be multi layered graphene

[19, 20]

. Figure S1[17]

shows XRD patterns of the pure CuGaTe 2 and the composite samples, all the
diffraction peaks can be indexed to the chalcopyrite structural phase of CuGaTe 2
(PDF#65-0244), indicating that all the specimens have the same crystallographic
structure as pure CuGaTe2 (see the insert in Figure S1[17]). It can be seen from the
HTEM image (Figure S2[17] in the supplemental material), the thickness of the GN is
about 2.8 nm, which indicates that the GNs are about 10 layers [21]. Thus, the materials
should be considered as graphite nanosheets not graphene according to the
reference[22]. Comparing the Raman spectrum of the GNs with the Raman spectrum of
the composites, we can find that the relative intensity of “D”, “G” and “2D” peaks are
similar, which indicates that the GNs are not damaged or significantly modified by
their incorporation into CuGaTe2 matrix. A Raman map of one of the composites, with
GNs content x=3.04 vol.%, is shown in Figure 1(b), from which we can see the GNs
are homogenous dispersed in the bulk material. The microstructures of GNs, CuGaTe2
and CuGaTe2/G composites were characterized by TEM and SEM, as shown in Figure
1(c)-(h). Figure 1(c) and (h) shows that the GNs exhibit transparency, indicating that
they are quite thin. Figure 1(c) and Figure S2 indicate that the graphite sheets are
about 2.8 nm thick and several to tens of microns in length and width. Figure 1(d)
shows the ordered lattice of the CuGaTe2 and the boundary between it and the GNs .
From this image one can clearly see that the thin GNs are connected to the grain of
CuGaTe2 matrix, forming CuGaTe2/GNs bulk composites. Figure 1(e) shows that the
distribution of grain sizes is between tens of nanometers and several microns, which
gives rise to more interface scattering, thus causing diminished thermal conductivity.
2

Figure 1(f)-(h) clearly indicate that the CuGaTe2 crystals are aggregated with the GNs,
as denoted by the white arrows, forming CuGaTe2/xG composites, in agreement with
the result obtained from TEM analysis. Figure 1(h) shows that the CuGaTe2 grains are
covered with the transparent GNs. Generally, the CuGaTe2 grain size becomes larger
after the hot-pressing. However, SEM images of powdered and bulk (as shown in
Figure 1(e)-(h)), the grain size for CuGaTe2/xG composites has no obviously changes
after the hot-pressing process, which may lie in the fact that the addition of GNs limit
the growth of matrix grains during the consolidation or sintering process. It can be
seen from the SEM images of the bulk composites that grain size within the matrix is
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distributed over a wide range, from tens nanometers to several microns.

Figure 1 (a) Raman spectra of GNs and CuGaTe2/ x G (0x3.04 vol.%). (b) Raman
map at 1592 cm-1 for the composite CuGaTe2/ 3.04 vol.%G. (c) TEM image of GNs.
(d) HRTEM image of CuGaTe2/ 3.04 vol.%G composite. (e) SEM image of pure

3

CuGaTe2 powder. (f) SEM image of bulk specimen CuGaTe2/ 3.04 vol.%G composite
after hot-pressing. (g) Enlarged view of the area within the rectangle in (f). (h)
CuGaTe2 particles covered with GNs in the bulk specimen of CuGaTe2/ 3.04 vol.%G
composite.
The thermoelectric properties of GNs dispersed CuGaTe 2 composites are
summarized in Figures 2-4. As shown in Figure 2(a),  for pure CuGaTe2 increases
slightly with increasing temperature until it reaches a maximum at T=492K, and
decreases beyond this temperature(d/dT<0), indicating that CuGaTe2 is a partial
degenerate semiconductor[23]. In contrast, the resistivity  for the CuGaTe2/xG
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composites decreases steeply with increasing temperature, demonstrating its nondegenerate semiconducting behavior. In addition, the  values for the all composites
CuGaTe2/xG(x>0) are larger than for pure CuGaTe2 over the whole temperature range
investigated. For example, the  value increases from 7.910-5 m to 2.910-4,
2.910-4, 3.010-4 and 3210-4 m as the at room temperature (RT) GNs content x
increases from 0 to 0.76%, 1.52%, 2.28% and 3.04%, respectively. A threefold
increase in ρ is observed as x is increased from 0 to 3.04% at RT. The transition from
a degenerate to a non-degenerate state, and the increase in  with the addition of GNs
can be attributed to the remarkable decrease in hole concentration caused by
introducing the second phase. This is verified by measurements of the Hall carrier
concentration p, as shown in Figure 3(a). The holes concentration p decreased from
the order of 1019 to the order of 1018 cm-3 after GNs addition. The decrease in the hole
concentration can lead to the Fermi level E F shifting away from valence band,
resulting in a non-degenerated semiconductor. Electrons are introduced from the GNs
into the CuGaTe2 matrix, which causes electron-hole recombination, and decreasing
the hole concentration. The concentration of holes p at room temperature in pure
CuGaTe2 is 1.491019 cm-3, which is different from reported values (p=1.11018 cm-3
[12]

, p=4.61018 cm-3[24] and p=2.051019 cm-3[25]). These differences may due to

different sample compositions, such as the different Te content, which would lead to
a distinct difference in the hole concentration p and thermo-power S values [12]. In fact,
the value of the hole concentration at room temperature decreases rapidly from
1.491019 cm-3 to 3.861018 cm-3, 3.491018 cm-3, 2.571018 cm-3 as the GNs content x
increases from 0 to 0.76, 1.52 and 2.28 vol.%. However, the hole concentration p

4

increases slightly to 3.081018 cm-3 when GNs content x is further increased to 3.04
vol.%. It is worth noting an interesting phenomenon here is that there is no reduction
or even increase in the hole mobility  as the GNs are incorporated. This is despite
GNs being known for its high mobility, which is in contrast to the low mobility of ptype CuGaTe2. High-mobility carriers from the GNs are injected into the low-mobility
CuGaTe2 matrix, hence enhancing the overall carrier mobility[16]. Another noteworthy
feature is demonstrated in Figure 3(a), while the carrier concentration reaches a
minimum as x=2.28 vol.%, the mobility attains its highest value, and this is also
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where the ZT reaches its maximum value.

Figure 2 Temperature dependence of (a) the electrical resistivity , (b) thermopower S
and (c) the power factor PF for CuGaTe2/x G composites (0 x 3.04 vol.%).

5

As shown in Figure 2(b), the positive values of S over the whole temperature
range indicate that the major charge carriers are holes. Moreover, one can see that S
for the pure CuGaTe2 sample increases linearly with increasing temperature within the
range of 300K to ~750K, showing its degenerate behavior. As T increases further, S
increases more slowly. However, S values for all the composite samples are larger
over the wide temperature range of 300-600K, beyond which S decreases with
increasing the temperature. One notices that there are no large differences in S for the
samples with different concentrations of incorporated GNs, which is analogous to the
behavior of the resistivity. As shown in Figure 2(c), the power factor (PF) for the
composite samples are larger than of the pure CuGaTe 2 over the whole temperature
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range investigated. The maximum PF achieved is 1.2810-3 Wm-1K-2 at 758K for the
sample with x=1.52 vol.%, which is ~54% larger than the value for pure CuGaTe 2 at
the same temperature due to the enhanced S.
S is inversely proportional to carrier concentration p, as expressed by the Mott
equation:
(1)
where  is the electrical conductivity, q is the carrier charge, kB is the Boltzmann
constant, and EF is the Fermi energy. Assuming the energy bands have a parabolic
dispersion relation, the relaxation time (E), which is usually in the form of a power,
with energy E, i.e., (E)=0E-1/2[26]
then, Equation (1) can be expressed as:
(2)
From Eq. (2) it can be understood that S can be enhanced by increasing the scattering
parameter . An enhanced  means a stronger energy filtering effect. In order to verify
that energy filtering effect is responsible for obviously enhancement of S,  was
calculated by using a single parabolic band model in which effective mass m * and S
can be expressed as:
(3)
(4)

6

with a Fermi integral of order i:
(5)
where h is Planck’s constant and F is the reduced Fermi level Ff/(kBT).
For a degenerate semiconductor, such as pure CuGaTe2, the relationship between
the Seebeck coefficient S and the carrier concentration p obeys following equation [27]:
(6)
Here m* is the effective mass of the carrier. m*=0.28 m 0 (here m0 is the free electron
mass) can be obtained for CuGaTe2 according equation (6) and S, p values from
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Figure 3. Using the values of Seebeck coefficient S, the hole concentration p at room
temperature, and assuming effective mass m* is constant in the different composite
samples[28], we can obtain the scattering parameters  according equations (2)-(5), as
shown in Figure 3(b). It can be seen that all the  values of the composite samples are
larger than that of pure CuGaTe2. For example,  increases from zero to 1.34 with
increasing x from 0 to 0.76 vol. %. This increase in  results in increases of ~181,
164, 138 and 143 V/K in S at room temperature for the samples with x=0.76, 1.52,
2.28 and 3.04 vol.%, respectively, as shown in Figure 3(c) (where the solid line is the
Pisarenko relationship[27] for CuGaTe2 and shows the dependence of S on p as
calculated according equation (6)). The tendency of S to increase in accordance with
the scattering parameter  determined from the GNs content. In our work, the
thermoelectric performance of CuGaTe2 was enhanced by energy filtering due to
nanosized potential barriers (GNs). Analogous work has been performed by
Neophytou et al[29] and Yang et al[30]. And ones reported the energy filtering effect in
the low-dimensional materials, for example, nanocrystalline[31], superlattices[32,
quantum well[34] and one-dimensional nanowires[34,

33]

,

35]

. Neophytou et al[29] reported

analysis and optimization of such barriers for improved energy filtering, and Yang et
al reported synergetic scattering of electrons in semiconductors with metal
nanoinclusions. In agreement with Neophytou et al[29], to maximize energy filtering, in
the region prior to the barrier, the Fermi level needs to be pushed up so that carriers
have higher velocity and that scattering by ionized dopant impurities will be weaker,
which are achieved in our work. Thus, the enhanced thermopower can be ascribed to
energy filtering. Like the work reported by Heremans et al
7

[36]

, we assume that energy

bands have a parabolic dispersion relation, (E) usually has the power form with
energy E, i.e., (E)=0E-1/2 and the effective mass is a constant for the composites and
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pure matrix, moreover, the effective mass is determined by S-p dependence.

Figure 3 (a) The dependence of carrier concentration and carrier mobility on GNs
content, at room temperature. (b) Variation of scattering parameter  with GNs
content x at room temperature. (c) variation of Seebeck coefficient with carrier
concentration for CuGaTe2/x G(0 x 3.04 vol.%) composites at room temperature.
The solid line is the Pisarenko relation for pure CuGaTe2.

Figure 4(a) shows the temperature dependence of the thermal conductivity  for the
composites. The  of the composite samples decreases after GNs incorporation over
almost the whole investigated temperature range. For example,  decreases from 4.3
Wm-1K-1 to 3.36, 3.34, 3.23 and 3.20 Wm-1K-1 at room temperature with increasing the
GNs content x from zero to 0.76, 1.52, 2.28 and 3.04 vol.%, respectively. The total
thermal conductivity κ can be expressed by the sum of the lattice component (κ l) and
the hole component (κh) as κ=κl+κh. The κh values can be estimated from WiedemannFranz’s law, κh=LT/ρ (here L is the Lorentz number, L=1.510-8V2K-2

[12]

for

CuGaTe2/x G (0 x 3.04 vol.%). Consequently, κL can be obtained from κ and κ h, as
shown in Figure 4(b). It can be seen by comparing Figure 4(a) with Figure 4(b) that
8

the values and temperature trend of the lattice conductivity κ L are similar to those of
the total thermal conductivity κ. These results indicate that thermal conductivity of the
samples comes mainly from the lattice conductivity, and thus the decrease of the
thermal conductivity can be mainly attributed to the reduction in the lattice thermal
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conductivity caused by interface scattering due to incorporation of the GNs.

Figure 4 Plot of (a) total thermal conductivity , (b) lattice thermal conductivity L
and (c) ZT value versus temperature for CuGaTe2/x G composites (0 x 3.04 vol.%)
The temperature dependence of the ZT values for CuGaTe2/x G (0 x 3.04 vol.
%) are shown in Figure 4(c). Due to both the increase in PF and the decrease in , the
ZT of all the composite samples are enhanced as compared to pure CuGaTe2. One can
see that the ZT values of all samples increase with increasing temperature over whole
investigated temperature range. The ZT of the sample where x=2.28% has the

9

maximum value, reaching 0.93 at 873K, which is ~21% larger than for pure CuGaTe 2
at the same temperature (ZT=0.77 at 873K).
The thermoelectric properties of composites CuGaTe2/xG (0 x 3.04 vol.%)
have been studied for temperatures from 300 to 875 K. The results show that
incorporation of GNs into the CuGaTe2 matrix can concurrently yield a reduction of
the thermal conductivity and an enhancement of the PF. The increased PF mainly
comes from enhanced S due to an intensified energy filtering effect, and a moderate
increase in carrier mobility owing to the injection of high mobility carriers from the
GNs. The sample CuGaTe2/2.28 vol.%G had the largest ZT value, reaching 0.93 at
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873K, which is ~21% larger than for pure CuGaTe 2 at the same temperature. The
results indicate that CuGaTe2/2.28 vol.%G is a promising candidate as a
thermoelectric material in the middle temperature range.
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