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A B S T R A C T

The Cu-S superionic compound exhibits excellent thermoelectric (TE) performance in the mid-temperature re
gion. However, obtaining a thermally and electrically stable material in this system is still challenging. Herein, 
motivated by the perspective of steric confinement for suppressing Cu+ migration, we designed an Ag and Ag-Se 
co-doping strategy on pristine Cu1.93S to modulate the crystal structure. On one hand, Ag dopant is discovered to 
act as a vacancy filler, simultaneously optimizing carrier concentration and reducing thermal conductivity. 
Moreover, strategic Se co-substitution stabilizes Ag insertion within the Cu-S vacancy and induces non-negligible 
enhancement of phonon scattering to further reduce thermal conductivity. A competitive peak zT of 1.33@873 K 
was obtained for the Cu1.93Ag0.04S0.9Se0.1 sample at a relatively moderate temperature among current state-of- 
the-art Cu-S system. Moreover, thanks to the steric confinement, the Cu1.93Ag0.04S0.9Se0.1 composition exhibi
ted superior electrical stability under dynamic DC-current compared to CuxS (with 1.93<x<1.97), indicating that 
Ag and Ag-Se co-doping are effective at suppressing the electromigration of Cu+. Furthermore, an improved 
thermal stability of Cu1.93Ag0.04S0.9Se0.1 was attributed to percolated Ag which confines sulfur evaporation by 
strengthening the chemical bonding. In addition, a first-principles study demonstrates that the addition of Ag and 
Se creates new electronic interactions with their nearest neighbors and also modifies the local atomic environ
ment by increasing interatomic distances, which contributes to limiting Cu diffusion and improving thermo
electric stability. Through the method of steric confinement via Ag insertion and Se doping in the Cu1.93AgxS1- 

ySey system, we achieved a desirable combination of high TE performance and notable thermal and electrical 
stability.

1. Introduction

Efficiently using waste energy can play a key role in developing new 
environmentally friendly energy sources. With the benefit of converting 
thermal energy into electrical energy directly and reversibly without 
emitting carbon dioxide, thermoelectric (TE) devices have attracted 
much attention in the field of sustainable energy [1–4]. The energy 
conversion efficiency for TE devices can be determined by the dimen
sionless figure of merit zT, which is defined as zT = α2σT/(κL + κe), 
where T, α, σ, κL, κe are the absolute temperature, Seebeck coefficient, 
electrical conductivity, lattice thermal conductivity, and carrier thermal 
conductivity, respectively [3]. Currently, the highest TE performances 
have been obtained as example for the compounds Bi2Te3 [5–7], PbTe 

[8], GeTe [9], SnSe [10] to cite a few. However, based on the advances 
of low-cost, non-toxic and environmentally friendly alternatives mate
rials, the magnesium-based [11,12] and copper-based TE materials 
[13–20] are attracting increasing attention. Among the copper-based 
system, binary copper sulfides (Cu2-xS), which have been investigated 
approximately for 200 years, show a competitive thermoelectric per
formance in the middle-temperature region (ex. Cu1.97S, zT = 1.7@1000 
K) [21,22] due to the tuned phonon anharmonicity [23]. However, as a 
superionic conductor, it still presents challenges due to its ionic and 
thermal instability over long operating periods [24,25]. Thus, a 
comprehensive consideration of the stability and thermoelectric prop
erties of the materials is a major prerequisite for achieving a techno
logical breakthrough.
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According to the Copper-Sulfide binary phase diagram, four typical 
room temperature phases could be found: the Covellite (CuS), Digenite 
(Cu1.8S), Djurleite (Cu1.93S - Cu1.96S) and Chalcocite (Cu2S). Among 
them, CuS exhibits poor TE potential between 323 K and 573 K, and 
structural investigation also reveals a non-reversible phase transition at 
temperatures above 453 K. Thus, in addition to its low TE properties, 
this confirms that CuS is not suitable for TE applications. The Cu1.8S 
shows a great ionic stability under the high current density (48 A/cm2) 
at room temperature, which makes it attractive in the Cu-S system [24]. 
As reported by Ge et al., the pristine Cu1.8S could achieve a zT = 0.3 at 
673 K which is relatively modest for the mid-temperature applications 
[26]. Subsequent reports have been devoted to optimize TE property 
based on Cu1.8S in the higher temperature region (673 K to 773 K). 
Notably, doping or compositing strategy in this compound tends to al
ways create the typical secondary Cu1.96S phase which could provide 
much higher TE performance [27–32]. However, in our previous works, 
we demonstrated an irreversible phase transition from Cu1.8S to Cu1.96S 
induced by a slight sulfur evaporation during high temperature treat
ment over long period [33]. Nevertheless, we showed the path to 
partially reduce the degradation, thanks to the selection of suitable 
synthesis methods. On the other hand, Cu2S shows excellent TE per
formance (Cu1.97S: zT = 1.7@1000 K) after controlling its Cu vacancy 
framework [21]. However, a large performance degradation happens 
even under low current stress (12 A/cm2) because of its superionic 
character creating a critical problem when using in TE devices [24]. To 
address the issue of copper degradation in Cu2S, several influential 
studies have focused on compositing with insulating phases. such as 
Cu2S-In2S3 [34] or with quartz [35] to effectively block the Cu migra
tion. This results in excellent electrical stability at high temperatures 
and competitive TE performance, which confirms the importance of 
adopting a strategy aimed at optimizing both electrical stability and TE 
performance.

The superionic behavior of Cu2-xS is characterized by the migration 
of copper ions within a relatively rigid sulfur sublattice when subjected 
to external stimuli such as electrical or thermal potential. This phe
nomenon arises from the low activation energy for electromigration 
(approximately 0.19 eV in Cu2S), enabling Cu+ to exhibit high diffu
sivity. As a result, these ions behave in a manner akin to a liquid, rapidly 
hopping between energetically favorable sites while the anion frame
work remains largely stationary [25]. To effectively suppress ion 
migration and improve the thermal and structural stability of Cu2-xS-
based materials, steric confinement was proposed in this study. By 
introducing dopants with larger ionic radii, local lattice distortion can be 
created, which in turn hinders the mobility of Cu+ through spatial re
strictions. This confinement effect not only elevates the activation bar
rier for ion hopping [36], thereby suppressing cationic migration, but 
also enhances phonon scattering due to the possible lattice strain [37], 
ultimately contributing to lower lattice thermal conductivity and 
improved thermoelectric performance. As mentioned before [24,33], 
the Cu–S binary system presents challenges related to thermal instability 
and excessive Cu+ migration at elevated temperatures. To address these 
limitations and potentially achieve improved thermal stability 
compared to the Cu1.8S and reduced Cu+ migration compared to the 
Cu2S, djurleite (Cu1.93S–Cu1.96S) was selected as the initial target phase. 
In particular, Cu1.93S—the composition with the lowest Cu/S ratio in the 
homogeneity range, was chosen to maximize doping capability. Guided 
by the concept of steric confinement, Ag+ with larger ionic radii were 
introduced as interstitial fillers, while Se atoms served as anionic sub
stitutes. A systematic experimental and theoretical investigation was 
conducted to evaluate the effects of Ag doping and Ag–Se codoping on 
the structural, microstructural, thermoelectric, and stability properties 
of the Cu–S system.

2. Experimental sections

2.1. Preparation

The stoichiometric proportions of copper (Cu, 99.95 %, powder, 
Kojundo Chemical Laboratory Co., Ltd.) and sulfur (S, Sigma Aldrich, 
99.99 %, flakes) and silver (Ag, Sigma Aldrich, 99.95 %, powder) and 
selenium (Se, Sigma Aldrich, 99.95 %, powder). The powder was set in a 
45 ml tungsten carbide (WC) jar with 14 × 10 mm WC ball. Milling was 
performed at the planetary ball milling machine (Pulverisette P7- 
Premium line) at 600 rpm for 2 h under Ar atmosphere. The mass 
ratio of the total ball and total powder was 20: 1. After milling the 
powder was kept in an Ar-filled glovebox. The resulting powders were 
loaded into a ϕ 10 mm graphite die prepared in advance with carbon 
paper coated by BN layer. The powders were then densified by spark 
plasma sintering (SPS) at 973 K (heating/cooling rate 100 K/min) under 
a uniaxial pressure of 50 MPa keeping for 5min. All the sample’s den
sities were higher than 95 % of the theoretical.

2.2. Structural and chemical characterization

The regular crystal structure was determined by X-ray diffraction 
(XRD) with the prescriptive θ–2θ mode with the angular range of 
5◦–120◦ (Smart Lab 3 Rigaku Corporation). The high-temperature 
crystal structure was determined by high temperature X-ray diffrac
tion (HT-XRD) technique with the prescriptive θ–2θ mode with the 
angular range of 5◦ – 120◦ (Rigaku SmartLab 9 kW) from 300 K to 773 K 
during heating and cooling. The thermal stability of digenite samples 
were investigated by thermogravimetric/dynamic scanning calorimetry 
(TG/DSC, STA 449 F1 Jupiter, Netzsch), the heating rate was 10 K/min 
and the measurements were performed under Ar atmosphere. Obser
vations of the component analysis were proceeded by energy dispersive 
spectroscopy (EDS) on mirror polished surface with a Hitachi TM3000 
Tabletop SEM.

2.3. Thermoelectric property measurement

The temperature dependence of the electrical conductivity σ and 
Seebeck coefficient α were measured by the ULVAC-ZEM3 system under 
a partial helium atmosphere from 300 K up to 873 K. The thermal 
conductivity was calculated according to κ = λCpρ, where κ represents 
the total thermal conductivity, λ is the thermal diffusivity, Cp is the heat 
capacity, and ρ is the measured density. Thermal diffusivities (λ) of each 
sample were measured by LFA-457 Laser Flash with an estimated error 
of ca. 5 %. The temperature-dependent Cp values were calculated by 
Dulong et Petit law. Density (ρ) values were measured by the Archi
medes’ method. The uncertainty in the results was estimated to be 6 % 
and 8 %, respectively for the α and σ, giving an overall 11 % on the PF. 
The uncertainty on the thermal transport properties is 10 %, and that for 
the overall zT was 17.5 % [35]. The carrier concentration and mobility 
were obtained from Hall Effect measurements in AC transport by using a 
PPMS (Quantum design) from -5 to +5 T.

2.4. Current stress test

The current stress test was carried out using a home-built testing 
system composed of a direct current supply (AS ONE, DCP3005, Japan), 
alumina ceramic substrate, nickel electrode, several clamps and wires. A 
close circuit of the sample was assembled before the test. During the test, 
the current density were controlled by the direct current supply and the 
measurements were under vacuum condition. The resistivity of each 
sample was measured via the four-probe mode of a commercial 
measuring system (ZEM-3, Ulvac-Riko, Japan) under the low current 
density (<1 mA) to exclude the temperature effect due to the Peltier 
effect.
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2.5. Computational methods

To model different compositions and estimate their phase stability, 
several disordered CuxAgx’Va2-x-x’S1-ySey compounds were considered in 
the cubic Fm-3m structure using 2 × 2 × 2 and 2 × 2 × 6 supercells 
containing 96 and 288 atoms, respectively, to express several x~2 and y 
= 0.01 and 0.1 for x = 1.94 (Fig. S1). Additionally, the hexagonal P6₃/ 
mmc chalcocite structure was modeled using a supercell containing up to 
128 atoms without the vacancies VA (Fig. S2). For the cubic phase, to 
simulate x = 1.96 and x = 1.93, the distribution of 2-x-x’ Cu-vacancies 
and x’ Ag substitutions was generated using several ad hoc configura
tions, considering the extreme distance possibilities between end- 
member compounds, both with and without symmetry breaking. For 
the hexagonal CuxAgx’Va2-x-x’S phase, a similar strategy was applied to 
distribute vacancies and Ag atoms. However, to deal with the partial 
occupancies of Cu in its sites, the construct of the initial Cu2S initial 
compound was made by the Special Quasirandom Structures (SQS) 
method [38] using the Alloy Theoretic Automated Toolkit (ATAT) [39,
40]. This approach was considered to generate possible vacancy distri
butions across both Cu1 (12k) and Cu2 (2b) sites, with rounded occu
pancies of 5/8 and 3/4, respectively. Specifically, 32 atoms were 
removed from a 128-atom supercell to obtain the initial Cu2S configu
ration with 96 atoms, in which S atoms are fixed at the 2c positions, 
resulting in a 64:32 Cu:S atomic ratio within the modeled supercell. The 
SQS method approximates the random distribution of elements in 
disordered way by considering local atomic clusters, in our case by 
including eight first-neighbor pairs, three triangles, and a tetrahedron. 
The y = 0.01 and 0.1 Se substitutions was only considered starting from 
the cubic description by brute force approach: Fig. S3 illustrates exam
ples of 2 × 2 × 6 supercells generated using the most stable x = 1.94 and 
x’ = 0.03 compound to model Cu1.94 Ag0.03Va2-x-x’S0.99Se0.01 and 
Cu1.94Ag0.03Va2-x-x’S0.90Se0.10 compounds using all the most extreme 
cases of atoms distribution (from about 20 different samples).

First-principles calculations were performed using the Vienna Ab 
Initio Simulation Package (VASP) [41], implementing in the Density 
Functional Theory (DFT) framework. The generalized gradient approx
imation (GGA) with the Perdew-Burke-Ernzerhof (PBE) [42] functional 
was used for total energy calculations, while the modified 
Becke-Johnson (mBJ) exchange-correlation functional was employed 
for electronic band structure calculations [43]. A plane-wave basis set 
with an energy cutoff of 600 eV was applied. A high-density k-point 
mesh was used (kI ≅ 0.05× 2π

ai
) to ensure accurate Brillouin zone sam

pling. The convergence criterion for the self-consistency loop was set to 
10− 4 eV, ensuring precise wave function optimization.

During relaxation, atomic positions, cell shape (while preserving 
original symmetry), and volume were optimized to account for small 
distortions in disordered phases. While the volumes of cubic-derived 
structures are simply relaxed with isotropic dilation, the hexagonal 
cell shape requires additional adjustments for the c/a ratio, as triclinic 
SQS cells lack orthogonal basis vectors. To maintain the original shape, a 
dilation matrix aligned with the basis vectors was applied throughout 
the relaxation process.

Phonon calculations were performed using the harmonic approxi
mation within the framework of the frozen phonon method, incorpo
rating relevant atomic displacements generated by the phonopy code 
[42]. In the case of the cubic structures, this process led to 34 dis
placements starting from the considered structure which was relaxed 
within a force threshold of 5.10-5 eV/Å.

3. Result and discussion

3.1. Synthesis and structural analysis

The crystal structure of copper-rich low djurleite and chalcocite at 
room temperature can be visualized as simple close-packed rigid sulfur 

framework randomly jammed by copper atoms. The clustering of va
cancies and Cu atoms with different occupancies will create several sub- 
structural descriptions [44–46], such as tetragonal for Cu1.96S 
(PDF#00-029-0578) with space group P43212, monoclinic for Cu31S16 
(PDF#00-072-0634) with space group P21/n or monoclinic for Cu2S 
(PDF#01-083-1462) with space group P21/c. To synthesis the Ag and 
Ag-Se co-doped samples, we used a reactive synthesis approach by 
coupling a mechanical alloying step of pure elements (Cu, Ag, S, Se) with 
a Spark Plasma Sintering (SPS) densification. Due to the reactive aspect 
of the synthesis, the structural stability of the resulting pellets could be a 
concern. Consequently, we characterized the as synthesized samples and 
after aging dependence (60 days) of room temperature XRD (Fig. 1a–c) 
for the typical three representatives’ samples (Cu1.93S, Cu1.93Ag0.04S and 
Cu1.93Ag0.04S0.9Se0.1) after SPS. It should be noted that all the samples 
were crushed into fine powders uniformly to eliminate the influence of 
preferred orientation and/or surface effect. The pristine Cu1.93S sample 
(Fig. 1a) after SPS sintering was found to be metastable: the pristine XRD 
pattern revealed initially a major tetragonal phase (PDF#00-029-0578) 
with a minor amount of monoclinic phase (PDF#00-072-0634) but, after 
being aged 60 days at room temperature under vacuum atmosphere, the 
ratio between tetragonal and monoclinic phase was totally reversed into 
a major monoclinic phase with a minor amount of tetragonal phase. This 
finding is consistent with similar phase transformation reported in 
literature [45]. Interestingly, we evidenced that Ag doping prevents the 
formation of the metastable tetragonal structure after the reactive pro
cess (Fig. 1b and Fig. S4a). As example in the case of Cu1.93Ag0.04S 
sample, the as-synthesized sample crystal structure could be mostly 
described by a mixture of the two common monoclinic structures of 
Cu31S16 (PDF#00-029-0578) and Cu2S (PDF#01-083-1462). After the 
aging time, the relative intensity of the mains peaks slightly changed 
toward the solely Cu31S16 structure formation, which indicates that Ag 
doping stabilizes monoclinic lattice but does not fully cancel the 
post-SPS metastability [46]. In the case of Ag-Se co-doping, the samples 
retain the mixed stable monoclinic structure after aging (Fig. 1c and 
Fig. S1b), confirming that the substitution of S (1.04 Å) by Se (1.16 Å), 
which has a larger atomic radius, increase the local steric stress of the 
lattice thereby stabilizing the monoclinic structure which led to fully 
eliminate the as-synthesized metastability. It is worth noting that a 
simple aging investigation on the crystal structure under the vacuum 
and room temperature showed that introducing Ag and Se into Cu1.93S 
would be helpful for transferring the metastable tetragonal phase to the 
stable monoclinic phase and improving the apparent structural stability 
of the binary compound.

To sustain the proper insertion of the Ag within the structure as well 
as the Ag-Se codoping and investigate their respective effects on the 
crystal structure, the HT-XRD and systematic SEM-EDX were performed 
in the as-synthesized and annealed samples. The HT-XRD analysis has 
been performed in three representative bulk samples as displayed in the 
Fig. 1d–f. First, we analyzed the pattern at 773 K by Le Bail refinement 
wherein the samples adopt the well-known cubic structure. All samples 
displayed single-phase patterns with an apparent main diffraction peak 
shifted toward the low angle (Fig. S5-inset) attesting that the lattice 
parameter enlarged. Le Bail refinement confirmed a clear increase in 
lattice parameters from 5.675(1) Å for the pristine Cu1.93S, to 5.709(1) Å 
for the Ag-doped sample and further increased up to 5.734(1) Å with the 
Ag-Se codoped sample. It is agreed with the larger atomic radius of Ag 
and Se would substitute the Cu vacancy and S site and consequently 
expand the lattice. The proper insertion of Ag and the codoping of Ag-Se 
is corroborated by the Energy Dispersive X-ray (EDX) analysis after 
annealing which confirms a homogeneous distribution of the Ag and the 
Ag-Se elements within the matrix in the doped samples (Fig. S6). It can 
be observed that, only in the case of the as-synthesized Cu1.93Ag0.04S, the 
SEM-EDX analysis revealed a mixture of Cu2-xS and Ag2-xS phases 
(Fig. S6c) nearly impossible to separate in the XRD (Fig. S4a), this is 
most likely attributed to kinetic limitations and incomplete elemental 
diffusion during the rapid SPS process. However, during the high 
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temperature stage (> 450 K), the typical satellite peak of Ag2S did not 
appear (Fig. S5), which indicates that the Ag re-dissolved in the Cu 
lattice and confirmed that the samples is properly doped. Furthermore, 
an annealing experiment was carried out at 773 K for 30 minutes under 
N2 atmosphere to simulate the actual thermal environment during 
measurement. EDX analysis after annealing showed a more uniform 
distribution of Cu, Ag, S, and Se elements in both Cu1.93Ag0.04S and 
Cu1.93Ag0.04S0.90Se0.10 compared to the as-synthesized samples. This 
further supports that annealing promotes elemental homogenization 
and facilitates the effective incorporation of Ag into the Cu-based lattice. 
Notably, after annealing, the Se-doped sample (Cu1.93Ag0.04S0.90Se0.10) 
exhibited a more uniform and stable distribution of Ag compared to the 
undoped counterpart (Cu1.93Ag0.04S), further highlighting the beneficial 
role of lattice expansion in enhancing Ag solubility.

Besides the doping confirmation, the careful analysis of the HT-XRD 
of all the three samples revealed that all samples undergo two well- 
known phase transitions: the monoclinic to hexagonal structure and 
then the hexagonal to cubic structure. However, the transition temper
ature varies significantly between the pristine Cu1.93S and Ag/Ag-Se 
codoping. As a reference, the pristine Cu1.93S started from a mixed 
tetragonal-monoclinic phase as described by the former section, and 
turn to the hexagonal form (P63/mmc; a ≈ 3.961 Å, c ≈ 6.722 Å, 

PDF#00-026-1116) at around 400 K and in the cubic (Fm3m; a ≈ 5.707 
Å, PDF#00-012-0174) at around 600 K which corresponds to the high 
temperature form of the Cu2-xS system (x < 0.01-0.2) (Fig. 1d). The 
heating and cooling cycle appeared non-reversible as the cooling to 
room temperature favorize the re-formation of the metastable tetragonal 
form. For the Cu1.93Ag0.04S and Cu1.93Ag0.04S0.9Se0.1 samples, the 
monoclinic to hexagonal structural transition occurred gradually at 
slightly reduced temperature from 300 K to 400 K and the final cubic 
phase transition can be observed at 700 K in excellent agreement with 
the DSC (Fig. S7). Moreover, consistently with the aging test observa
tion, the room temperature structure appeared more stable than the 
undoped sample and a reversibility of the phase transition is observed 
during cooling toward the as-synthesized/aged monoclinic structure. It 
evidences once more that Ag insertion alters the fundamental structural 
stability of the Cu2-xS structures.

To further understand the effect of Ag and Se, we conducted a 
theoretical investigation using first principles calculations. For this, it 
was essential to select the modeled structure CuxAgx’Va2-x-x’S1-ySey with 
the defects we intend to simulate, i.e. x Cu = {1.94, 1.97, 2} and x’Ag =

0.03 for x Cu =1.94 and y Se ={0.01, 0.10} with x’ Ag =0.03, as shown in 
Fig. 2. Due to the impossibility to build an accurate and robust model of 
the room temperature structural forms (monoclinic and tetragonal), 

Fig. 1. Aging dependence (the pulverized powder was stored under vacuum for 60 days) of room temperature XRD for bulk samples (a) Cu1.93S, (b) Cu1.93Ag0.04S and 
(c) Cu1.93Ag0.04S0.9Se0.1 and its respective HT-XRD (Heating in red and cooling in blue) patterns (d, e, f).
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these latter have not been considered in the current investigation. 
Therefore, for each type of defect or desired substitution, multiple 
supercell structures were constructed in hexagonal and cubic de
scriptions and tested using the DFT calculations to estimate their relative 
formation energy, defined as the energy difference between its total 
energy and the sum of the energies of its constituent pure elements, 
normalized by the total number atoms in the considered cell. Compared 
to a previous study by Mikula made on Cubic phase [47], we tested 
symmetry-breaking approaches for different compositions. We observed 
that symmetric representations tend to yield more stable configurations. 
Additionally at a given composition, it is noteworthy that the hexagonal 
phase is lower in energy compared to the cubic form, as expected from 
experimental phase equilibrium studies. The cubic phase, which is sta
bilized at higher temperatures, exhibits an energy difference ranging 
from 3.9 to 3.2 kJ/mol as the concentration of vacancies increases 
(Fig. S8). For each Cu composition x Cu = {2, 1.94, 1.97}, the most stable 
cubic configuration was analyzed with respect to the Cu environment. 
The average distance of the four nearest Cu-S neighbors in the relaxed 
cell was found to be 2.416, 2.409, and 2.412 Å, respectively. While these 
values are very close, a noticeable change occurs in the Ag-doped 
compounds, where the Cu-S distance increases slightly to 2.418 Å. 
Furthermore, the Ag-S bond length is significantly larger due to the 
increased atomic size of Ag, with an average Ag-S distance of 2.591 Å for 
Cu1.94Ag0.03S. Starting from the most stable Ag-doped compound model 
(Fig. S1), numerous simulations were performed to identify the most 
favorable sulfur atom to be substituted by selenium within a 285-atom 
supercell, in order to reproduce a composition of ySe = 0.01. The most 
stable co-doping configuration corresponds to Se occupying a 
first-neighbor position relative to Ag (Fig. S9). While the Cu–S and Ag–S 
bond lengths remain similar to those in the Ag-only doped structure, the 
substitution of S by Se increases the pair distances to 2.610 Å and 2.659 
Å for Cu–Se and Ag–Se, respectively. Based on this configuration, a new 
supercell for ySe = 0.1 was constructed to match the experimental 
composition. The final DFT relaxation of this y = 0.1 Se co-doped 
compound leads to a general volume increase of approximately 3.5 % 
compared to the structure without Se. In conclusion, the use of dopants 
not only has an electronic effect, which will be further illustrated in 
Section 3.2, but also has a steric confinement effect by increasing 
interatomic distances, as the diffusion of Cu+ is strongly influenced by 
the geometry and continuity of the migration pathways within the lat
tice. Experimentlly, the incorporation of larger atoms of Ag+ and Se2−

leads to lattice expansion, as confirmed by the increased lattice pa
rameters observed in our HT-XRD results (Fig. S5). This expansion alters 
the Cu–Cu distances which could limit ion migration by elongating the 
hopping distance combined with the steric confinement introduced by 
larger dopants to increase the migration energy barrier for Cu+.

3.2. Band structure

For each unique composition, the most stable models obtained using 
GGA were retained to analyze the corresponding electronic structure 
with the mBJ meta-GGA functional. This approach is known to provide a 
more accurate estimation of electronic band gaps, which is the case in 
our system studied by comparing the GGA and mBJ band structures 
(comparison not shown). As shown in Fig. 3, the band structures are 
generally very flat for all these compounds, reflecting the predominantly 
localized nature of the copper 3d states. The sulfur s-p states exhibit low- 
energy features, starting around 7 eV below the Fermi level, with a band 
gap of approximately 2 eV in the cubic phases, whereas in the hexagonal 
form, the conduction bands form almost continuously occupied states. 
The chemical bonding is predominantly ionic-covalent, with a charge 
transfer of approximately 0.8 electrons from the filled d bands of Cu/Ag 
to S/Se, as estimated by Bader analysis (Table 1). This effect is even 
more pronounced in the cubic phase compared to the hexagonal form. 
An increase of the Cu vacancies (decreased of the Cu concentration) 
leads to a slight reduction in the effective charge on sulfur.

Especially in the high-temperature cubic phase, the addition of Ag 
leads to the formation of low-energy 4d bands around -4 eV, below the 
3d states of copper, which may play a role in limiting metal diffusion by 
raising an energy barrier. At the very low compositions studied, the 
presence of vacancies or elemental substitutions (Ag, Se) has finally 
minor impact on the overall electronic structure but does influence 
properties near the Fermi level. Indeed, starting from the ideal Cu2S 
compound, the presence of vacancies, i.e., a decrease in x, induces 
modifications in the band gap with a slight enlargement, most visible in 
the hexagonal form. The gap is estimated to be around 0.8 eV for Cu1.94S 
in its hexagonal form even with the mBJ model which is still under
estimated in comparison with the experimental one. In the cubic form, 
the Density of State (DOS) seems to have a similar behavior with a value 
"remaining close to zero" as claimed in the DOS analysis of Mikula, but 
there is a crossing dispersed band at the gamma point, corresponding to 
the interaction of s-states of Cu with S.

Electronic band structure calculation has been performed on the 
Cu1.94Ag0.03VA0.03S0.99Se0.01 and Cu1.94Ag0.03VA0.03S0.10Se0.10 compo
sition in the cubic form, corresponding to the best TE performance ob
tained, to estimate the influence of the Ag-Se codoping (Fig. 4). The 
metallic character becomes even more pronounced with Se substitution, 
which not only reduces the band gap at the Fermi level but also induces 
band degeneracy, creating new states along the Γ–M direction resulting 
in enhanced metallicity (Fig. 4). Additionally, Se influences the structure 
through interactions between its s-p states and those of its nearest 
neighbors (Ag and Cu) which is expected to contribute to limiting the Cu 
diffusion. This effect can be attributed to the enhanced hybridization 
between the Se 4p orbitals and the s/d orbitals of neighboring Cu and Ag 
atoms, which strengthens the local bonding environment and increases 
the energy barrier for Cu migration, thereby suppressing its diffusion. 

Fig. 2. Modeled structure from CuxVa2-x-x’S to CuxAgx’Va2-x-x’S and CuxAgx’Va2-x-x’S1-ySey, the potential scattering and ionic diffusion have been indicated.
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Fig. 3. Electronic band structure at key symmetry points of CuxAgx’Va2-x-x’S for x = {1.94, 1.97, 2} and x’ = 0.03, along with the corresponding projected density of 
states (DOS) in hexagonal and cubic symmetries. Results obtained using mBJ functional. The Fermi level is set as the energy reference.

Table 1 
DFT results for all most stable CuxAgx’Va2-x-x’S1-ySey compounds investigated in this work, according to Pristine (cubic) or chalcocite (hexagonal) form: enthalpy of 
formation and electronic charge transfer.

CuxAgx’Va2-x-x’S1-ySey compounds Bader (electron charge)

Composition Symmetry ΔHf (kj/mol) Cu Ag S Se

Cu2S cubic -5.248 0.447 ​ -0.895 ​
Cu1.97S cubic -6.214 0.443 ​ -0.872 ​
Cu1.94S cubic -7.122 0.448 ​ -0.868 ​
Cu1.94Ag0.03S cubic -5.790 0.443 0.266 -0.866 ​
Cu1.94Ag0.03S0.99Se0.01 cubic -5.975 0.444 0.258 -0.870 -0.683
Cu1.94Ag0.03S0.10Se0.10 cubic -6.369 0.432 0.265 -0.862 -0.708
Cu2S hexagonal -9.125 0.373 ​ -0.746 ​
Cu1.97S hexagonal -9.903 0.378 ​ -0.744 ​
Cu1.94S hexagonal -10.402 0.380 ​ -0.737 ​
Cu1.94Ag0.03S hexagonal -9.848 0.379 0.209 -0.740 ​

Fig. 4. Electronic band structure of Cu1.94Ag0.03VA0.03S0.99Se0.01 (a) and Cu1.94Ag0.03VA0.03S0.10Se0.10 (b) along with the corresponding projected density of states 
(DOS) in cubic symmetry. Results obtained using mBJ functional. The Fermi level is set as the energy reference.
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This is evidenced in Table 1, which shows that the presence of Se leads to 
a reduction in electron charge, indicating a stronger covalent bonding 
state. Another consequence of Se doping is the associated slightly lower 
formation energy compared to pure S-based compounds, indicating 
enhanced thermodynamic stability.

3.3. Electrical transport property

The electrical transport properties of Cu1.93AgxS1-ySey were system
atically investigated in the 300 K - 873 K range. Take into account the 
metastability of the as-synthesized samples (as discussed in the struc
tural section), the transport properties were thoroughly examined over 
multiple testing rounds. Our findings revealed that the properties 
became stable and reproducible starting from the second round for the 
representive Cu1.93Ag0.04S0.90Se0.10 (Fig. S10), thus, all reported mea
surements correspond to the second round of testing.

Starting from the room temperature properties, all the samples 
showed a positive Seebeck coefficient, indicating the p-type semi
conductor character independent of the chemical composition (Fig. 5a 
and Fig. S11a,d). The temperature dependent trend of α and σ were 
strongly correlated with the phase transition beside the Cu1.93S, and 
three stages could be separated: Monoclinic phase stage (M), Hexagonal 
phase stage (H) and Cubic phase stage (C). Firstly, the σ of the pristine 
Cu1.93S sample increases with temperature up to 573 K, which corre
sponds to the monoclinic (M), hexagonal (H), and the early stage of the 
cubic (C) phase. This increase can be attributed to thermally excited 
carriers that enhance the carrier concentration, thereby improving σ, 
where we can also find similar trend from literature [48]. Although a 
phase transition occurs within this temperature range, the overall 
increasing trend of σ remains, as the impact of lattice vibrations on 
carrier mobility is relatively weak. Beyond 573 K, the σ of the pristine 
Cu1.93S sample exhibits a gradual decline with increasing temperature, 
which is likely indicative of a transition from semiconducting to metallic 
characteristics [49]. However, for the samples with Ag/Ag-Se doping, 
the Seebeck coefficient (α) increased initially at the M stage then 

decreased at the H stage with the temperature increasing before 
re-increased at the end of H stage and in the C stage. It aligns with the 
structural transition observed through HT-XRD and further attests to the 
intricate changes in electronic transport. In fact, α and σ gradually in
crease as the temperature rising during the M phase stage agreed with a 
semiconductor (S-C) behavior and increasing of thermally excited holes. 
But with the shift toward the hexagonal phase, a transitional behavior is 
observed between 373 K - 473 K. The band gap became broader inde
pendently to the chemical composition [49] and the change in the DOS 
near Fermi level is highly sensitive to the Cu vacancies (Fig. 3a–d) which 
likely induced ambiguous behavior at the edge of the intrinsic and 
degenerate S-C behavior. It experimentally results in a slight decrease of 
α up to 473 K before it increases again while the σ constantly increase 
with T. With the main phase transferred from the hexagonal phase to 
cubic phase, the α gradually increased which could be attributed to the 
increased symmetry from the hexagonal phase to cubic phase inducing 
the degeneracy of the band gap (Fig. 3) benefiting largely to the overall 
electronic transport [48]. The temperature dependance of Cu1.93Agx

S1-ySey (x = 0.02, 0.04, 0.04) (y = 0, 0, 0.1) series electrical properties 
showed similar trend than the pristine sample with a clear dependence 
to the two phase transition shifted accordingly with the higher transition 
temperature observed through the structural analysis (Fig. 1d–f) [50]. 
The σ decreased with the increasing of Ag/Ag-Se codoping in the whole 
temperature range and the α increased (Fig. 5a and Fig. S11a,d) which 
seem consistent with a carrier concentration reduction induced by the 
Ag occupying into the Cu vacancy and/or Se substituting the S site: α ∝ 
kB⋅ln(1/n)/q, kB is Boltzmann constant and the α is inversely propor
tional to the carrier concentration determined at room temperature. To 
understand the transport property in-depth, hall concentration (nH) of 
the typical four samples were characterized. The pristine Cu1.93S ex
hibits an intrinsic high carrier concentration of nH = 1.94 × 1021 cm− 3, 
as a consequence to the large amount of copper vacancies serving as 
holes donor effect in the lattice. The Ag insertion acts as an electron 
donor which gradually reduces the carrier concentration together with 
the increasing of Ag content (Fig. 5c). Considering that the electronic 

Fig. 5. Temperature dependence of (a) Seebeck coefficient (α) and (b) electrical conductivity (σ), Hall concentration and mobility at 300 K (c), (d) α versus Hall 
carrier concentration (nH) (Pisarenko plot) at 300 K and (e) versus logarithm of σ (Jonker plot) at 773 K, (f) Temperature dependence of weighted mobility of bulk 
samples sintered at different temperatures of Cu1.93AgxS1-ySey (x = 0, 0.02, 0.04, 0.04) (y = 0, 0, 0, 0.1).
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structure does not significantly change with the Ag insertion in the high 
temperature structural form (Fig. 3c,d,g and h), the carrier concentra
tion decreasing appeared in better agreement with the vacancies filling 
and the consequence of the Cu2+ content reduction into Cu+. The initial 
charge balance of Cu1.93S and the Ag addition effect can be described in 
the following equations: 

Cu1.93S(s) = 1.86Cu+ + 0.07Cu+ + S2− (1) 

Cu1.93S(s) + xAg(s) = (1.86+ x)Cu+ + (0.07 − x)Cu2+ + xAg+ + S2−

(2) 

Subsequently, further substitution of S with Se (from Cu1.93Ag0.04S to 
Cu1.93Ag0.04S0.9Se0.1) at room temperature will led to a partial sup
pression of Cu+ vacancy formation. This attribute to lattice expansion 
and the formation of stronger Cu–Se and Ag–Se bonds introduced by Se 
substitution, which increase the defect formation energy and will 
contribute to the reduction of the carrier’s concentration. It is reason
able to assume that the carrier concentration reduction observed at 
room temperature can be transposed in the H and C stage as the α 
increasing gradually in the all-temperature range with the addition of Ag 
and Ag/Se and mostly agrees with the SPB behavior (Fig. 5d). Indeed, it 
highlighted a slight reduction of the effective mass me* with the doping 
and confirmed that the electronic properties are mostly driven by the 
carrier modulation in the M stage. Besides, the Jonker plot in the C stage 
(Fig. 5e) revealed a shift of the Ag/Ag-Se codoped samples following a 
slope of α = f(ln(σ)) ∝ -86.294 μV/K. It attests that the chemical po
tential variation (carrier tunning) is the origin of the electronic prop
erties tunning and, due to the fact that weighted mobility behavior is 
unchanged in the whole temperature range (Fig. 5f), can be extended to 
the H stage [51]. The carrier tuning induced by the Ag doping act 
negatively on the resulting PF (Fig. S11c) for the high concentration of 
Ag, as the deflection of the σ became predominant, and justify that the 
Ag/Se codoping have been realized for Ag content x = 0.04 with the best 
trade-off. The Se substitution enhance drastically the μH (Fig. 5c) as a 
consequence of its respective reduced effective mass (md*) of 

Cu1.93Ag0.04S0.9Se0.1 (1.20 me*) and the increasing of the metallic 
character (Fig. 4). It consequently prevents the PF loss by cushioning the 
σ decreased despite the carrier concentration tunning.

3.4. Thermal transport property

The total thermal conductivity (κ) of each sample exhibits a distinct 
phase dependence in temperature during the two-phase transition pe
riods, mirroring the behavior observed in the electrical transport prop
erties (Fig. 6). The κ drastically reduced with the Ag/Ag-Se codoping and 
reached minimal values for the Ag-Se samples (Fig. 6a and Fig. S12). In a 
general description, the κ is composed of carrier contribution (κE) and 
lattice contribution (κL) [52]. The κE (Fig. 6b) can be described by 
Wiedemann-Franz law: κE = LσT, where L is the Lorenz number that is 
obtained through the single parabolic band (SPB) model considering the 
acoustic phonon scattering but cannot be apply in the Cu2-xS system due 
to the superionic contribution [28]. Therefore, we define the ratio of 
κE/κ which could indirectly enable the possibility to estimate the κL trend 
(Fig. 6c) by illustrated the κE proportion trend. For the pristine Cu1.93S, 
κE/κ gradually increased with the increasing temperature up to 573 K 
and achieved a high ratio around 90 % from 573 K to 873 K, highlighting 
that carrier plays the major role on thermal transport. With the Ag 
doping into the Cu1.93S, the ratio of κE/κ decreased especially in the high 
temperature range. It is visible that the depletion of κ due to the Ag 
doping (Δκ(pristine/Ag) ≈ 0.68@773 K) cannot be entirely attributed to the 
decrease in κE (ΔκE(pristine/Ag) ≈ 0.62@773 K), which suggests a variation 
in κL through the structural influence of Ag insertion. Indeed, the Cu 
vacancy filling by Ag will introduce additional phonon scattering center. 
To probe this influence on the phonon dispersion structure, the lattice 
thermal properties have been analyzed through additional phonon cal
culations. Only cubic-based compounds, with and without Ag doping, 
were considered to understand its influence, as the hexagonal symmetry 
was too complex to be considered. The dispersion curves are presented 
in Fig. S13. Despite using a reasonably relaxed structure as an initial 
stage, few imaginary branches appeared, indicating mechanical 

Fig. 6. Temperature dependence of thermal conductivity κ (a), Electrical thermal conductivity κE (b), ratio of κE /κL (c), room temperature sound of velocity for 
Cu1.93Ag0.04S1-ySey (y = 0, 0.05, 0.1, 0.15, 0.20) (d). Figure of merit ZT (e) for Cu1.93AgxS1-ySey (x = 0, 0.02, 0.04, 0.04) (y = 0, 0, 0, 0.1), State of art figure of merit in 
Cu-S system (f).
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instability at 0 K. This is not surprising since the cubic phase is not stable 
at low temperatures. However, as a relative comparison and with a 
simple approximation that neglects this metastability, it is interesting to 
observe a slight shift of all frequencies toward lower values upon the 
addition of a heavier element like Ag, even at a very small composition 
of x’ = 0.03 which can explain the lower thermal conductivity. 
Furthermore, the expansion of the unit cell induced by Ag doping leads 
to an increased Cu-S interatomic distance, which may contribute to the 
development of a softer bonding effect. Consequently, the computed 
heat capacity Cv within the harmonic approximation (at volume con
stant) shows an increase for the silver-doped compounds, as depicted in 
Fig. S14. For a more accurate analysis, Cp should be computed using the 
quasi-harmonic approximation and additional corrections, though this 
would require significantly more computationally demanding calcula
tions. As seen from Fig. 6a, κ furthermore reduced with the 
Cu1.93Ag0.04S0.9Se0.1 sample due to the slight additional reduction of κ 
most likely issue from the mass fluctuation effect which further mini
mize the κL. Experimentally, the sound velocities of all the Ag-Se codo
ped specimens were characterized and are exhibited in Fig. 6d. It shows 
that the longitudinal sound velocity (VLongitudinal), the transverse sound 
velocity (VTransverse) and the average sound velocity (VAverage) gradually 
decreased with Se doping which could rationalize the reduction of κL, 
according to the following equation: κL = 1

3Cvvsl where Cv is specific heat 
capacity of phonons, Vs is average sound velocity, l is phonon mean free 
path. As the Cu-Se bond (240–270 kJ/mol) has a lower bonding strength 
than the Cu-S bond (285–320 kJ/mol), the low frequency local phonon 
mode is easier to form in the material, which could reduce the sound 
speed and enhances phonon scattering, resulting in lower lattice thermal 
conductivity. In summary, with the greatly decreased κE from pristine 
Cu1.93S to Cu1.93Ag0.04S and the decreased κL from Cu1.93Ag0.04S to 
Cu1.93Ag0.04S0.9Se0.1, we get low thermal conductivity in the high tem
perature region.

Following the carrier concentration tuning and the increasing of 
lattice scattering, a competitive figure of merit zT is obtained with the 
Cu1.93 Ag0.04S0.9Se0.1 sample (Fig. 6e) with a top value reaching zT =
1.33 at the modest temperature of 873 K, which correspond to one of the 
highest zT among current state of art Cu – S binary system (Fig. 6f).

3.5. Electrical and thermal stability

In this study, the stability under electrical current stress and the high 
temperature of our samples were investigated. We selected the pristine 
Cu1.93S sample, Cu1.93Ag0.04S0.9Se0.1 sample and the Cu1.97S as a refer
ence for comparison with the Ag-Se codoping sample with the same 
vacancy filling level. The length of all samples was 8 mm, and the cur
rent density set as 12 A/cm2. As shown from Fig. 7a, the representative 
ratio of the electrical degradation (R/R0) of Cu1.93S sample sharply 
decreased to 90 % of initial resistivity after 3 h before stabilized to 

similar values after 24 h. The R/R0 of Cu1.97S sample also sharply 
decreased to 80 % of initial resistivity after 2 h aging. It confirmed the 
relatively poor electrical stability of the binary composition, especially 
in the case of a reduced Cu vacancy concentration (Cu1.97S). Compa
rably, the R/R0 of Cu1.93Ag0.04S0.9Se0.1 keeps a relatively high ratio, 
which means that after filling Ag into Cu vacancies and Se substituting 
into S site, the Cu ion migration is efficiently suppressed. This result 
evidenced the underlining steric confinement mechanism which could 
be described below: although Ag+ is also a mobile ion like Cu+, the Ag+

with larger ionic radius and distinct electronic configuration could 
partially occupy the Cu+ site to reduce the vacancy formation which will 
lead to local lattice expansion, thereby altering the potential energy 
landscape for Cu+ migration. This modification increases the migration 
energy barrier and effectively suppresses Cu+ hopping [36,47]. Besides, 
our calculation in the high-temperature cubic phase (Fig. 4) revealed the 
formation of low-energy 4d bands around -4 eV by the Ag, below the 3d 
states of copper, which may play a role in limiting metal diffusion by 
adding a contribution to the energy barrier. Finally, the ionic confine
ment is also enhanced by the geometric criteria, as the interaction dis
tance increases with the doping element, which limits the diffusion of 
metallic atom by steric effect (Fig. 2 and Fig. S9). With the increased 
energy barrier created by steric confinement, the copper migration is 
consequently suppressed.

In parallel, we performed the thermal stability testing with the 
pristine Cu1.93S, Cu1.93Ag0.02S, Cu1.93Ag0.04S and Cu1.93Ag0.04S0.9Se0.1 
(Fig. 7b). The temperature procedure has been designed to keep the 
respective temperature (673 K, 773 K, 873 K, 973 K) for 1 h. It can be 
clearly observed a mass loss for the pristine Cu1.93S sample after heating 
up to 973 K under Ar atmosphere. With the Ag doping and Ag-Se 
codoping, the mass loss is nullified attesting to superior thermal stabil
ity for temperature above 873 K in comparison with the pristine sample. 
Such chemical enhanced thermal stability is most likely originated from 
the improved structural stability induced by the Ag doping confirmed 
above (cf. Structural part). It has been observed that doping compounds 
eliminate metastability and increase the temperature at which the ma
terial transitions to a cubic phase (Fig. 1 and Fig. S7) and was supported 
by DFT calculations (Fig. S8). Indeed, the difference in the enthalpy of 
formation between the hexagonal and cubic phases is larger for 
Cu1.94Ag0.03S (4.057 kJ/mol) compared to the undoped compound 
(3.279 kJ/mol) evidencing that the hexagonal structure remains stable 
over a wider temperature range, which is consistent with enhanced 
thermal stability in the cubic phase. As a result, it demonstrates that Ag 
and Ag-Se codoping strategy would also create thermally stable sample 
with optimal composition of Cu1.93Ag0.04S0.9Se0.1.

4. Conclusion

In this study, a series of quaternary Cu1.93AgxS1-ySey (x = 0, 0.02, 

Fig. 7. Room temperature current stability testing (R/R0) of Cu1.93S, Cu1.97S, Cu1.93Ag0.04S0.9Se0.1 under the current density of 12 A/cm2 (a), thermal stability testing 
of Cu1.93S, Cu1.93Ag0.02S, Cu1.93Ag0.04S, Cu1.93Ag0.04S0.9Se0.1 (b).
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0.04, 0.07) (y = 0, 0.05, 0.10, 0.15, 0.20) chalcogenides were synthe
sized and their influence on the structural, physicochemical, and ther
moelectric properties of the corresponding bulk samples systematically 
investigated. Room temperature XRD shows that the pristine Cu1.93S 
exhibits a metastable tetragonal phase where it could transfer into a 
monoclinic phase after exposing into the vacuum condition for 60 days. 
However, we have evidence that the Ag and Ag-Se codoping promotes 
superior structural stability. The in-depth analysis of the High Temper
ature X-ray diffraction (HT-XRD) and elemental analysis sustain that the 
Ag and Se substitute the Cu vacancies and S site respectively. Moreover, 
thanks to the HT-XRD combined with the calorimetry analysis (DSC 
signal), we showed that the different temperature of phase transition 
from hexagonal phase to cubic phase shifted toward higher temperature 
in respect with the presence of Ag and Ag-Se element within the struc
ture. From a transport point of view, the investigation of electrical 
transport properties revealed that Ag doping acts as an electron donor, 
leading to a reduction in carrier concentration. Meanwhile, Se co-doping 
decreases the effective mass of charge carriers and promote a superior 
carrier mobility limiting the PF loss in the codoped composition. 
Regarding thermal transport, Ag doping contributes to an overall 
reduction in total thermal conductivity, while Se co-doping further 
lowers lattice thermal conductivity, reinforcing the decrease in total 
thermal conductivity. Furthermore, thanks to the Ag filling into Cu va
cancies and Se substituting into S site, the Cu ion migration suppressed 
compared to the CuxS (with 1.93 < x < 1.97), the thermal stability of 
Cu1.93Ag0.04S0.9Se0.1 was also improved compared to the Cu1.93S. The 
theoretical analysis, through DFT calculation on complex modelized 
CuxAgx’Va2-x-x’S1-ySey compounds, corroborated the experimental find
ings, demonstrating that Se substitution and Ag doping effectively 
modulate the electronic band structure and phonon dispersion, respec
tively, contributing to the observed enhancement of thermoelectric 
performance and stability by manipulating the energy barrier. 
Combining the Ag and Se doping, we finally obtain a competitive figure 
of merit zT (1.33@873 K) with the Cu1.93Ag0.04S0.9Se0.1 sample 
demonstrating the attractiveness of synergically combine those two el
ements as dopant in Cu2-xS system in order to design electrically and 
thermally stable p-type thermoelectric material in the intermediate 
temperature.
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