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within the experimental errors, and also includes the results 
of an annealed nanostructured sample (run 1), which does 
not show any signifi cant degradation in thermoelectric prop-
erties after annealing. The sample was annealed at 800 °C 
for 12 hours in air, which is an accelerating condition since the 
application temperature is expected to be at or below 700 ° C.

 Here, we also show the temperature-dependent specific 
heat capacity and thermal diffusivity of nanostructured 
Hf 0.75 Zr0.25 NiSn0.99 Sb0.01 samples in comparison with the
ingot sample. Figure 4 clearly shows that the specifi c heat
capacity of nanostructured Hf 0.75 Zr0.25 NiSn0.99 Sb0.01 samples
is almost the same as that of the ingot sample (Figure 4 a), and
these values agree fairly well with the Dulong and Petit value
of specifi c heat capacity (solid line). However, the thermal
diffusivity of nanostructured Hf 0.75 Zr0.25 NiSn0.99 Sb0.01 sam-
ples is signifi cantly lower (Figure 4b) than that of the ingot
sample due to the small grain-size effect and lower electronic 
contribution.

Since the size of the nanoparticles is essential in reducing 
the thermal conductivity to achieve higher ZT values, it is pos-
sible to further increase the ZT value of the n-type half-Heusler 
compounds by making the grains even smaller. In this report, 
we made grains of 200 nm and greater (Figure 2 a). It would 
be possible to achieve a grain size of less than 100 nm by pre-
venting grain growth during hot-pressing if the correct grain 
growth inhibitor were found. 

3. Conclusions 

A cost-effective ball-milling and hot-pressing technique 
has been applied to n-type HHs to improve the ZT value. A 
peak ZT value of around 1.0 at 600 ° C–700 °C is observed in 
nanostructured Hf 0.75 Zr0.25 NiSn0.99 Sb0.01 samples, which is 
about 25% higher than the previously reported best peak ZT
value of any n-type half-Heuslers. [25] This enhancement in ZT
mainly results from reduction in thermal conductivity due 
to the increased phonon scattering at the grain boundaries 
of nanostructures, and optimization of carrier contribution 
leading to lower electronic thermal conductivity. Further ZT
improvement would be possible if the grains were less than 
100 nm in size. 

4. Experimental Section 
Half-Heusler phases were prepared by melting 
hafnium (Hf; 99.99%, Alfa Aesar), zirconium 
(Zr; 99.99%, Alfa Aesar) chunks, nickel (Ni; 99.99%, 
Alfa Aesar), tin (Sn; 99.99%, Alfa Aesar), and 
antimony (Sb; 99.99%, Alfa Aesar) pieces according 
to a composition Hf 0.75Zr 0.25NiSn 0.99Sb 0.01 using 
an arc-melting process. The melted ingot was 
then milled for 1–50 hours to get the desired 
nanopowders by using a commercially available 
ball-milling machine (SPEX 8000M Mixer/Mill). 
The mechanically prepared nanopowders were 
then pressed at temperatures of 900–1200 °C 
using a dc hot-press method in graphite dies with 
a 12.7-mm central cylindrical opening diameter 
to get nanostructured bulk half-Heusler samples. 
The samples were characterized by XRD, SEM, 
and TEM to study their crystallinity, homogeneity, 

average grain size, and the grain-size distribution of the nanoparticles. 
These parameters significantly affect the thermoelectric properties of the 
final dense bulk samples. The volume densities of these samples were 
measured using an Archimedes’ kit. The nanostructured bulk samples 
were then cut into 2 × 2 × 12 mm bars for electrical conductivity and 
Seebeck coefficient measurements on commercial equipment (Ulvac, 
ZEM-3), 12.7-mm-diameter discs with appropriate thickness for thermal 
diffusivity measurements on a laser flash system (Netzsch LFA 457) 
from 100 °C to 700 °C, and 6-mm-diameter discs with appropriate 
thickness for specific heat capacity measurements on a differential 
scanning calorimeter (200-F3, Netzsch Instruments, Inc.) from room 
temperature to 600 °C (the data point at 700 °C is extrapolated). The 
thermal conductivity was calculated as the product of the thermal 
diffusivity, specific heat capacity, and volume density of the samples. 
To confirm the reproducibility of the sample preparation process and 
reliability of the measurements of nanocrystalline bulk samples, the 
same experimental conditions were repeated at least three to six times 
for each composition and it was found that the thermoelectric properties 
are reproducible within 5% under the same experimental conditions. 
The volume densities of three measured nanostructured samples (runs 
1, 2, and 3) are 9.73, 9.70, and 9.65 g cm −3, respectively. 
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Figure 4 . a) Temperature-dependent specific heat capacity and b) thermal diffusivity of arc-
melted and then ball-milled and hot-pressed Hf 0.75Zr 0.25NiSn 0.99Sb 0.01 samples, and the sample 
annealed at 800 °C for 12 hours in air, in comparison with the ingot sample. 
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By comparison with the data on ingot samples previously
reported,8 we found that the resistivity of our ingot sample is
almost the same as the reported value, and the Seebeck coeffi-
cient is higher, which leads to a higher power factor. However,
the thermal conductivity of our ingot sample is proportionally
higher than the reported value,8 which leads to the same ZT of

our ingot samples as the reported value.8 These small differences
in individual properties may be due to someminor differences on
sample preparation procedures, which is very reasonable and
understandable.
Since the ingot samples are made and measured by the same

person on the same machine with the nanostrcutured samples,

Figure 3. Temperature-dependent (a) electrical conductivity, (b) Seebeck coefficient, (c) power factor, (d) total thermal conductivity, (e) lattice part of
thermal conductivity, and (f) ZT of ball-milled and hot-pressed sample in comparison with that of the ingot.

Figure 4. Temperature-dependent specific heat (a) and thermal diffusivity (b) of ball-milled and hot-pressed sample in comparison with that of
the ingot.
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Figure 1 | Crystal structure of Cu2Se at high temperatures (�-phase) with a cubic anti-fluorite structure. a, Unit cell where only the 8c and 32f interstitial
positions are shown with Cu atoms. b, Projected plane representation of the crystal structure along the cubic [11̄0] direction. The arrows indicate that the
Cu ions can freely travel among the interstitial sites. There are two Cu layers between the neighbouring Se (111) planes. The structure changes to a
monoclinic ↵-phase by stacking the ordered Cu ions along the cubic [111] direction when cooled to room temperature.

α-Cu2Se

β-Cu2Se

α-Cu1.98Se

β-Cu1.98Se

S 
(µ

V
 K

¬1
)

200 400 600 800 1,000
T (K)

200 400 600 800 1,000
T (K)

0

0.2

0.4

0.6

0.8

1.0

 (
10

¬4
Ω

 m
)

ρ

0

100

200

300

400a b

Figure 2 | Thermoelectric properties of the low-temperature (↵) and high-temperature (�) phases in Cu2�x

Se. a–d, Temperature dependences of
electrical resistivity ⇢ (a), thermopower S (b), thermal conductivity  (c) and dimensionless figure-of-merit zT (d).

considering the large bandgap inCu2�xSe (ref. 22).Wemeasure hole
mobilities as high as 14–20 cm2 V�1 s�1 (Supplementary Fig. S4)
at the carrier density on the order of 1020 cm�3 in our Cu2�xSe,
comparable to other typical TE materials, such as skutterudites3.
Based on the measured ⇢ and S, the calculated power factors
(PF = S2/⇢) at room temperature are around 6–8 µWcm�1 K�1

for the ↵-phase and (7–12 µWcm�1 K�1) for the �-phase (420K–
1,000K), again comparable to other typical TE materials. It is
quite interesting that a compound such as Cu2�xSe, with the
electronegativity difference (0.65) between Cu and Se much higher
than the value in the good TEmaterial (usually less than 0.5; ref. 3),
attains such a high value of the power factor.

Cu2�xSe has very low thermal conductivity values (around or less
than 1Wm�1 K�1 for Cu2Se), see Fig. 2c. Although the transport of
holes across the phase boundary seems unimpeded, heat transport
is very sensitive to the exact configuration of Cu ions, and a marked
discontinuity is observed at the ↵–� transition (Fig. 2c). The lattice
thermal conductivity values, L, are around 0.4–0.6Wm�1 K�1 at
high temperatures (Supplementary Fig. S4), indicating the phonon
mean free path is quite small in this binary material. It is very
surprising that such very low values of L are realized in a compound
with a simple chemical formula with a small unit cell and light
elements, whereas usually low L is reported in complex compounds
with heavy elements6–9.

The zT values are shown in Fig. 2d. Because of the very low
L and moderate values of the power factor, the zT reaches 1.5 at

1,000K in Cu2Se. This is very high value, and comparable to the best
of the novel bulk thermoelectric materials2. As the material shown
here is neither doped nor optimized, further fine tuning of Cu2�xSe
could possiblymake it evenmore competitive.Wewish to stress that
the transport data are fully reproducible on temperature cycling to
at least 700K (see Supplementary Information).

The origin of very low values of L in Cu2�xSe can be associated
with the fluid arrangement of the Cu atoms. The high temperature
�-phase of Cu2�xSe is known to be a superionic conductor owing
to the high mobility of its Cu ions25. Superionic conductors are
solid materials which have ionic conductivities that are as high
as those found in molten salts, about 1� cm�1 (ref. 26). This is
due to high ionic diffusivities, of the order 10�5 cm2 s�1, the value
for liquid water at room temperature. Thus a simplified model
�-Cu2�xSe is one where there exists a solid, crystalline sublattice
of Se atoms around which a ‘liquid-like’ charged fluid of Cu ions
diffuses (Fig. 1b). The ionic conduction of Cu in �-Cu2�xSe, with
a diffusion coefficient of Cu similar to or larger than that of liquid
water, makes it one of the best superionic conductors25,27. Cu2�xSe,
like many superionic conductors, undergoes a structural phase
transition when it becomes superionic to the liquid-like state, which
can be considered a molten Cu sublattice26. Whereas the entropy
of melting in alkali halides is 24 J K�1 mol�1, superionic conductors
typically split this entropy change between the superionic transition
and actual melting; Cu2�xSe increases its entropy by 17 J K�1 mol�1

when it becomes superionic across the ↵–� transition.
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Methods
Polycrystalline Cu2 xSe samples were prepared by melting the elements Cu (shot,
99.999%, Alfa Aesar) and Se (shot, 99.999%, Alfa Aesar) in a pyrolitic boron nitride
crucible enclosed in a fused silica tube at 1,423K for 12 h in vacuum, and then
slowly cooled down to 1,073K in 24 h and held there for seven days. Finally, the
tubes were furnace cooled to room temperature. The resulting ingots were ground
into a fine powder by hand using an agate jar and plunger and subjected to spark
plasma sintering (Sumitomo SPS-2040) around 710K under a pressure of 65MPa.
The actual composition is determined by electron microprobe analysis (EPMA,
Shimadzu 8705QH2), showing almost the same values as the nominal starting
composition. The high-temperature thermopower and electrical resistivity, and the
cycling test were undertaken using an Ulvac ZEM-3 system under a sealed chamber
with a small amount of helium gas. The thermal diffusivity (D) and heat capacity
(CP) from 300K to 1,000K were measured using the laser flash method (Netzsch,
LFA427) and differential scanning calorimetry (Netzsch DSC 404F3), respectively.
We measured Cp twice and the averaged value is shown in Fig. 4. The density (dd)
was measured by Archimedes method. The thermal conductivity was calculated
using  =D⇥CP⇥dd . Hall effect measurements were performed using a cryostat
equipped with a 5.5 T magnet. The thermal expansion coefficient was measured
using a Linseis L75 system. TEM examination was performed on a JEM-2100F
field-emission transmission electron microscope. The in situ TEM was undertaken
using a Gatan Model 652 heating specimen holder. The estimated measurement
accuracies are listed below for the commercial equipment used: 5% for electrical
resistivity, 7% for thermopower, 10% for specific heat, 5% for thermal diffusivity
and 1% for density. The data precision (reproducibility) is smaller than the accuracy
(Supplementary Fig. S5), leading to zT values within the range of±0.2.
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Advanced thermoelectric technology offers a potential for
converting waste industrial heat into useful electricity, and
an emission-free method for solid state cooling1,2. Worldwide
efforts to find materials with thermoelectric figure of merit,
zT values significantly above unity, are frequently focused
on crystalline semiconductors with low thermal conductivity2.
Herewe report onCu2 xSe,which reaches a zT of 1.5 at 1,000K,
among the highest values for any bulk materials. Whereas
the Se atoms in Cu2 xSe form a rigid face-centred cubic
lattice, providing a crystalline pathway for semiconducting
electrons (or more precisely holes), the copper ions are highly
disordered around the Se sublattice and are superionic with
liquid-like mobility. This extraordinary ‘liquid-like’ behaviour
of copper ions around a crystalline sublattice of Se in Cu2 xSe
results in an intrinsically very low lattice thermal conductivity
which enables high zT in this otherwise simple semiconductor.
This unusual combination of properties leads to an ideal
thermoelectric material. The results indicate a new strategy
and direction for high-efficiency thermoelectric materials by
exploring systems where there exists a crystalline sublattice
for electronic conduction surrounded by liquid-like ions.

Solid-state thermoelectric (TE) technology uses electrons or
holes as the working fluid for heat pumping and power generation
and offers the prospect for novel thermal-to-electrical energy
conversion technology that could lead to significant energy savings
by generating electricity from waste industrial heat1. The key to
the development of advanced TE technologies is to find highly
efficient TE materials. The conversion efficiency is governed by the
dimensionless thermoelectric figure of merit zT = S2T/⇢(L +c),
where S is the thermopower (Seebeck coefficient), ⇢ is the
electrical resistivity, T is the absolute temperature, L is the lattice
thermal conductivity and c is the carrier thermal conductivity.
In current commercial materials2, the zT values are limited to
around unity. Recently, several concepts have been proposed to
enhance the efficiency of TE materials and laboratory results
suggest that high zT values can be realized in several families of
materials. Generally, the successful strategies follow the phonon-
glass electron-crystal concept, where a crystalline semiconductor
structure is desirable for the electronic properties (electron-
crystal) but a disordered atomic arrangement is desirable for low
lattice thermal conductivity (phonon-glass)3. Examples include
semiconductors with caged structures, such as skutterudites4
and clathrates5, or the use of fine microstructure, such as
nano-inclusions in bulk matrices to form bulk nano-composite
materials6,7. Other enhancements are found with the modification
of the electron states with resonant impurities8 or engineering band

1CAS Key Laboratory of Energy-conversion Materials, Shanghai Institute of Ceramics, Chinese Academy of Sciences, Shanghai 200050, China, 2Graduate
University of Chinese Academy of Sciences, Beijing 100049, China, 3State Key Laboratory of High Performance Ceramics and Superfine Microstructure,
Shanghai Institute of Ceramics, Chinese Academy of Sciences, Shanghai 200050, China, 4Condensed Matter Physics and Materials Science Department,
Brookhaven National Laboratory, Upton, New York 11973, USA, 5Department of Physics, University of Michigan, Ann Arbor, Michigan 48109, USA,
6Department of Materials Science, California Institute of Technology, Pasadena, California 91125, USA. *e-mail: xshi@mail.sic.ac.cn; cld@mail.sic.ac.cn.

convergence9, nanostructures10,11, and strong electron–phonon
coupling by charge density waves12.

Crystalline semiconductors usually possess high heat conduc-
tivity because the phonon mean free path is long in a periodic
structure. Disrupting the periodicity or adding defects reduces the
phonon mean free path (scattering phonons) to lower L, but
such a reduction is limited to the  of a glass. Whereas a solid
glass propagates some heat through transverse, shear vibrations, a
liquid does not propagate shear vibrations13–15. Here we describe
a strategy to decrease L below that of a glass by reducing not
only the mean free path of lattice phonons but also eliminating
some of the vibrational modes completely. The idea of using the
liquid-like behaviour of superionic conductors may be considered
an extension of the phonon-glass electron-crystal concept and
such materials could be considered phonon-liquid electron-crystal
(PLEC) thermoelectrics.

Copper chalcogenides Cu2 xX (X = S, Se or Te), in spite of their
simple chemical formula, have quite complex atomic arrangements.
The Cu-deficient region (Cu2 xSe) in the phase diagram of the
Cu–Se system shown in Supplementary Fig. S1 exhibits two phases,
a low-temperature ↵-phase and a high-temperature  -phase, with a
significant deficiency of Cu allowed in the chemical stoichiometry
of Cu2 xSe. The high-temperature  -phase has Se atoms in a simple
face-centred cubic (fcc) structure with the space group Fm3̄m
(Fig. 1 and Supplementary Fig. S2; refs 16,17), but the superionic
Cu ions are kinetically disordered throughout the structure18,19. The
low-temperature ↵-phase of stoichiometric Cu2Se is stable up to
about 400K and has a lower symmetry crystal structure18,20,21 where
the Cu atoms are localized and not superionic. According to simple
electron counting rules, the exactly stoichiometric composition
(Cu2Se) is expected to be an intrinsic semiconductor. Indeed,
optical studies indicate a bandgap of 1.23 eV (ref. 22). With
non-stoichiometry, x > 0, Cu2 xSe is a surprisingly good p-type
electrical conductor with a high thermopower23 and its conductivity
increases with increasing deficiency of Cu. It can be assumed that
the Cu deficiency results in an equivalent concentration of holes, as
supported by transport measurements24.

The transport properties of our polycrystalline Cu2 xSe samples
are shown in Fig. 2 and cover the behaviour of both low- and high-
temperature phases. Thematerial has low ⇢ and high S values in the
whole temperature range (Fig. 2a and b). The resistivity is on the
order of 10 4–10 5 �m.These values are comparable to other state-
of-the-art TE materials2. The Seebeck coefficient in the ↵-phase
(300–350K) is between 60 and 100 µVK 1 and in the  -phase range
of temperatures from 420 to 1,000K reaches values between 80 and
300 µVK 1. Such values are feasible in extrinsically doped material
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(Cu2Se) made by ball milling and hot pressing. The b-phase of such material possesses a natural
superlattice-like structure that combines ordered selenium (Se) and disordered copper (Cu)
layers in its unit cell, resulting in a low lattice thermal conductivity of 0.4–0.5 W m"1 K"1. A
l-shaped specific heat peak indicates a phase transition from cubic b-phase to tetragonal
a-phase at around 140 1C upon cooling and vice versa. An abnormal decrease in specific heat with
increasing temperature was also observed due to the increased random motion of disordered Cu
atoms. These features indicate that b-phase Cu2Se could be potentially an interesting thermo-
electric material, competing with other conventional thermoelectric materials.
& 2012 Elsevier Ltd. All rights reserved.

Introduction

A good thermoelectric material has high dimensionless figure-
of-merit ZT: defined as (S2s/k)T, where the S, s, k, and T are
the Seebeck coefficient, electrical conductivity, thermal
conductivity, and absolute temperature, respectively. Nor-
mally, k is composed of three components, i.e., electronic
contribution (kcar), lattice contribution (klat), and bipolar

contribution (kbipolar). As reducing klat was proven to be the
easiest and most straightforward way to improve ZT, numerous
efforts have been devoted in the last two decades in order to
increase the ZT value from the longstanding 1.0 in thermo-
electric bulk materials to higher values by minimizing klat
through the concept of nanocomposite [1–4]. The key idea of
nanocomposite is to create grains or inclusions that scatter the
phonons without deteriorating the electron transport. More
generally, a good thermoelectric material should behave as a
‘‘phonon-glass-electron-crystal’’ with a high charge carrier
mobility and a low lattice thermal conductivity [5]. Structures
with strong phonon scattering centers, such as skutterudites
[6] and clathrates [7] were first demonstrated to have
‘‘phonon-glass-electron-cystal’’ type of behavior resulting in
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above. This observation suggests the phase change and
possible disordering of Cu sites at elevated temperature,
which agrees well with our aforementioned XRD results.
Figure 2(c) shows that the grains are typically within a few
micrometers.

Thermoelectric transport properties

Figure 3 shows the temperature dependent thermoelectric
properties of Cu2Se1.01 samples that were hot pressed at
different temperatures. The extra Se was used to compen-
sate the potential Se loss during hot pressing due to its

high vapor pressure. Electrical resistivity (Figure 3(a)) of
a typical Cu2Se1.01 sample is around 6–8 mO m at room
temperature and increases quickly to about 55 mO m at
700 1C. With Seebeck coefficient (Figure 3(b)) increasing
from 75 to 250 mV K!1, these samples have moderate power
factor (Figure 3(c)) of 750–950 mW m!1 K!1 at room tem-
perature and peak around 1125–1250 mW m!1 K!1 at 600 1C.
The temperature dependent Cp data is shown in Figure 3(d)
where we could see a l-shape peak at around 140 1C as a
symbol of the phase transition discussed above. Besides this
feature, one may also notice that the Cp value is slightly
decreasing with the temperature at above 200 1C. Those b-
phase Cu2Se samples also possess low total and lattice

Figure 1 Crystal structure of cubic b-phase Cu2Se. (a) View of (1 1 1) plane. (b) FCC unit cell with proposed possible Cu distribution
at (0.25, 0.25, 0.25), (0.315, 0.315, 0.315), and (0.5, 0.5, 0.5) along /1 1 1S direction. (c) Room temperature XRD patterns of Cu2Se
nanopowders and bulk samples hot pressed at 400 1C (HP400 bulk), 500 1C (HP500 bulk), 600 1C (HP600 bulk), and 700 1C (HP700
bulk). (d) Temperature dependent XRD patterns of hot pressed (700 1C) Cu2Se bulk sample measured at 25, 200, 400, and 600 1C.

Figure 2 Microstructure images of as-prepared (pressed at 700 1C) Cu2Se1.01 sample. (a) and (b) HRTEM images at room
temperature, and 200 1C, respectively. (c) Typical SEM image taken from the same sample to show the grain size.
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layers in its unit cell, resulting in a low lattice thermal conductivity of 0.4–0.5 W m"1 K"1. A
l-shaped specific heat peak indicates a phase transition from cubic b-phase to tetragonal
a-phase at around 140 1C upon cooling and vice versa. An abnormal decrease in specific heat with
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atoms. These features indicate that b-phase Cu2Se could be potentially an interesting thermo-
electric material, competing with other conventional thermoelectric materials.
& 2012 Elsevier Ltd. All rights reserved.

Introduction
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of-merit ZT: defined as (S2s/k)T, where the S, s, k, and T are
the Seebeck coefficient, electrical conductivity, thermal
conductivity, and absolute temperature, respectively. Nor-
mally, k is composed of three components, i.e., electronic
contribution (kcar), lattice contribution (klat), and bipolar

contribution (kbipolar). As reducing klat was proven to be the
easiest and most straightforward way to improve ZT, numerous
efforts have been devoted in the last two decades in order to
increase the ZT value from the longstanding 1.0 in thermo-
electric bulk materials to higher values by minimizing klat
through the concept of nanocomposite [1–4]. The key idea of
nanocomposite is to create grains or inclusions that scatter the
phonons without deteriorating the electron transport. More
generally, a good thermoelectric material should behave as a
‘‘phonon-glass-electron-crystal’’ with a high charge carrier
mobility and a low lattice thermal conductivity [5]. Structures
with strong phonon scattering centers, such as skutterudites
[6] and clathrates [7] were first demonstrated to have
‘‘phonon-glass-electron-cystal’’ type of behavior resulting in
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thermal conductivities (Figure 3(e)) as we initially expected
from their natural superlattice-like structures, where the
lattice thermal conductivity is around 0.4 W m!1 K!1 and a
total thermal conductivity of less than 1 W m!1 K!1 at 700 1C.
Overall, ZTs of "1.6 at 700 1C were obtained (Figure 3(f)),
which are competitive to other traditional medium tempera-
ture thermoelectric materials, such as skutterudites [19]
and PbTe [20–22], but using abundant and environment-
friendly elements. Due to the aforementioned phase
transition between tetragonal a-phase and cubic
b-phase, a clear change could be observed in all the curves
of Figure 3 and this sudden change was found to happen
at around 140 1C which is slightly higher than the reported
value of 130 1C [16]. Furthermore, one may also conclude
from Figure 3 that the thermoelectric properties of as-
prepared Cu2Se1.01 are not sensitive to hot pressing tempera-
ture (400–700 1C).

We also studied the composition effect on the thermo-
electric properties of Cu2Se1+x by changing the amount of Se in
the initial compositions (Figure 4). For all these samples, we
used 700 1C for hot pressing to make sure that the samples are
mechanically strong as the thermoelectric properties are
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Abstract
Thermoelectric figure-of-merit (ZT) of !1.6 at 700 1C is achieved in b-phase copper selenide
(Cu2Se) made by ball milling and hot pressing. The b-phase of such material possesses a natural
superlattice-like structure that combines ordered selenium (Se) and disordered copper (Cu)
layers in its unit cell, resulting in a low lattice thermal conductivity of 0.4–0.5 W m"1 K"1. A
l-shaped specific heat peak indicates a phase transition from cubic b-phase to tetragonal
a-phase at around 140 1C upon cooling and vice versa. An abnormal decrease in specific heat with
increasing temperature was also observed due to the increased random motion of disordered Cu
atoms. These features indicate that b-phase Cu2Se could be potentially an interesting thermo-
electric material, competing with other conventional thermoelectric materials.
& 2012 Elsevier Ltd. All rights reserved.

Introduction

A good thermoelectric material has high dimensionless figure-
of-merit ZT: defined as (S2s/k)T, where the S, s, k, and T are
the Seebeck coefficient, electrical conductivity, thermal
conductivity, and absolute temperature, respectively. Nor-
mally, k is composed of three components, i.e., electronic
contribution (kcar), lattice contribution (klat), and bipolar

contribution (kbipolar). As reducing klat was proven to be the
easiest and most straightforward way to improve ZT, numerous
efforts have been devoted in the last two decades in order to
increase the ZT value from the longstanding 1.0 in thermo-
electric bulk materials to higher values by minimizing klat
through the concept of nanocomposite [1–4]. The key idea of
nanocomposite is to create grains or inclusions that scatter the
phonons without deteriorating the electron transport. More
generally, a good thermoelectric material should behave as a
‘‘phonon-glass-electron-crystal’’ with a high charge carrier
mobility and a low lattice thermal conductivity [5]. Structures
with strong phonon scattering centers, such as skutterudites
[6] and clathrates [7] were first demonstrated to have
‘‘phonon-glass-electron-cystal’’ type of behavior resulting in
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series. As for the ZT (Figure 4(f)), the Cu2Se1.01 sample shows
the highest peak value of !1.6 at 700 1C, while the highest
average ZT appears in Cu2Se benefiting from its lowest lattice
thermal conductivity. From practical application point of view,
Cu2Se is the preferred composition because of the higher
average ZT.

Discussion

The good thermoelectric performance of b-phase Cu2Se is a
direct result of its unique crystal structure as it possesses low
lattice thermal conductivity and good power factor at the
same time. The disordered Cu atoms at multiple lattice
positions in the high temperature b-phase would be a highly

efficient phonon scattering mechanism, which is similar to
the role of Zn in Zn4Sb3 [23]. On the other hand, the
monoatomic Se ordered layer may also introduce disturbance
to the phonon propagation. Besides the structure disorder,
the abnormal decreasing Cp value at above 200 1C is also
worth thinking. Normally, the Cp should approach a constant
at high temperatures according to Dulong–Petit law or slight
increase with temperature due to the thermal expansion of
the materials [24]; however, what we observed in our
experiments is different: a slightly decreasing Cp with
temperature (Figure 3(d)), where similar phenomena were
also reported in Ag2S [25] and AgCrSe2 [26]. Anharmonic
phonons usually lead to increasing specific heat with
increasing temperature although theoretically they can also
reduce the specific heat [27,28]. In the other extreme, many

Figure 4 Temperature dependent thermoelectric properties of Cu2Se1+x with varying selenium content. (a) Electrical resistivity.
(b) Seebeck coefficient. (c) Power factor. (d) Thermal conductivity. (e) Lattice thermal conductivity. (f) Figure-of-merit, ZT.
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Summary for Cu2Se
 

• Good ZT may happen in non traditional 
thermoelectric materials 

• Structure with ordered layer for charger carrier and 
disordered layer for phonon scattering is probably a 
good way to get high ZT 

• Search of ZT higher than 2 should be in a lot of 
exotic materials 
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