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a b s t r a c t

Thermoelectric materials can directly generate electric power by converting waste heat, and the effi-
ciency is appraised by the figure of merit zT. A high zT value larger than three is required to achieve
comparable efficiency of the traditional heat engines. Despite great efforts for over a century, the desired
value of three is seemingly an upper limit, and many existing thermoelectric materials have the zT values
less than one. If their zT values can be improved for several times to break through the upper limit, the
energy revolution could be expected. Here, a p-type CuInTe2 is chosen as an example to show the
extremely important role of pressure in enhancing the thermoelectric performance. Over five times
increase of the zT value is realized by the application of pressure. Both the enhancement of the power
factor and the reduction of the thermal conductivity account for this large enhancement. The former is
due to the optimization of the carrier concentration and band structure, and the latter is attributed to the
enhanced phonon anharmonicity. Our results offer an effective method to improve zT of the existing
materials for the future technological applications.

© 2018 Elsevier Ltd. All rights reserved.
With the increasing fossil energy crisis and environment prob-
lems, developing alternative energy becomes a major issue. Ther-
moelectric materials can generate electricity directly from waste
heat and are thus considered as renewable energy. Compared with
traditional energy, thermoelectric devices are solid-state, noise-
less, and environment-friendly. The efficiency of a thermoelectric
material is described as a dimensionless figure of merit,
zT ¼ S2r�1k�1T, where S is the Seebeck coefficient, T is the absolute
temperature, r is the electrical resistivity, and k is the thermal
conductivity. A high zT value larger than three is required to make
thermoelectric devices commercially viable [1]. The in-
terdependencies of S, r, and k complicate the efforts to improve zT
[2,3]. The increasing thirst for new energy attracts the worldwide
attentions to develop efficient approaches. To date, numerous
materials achieve considerable zT~1. The prosperity in turn en-
courages experimental and theoretical efforts to investigate the
principle of zT enhancement [4e6] and to search for new efficient
thermoelectric materials.

The general orientation of recent strategies attempts to optimize
the electrical transport properties [7e9] or to reduce the thermal
conductivity [10]. In respect to the competition between S and r, zT
achieves the optimal value [2] within the carrier concentration of
1019~1021 cm�3. Doping and alloying, aiming to optimize carrier
concentration, usually enhance the electrical transport properties.
Heavily doped lead telluridee and bismuth tellurideebased ma-
terials possess the high zT value ~1 for a long time [11e13]. These
values were hardly improved until introducing nanostructure to
thermoelectric materials. Nanostructuring can significantly reduce
thermal conductivity due to the enhancement of boundary scat-
tering and led to the discoveries of rather high zT~2.2 in PbTe/SrTe
and AgPbmSbTe2þm [14,15]. In addition to these strategies, some
novel approaches and materials were developed on the basis of
unique band structure or lattice structure, such as electronic den-
sity distortion [16], band convergence effect [17], and materials
with complex structure [2]. Meanwhile, pressure has also been
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recognized to be a powerful means to tune and improve the ther-
moelectric properties. For examples, a huge improvement of the
power of factor has been found by the application of pressure in
many materials such as p-type Sb1.5Bi0.5Te3 [18] and BaBiTe3 [19],
PbTe-based crystals [20], and Bi2Te3 [21]. However, the thermal
conductivity was reported to increase with pressure in PbTe [22],
seemingly discouraging the high-pressure studies on thermoelec-
tric materials. Recently, a record high zT~2.6 was achieved in SnSe
single crystals [23]. There is still a long way to go to reach the upper
limit. Exploring new strategies to improve zT is highly desired.
Here, we choose a p-type CuInTe2 as an example to demonstrate
how applying pressure can tune and improve the thermoelectric
efficiency based on the development of a series of high-pressure
techniques.

CuInTe2 belongs to the I-III-VI2 ternary chalcopyrite compounds
(I ¼ Cu, Ag; III ¼ Al, Ga, In; and VI ¼ S, Se, Te), sharing a zinc-blende
like lattice structure [24] and a multiband structure [25]. It is a
promising thermoelectric material [26e28]. The high-pressure
thermoelectric parameters of this material were collected based
on the technique development by using diamond anvil cells. The
cutlet sizes of the diamonds are 300 and 900 mm, respectively. The
sample synthesis was detailed previously [26]. All the measure-
ments were repeated twice to check the reproducibility of the data.
The obtained results are also compared with the values measured
at ambient conditions by using the Physical Properties Measure-
ments System (PPMS) from Quantum Design.

We start to measure the temperature dependence of the elec-
trical and thermal transport properties of CuInTe2 at ambient
pressure by using PPMS. The results are shown in Fig. 1. As can be
seen, r decreases with increasing temperature over the entire
range, exhibiting a typical semiconductor behavior. S behaves in a
different way. It sharply increases at the beginning and then quickly
reaches saturation value at around 550 mV K�1 temperatures above
100 K. Such high S values contribute to good thermoelectric per-
formance at high temperatures by this material. The sign of S is
always positive in the whole temperature range measured. This
indicates that CuInTe2 is a p-type semiconductor. Around the
temperature of 400 K, r and S are about 1.1 � 10�2 Um and
557 mV K�1, respectively. These values demonstrate that CuInTe2
Fig. 1. Temperature dependence of the Seebeck coefficient S (a), the resistivity r (b)
possesses high density of states and effective mass. As shown in
Fig. 1(c), k follows a l shape, the typical behavior for many ther-
moelectric materials. This has been suggested to result from the
grain boundary scattering at low temperatures and three-phonon
umklapp process at high temperatures [29]. Here the maximum
value of k is believed to be the result of the crystallite dimension
[30]. With increasing temperature, k is dramatically reduced. These
measured quantities yield the monotonous increase of zT to about
2.8 � 10�3 at 400 K.

At temperatures above 100 K, the zT behavior is mainly
controlled by k due to the weak temperature dependence of r and
the almost saturation of S. It is apparent that the understanding of
the k behavior is crucial for the thermoelectric effect in this ma-
terial. The total thermal conductivity includes the lattice contri-
bution kl and the electron contribution ke. Generally, the quantity of
ke is negligibly small compared to kl in a highly efficient thermo-
electric material. The lattice conductivity kl can be expressed as [31]
~(a4dqD)/(gG2T) through the lattice parameter a, material density d,
Debye temperature qD, and the phonon Grüneisen parameter gG.
The contributions of a4d to kl can be simplified to the product of the
mass and the lattice parameter because of the expression of the
density (mass/volume). With increasing temperature, the lattice
usually expands, and the mass remains the constant. Their product
cannot decrease kl as observed. Meanwhile, Debye temperature qD
tends to saturate at high temperatures. It cannot account for the
decrease of kl either. Note that the obtained kl slowly declines with
increasing temperature rather than decreasing inversely with T. All
these factors together indicate that the left phonon Grüneisen
parameter should mainly capture the changing trend of kl.

Low-frequency phonons usually dominate the behavior of gG
[23,32]. Low frequencies of phonons meanweak atomic interaction
in crystalline materials. Heat always transports through phonons.
But weak atomic interaction of phonons could reduce the heat
carried by phonons. Thus, the phonons can not transport among
the atoms to a long distance due to their weak interaction. If these
characteristic phonon frequencies decrease with increasing tem-
perature, the lattice conductivity is expected to reduce. This
behavior is often called phonon softening. It is due to the enhanced
anharmonic nature of the lattice vibration. This turned out to be the
, the thermal conductivity k (c), and the zT (d) of CuInTe2 at ambient pressure.
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mechanism of the reduction of the thermal conductivity in SnSe
[23,32].

Raman scattering spectroscopy is a powerful and effective tool
to investigate the zone-center phonons. We have performed low-
temperature Raman measurements on CuInTe2 to investigate the
behavior of its zone-center phonons. The sample temperature was
controlled from 7 to 300 K in a specially designed cryostat chamber.
A 532 nm laser beam was focused on the sample using a 20 times
objective to obtain strong signal, and the power was stabilized
at 1.5 mW before the objective was used to avoid the localized
heating effect. Raman spectra were obtained in a backscattering
Fig. 2. Raman spectra of CuInTe2 collected at various temperatures from 7 to 300 K at amb
Temperature dependence of the phonon frequencies of the B1

2 and B1 modes at ambient pr
room temperature. The data were obtained by the Lorentz fitting to the phonon peaks. The

Fig. 3. Pressure dependence of the Seebeck coefficient S (a), the resistivity r (b), power fact
represents the results obtained by PPMS. Run 2 and Run 3 represent the results with differen
Seebeck coefficient measurement under pressure. 1 denotes gasket, 2 denotes epoxy-BN com
voltmeter. Top insert of (a): DV vs. DT at pressure of 0.3 GPa. The linear fitting to the data w
Insert of (d): Hall resistance vs. magnetic field at pressure of 0.5 GPa. The dashed lines are
factor.
configuration, and the results at various temperatures are shown in
Fig. 2(a). CuInTe2 belongs to the space group of D12

2D [33]. The lattice
modes at G point are represented as: A1 þ 2A2 þ 3B1 þ 3B2 þ 6E,
and all these modes, except A2, are Raman active [34]. The spectra
exhibit five characteristic phonon bands with the central fre-
quencies, agreeing with those in previous studies [34]. The sym-
metry assignment of these modes can be determined as B2

1, B1, E1,
B2

2, and E2 respectively. The rest modes are hardly observed
because of their small Raman cross sections. As seen in Fig. 2(c), the
obtained low-frequency phonon modes B2

1 and B1 clearly show a
softening behavior at temperatures above 100 K. Usually only the
ient pressure (a) and at various pressures up to 7.9 GPa at room temperature (b). (c)
essure. (d) Pressure dependence of the phonon frequencies of the B1

2 and B1 modes at
dashed lines in (d) are the guidance to the eye.

or (c), and charge carrier concentration nH (d) for CuInTe2 at room temperature. Run 1
t diamond cutlet sizes of 300 and 900 mm, respectively. Bottom insert of (a): Diagram of
posite, 3 denotes sample, 4 and 5 are two thermocouples, 6 is temperature sensor, 7 is
as used to determine S. Insert of (b): Four electrical leads were attached to the sample.
the guidance to the eye. PPMS, Physical Properties Measurements System; PF, power
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optical branches of the phonons can be observed from the Raman
spectra. In the case of nano-crystalline materials or for the low-
frequency modes with overlapping acoustic and optical branches,
the obtained low-frequency Raman phonons are valuable to pro-
vide the desired phonon information on gG. The obtained results
support the enhancement of phonon anharmonicity with
increasing temperature in this material. Therefore, the increase of
zT with temperature above 100 K in the studied material should be
mainly controlled by the enhanced phonon anharmonicity. Finding
a way to further soften these phonon modes could ensure the
further enhancement of zT in this material.

Next we investigate the pressure effects on these thermoelectric
parameters. The principle and designed diagram for Seebeck co-
efficient S measurements are shown in the bottom insert of
Fig. 3(a). In such a design, the sample was made in the cylinder
shape and was surrounded by the adiabatic pressure medium to
ensure the temperature gradient along the axis of the cylinder from
the heater (one side) to the cooler (the other side). Measurements
of the thermoelectric voltage difference (DV) with the applied
temperature gradient (DT) within 10 K at various pressures were
used to calculate S. The top inset of Fig. 3(a) shows the obtained
Fig. 4. (a) Diagram for thermal conductivity measurement. (b) Raman spectra of the E1 mo
phonon frequencies were obtained by Lorentz fitting to the data. (c) Frequencies of the E1 m
obtained from the linear fitting to the data.
data at pressure of 0.3 GPa. The obtained results as a function of
pressure are summarized in Fig. 3(a). The initial values of S in the
2nd and 3rd runs are about 551 ± 80 and 559.0 ± 80 mV K�1,
respectively, consistent with that in the 1st run. With increasing
pressure, S roughly monotonously decreases from the initial value
to about 80 mV K�1, exhibiting a strong pressure dependent
behavior. The S reduction implies the pressure-induced increase of
the carrier concentration and/or the decrease of the density-of-
states effective mass.

At high pressures, the r was measured by using four-probe
method. The electrodes were placed at the top side of the sample
as shown in the insert in Fig. 3(b). The obtained r values of CuInTe2
as a function of pressure are plotted in Fig. 3(b). As can be seen, r is
significantly suppressed by the applied pressure. It is decreased to
1.1 � 10�4 Um at around 8 GPa. This value is almost two orders in
magnitude smaller than that at ambient pressure. The impressively
reduced r is comparable with that of the optimal doping sample
[28]. Such a behavior is similar to S, both indicate a significant
modulation of the band structure. Around 6 GPa, the drop of r
together with the obvious decrease of S implies a possible phase
transition. This phase transition has been detected from a high-
de at pressure of 2.2 GPa measured as functions of temperature and laser power. The
ode as functions of temperature and laser power at various pressures. cT and cW were



Fig. 5. Pressure dependence of the k (a) and zT (b) for CuInTe2. The value of zT is
normalized by the atmospheric pressure value (about 1.2 � 10�3). The dashed lines are
the guidance to the eye.
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pressure synchrotron X-ray study [35]. The material was found to
transform from its initial chalcopyrite phase to the d-Cmcm phase
with a volume reduction of 8% at around 6 GPa [35].

Now we are able to calculate the pressure-dependent power
factor (PF) by using the formula PF ¼ S2/r. The results are plotted in
Fig. 3(c). Below 6 GPa, the PF value gradually increases to about 3
times over the ambient pressure value. Above that, PF sharply
breaks to an impressive value about 1.5 mW cm�1 K�2 due to the
rapid decrease of r. This significant improvement of PF is achieved
in a thermoelectric material only through the application of pres-
sure. This finding adds one more example to demonstrate the
powerful role of pressure in improving PF for thermoelectric ma-
terials [18e22].

The PF behavior mainly reflects the electrical transport proper-
ties. Hall effect measurements were taken to give the insight into
the pressure effects on these properties. Hall coefficient RH was
obtained by measuring Hall resistance through scanning magnetic
fields from �4 Tesla to 4 Tesla at room temperature and each
interested pressure. The insert of Fig. 3(d) shows the magnetic field
dependence of the Hall resistance at 0.5 GPa. The carrier concen-
tration nH was thus calculated by using the formula nH ¼ 1/eRH

based on the pressure dependence of RH. The results are shown in
Fig. 3(d). Here nH monotonously increases to the ideal value about
3 � 1019 cm�3 around 6 GPa. The improvement of PF and the
reduction of S and r can be explained by the pressure-induced
optimization of nH. This indicates that applying pressure is able to
comprehensively optimize the band structure [36] and nH. Around
6 GPa, nH breaks from 2.8 � 1019 to 3.2 � 1021 cm�3. The behaviors
of nH, S, and r indicate a phase transition in this compound at 6 GPa,
in consistence with the structural study [35].

In order to determine pressure dependence of k, we developed a
technique based on the high-pressure Raman scattering measure-
ments by changing temperatures and laser powers. Similar method
has been used to determine the k of thin films, such as MoS2 and
graphene [37,38]. The focused laser beam will introduce localized
heating effect on the cuboid sample, which has been observed
previously [39]. Within the ideal thermal transport model shown in
Fig. 4(a), k can be expressed as [37]:

k
1
r

d
dr

�
1
r
Tr
r

�
þ qðrÞ ¼ 0

where Tr is the temperature distribution, r is the position measured
from the heating point, and q(r) is the heat flux distribution. The
boundary thermal transport and heat dissipation are neglected in
such a model, and the isothermal surface is hemispheric. For the
measurements of phonon frequencies with the changes of tem-
perature or laser power, a modified k expression is simplified by:

k ¼ 2a
pr0

cT
cW

where W is the laser power, a is the absorption coefficient of the
laser power, r0 is the width of laser beam on the sample, cT ¼ Du/
DT (cW ¼ Du/DW) is the first-order temperature (laser power)
derivative of u, and Du is the phonon frequency shift due to the
variation of temperature or laser power. Here a is assumed to be
insensitive to pressure and can be then estimated from the com-
parison of the value of k at ambient pressure measured by other
methods. This assumption will not affect the studied trend with
pressure. In our measurements, neon was chosen as the pressure
transmitting medium. The heat dissipation through neon medium
can be safely neglected due to its low k [40]. Meanwhile, the sample
size was chosen to be large enough to avoid the boundary heat
transport. Therefore, the developed technique is capable to give
accurate k value at each pressure and its evolution with pressure.

The E1 mode of CuInTe2 exhibits relative strong temperature
and laser poweredependent behavior. This mode was thus chosen
to calculate k. Fig. 4(b) shows the Raman spectra of the E1 mode at
2.2 GPa collected at different temperatures with a fixed laser po-
wer or by changing laser powers at a fixed temperature. The ob-
tained frequencies from Lorentz fitting to the data are plotted in
Fig. 4(c) as functions of temperature and laser power at various
pressures. cT and cW were thus determined by the linear fitting to
the data for each pressure. Based on the measured r0 and the ob-
tained a from the comparison of the ambient pressure k value
measured by PPMS, we obtained the pressure dependence of k for
CuInTe2 [Fig. 5(a)]. With increasing pressure, k is significantly
reduced from 11.7Wm�1 K�1 to aminimumvalue of 4.1Wm�1 K�1.
It remains at relative low values at high pressures. Above 6 GPa, a
modest increase of k is observed when the material enters a new
phase [35]. The pressure level for the k anomaly is almost the same
as r and nH, again indicating the phase transition. The pressure-
induced reduction of k at low pressures is a surprising discovery
of this work.

Raman spectrawere again collected at pressures up to 7.9 GPa to
understand the k reduction, especially the expected phonon soft-
ening as indicated before. The collected spectra at room tempera-
ture at various pressures are shown in Fig. 2(b). Indeed, the two
low-frequency phononmodes B1 and B2

1 roughly exhibit anomalous
softening. The softening of these modes can be clearly seen in
Fig. 2(d). Pressure-induced phonon anharmonicity therefore be-
comes the leading mechanism to account for the reduction of k in
this material. Above 6 GPa, the phonon intensities are significantly
reduced and almost vanished around 8 GPa. This again coincides
with the phase transition reported previously [35].

Now that the pressure dependences of S, r, and k have been
determined, we are able to obtain the evolution of zTwith pressure
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for CuInTe2. The results are summarized in Fig. 5(b). Here the zT
values at high pressures are normalized to the value at ambient
pressure.With increasing pressure, zT/(zT)0 gradually increases and
exhibits a maximum around 2.5 GPa. The maximum of zT value is
about five times higher than that at ambient pressure. Pressure is
proved to induce the collaboration of enhanced PF and significantly
reduce k. These results reveal that the impressive improvements
come from the optimization of band structure and the enhance-
ment of phonon anharmonicity. These advantages provide extra
contributions going beyond the adverse effect from traditional
methods. Significant zT improvements of existing thermoelectric
materials can be expected at high pressures. The date to break up
the upper zT limit of three should be not that far.
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