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phonon scattering as well as the additional reduction of specifi c 
heat due to the suppression of transverse phonon modes. [ 12 ]  

 The PLEC concept points out a new direction to search for 
novel high-performance thermoelectric materials. Superionic 
phases containing liquid-like ions such as Cu 2-x Se and Cu 2-x S 
thus show great potential in thermoelectrics if their electrical 
transport properties are similar to those of normal semicon-
ductors. Compared to selenium, sulfur has the advantage of 
being low cost, environmentally benign, low toxicity, and earth-
abundant (at least 10 000 times more abundant than selenium 
in the earth's crust). Thus thermoelectric sulfi des have attracted 
much attention recently. [ 13–19 ]  However, their  zT  values are so 
far less than other state-of-art TE materials a common problem 
for compounds containing non-toxic earth-abundant elements. 
Here, we show very low values of  κ L   below 0.35 W m −1  K −1  and 
high values of  zT  about 1.7 ( Figure    1  ) in non-toxic earth-abun-
dant Cu 2-x S with slight copper defi ciency. Similar to Cu 2-x Se, 
liquid-like copper ions in a rigid sulfi de sublattice plays the 
dominant role for the extraordinarily low  κ L   and high  zT  values 
of Cu 2-x S.  

 Cu 2-x S has been intensively studied for more than fi fty years 
mainly focusing on its structural complexity and applications 
in solar cells due to its ideal band gap of 1.2 eV. [ 20–23 ]  Similar 
to copper selenide, copper sulfi de shows very complicated low 
temperature crystal structures. The stoichiometric compound 
Cu 2 S possesses two phase transitions. [ 24 ]  One is at about 370 K 
and another is around 700 K. Below 370 K it is called low chal-
cocite γ phase (L-chalcocite). The second is between 370 K and 
700 K called high chalcocite β phase (H-chalcocite). Above 
700 K, Cu 2 S transfers to α phase with a  fcc  cubic structure. 
Similar to Cu 2 Se, while the sulfur atoms maintain a rigid sub-
lattice the Cu ions are distributed throughout many possible 
positions, [ 20 ]  which is indicative of the high degree of disorder 
and low threshold for ion motion that is characteristic of liquid-
like behavior. Indeed, the α phase is a classic superionic phase 
having freely mobile copper ions [ 25 ]  while H-chalcocite β phase 
has recently been reported to be a solid-liquid hybrid phase 
with Cu in a liquid-like substructure. [ 26 ]  

 The high temperature thermoelectric properties of Cu 2-x S are 
shown in  Figure    2  . The ideal Cu 2 S without copper defi ciency is 
an intrinsic semiconductor. Because of some copper defi ciency, 
even in the sample with nominal composition Cu 2 S, all sam-
ples show p-type conduction as holes are the dominant charge 
carriers. The measured room temperature carrier concentra-
tion is shown in  Table    1  . With increasing copper defi ciency 
from Cu 2 S to Cu 1.98 S, and fi nally to Cu 1.97 S, the hole concentra-
tion is signifi cantly increased from the order of 10 18  cm −3  to 
10 20  cm −3 , leading to the increased electrical conductivity and 
reduced Seebeck coeffi cient. The electrical conductivities are 

  Due to the depletion of non-renewable energy resources and 
the deterioration of the environment caused by human energy 
consumption, exploitation of new types of clean energy has 
become more urgent. High performance thermoelectric mate-
rials and devices provide a promising possibility to easily con-
vert energy between heat and electricity without moving parts 
or the release of greenhouse gases, for example in solid-state 
refrigeration, and power generation using industrial waste heat 
or automobile exhaust gas. [ 1–3 ]  Industry application requires 
large-scale low cost, environmentally benign, and non-toxic 
high performance thermoelectric materials. However, current 
state-of-the-art thermoelectric materials are usually composed 
of expensive, scarce, or toxic heavy elements such as Pb, Te, Bi, 
Ge, Co, Sb etc. [ 1–3 ]  

 Thermoelectric energy conversion effi ciency is generally 
dominated by the dimensionless thermoelectric fi gure of merit 
 zT (zT = S 2 σT/κ) , [ 1–3 ]  where  S  is Seebeck coeffi cient,  σ  is elec-
trical conductivity,  T  is absolute temperature, and  κ  is thermal 
conductivity (including electronic thermal conductivity  κ e   and 
lattice thermal conductivity  κ L  ). For instance, if the effi ciency 
of thermoelectric device is to obtain 15%, high  zT  values aver-
aging at least 1.0 are needed when the temperature difference 
is 550 K. The value of  zT  in present commercial TE materials 
is typically less than unity. Recently, many different strategies 
have been effective in enhancing  zT  or fi nding new mate-
rials with high  zT , such as ‘phonon-glass’ behavior found in 
caged compounds, [ 4 ]  or micro-structure modifi cation to reduce 
thermal conductivity, [ 5–8 ]  and band structure engineering to 
optimize electrical properties, [ 9,10 ]  as well as utilizing critical 
phase transition to enhance thermopower and  zT . [ 11 ]  In particu-
larly, the concept of “phonon-liquid electron-crystal” (PLEC) [ 12 ]  
is proposed to explain the extraordinarily low thermal conduc-
tivity and high thermoelectric performance in the superionic 
phase of Cu 2-x Se. The advantages of liquid-like copper ions for 
high performance PLEC thermoelectrics include very strong 
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in the order of 10 4  Ω −1  m −1  and the Seebeck coeffi cients are 
ranged from 100 µV K −1  to 340 µV K −1 . Both are very suitable 
for good thermoelectrics, giving a power factor  PF  ( PF = S 2 σ ) 
near 8 µW cm −1  K −2  at 1000 K as shown in Figure  2 C.   

 The temperature dependence of the thermal conductivity is 
shown in Figure  2 D. Compared to the electrical properties, the 
thermal conductivity is much less affected by copper defi ciency in 
Cu 2-x S. In the whole experimental temperature range, the values 
of the total thermal conductivity of all Cu 2-x S (x = 0, 0.02, 0.03) 
samples are below 0.6 W m −1  K −1 , which are remarkably low even 
among thermoelectric materials. Because of the low electrical 
conductivity, the contribution of the charge carrier thermal con-
ductivity  κ C   ( κ C  = L 0 σT , where  L 0   is the Lorenz number with the 
value calculated below) to the total thermal conductivity is small. 

 All the Cu 2-x S samples show obviously three different 
behaviors in the temperature range from 300 K to 1000 K 
studied here. This is corresponding to the three different 
crystal structures mentioned above. The low-chalcocite 
γ phase shows an increased electrical conductivity when 
increasing temperature, typical of intrinsic 
semiconducting behavior. The cubic-chal-
cocite α phase shows a decreased electrical 
conductivity with an increase of tempera-
ture, a typical metallic behavior. Consistent 
with electrical conductivity, the Seebeck 
coeffi cient, power factors and thermal con-
ductivity also show three different trends 
during the measured temperatures. The 
low temperature low-chalcocite γ phase 
shows a decreasing thermal conductivity 
when increasing temperature, typically 
observed in crystalline solids where acoustic 
phonons dominate heat transport. [ 27 ]  The 
high temperature in high-chalcocite β and 
cubic-chalcocite α phases show a more tem-
perature independent thermal conductivity 
(best observed without the complication of 
specifi c heat  C p   in the thermal diffusivity 
shown in Figure S1) which indicates the 
high disorder of the liquid-like copper ions. 

 Based on the measured thermoelectric 
transport, the calculated thermoelectric 
fi gure of merit  zT  is shown in Figure  1 . Sim-
ilar to the individual electrical and thermal 
properties, the  zT  also shows three different 
trends in the measured temperature range, 
corresponding to the low-chalcocite γ, high-
chalcocite β, and cubic-chalcocite α phases, 
respectively. The high band gap in Cu 2-x S 
allows low electrical conductivity (Figure  2 A) 
but enables large thermopower (Figure  2 B), 
leading to a balanced power factor (Figure 
 2 C). In addition, high band gap is needed 
for high temperature  zT  (Figure  1 ). Although 
the power factors of Cu 2-x S are slightly lower 
than that of Cu 2-x Se, the lower thermal con-
ductivity makes it as good if not better than 
Cu 2-x Se and other traditional thermoelectric 
materials. Compared to other sulfi des, our 

data obviously show at least doubled thermoelectric fi gure of 
merit at high temperatures. The measured maximum  zTs  reach 
1.4 at 1000 K for Cu 1.98 S, and 1.7 at 1000 K for Cu 1.97 S, among 
the highest values in bulk thermoelectric materials, and greater 
than the highest measured  zT  of Cu 2-x Se, 1.5 at 1000 K. [ 12 ]  

 In order to understand why Cu 2-x S appears to have superior 
thermoelectric performance compared to the heavier Cu 2-x Se, 
we modeled the electronic properties of both systems using 
a single parabolic band model with the electron mobility lim-
ited by acoustic phonon scattering. This model assumes a 
single type of carrier so we apply the model at 750 K to avoid 
the region of bipolar conduction in Cu 2-x Se and to avoid the 
phase transition around 700 K in Cu 2-x S. Our estimates of the 
effective mass  m* , the mobility parameter  µ 0  , the deforma-
tion potential  Ξ , the lattice thermal conductivity  κ L  , the quality 
factor  β , the optimum Hall carrier concentration and the max-
imum predicted  zT  of both materials are shown in  Table    2  , and 
the predicted curves of  zT vs.  Hall carrier concentration are 
shown in  Figure    3  . The Lorenz numbers calculated are about 
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 Figure 1.    Thermoelectric fi gure of merit in non-toxic earth-abundant sulfi de compounds. a, 
Crystal structure of cubic-chalcocite α phase of Cu 2-x S. The blue spheres represent sulfur atoms. 
The liquid-like copper ions travel freely within the sulfi de sublattice. b, Temperature dependence 
of the dimensionless thermoelectric fi gure of merit ( zT ) of Cu 2-x S and other sulfi de compounds 
taken from refs. [ 12–18 ] 

 Figure 2.    Temperature dependence of thermoelectric properties in Cu 2-x S. A, electrical con-
ductivity ( σ ), B, Seebeck coeffi cient ( S ), C, power factor ( PF ), D, and thermal conductivity ( κ ).
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1.6 × 10 −8  V 2  K −2  for Cu 2-x Se and Cu 2-x S. The quality factor, 
which gives an indication of thermoelectric performance at the 
optimum Hall carrier concentration and a temperature  T , is 
given below. [ 28 ] 

 

m m Te

l

β μ
κ

=
( / )

.0
* 3/2 5/2

  
(1)

     

 Comparing the mobility parameters and effective masses 
of Cu 2-x S and Cu 2-x Se, the numerator of the quality factor of 
Cu 2-x Se is greater than that of Cu 2-x S, which explains why the 
highest reported power factor for Cu 2-x Se, 12 µW cm −1  K −2 , 
is greater than that of Cu 2-x S. However, Cu 2-x S has a greater 
quality factor due to its lower lattice thermal conductivity, 
which is why Cu 2-x S has a greater potential maximum  zT , as 
shown in Figure  3 . According to Figure  3  and our estimates of 
the optimum Hall carrier concentrations, the Cu 2-x S samples 

also have Hall carrier concentrations closer to their respective 
optimum than do the Cu 2-x Se samples, which is why the par-
ticular Cu 2-x S samples measured have greater  zT  values than 
those reported for Cu 2-x Se. The detrimental effect of the higher 
deformation potential [ 28 ]  in Cu 2-x S is compensated by the lower 
effective mass [ 29 ]  compared to Cu 2 Se. 

 The low thermal conductivity of Cu 2 S is particularly sur-
prising because Cu 2 S consists of relatively light elements. [ 27 ]  
Small, light elements generally make stronger, more covalent 
bonds than the heavier elements in the same family. Such 
strong bonds lead to stiffer elastic constants and higher speeds 
of sound. This in turn leads to higher thermal conductivity in 
both the thermal diffusion limited regime of a disordered solid 
(glass) as well as the acoustic phonon dominant regime typical 
of crystalline solids ( κ u   in Table  1 ). Cu 2 S remarkably has lower 
thermal conductivity than its heavier counterpart Cu 2 Se, which 
can be traced, in part, to its lower average speed of sound. The 
longitudinal speed of sound  v l   (and bulk modulus,  B T  ) in Cu 2 S 
is actually higher than that of Cu 2 Se as one might have expected 
from the smaller and more covalent sulfi de compared to sele-
nide. However the transverse phonons travel much slower in 
Cu 2 S than in Cu 2 Se: the shear speed of sound  v s   (and bulk 
modulus,  G T  ) are remarkably lower in Cu 2 S than in Cu 2 Se. This 
leads to an overall reduction in average speed of sound (both 
arithmetic and geometric averages) and lower estimate for the 
minimum thermal conductivity ( κ min  ) which is the expected 
thermal conductivity in the diffusive limit of highly disordered, 
amorphous solids. [ 30 ]  Clearly the shear modes of Cu 2 S, even in 
the crystalline low temperature  γ  phase are extraordinarily soft. 

 As observed in Cu 2 Se the liquid-like ionic motion also leads 
to lower than expected heat capacity as the modes can no 
longer store elastic energy. This reduction in heat capacity is 
even more pronounced in Cu 2 S than in Cu 2 Se, as shown in 
 Figure    4  . While Cu 2 Se shows an essentially temperature inde-
pendent  C p   up to 800K, the  C p   of Cu 2 S is clearly decreasing 
to below the Dulong-Petit value derived for solids with shear 
modes that store elastic energy. The reduced  C p   in β phase is 
consistent with the report by Gronvold and Westrum. [ 31 ]  The 
low and decreasing  C V   leads to low thermal conductivity due to 
its contribution to  κ L  ∼ ν avg C V l/3  ( l  is phonon mean free path), 
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  Table 1.    Debye temperature ( θ  D ), coeffi cients of thermal expansion 
(CTE) of high temperature liquid-like phases, and room temperature 
carrier density ( p ), hole mobility ( μ H  ), shear ( ν s  ), longitudinal ( ν l  ), and 
averaged speed of sound ( ν avg  ), bulk ( B T  ) and shear modulus ( G T  ), and 
Grüneisen parameter ( γ)  of bulk materials of Cu 2-x S (x = 0, 0.02, 0.03) 
and Cu 2 Se.  

Material Cu 2 S Cu 1.98 S Cu 1.97 S Cu 2 Se

 p  at 300 K [10 19  cm −3 ] 0.48 13.30 72.70 48.30

 µ H   at 300 K [cm 2  V −1  s −1 ] 16.40 1.86 0.69 15.56

 p  at 750 K [10 19  cm −3 ] 2.76 5.22 15.6 201

 S  at 750 K [µV K −1 ] 338 295 242 192

 ν s   [m s −1 ] 1773 1776 1763 2320

 ν l   [m s −1 ] 3634 3711 3818 3350

 ν rms   [m s −1 ] 1991 1997 1986 2523

 ν avg   [m s −1 ] 2393 2421 2448 2663

 Θ D   [K] 237 238 237 292

 B T   [GPa] 50.95 54.19 59.28 27.28

 G T   [GPa] 17.77 17.87 17.66 36.29

CTE [10 −6  K −1 ] 29.0 38.2 37.4 23.0

 γ  [-] 1.67 2.33 2.49 0.77

 κ min, all modes   [W m −1  K −1 ] 0.64 0.65 0.66 0.67

 κ min,long   [W m −1  K −1 ] 0.32 0.33 0.34 0.28

 κ u   at 750 K [W m −1  K −1 ] 1.6 1.1 1.0 16.9

  Table 2.    Comparison of electronic band parameters and lattice thermal 
conductivities of Cu 2-x S and Cu 2-x Se at 750 K.  

Material Cu 2-x S Cu 2-x Se

 m*  [m e ] 2.1 6.5

 µ 0   [cm 2  V −1 s −1 ] 7.7 1.9

 Ξ  [eV] 5.8 2.5

 κ L   [W m −1 K −1 ] 0.39 0.59

 β  [10 4  m 3  K 7/2 J −1 V −1 ] 9.3 8.2

 n H,opt   [10 20  cm −3 ] 1.3 7.9

 (zT) max   (750K) 1 0.92

 Figure 3.     zT  as a function of Hall carrier concentration at 750 K. Symbols 
are measurements and solid curves are predicted from the single para-
bolic band model.
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but this may also be an indicator of extreme softening of shear 
modes that drastically reduces the transverse phonon velocity.  

 The special character of PLEC makes copper sulfi de possess 
a very low lattice thermal conductivity in ways not previously 
recognized in Cu 2 Se. The fi ndings in Cu 2 S also suggest that 
Liquid-like materials may also possess inherently low speed of 
sound and high Grüneisen parameter (which also contributes 
to greater umklapp scattering and therefore lower  κ u  ). 

 The estimated lattice thermal conductivity from measure-
ments of Cu 2 S is below even that expected for a glass or even 
normal liquid. The minimum thermal conductivity  κ min   calcu-
lated from the high temperature limit of Cahill's formula [ 30 ]  in 
Table  1 ,

 
kV v vt lκ π ( )= ⎛

⎝⎜
⎞
⎠⎟ +−1

2 6
2min

1/3
2/3

  
(2)

 

 should give a good estimate for the lattice thermal conductivity 
when all of the phonons (transverse and longitudinal) com-
pletely scattered. This is typically a good estimate not only for 
solid amorphous glasses but also liquids whose thermal con-
ductivity does not differ signifi cantly from that of glasses. [ 32 ]  
Some low dimensional structures, however, do show thermal 
conductivity signifi cantly below  κ min   that appears to be due to 
the reduction of number of heat propagating modes, particu-
larly shear modes. [ 33 ]  If some shear modes (approximately 
half) are removed from the formula of  κ min   from Cahill, values 
close to these measured for Cu 2-x S and Cu 2 Se are calculated. 
If only the longitudinal modes contribute,  κ min,long   is calcu-
lated (Table  1 ). Thus the reduction in heat capacity of the shear 
modes appear to reduce the lattice thermal conductivity to 
below that of a normal amorphous solid. 

 In conclusion, we show that liquid-like copper sulfi de Cu 2-x S 
has exceptional thermal and electrical transport properties and 
extends the concept of PLEC thermoelectric materials. The 
electrical transport can be modeled as a heavily doped semi-
conductor where Cu 2 S lower effective mass than Cu 2 Se, which 
leads to higher mobility but the higher deformation potential 
counteracts any gains in quality factor. The disordered copper 
ions in the solid or liquid-like sublattice not only strongly scatter 
lattice phonons they also diminish the heat capacity of lattice 
vibrations much more clearly in Cu 2 S than in Cu 2 Se. This 

stronger PLEC effect in Cu 2 S than observed in Cu 2 Se also is 
correlated to the extraordinarily low transverse acoustic phonon 
velocity as well as anharmonicity as measured by Grüneisen 
parameter, both of which further leads to low thermal conduc-
tivity. As a result, the total thermal conductivity in Cu 2–x S is less 
than 0.6 W m −1  K −1  in the whole temperature range, leading to a 
maximum  zT  value of 1.7 at 1000 K. We expect the discovery of 
high thermoelectric performance copper sulfi des could attract 
great attention within the waste heat recovery industry due to 
their unique combination of elements that are low cost, non-
toxic, and earth-abundant.  

  Experimental Section 
 Cu 2–x S samples were prepared by directly melting the elements Cu 
(shots, 99.999%, Alfa Aesar) and S (pieces, 99.999%, Alfa Aesar) in 
sealed silica tubes under vacuum. The element mixtures (the reported 
compositions are nominal compositions) were heated at a speed of 
4 K min −1  to 1383 K and then remain at this temperature for 18 hours 
to ensure complete melting of all elements before quenching into ice 
water. Next, the ingots were ground into fi ne powders, and then pressed 
into pellets for annealing at 833 K for 7 days. Finally, the obtained 
pellets were crushed into powders and consolidated by spark plasma 
sintering (Sumitomo SPS-2040) at 713 K under a pressure of 65 MPa 
for 5 minutes. The powder samples before spark plasma sintering 
were characterized by X-ray diffraction with Cu Kα radiation at room 
temperature. The high-temperature Seebeck coeffi cient and electrical 
resistivity were measured using Ulvac ZEM-3. The thermal diffusivity ( D ) 
data were obtained by laser fl ash method using Netzsch LFA457, and 
the specifi c heat ( C P  ) was measured by differential scanning calorimetric 
using Netzsch DSC 404F3. The mass of all the samples is unchanged 
after DSC measurements. The density ( d ) was measured using the 
Archimedes method. The thermal conductivity was calculated from 
 κ = D × C p ×d . The Hall resistance ( R H  ) was measured using a Quantum 
Design PPMS and a custom built system. [ 34 ]  The hole mobility ( µ H  ) and 
carrier concentration ( p ) were calculated from  p =  1 /eR H   and  µ H  = σ/pe , 
where  σ  is the electrical conductivity by and  e  is the elementary charge. 
The thermal expansion coeffi cient is measured by a Netzsch DIL 402C. 
The sound speed was measured using ultrasound pulses.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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 Figure 4.    Temperature dependence of the heat capacity of Cu 2–x S (x = 0, 0.02, 0.03) at constant pressure ( C p  ) and volume ( C V  ). The enlarged view of 
the curves between 450 K and 1000 K is shown in the right picture.
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