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ABSTRACT: Thermoelectric materials require an optimum carrier concentration to maximize electrical transport and 
thus thermoelectric performance. Element-doping and composition off-stoichiometry are the two general and effective 
approaches to optimize carrier concentrations, which have been successfully applied in almost all semiconductors. In this 
study, we propose a new strategy coined as bonding energy variation to tune the carrier concentrations in Cu2Se-based 
liquid-like thermoelectric compounds. By utilizing the different bond features in Cu2Se and Cu2S, alloying S at the Se-sites 
successfully increases the bonding energy to fix Cu atoms in the crystal lattice to suppress the formation of Cu vacancies, 
leading to much lowered carrier concentrations toward the optimum value. Combing the lowered electrical and lattice 
thermal conductivities, and the relatively good carrier mobility caused by the weak alloy scattering potential, ultrahigh 
zTs are achieved in slightly S doped Cu2Se with a maximum value of 2.0 at 1000 K, 30% higher than that in nominally- 
stoichiometric Cu2Se. 

1. Introduction 

In the past twenty years, thermoelectric (TE) technolo-
gy has attracted renewed interest due to the increasing 
concern on the global energy crisis and greenhouse gas 
emissions.1-6 Using the Seebeck effect and Peltier effect, 
TE technology can realize a direct conversion between 
heat and electricity. Due to its advantages of no moving 
parts, no noise generation, and offering exceptional relia-
bility, TE technology shows a great potential in applica-
tions such as power generation and electronic refrigera-
tion.7, 8 The energy conversion efficiency of a TE material 

is evaluated by the dimensionless TE Figure of merit zT 
=α2T/ρκ, where α is the Seebeck coefficient, ρ is the elec-
trical resistivity, T is the absolute temperature, and κ is 
the thermal conductivity. The quantity α2/ρ is called the 
power factor (PF), which is associated with the electrical 
transport. Because the variations of α and 1/ρ are in a 
complete opposite direction when shifting carrier concen-
trations, there exists an optimal carrier concentration (popt) 
to maximize the PF and zT values.9, 10 For TE semiconduc-
tors, the carrier concentrations can vary nine orders of 
magnitude from 1013 to 1022 cm-3.11 However, the optimum 
carrier concentration in TE materials is usually limited 
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within one order of magnitude and the numerical values 
are dependent on the specific material system. Therefore, 
the carrier concentration in TE materials must be tuned 
to realize optimum values for high PF and zT values.  

Element-doping and composition off-stoichiometry are 
the two general and effective approaches to tune carrier 
concentrations, which have been successfully applied in 
almost all TE semiconductors.12-17 The former approach 
usually uses elements with different charge states to dope 
into the crystal lattice to alter the charge density of the 
material. However, the doping elements easily introduce 
carrier scattering centers to lower the carrier mobility or 
to change the electronic band structures, which might 
deteriorate the electrical transport. The latter one usually 
shifts the chemical compositions of TE semiconductors to 
alter the lattice defects and thus to change carrier con-
centrations.18, 19 This method is limited by the thermody-
namic equilibrium state of the material and thus it usually 
provides a small space to tune carrier concentrations 
since a large compositional variation is normally unaccep-
table in most semiconductors.15 However, for some mate-
rials with a large intrinsic range of lattice defects such as 
many Cu- and Ag-based semiconductors, it is possible to 
tune carrier concentrations in a wide range through int-
roducing composition off-stoichiometry to change the 
content of lattice defects.20-23 However, this is also restric-
ted by the thermodynamic state of the material that limit 
the space to tune carrier concentrations with the kind and 

concentration of carriers depending on specific material 
systems. For example, the variation ranges of hole con-
centrations are completely different in various Cu-based 
TE materials by using the normal sample fabrication pro-
cesses, such as from >1020 cm-3 to 1.0×1022 cm-3 for Cu2-

Se,24-27 4.8×1018 cm-3 to 5.4×1021 cm-3 for Cu2-S,23, 28 and 

7×1020 cm-3 to at least 2.8×1021 cm-3 for Cu2-Te.29, 30 
Furthermore, dominant hole carriers are observed in al-
most all Cu-based compounds while dominant electron 
carriers are observed in many Ag-based compounds be-
cause of the feature of intrinsic lattice defects in these TE 
semiconductors.21, 31, 32 Considering the same valence elect-
ron configuration of Cu/Ag and S/Se/Te, the discrepancy 
in the kind and concentration of carriers in these Cu- and 
Ag-based materials must come from the feature of chemi-
cal bonds that alter the lattice defects of the material. 
This implies that beyond the traditional element doping 
and composition off-stoichiometry, the carrier concentra-
tions can also be tuned through varying chemical bonds. 
In this study, by introducing bonding energy variation 
through alloying S at the Se-sites in Cu2Se (see Figure 1a), 
the carrier concentration is easily controlled down to 
2.6×1020 cm-3, close to its optimum value. Combining the 
much lowered lattice thermal conductivities, a maximum 
zT value about 2.0 at 1000 K is achieved, which is 30% 
higher than that in nominally-stoichiometric Cu2Se (see 
Figure 1b). 

 

 

Figure 1. (a) Increased bonding energy (ΔE) as a function of S content in Cu64Se32-nSn. The experimental lattice volume 
reduction is used for the calcualtions. The data of Cu2S and Cu2Te are also included for comparison. The crystal structure 
of Cu2Se used for ab initio calculations are shown in the inset. (b) Temperature dependence of TE Figure of merit (zT) for 
Cu2Se1-xSx (x= 0, 0.02, 0.04, 0.06, 0.08 and 0.12). 

 

2. Experimental and Calculation Section 

2.1 Synthesis. Polycrystalline Cu2Se1-xSx (x = 0, 0.02, 
0.04, 0.06, 0.08 and 0.12) were prepared by combining 
element-melting and longtime sample annealing process-
es. High purity raw elements, Cu (shot, 99.999%, Alfa 

Aesar), Se (shot, 99.999%, Alfa Aesar), and S (shots, 
99.9999%, Alfa Aesar) were weighed out in stoichiometric 
proportions, loaded in pyrolitic boron nitride (P-BN) cru-
cibles, and sealed in silica tubes under vacuum. The tubes 
were heated to 1423 K in 10 h and held at this temperature 
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for 12 h, and then cooled down to 923 K in 50 h. After an-
nealing at 923 K for 8 days, the tubes were slowly cooled 
down to room temperature in 50 h. Some copper precipi-
tates with red color on the surface were observed for 
Cu2Se and the samples with low S content. The maximum 
mass of the copper precipitates weighs only about 0.4% of 
the total sample’s weight, thus the initial nominal compo-
sitions are used for all Cu2Se1-xSx samples. After removing 
these copper precipitates, the annealed ingots were 
grounded into fine powders and sintered using the Spark 
Plasma Sintering (SPS, Sumitomo SPS-2040) equipment 
at around 753 K for 5 min under a pressure of 65 MPa. 
Electrically insulating and thermally conducting BN layers 
were sprayed onto the carbon foils and the inner sides of 
the graphite die before the sintering process in order to 
prohibit DC pulsed currents going through the powders. 
Several Cu-deficient Cu2-ySe (y = 0.02, 0.05, and 0.1) sam-
ples were also prepared using the same method for data 
comparison. 

2.2 Characterization. Powder X-ray diffraction data 
were collected on a Rigaku, Rint 2000 with a Cu-Kα1 
source. The data were analyzed by Rietveld refinements 
performed in the MAUD program.33 The main phase was 
modelled using the new low temperature structure from 
the recently published average structure of β-Cu2-ySe 
(ICSD-4321181)34 with the Se to S ratio adjusted to reflect 
the nominal compositions. Secondary cubic (high tem-
perature or high y) phase was observed for x = 0, 0.02, 
0.04; α-Cu2-ySe with y = 0.25 (ICSD-150758). The cell pa-
rameters and the phase fraction were refined for each 
phase. The β-Cu2Se1-xSx phase was modeled using an ani-
sotropic particle size as well as microstrain, with peak 
widths depending on the hkl values,35 which arise from 
the intrinsic platelet particle shape, as seen from Figure 2. 
The particle shape was extended to Lmax = 4, giving 4 re-
finable parameters for the particle size, and 4 parameters 

for microstrain in the 𝑅3̅𝑚 space group. For x = 0.06, 0.08 
and 0.12 a March-Dollase model was used for (00l) reflec-
tions to model preferred orientation. Unit cell parameters, 
and the x and y atomic coordinates were refined and con-
strained so that Cu2 stayed on the mirror plane. All gen-
eral Wyckoff sites had atomic coordinates refined. The 
ADPs (Uiso) were refined for all atoms, with Cu1a and Cu1b 
constrained to have equivalent ADPs. Furthermore, the 
occupancy for Cu1a and Cu1b was constrained to sum to 
unity. The results from the refinements of β-Cu2Se1-xSx, 
including the copper deficient α-Cu1.75Se phase, are listed 
in Table S3 and the individual data and refinements plot-
ted in Figure S3. The α-Cu2-xSe phase was refined using an 
isotropic particle size model. The diffraction peak at 2θ = 
~ 38.5° stems from the supercell, as described by Eikeland 
et al.34 The sample morphologies were measured by field 
emission scanning electron microscopy (FESEM, Magel-
lan-400) equipped with energy dispersive X-ray analysis 
(EDS, Horiba 250). The TEM examination was performed 
on a JEM-2100F field-emission transmission electron mi-
croscope. The samples for TEM were firstly ground into 

fine powder, then ultrasonic dispersed in alcohol, finally 
deposited on the copper grid with carbon film. The pho-
toelectron spectra (XPS) were measured on pressed pel-
lets by using a Thermo Fisher Scientific ESCALAB 250 
with monochromatic Al Kα X-ray (1486.74 eV). The car-
bon 1s peak was used as a reference to calibrate the bind-
ing energies of the other core level spectra. The speed of 
sound data were obtained by use of a Panametrics NDT 
5800 pulser/receiver head; the response was recorded 
with a Tektronix TDS 1012 digital oscilloscope. The resis-
tivity (ρ) and Seebeck coefficient (α) were measured sim-
ultaneously using an Ulvac ZEM-3 system. Thermal diffu-
sivity (D) was measured using the laser flash method (Ne-
tzsch, LFA-457). Specific heat (Cp) was determined by 
differential scanning calorimetry (Netzsch DSC 404F3). 
The densities (d) were measured by the Archimedes 
method. The total thermal conductivity (κ) was calculated 
according to the relationship κ = dCpD. Uncertainties in 
the electrical conductivity, Seebeck coefficient, and ther-
mal diffusivity were ±4-9%, ±4%, and ±5-10%, respective-
ly.36 Hall coefficient (RH) at 300 K was collected using a 
physical properties measurement system (PPMS-9, Quan-
tum Design, USA). The hole concentration (p) was calcu-
lated by p = 1/RHe, where e was the elementary charge. 
Hall carrier mobility (μH) was calculated according to the 
relation μH = RH/ρ. 

2.3 Density Functional Calculation. The bonding 
energy and Cu-ion vacancy formation energy of Cu2Se1-xSx 
were calculated using the Density-functional theory (DFT) 
implemented in the Vienna ab initio simulation package. 
The crystal structure of Cu2Se is quite complicated and 
multiple structures may coexist at room temperature, as 
revealed by the TEM examination.37 Until recently, an 
average structure of the compound was proposed by 
Eikeland et al.34 However, all the Cu ions in this structure 
partially occupy their atomic sites, which can not be di-
rectly used for the first principle calculations. Thus here, 
we selected one of most similar room temperature crystal 
structures (space group P21/c) proposed by Nguyen et al. 
for the first principle calculations.38 The basis Cu atoms 
occupy 2 different 4e Wyckoff positions: Cu1 (0.06444, -
0.42110, 0.17094) and Cu2 (-0.19990, -0.07620, -0.00724). 
The basis Se atoms occupy a third 4e Wyckoff position: Se 
(0.29649, 0.06260, 0.34271). A series of 2 × 2 × 2 Cu64Se32-

nSn super cells with different S-alloying content (n = 0, 1, 2, 
and 3) was constructed. Firstly, we performed the structu-
ral relaxation after adding S into Cu2Se. However, the lat-
tice volume reduction was too much after relaxation (see 
Table S1). For example, when adding one S into Cu2Se, the 
volume of unit cell was reduced about 3.409%, which was 
one order of magnitude larger than the experimental data 
(0.363%, see Table S1 and Figure 2c). Thus we tried to use 
the experimental volume reduction to run the calculati-
ons. Besides, the data with no volume change were also 
included for comparison. All the data were shown in Tab-
le S1. Then, the difference of the cohesive energy between 
the S-included composition and the S-free Cu64Se32 com-
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position was defined as the increased bonding energy ΔE 
by assuming that the change of the cohesive energy was 
dominated by the modification of the chemical bonds. 
For the compositions with n = 2 and 3, three different 
atomic configurations (see Table S2) were taken into ac-
count to calculate ΔE. The results for different atomic 
configurations were almost the same, and the average 
value was used in Figure 1. In addition, using the cohesive 
energy of Cu2Se as a baseline, the increased bonding 
energy of Cu2S and Cu2Te with room temperature struc-
tures were also calculated for comparision. The Cu-ion 
vacancy formation energy 𝛥𝐸(vacancy) was calculated by 

the formula   𝛥𝐸(vacancy,𝑛) = 𝐸(Cu63Se32−𝑛𝑆𝑛) + 𝐸(Cu) −

𝐸(Cu64Se32−𝑛𝑆𝑛), where E(Cu) is the cohesive energy of copper 

with fcc crystal structure. The projector-augmented wave 
method (PAW) combined with the generalized gradient 
approximation of Perdew-Burke and Ernzerhof (PBE) was 
applied. To ensure sufficient accuracy, a cutoff energy of 
400 eV, an energy convergence criterion of 10-5 eV and a 
regular Monkhorst-Pack k-point mesh of 5× 5× 5 were 
applied. 

 

3. Results and discussion 

Cu2X-based (X=S, Se, and Te) compounds are good liq-
uid-like TE materials with ultralow lattice thermal con-
ductivity (κL) and high zT.23, 25, 29 The nature of Cu vacan-
cies makes them display p-type conduction with holes as 
the dominant charge carriers. The chemical bond features 
in Cu2X (X = S, Se or Te) are different, leading to the high 
hole concentrations in Cu2Se (typically above 6.3×1020 cm-3) 
and Cu2Te (above 7×1020 cm-3),29, 39, 40 while much lower 
hole concentrations are observed in Cu2S (down to 
4.8×1018 cm-3),23 at least two orders of magnitude differ-
ence. The high hole concentration in Cu2Se and Cu2Te 
suggests high contents of Cu vacancies, and this implies 
the existence of weak chemical bonds. Otherwise, the Cu 
atoms should be captured in the lattice instead of the 
formation of Cu vacancies. In this simple model the low 
hole concentration in Cu2S suggests that its chemical 
bonds are stronger than that in Cu2Se. This is well con-
firmed by our ab initio calculations. As shown in Figure 1a, 
when introducing one S atom (n = 1) into a Se-site 
(Cu64Se31S), the total energy of the 2 × 2 × 2 super cell 
(with 64 Cu atoms and 32 Se atoms in total) is improved 
with a value of 455.6 meV, i.e., 14.2 meV/f.u.. When keep-
ing increasing the S content, the increased bonding ener-
gy ΔE is further increased to 28.5 meV/f.u. for n=2 and 
42.8 meV/f.u. for n=3. In contrast, introducing Te atoms 
into Se-sites clearly reduces the bonding energy (see Fig-
ure 1a). The enhanced bonding energy in Cu2Se1-xSx is very 
beneficial to fix Cu atoms in the crystal lattice, resulting 
in much high Cu vacancy formation energy (shown in 
Figure S1) and correspondingly low concentration of Cu 
vacancies. Therefore, introducing S into Cu2Se can signifi-

cantly improve its bond feature and thus lower hole con-
centrations, while introducing Te into Cu2Se will lower 
the bonding energy and thus create more Cu vacancies 
resulting in high hole concentrations. 

Figure 2a shows the room temperature powder X-ray 
diffraction (PXRD) patterns for Cu2Se1-xSx (x= 0, 0.02, 0.04, 
0.06, 0.08 and 0.12). The measurements were carried out 
on the powder samples that were ground from the an-
nealed ingots after completely removing the copper pre-
cipitates on the surface. Most of the X-ray diffraction 

peaks are indexed to the Cu2Se β-phase (trigonal, R3̅𝑚),34 
implying that Cu2Se β-phase is the major phase in all solid 
solutions at room temperature. Besides, the diffraction 
peaks belonging to the Cu2Se α-phase (cubic, Fm3̅m) also 
appear in the XRD pattern of Cu2Se, Cu2Se0.98S0.02, and 
Cu2Se0.96S0.04. According to the Cu-Se binary diagram,24 at 
room temperature, Cu2Se α-phase only appears when the 
Cu/S atomic ratio significantly deviates off the nominal 
chemical stoichiometry 2:1. Then, the observation of 
Cu2Se α-phase at room temperature proves that the 
amount of Cu vacancies in our Cu2Se sample should be 
very large, which is consistent with the visible severe cop-
per precipitation phenomenon shown in Figure S2. Inter-
estingly, using the same fabrication method, it seems that 
the copper precipitation is suppressed for the Cu2Se1-xSx 

solid solutions and the content of copper precipitates on 
the surface is reduced with increasing the S-alloying con-
tent. Taking Cu2Se0.94S0.06 as an example, the surface of 
the ingot shown in Figure S2 is very clean. No obvious 
copper precipitates are observed after the annealing pro-
cess. Correspondingly, the content of Cu vacancies in the 
S-alloyed samples should be also reduced, which can be 
well reflected by the amount of Cu2Se α-phase detected 
from the XRD patterns. Figure 1b shows a selected range 
in the XRD patterns for the Cu2Se1-xSx solid solutions at 2θ 
= 42°-46°. Clearly, the intensity of the peak at 44.2°, which 
belongs to the Cu-deficient Cu2Se α-phase, gradually de-
creases with increasing the S-alloying content. When the 
S-alloying content is around 0.06, the peak at 44.2° has 
almost completely disappeared, indicating that the Cu2Se 
α-phase is not present and the content of Cu vacancies is 
reduced. In other words, the actual Cu content in the 
Cu2Se1-xSx solid solutions with higher S-alloying content 
would be much closer to the nominal chemical stoichi-
ometry. This is consistent with our calculations that S 
improves bonding energy between Cu ions and anion-
sublattice, which is beneficial for keeping Cu atoms inside 
the crystal structure. The lattice parameters were ob-
tained from the Rietveld refinement based on the trigonal 
average structure of Cu2Se proposed by Eikeland et al..34 
The lattice parameters linearly decrease with increasing S 
content, which is attributed to the small atomic size of S 
(1.04 Å) as compared with Se (1.17 Å).  
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Figure 2. (a) Room temperature powder X-ray diffraction patterns for Cu2Se1-xSx (x= 0, 0.02, 0.04, 0.06, 0.08 and 0.12) in-
gots after annealing process. The data of Cu1.95Se are also included for comparison. The diffraction peak at 2θ = ~ 38.5° 
stems from the supercell, as described by Eikeland et al.34 (b) Amplified X-ray diffraction patterns at 2θ = 42°-46°. (c) Lat-
tice parameters calculated by structural Rietveld refinement based on the average structure of Cu2Se proposed by 
Eikeland et al..34 Fractured secondary electron (SE) images for the sintered sample Cu2Se (d) and Cu2Se0.88S0.12 (e). High 
resolution TEM images for the sintered sample (f) Cu2Se and (g) Cu2Se0.88S0.12. 

 

The elemental energy-dispersive X-ray spectroscopy 
mappings carried out on the bulk materials after sintering 
process indicate that all elements are homogeneously 
distributed in the matrix without any secondary phases 
(see Figure S4). Combing all the data strongly suggests 
that all S atoms enter into the crystal lattice of Cu2Se. Fi-
gure 2d-e shows the microstructure examined by FESEM 

on the cross-sections of sintered Cu2Se and Cu2Se0.88S0.12 
products. The typical microstructure of a sandwich-like 
stacking of thin plates with the thickness <100 nm is 
clearly observed, consistent with the layered crystal struc-
ture shown in the inset of Figure 1a. High resolution TEM 
images shown in Figure 2f-g confirm that these layers are 
oriented along the (003) crystal face. 

 

 



6 

 

 

Figure 3. Temperature dependences of (a) resistivity ρ, (b) Seebeck coefficient α, (c) power factor PF and (d) total thermal 
conductivity κ for Cu2Se1-xSx (x= 0, 0.02, 0.04, 0.06, 0.08 and 0.12). 

 

The thermoelectric properties of Cu2Se1-xSx (x= 0, 0.02, 
0.04, 0.06, 0.08 and 0.12) are shown in Figure 3 that cover 
both low-temperature trigonal phase and high-
temperature cubic phase. The data near 400 K induced by 
the phase transition from the trigonal phase to the cubic 
phase are not shown. In addition, some samples show 
abnormal low thermal diffusivity above 750 K (see Figure 
S5), thus their TE properties are also not shown here. The 
electrical resistivity (ρ) of Cu2Se increases with increasing 
temperature, displaying a typical metallic-like behavior. 
The presence of Cu vacancies leads to p-type electrical 
transport with positive Seebeck coefficients in Cu2Se. Alt-
hough the S-alloyed Cu2Se samples still display similar 
metallic-like electrical transport behavior, both the re-
sistivity and Seebeck coefficient are obviously increased 
with increasing the S content throughout the whole mea-
sured temperature range. Besides, the electrical properties 
are well maintained to at least 850 K, which is 100 K high-
er than the sintering temperature. This indicates that our 
samples should reach the equilibration state after the 
sintering process. Based on the measured ρ and α, the 
power factors (PF = α2/ρ) of Cu2Se1-xSx are calculated and 
shown in Figure 3c. The PFs of Cu2Se1-xSx are almost the 
same as for Cu2Se except for Cu2Se0.88S0.12, which has a 
slightly decreased value. Figure 3d shows the total ther-

mal conductivity κ as a function of temperature. Clearly, 
the κ values are much lowered when alloying S into Cu2Se 
although the samples possess similar PFs. When keeping 
increasing S content, κ gradually decreases in the entire 
temperature range. At 450 K, the κ for Cu2Se0.88S0.12 is 0.7 
W m-1 K-1, only about half of that for Cu2Se. 

The significantly enhanced electrical resistivity and 
Seebeck coefficient are attributed to the successful reduc-
tion of hole concentrations (p) by alloying S, which is 
shown in Figure 4a. In Cu2Se we find a high hole concen-
tration of 5.3×1020 cm-3 due to the presence of Cu vacan-
cies. When introducing S into Cu2Se, the hole concentra-
tion is notably decreased. In particularly, the room tem-
perature p is reduced to about 2.6×1020 cm-3 in 
Cu2Se0.88S0.12, only a half of that in Cu2Se although S has 
the same valence electron configuration as Se. The X-ray 
photoelectron spectroscopy measurements (see Figure S7) 
indicate that the valence states of Cu and Se in Cu2Se1-xSx 
is +1 and -2, respectively, the same as those in Cu2Se. 
Therefore, the decreased hole concentrations in Cu2Se1-xSx 
must come from the reduction of the content of Cu va-
cancies although the actual density of Cu vacancies is 
difficult to measure experimentally. This is consistent 
with our calculations shown above. Because S-alloying 
strengthens the chemical bonds, the Cu atoms tend to be 
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captured in the crystal lattice instead of moving out from 
the crystal lattice.  

In order to better understand the electrical transport 
properties, a single parabolic band (SPB) model is used.41, 

42 Based on the Fermi statistics, the Seebeck coefficient α 
can be expressed as 

 

𝛼 =
𝑘𝐵

𝑒
[
(2 + )𝐹+1()

(1 + )𝐹()
− ]                          , (1) 

 

where kB is the Boltzmann constant, e is the electron 

charge,  is the scattering factor with a value of 0 for a 
mixed carrier scattering combining acoustic phonon and 
alloy scattering based on our mobility data (shown in Fig-

ure S8), and  (=EF/kBT) is the reduced Fermi energy. The 

Fermi integrals are given by 𝐹𝑚() = ∫
𝑥𝑚𝑑𝑥

1+exp (𝑥−)

∞

0
, where 

x is the reduced carrier energy. The Hall carrier concen-
tration can also be expressed as a function of Fermi inte-
grals 

 

𝑝 = 4𝜋 (
2𝑚∗𝑘𝐵𝑇

ℎ2
)

3/2 𝐹1/2()

𝑟𝐻

                        , (2) 

 

𝑟𝐻 =
3

4

𝐹1/2()𝐹−1/2()

𝐹0
2()

                                   , (3) 

 

where m* is the electronic effective mass and rH is the Hall 
factor. The calculated Pisarenko plot (α vs. p) at 300 K is 
shown in Figure 4b by using the SPB model with a m* of 
2.3 me, where me is the free electron mass. Clearly, the 
experimental α data of Cu2Se1-xSx follow the calculated line. 
In addition, as shown in Figure 4b, the data of the Cu-
deficient Cu2-ySe samples (y = 0.02, 0.05, and 0.1) also 
agree well with the calculated line. This strongly suggests 
that S-alloying just shifts the Fermi level upward without 
significantly affecting the electronic band structures of 
Cu2Se near the Fermi level. Considering that Cu2Se is a 
degenerate semiconductor with a large band gap (about 

1.2 eV), we assume that the carrier concentrations are 
virtually unchanged from room temperature to high tem-
peratures. Then the Pisarenko plots (α vs. p) at 750 K are 
also plotted in Figure 4b with a m* of 3.2 me. Just as for 
the 300 K data, all the Cu2Se1-xSx samples display a similar 
trend as the Cu-deficient Cu2-ySe samples (y = 0.02, 0.05, 
and 0.1), suggesting that the discussion mentioned above 
also works at high temperatures. 

We also investigated the carrier mobilities (H) when 

introducing S into Cu2Se because H is another key factor 
to affect electrical transport. Around room temperature, 
acoustic phonon scattering is the dominating carrier scat-
tering mechanism for the Cu-deficient Cu2-ySe samples (y 
= 0, 0.05, and 0.1) (see Figure S8), This is supported by the 
scenario shown in Figure 4c where the carrier mobilities 
follow the green dashed line calculated based on the a-
coustic phonon scattering. For Cu2Se1-xSx, the introduced 
S atoms in the Cu2Se lattice lead to a mixed carrier scatte-
ring mechanism including acoustic phonon and alloying 
scattering. Therefore, the carrier mobilities in Cu2Se1-xSx 
obviously deviate from the green dashed line (see Figure 
4c). We thus re-calculated the carrier mobilities by 
covering both acoustic phonon and alloying scatterings 
(see the violet solid line) and these calculations agree well 
with the experimental data. The calculation details are 
shown in the Supporting Information with a deformation 
potential Ξ of 4.3 eV and an alloy scattering potential U of 
0.24 eV for Cu2Se1-xSx. Interestingly, the latter one is rather 
small as compared with the typical U values observed in 
most semiconductors with the values of about 0.6-2 eV.43 
Even compared with the value of 1.1 eV in Br-doped Cu2Se 
by Day et al.,13 the U value in our samples is much lower. 
The low U value means the less deterioration of the car-
rier mobilities. This is consistent with the experimental 
data shown in Figure 4c in which the carrier mobilities for 
Cu2Se1-xSx are much higher than those for Br-doped Cu2Se 
samples. The same valence states and relative small elect-
ronegativity difference between S and Se are believed to 
be responsible for the weak potential energy fluctuation 
and consequently weak deterioration on carrier mobility 
observed in the present study. 
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Figure 4. (a) Hall carrier concentration (p) as a function of S content for Cu2Se1-xSx (x= 0, 0.02, 0.04, 0.06, 0.08 and 0.12). 
(b) Experimental and calculated Pisarenko plots (α vs. p) at 300 K and 750 K. The lines are the calculated curves based on 

the single parabolic band (SPB) model. (c) Hall mobility (H) vs. Hall carrier concentration at 300 K. The green dashed 
line is calculated assuming that the acoustic phonon scattering is the dominant one. The violet solid line is calculated 
assuming a combined acoustic phonon and alloy scatterings. The data of Cu-deficient Cu2-ySe samples (open symbols) and 
Br-doped Cu2Se samples are also included for comparison. (d) Power factor (PF) vs. Hall carrier concentration at 300 K 
and 750 K. The dashed lines are calculated based on the SPB model. (e) Lattice thermal resistivity (W) as a function of S 
content at 300 K. The filled circles are experimental W data, and the open ones are the data after the deduction of re-
duced sound velocity in Cu2Se1-xSx. The dashed black line represents the variation according to the mixing rule, and the 
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solid green line is the calculated curve by the Callaway model.49, 50 (f) zT vs. Hall carrier concentration at 300 K and 750 K. 
The dashed lines are calculated based on the SPB model. The data of Cu-deficient Cu2-ySe samples (open symbols) are also 
included for comparison. 

According to Equation 1-3 and Equation S1-S4 in the 
Supporting Information, the power factor (PF = peμHα2) at 
300 K and 750 K as a function of carrier concentration 
(room temperature data) is calculated and plotted in Fig-
ure 4d. The experimental data agree well with the calcu-
lated curves at both 300 K and 750 K. The maximum PFs 
occur at the carrier concentration of around 1×1020 cm-3 at 
300 K and 6×1020 cm-3 at 750 K. Due to the existence of 
natural Cu vacancies, the hole concentration in Cu2-ySe 
can be lowered to 4.8×1020 cm-3, which is far larger than 
the optimum hole concentrations for high power factors 
at 300 K (see Figure 4d). However, when altering bonding 
energy through alloying S at Se sites, the hole concentra-
tions are lowered with the values toward the optimum 
values at 300 K and completely covering the optimum 
values at 750 K (Figure 4d). This is also consistent with 
the experimental results shown in Figure 3c with the im-
proved power factors at 300 K, and maintained or only 
slightly lowered power factors at 750 K for the Cu2Se1-xSx. 
As discussed below, the lowered hole concentrations are 
also very beneficial for suppressing the carrier thermal 
conductivity and thus achieving high zTs.  

The thermal conductivity is lowered through alloying S 
at Se sites. The total κ includes two parts, termed the lat-
tice thermal conductivity (κL) and the carrier thermal 
conductivity (κc). The former is contributed by the lattice 
vibrations, while the latter one directly proportional to 
the carrier concentration and mobility. Here, the carrier 
thermal conductivity (κc) is evaluated by the Wiedemann-
Franz law (κc= L0T/ρ, where L is the Lorenz number with 
a value of 1.5 × 10-8 V2 K-2 for Cu2Se-based materials44) and 
plotted in Figure S9a. Because the introduced S atoms in 
Cu2Se suppress the formation of Cu vacancies and thus 
decrease the carrier concentrations, a much decreased κc 
is observed with the reduction values almost proportional 
to the hole concentration (see Figure S9a-b). Figure S10 
also presents the lattice thermal conductivities (κL) for 
Cu2Se1-xSx by subtracting κc from the total κ. Very low κL 
values are observed for all the samples. The sudden re-
duction in κL around 380-400 K is attributed to the phase 
transitions.24, 45 The weak κL temperature dependence 
above 400 K is the key character of Cu2X-based TE com-
pounds, which has been also observed in almost all other 
liquid-like TE materials.46-48 Alloying S leads to quickly 
and gradually decreased κL values in the entire tempera-
ture range (see Figure S10).  

The lattice thermal conductivity are directly related 
with the heat capacity (CV), speed of sound (v), and pho-
non mean free path (l). Thus we firstly measured the 
speed of sound for all samples and the results are shown 
in Figure S11. The longitudinal speed of sound vl in Cu2Se1-

xSx solid solutions are almost the same as in Cu2Se. How-
ever, the transverse speed of sound vt are lower than 
those in Cu2Se and Cu2S. The abnormally low transverse 
speed of sound in Cu2Se1-xSx are similar to those in Cu2S, 
in which an unusually low transverse speed of sound is 
observed with a normal large longitudinal speed of sound 
as compared with Cu2Se. But this is different from the 
normal mixing rule of two matrix compounds in which 
the speed of sound should be between the two matrix 
compounds. We guess that adding S into Cu2Se can lead 
to more complicated unit cell because one new type of 
atoms is added into the structure. This can also lead to 
the extra local strains because the atomic sizes between S 
and Se are much different. All these can significantly af-
fect the phonon dispersions and speed of sound. In order 
to know the details, the phonon calculations are required 
for future study. Because the speed of sound are much 
reduced in Cu2Se1-xSx, we firstly calculate this part of con-

tribution based on the equation of L=1/3CVvl and then 
get the changed lattice thermal resistivity (open circles in 
Figure 4e) Next, we use the Callaway model to calculate 
the contributions from mass and strain fluctuation pho-
non scatterings.49, 50 The calculation details are shown in 
the Supporting Information. The mass fluctuation scatter-
ing parameter ΓM and the strain field fluctuation scatter-
ing parameter ΓS, as a function of S alloying content, are 
shown in Figure S12. It is clear that the strain fluctuations 
contribute more to the reduction of lattice thermal con-
ductivity than mass fluctuations in Cu2Se1-xSx. 

Based on the measured α, ρ and κ, the dimensionless 
TE Figure of merit zT (=α2T/ρκ) is calculated and shown 
in Figure 1b. Introducing bonding differentiation by alloy-
ing S at the Se sites greatly improved zTs in the entire 
temperature range due to the lowered hole concentra-
tions toward to the optimum value, suppressed carrier 
and lattice thermal conductivity, and well maintained 
high PFs. A maximum zT value of 2.0 is achieved at 1000 
K for Cu2Se0.92S0.08, which is 30% higher than that for 
Cu2Se. We also calculated the zT curves based on Equa-
tion 1-3 and Equation S1-S4 in the Supporting Information 
under the assumption that κL is the same (0.5 W m-1 K-1) 
for all samples. The results are shown in Figure 4f. All the 
data, for both Cu2Se1-xSx and Cu2-ySe, show a very nice 
agreement with the calculated curves. The optimum hole 
concentration for the maximized zT is usually slightly 
lower than that for power factor because of the contribu-
tion from electronic thermal conductivity. In this study, 
although the hole concentrations in Cu2Se1-xSx at 750 K are 
slightly lower than the optimum value for power factors, 
they fall well in the range corresponding to the peak zTs 
(see Figure 4f). This is also strongly supported by the 
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temperature dependence of zTs shown in Figure 1b, in 
which the zT values of Cu2Se1-xSx are much higher than 
that of Cu2Se in the whole temperature range. Interest-
ingly, our study shows that the zTs can be much en-
hanced at 300 K if the hole concentrations could be fur-
ther reduced to the order of 1019 cm-3 (see Figure 4f), 
which should stir interests for low temperature studies 
and applications of Cu2Se-based materials in the future.  

The temperature gradient and current density are very 
small during TE property measurements. During the 
measurements, the thermoelectric properties can be re-
producible after thermal cycles.23, 25, 51 Furthermore, the 
contribution from Cu ions to the total electrical proper-
ties in these good liquid-like TE materials is less than 
3%.52 Therefore, the contribution from Soret-like effects is 
expected small (<3%). The service stability is significantly 
deteriorated under large temperature gradient and/or 
large currents in these liquid-like materials. However, the 
recent study shows that their stability can be improved.53 
This is the key concern for the liquid-like TE materials. If 
the problem of stability is solved, these liquid-like mate-
rials are expected to have great potentials for real applica-
tions. 

 

4. Conclusions 

To sum up, we demonstrate a successful example to 
enhance the TE performance in Cu2Se liquid-like materi-
als by using the bonding energy variation approach. 
Through slight alloying of S at the Se-sites, the crystal 
structure of Cu2Se is well maintained but the bonding 
energy is significantly increased. This much-improved 
bonding energy helps to fix the Cu atoms within the 
crystal lattice instead of formation of Cu vacancies. Thus 
the hole concentrations are significantly reduced down to 
2.6×1020 cm-3, close to the optimum value predicated by 
the SPB model. In addition, relatively high carrier mobili-
ties are observed due to the weak alloy scattering potenti-
al. Finally, alloying S into Cu2Se also decrease both the 
electrical and the lattice thermal conductivities due to the 
lowered hole concentrations and reduced transverse 
speed of sound. Combing all these effects, the zTs in 
slightly S doped Cu2Se are significantly improved with a 
maximum value of 2.0 at 1000 K, 30% higher than that in 
nominally-stoichiometric Cu2Se. We expect that this me-
thod is effective to optimize carrier concentrations in 
semiconducting materials with an initial large range of 
lattice defects caused by the composition off-
stoichiometry. Many Cu- and Ag-based compounds are 
typical examples of such behavior as we particularly show 
in this study for the Cu2X-based materials. 
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