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As a new type of inorganic ductile semiconductor, silver sulfide (a-Ag2S) has garnered a plethora of
interests in recent years due to its promising applications in flexible electronics. However, the lack of
detailed defect calculations and chemical intuition has largely hindered the optimization of material's
performance. In this study, we systematically investigate the defect chemistry of extrinsic doping in a-
Ag2S using first-principles calculations. We computationally examine a broad suite of 17 dopants and find
that all aliovalent elements have extremely low doping limits (<0.002%) in a-Ag2S, rendering them
ineffective in tuning the electron concentrations. In contrast, the isovalent elements Se and Te have
relatively high doping limits, being consistent with the experimental observations. While the dopant Se
or Te itself does not provide additional electrons, its introduction has a significant impact on the band
gap, the band-edge position, and especially the formation energy of Ag interstitials, which effectively
improve the electron concentrations by 2e3 orders of magnitudes. The size effects of Se and Te doping
are responsible for the more favorable Ag interstitials in Ag2S0$875Se0.125 and Ag2S0$875Te0.125 with respect
to pristine Ag2S. This work serves as a theoretical foundation for the rational design of Ag2S-based
functional materials.
© 2024 The Authors. Published by Elsevier B.V. on behalf of The Chinese Ceramic Society. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The chemical and physical properties of a semiconductor are
often directly influenced by the prevalent defects, whether intrinsic
or extrinsic. Specifically, charged point defects play a vital role in
determining the electrical transport properties. A dopant atom
(impurity) that effectively introduces additional electrons into host
materials, leading to n-type conductive behavior, is known as a
donor. Conversely, a dopant that donates excess holes for p-type
conduction is called an acceptor. Doping of semiconductors with
acceptors and/or donors is essential for the rational design and
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development of thermoelectric (TE) [1,2], photovoltaic [3], and
other microelectronic devices [4], which, however, turns out to be
challenging [5,6]. Certain semiconductors, such as TE materials (e.g.
Ag-based chalcogenides) and blue light-emitting diodes (e.g. pe-
rovskites and nitrides), have been found to have difficult-to-adjust
electrical properties through extrinsic doping [7,8]. Therefore,
revealing the defect chemistry associated with doping strategies in
such semiconductors is not only crucial for realizing their full po-
tential but also for advancing their practical applications.

Silver sulfide (Ag2S), a unique inorganic ductile semiconductor,
has garnered worldwide attention due to its impressive metal-like
ductility and semiconducting behaviors, which makes it highly
suitable for applications in flexible and wearable electronics
[9e13]. Ag2S undergoes a phase transition from a monoclinic
structure (a-Ag2S) to a cubic structure (b-Ag2S) at about 450 K [14].
The experimentally prepared a-Ag2S materials exhibit n-type
conduction with electron concentration of around 1014 cm�3 [15].
Such intrinsically low electron concentrations in pristine a-Ag2S
make its TE performance unsatisfactory. The electrical conductivity
and zT value of undoped a-Ag2S are only 0.1 S m�1 and 6.3 � 10�5
amic Society. This is an open access article under the CC BY-NC-ND license (http://
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[16], respectively, at room temperature. By alloying a certain
amount of isovalent Se or Te in Ag2S, the electrical conductivity
could be improved to 2.7 � 104 S/m and the zT value could be
improved to above 0.4 at 300 K [16e19]. However, most aliovalent
dopants like halogens, seems to be little or virtually non-functional
in improving the electrical transport properties [20]. The relatively
low doping efficiency of extrinsic n-type dopants for Ag2S poses a
significant challenge when attempting to enhance its electrical
transport properties.

To date, only a few theoretical studies based on density func-
tional theory (DFT) have been undertaken to elucidate the mech-
anism governing the electrical transport properties of a-Ag2S
[21,22]. Our recent work demonstrated that Ag interstitials, the
most favorable one among all native defects, play a crucial role in
the intrinsic n-type conduction of a-Ag2S [23]. The narrow and
even negative p-type dopability window suggests challenges in
achieving p-type doping [23]. Hence, manipulating the Ag inter-
stitial concentration in a-Ag2S is essential for enhancing its elec-
trical transport properties. DFT calculations for Se doped a-Ag2S
revealed that the formation energy of neutral Ag interstitials was
decreased with increasing Se concentration [16,24]. This phenom-
enon could lead to an increase in electron concentration and
electrical conductivity. However, the underlying mechanism
behind the donor-like behavior of Ag interstitials, connected to
electron concentration in isovalent Se or Te-doped Ag2S alloys,
remains elusive from both experimental and theoretical perspec-
tives. Furthermore, relatively little research has been focused on
defect calculations of extrinsic aliovalent doping in a-Ag2S.

In this study, we thoroughly examine the defect chemistry of
extrinsic doping in a-Ag2S by using standard DFT methods com-
bined with GW band-edge corrections. We have deliberately cho-
sen 17 substitutional dopants, including isovalent elements (e.g. Cu,
Se, Te), as well as donor-like aliovalent elements, such as alkaline
earth metals, transition metals, post-transition metals, and halo-
gens. The effect of Ag interstitials on electron concentration in the
isovalent Se and Te-doped Ag2S systems are also investigated. The
reductions in band gaps, coupled with the reduction in formation
energy of Ag interstitials in Se or Te-doped systems, lead to a sig-
nificant increase in electron concentration compared to pristine a-
Ag2S. The analysis of Voronoi volume, chemical bonding and crystal
symmetry confirms that the size effects in doped systems are
responsible for the more favorable Ag interstitials compared to
pristine Ag2S.
2. Methods

All DFT calculations were performed using the Vienna Ab initio
Simulation Package (VASP) code by utilizing the projector
augmented wave (PAW) method [25]. The generalized gradient
approximation (GGA) parameterized by Perdew, Burke and Ern-
zerhof (PBE) was employed for the exchange-correlation terms
[26]. van der Waals (vdW) forces were accounted by incorporating
the DFT-D3 correction with Becke-Johnson damping function [27].
The plane wave energy cutoff was set to 520 eV for all calculations.
A rotationally invariant Hubbard U on-site Coulomb corrections on
Ag 4d (U ¼ 3 eV), Cu 3d (U ¼ 7 eV) and transition metals 3d
(U ¼ 4 eV) orbitals were applied based on the previous studies
[23,28,29]. The monoclinic structure of a-Ag2S obtained from
experimental reference [14] (see Fig. S1) was fully relaxed with the
criteria detailed in our previous work [23].
2

2.1. Defect formation energies

To investigate the defect chemistry of extrinsic doping in a-
Ag2S, we calculate the formation energies of 17 substitutional
dopants including isovalent elements (e.g. Cu, Se, Te) and donor-like
aliovalent elements such as alkaline earth metals, transitionmetals,
post-transition metals, and halogens. The construction of all
defective supercell structures, based on the relaxed primitive cells
of monoclinic a-Ag2S, was accomplished using the Python charged
defect toolkit (PyCDT) [30]. The total energies of both the bulk and
all defect structures were computed within 3 � 2 � 2 supercells,
employing the PBE combinedwith vdWandHubbardU (denoted as
PBE-vdW-U) method. The PyCDT method, which employs an
effective and easily extendable approach known as the Interstitial
Finding Tool (InFiT) [31], was used to identify all possible interstitial
sites. The procedure systematically searches for potential intersti-
tial sites using coordination pattern-recognition capabilities
implemented in pymatgen [32]. Subsequently, we calculated the
total energies of all possible defective configurations using DFT.
Finally, we selected the most energetically favorable defective
configuration, including one Ag interstitial atom, to calculate the
formation energy of Ag interstitials. Comprehensive DFTcalculation
details can be referenced in our prior research endeavors [23]. The
formation energy for a charged point defect can be calculated using
[33].

Eformðd; qÞ ¼ Etotðd; qÞ � Etot;bulk þ
X
i

nimi þ qðeF þ EVÞ þ Ecorr

(1)

where Etotðd;qÞ, Etot;bulk, ni, mi, eF, EV and Ecorr are the total energy of
the defected structure in charge state q, the total energy of the bulk
Ag2S, the number of atoms i added (ni <0) or removed (ni >0), the
chemical potential of element i, the Fermi energy level referred to
the valence band maximum (VBM), the VBM level, and the
correction terms, respectively. The finite-size corrections were
implemented using the methodology developed by Freysoldt [34]
and applied through the utilization of PyCDT software. Indeed, the
calculations focused solely on monocharged donors or acceptors to
mitigate potential image charge errors. The single-shot quasipar-
ticle G0W0 calculations, based on ex-ante HSE06 calculations
(denoted as HSE06-G0W0), were employed to correct the band-
edge levels and band gaps for Ag2S, Ag2S0$875Se0.125 and
Ag2S0$875Te0.125. The HSE06 calculations were applied based on the
PBE-vdW-U ground state calculations. According to the calculated
band-edge values fromHSE06-G0W0, we applied a rigid shift to the
band edges of the three compounds obtained from the PBE-vdW-U
calculations.

In order to comprehend the influence of isovalent doping on the
carrier concentration of a-Ag2S, we have calculated the formation
energies of Ag interstitials and vacancies within the Se and Te-
doped systems. To preserve the monoclinic structures in the
doped systems, the concentrations of Se and Te are restricted to 1/8
based on experimental data. Initially, we establish a 1 � 2 � 1
supercell using the primitive cell of monoclinic Ag2S. Subsequently,
we replace one S atom with one Se or Te atom to achieve the 1/8
concentration. Finally, a 3 � 1 � 2 supercell is reconstructed based
on the fully relaxed 1� 2� 1 unit cell, effectively accommodating a
total of 144 atoms in the 3 � 2 � 2 supercell for pure Ag2S. The
defective structures including intrinsic Ag interstitials and va-
cancies in Se or Te doped systems are constructed with considering
all possible 91 configurations for Ag interstitials and 16 configura-
tions for Ag vacancies. Subsequently, for each of them, the most
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energetically stable defective structure is chosen for subsequent
calculations. The defective structures with Ag interstitials are
depicted in Fig. S2.

In order to elucidate the impacts of Ag interstitials for pure and
Se or Te-doped Ag2S contexts, various analyses were conducted.
The Voronoi volume, continuous symmetry measure (CSM), and
projected crystal orbital Hamilton populations (pCOHP) of Ag in-
terstitials were computed using the Ovito, Pymatgen, and LOBSTER
codes [32,35,36]. The Voronoi volume of a certain atom in space is
the smallest volume of the polyhedron formed by perpendicular
bisecting planes between the given atom and all other neighbors
[37]. Each atom is enclosed by the polyhedron, and its space is
allocated within it. Hence, a large Voronoi volume for an atom in-
dicates not only a spacious environment around the atom but also a
significant distance from its neighboring atoms. The CSM of the
original structure is a normalized root-mean-square deviation from
the closest structure exhibiting the desired symmetry [38]. It
functions as a distance measure, seeking the end point not towards
a preset reference structure but toward a specified symmetry
requirement. When a structure possesses the desired space group
symmetry (G-symmetry), the continuous symmetry measure
(CSM) equals to 0. The CSM value increases as the structure deviates
from the G-symmetry, reaching its maximum value. The
integrated �pCOHP (�IpCOHP) values are computed within a 4 Å
cutoff distance between the Ag interstitial atom and anions, as
illustrated by the coordination structures shown in Fig. S3. These
values are aggregated to yield an absolute value of total �IpCOHP,
which is used to characterize the cumulative bonding effects.
Moreover, band-structure calculations for both the pure Ag2S sys-
tem and the Se and Te-doped variants were executed using the
HSE06 method. Additionally, an effective mass calculation from the
electronic structure was performed using the Effmass code [39].

2.2. Chemical potentials

Utilizing the formula mi ¼ m0i þ Dmi, the chemical potential mi is
ascertained through the combination of the constituent i's refer-
ence value in the standard phase (m0i ) and the deviation (Dmi). In
conditions of equilibrium growth, the chemical potentials need to
be regulated in a way that ensures the stability of Ag2S by pre-
venting the precipitation of elemental substances in their pure
form as well as other competitive compounds, especially when
extrinsic dopants are introduced [40]. Therefore, the chemical po-
tentials should satisfy the limitation 2DmAg þ DmS ¼ DHformðAg2SÞ,
where DmAg � 0 and DmS � 0. The chemical potentials including
reference values in the standard phase and those at both Ag or S-
rich conditions of Ag, S, and the dopants were calculated using the
PBE functional, considering the vdW effect. The vdW effect was
described by the DFT-D3 correction with Becke-Johnson damping
function. The Hubbard U corrections on Ag 4, Cu 3d and transition
metals 3d orbitals were applied. Additionally, we analyzed themost
stable phase for each dopant under consideration. Regarding
extrinsic dopants, our approach involved preventing the excessive
precipitation of competing compounds, as outlined in the Supple-
mentary Information (see Table S1).

2.3. Doping limits and carrier concentration

Using the defect formation energies as a basis, we computed the
self-consistent Fermi level along with the carrier concentrations for
both pure Ag2S and the doped systems. The defect concentrations
at specific temperatures were calculated through a self-consistent
approach, maintaining charge neutrality [41]. This is denoted as
follows:
3

X
dq

h
qNde

�Eformðd;qÞ=kBT
i
þ p� n ¼ 0 (2)

where the sum runs over all defects dq, Nd is the site concentrations
where defects can emerge, kB is the Boltzmann constant, T is the
temperature, and p and n are the concentrations of holes and
electrons, respectively. p and n are expressed as

p ¼
ðVBM
�∞

gðEÞ½1� fðEÞ�dE (3)

n ¼
ð∞
CBM

gðEÞf ðEÞdE (4)

where f ðEÞ is the Fermi-Dirac distribution and gðEÞ is density of
states (DOS). CBM stands for conduction band minimum. The
charge neutrality equations were resolved through a numerical
algorithm [42]. The DOS was obtained using the standard PBE-
vdW-U method, with band edges adjusted according to HSE06-
G0W0 corrections.

3. Results and discussion

3.1. Extrinsic dopants in a-Ag2S

To achieve n-type doping in a-Ag2S, one should theoretically
consider introducing doping elements with more valence electrons
compared to those of the original lattice elements to be substituted.
In this work, we have chosen 17 substitutional dopants, including
alkaline earth metals, transition metals, and post-transition metals,
which are introduced at the Ag sites, and halogens and chalcogens
that are strategically placed at the S sites. It is found that substi-
tutional Al, Ga, Mg, Ca, Sc, Ti, V, Ni, Zn display high formation en-
ergies at both Ag-rich and S-rich conditions (See Fig. 1). At the Ag-
rich condition, substitutional Co demonstrates similar donor-like
traits as the intrinsic Ag interstitial (see Fig. 1c). However, at the
S-rich condition, its formation energy increases to the values
comparable to those of substitutional V and Zn (see Fig. 1d). At both
Ag-rich and S-rich conditions, substitutional Mn at the Ag sites and
halogens at the S sites exhibit similar donor-like characteristics as
the intrinsic Ag interstitials (see Fig. 1). Particularly, the formation
energies of substitutional Cr and Br are slightly lower than those of
the intrinsic Ag interstitials. Shifting our focus to the isovalent
dopants (Cu, Se, and Te), it becomes apparent that substitutional Se
and Te at S sites have considerably lower formation energies,
whereas substitutional Cu at Ag sites have high formation energies
at both Ag-rich and S-rich conditions. These observations are
consistent with the experimental findings [16e20,43e45].

Based on the formation energies of n-type dopants and isovalent
dopants discussed above, we calculate the doping limits of extrinsic
dopants and the electron concentrations in doped a-Ag2S at 300 K.
The results are depicted in Fig. 2. The calculated self-doping limits
of Ag interstitials in pure a-Ag2S at room temperature is
2.9 � 10�4% and 6.4 � 10�4% at S-rich and Ag-rich conditions,
respectively. The corresponding electron concentration is
8.0 � 1014 cm�3 and 9.4 � 1016 cm�3 at S-rich and Ag-rich condi-
tions, respectively. Among the various n-type dopants, only Mn, Co,
and halogens demonstrate relatively high doping limits and slightly
increased electron concentration in comparison to pristine a-Ag2S
(see Fig. 2a and b). The maximum achievable electron concentra-
tion is about 3.0 � 1017 cm�3 in Cl-doped Ag2S, which, however, is
still much lower than the optimal value for thermoelectrics [46]. All
other n-type dopants exhibit even lower doping limits, leading to
the electron concentrations primarily governed by the intrinsic Ag



Fig. 1. Formation energies of extrinsic dopants (denoted as XAg or XS, in this notation, “X” represents the dopants, while the subscript represents the original lattice sites that are to
be replaced) as a function of Fermi energy for a-Ag2S. Formation energies of isovalent elements (e.g. Cu, Se, Te) and donor-like aliovalent elements (including alkaline earth metals,
post-transition metals, and halogens) at (a) Ag-rich and (b) S-rich conditions. Formation energies of donor-like aliovalent elements (transition metals) at (c) Ag-rich and (d) S-rich
conditions. The line slope is equal to the defect charge state (þ1 for donors and �1 for acceptors). The positions of VBM and CBM are denoted by the vertical dotted lines in each
figure. The formation energies of intrinsic Ag interstitials (denoted as Agi) and vacancies (denoted as VacAg) in pristine a-Ag2S are plotted for comparison. For the sake of clarity, we
categorize extrinsic dopants into two sets: (a) and (c) for Ag-rich conditions, and (b) and (d) for S-rich conditions.

Fig. 2. (a) Doping limits of extrinsic n-type dopants in a-Ag2S. The orange and green dashed lines represent the self-doping limits of intrinsic Ag interstitials at Ag-rich and S-rich
conditions, respectively. (b) Electron concentration caused by extrinsic dopants and intrinsic Ag interstitials and vacancies in a-Ag2S. The dashed lines represent the electron
concentration caused by intrinsic defects in pristine a-Ag2S. Note that the impact of extrinsic doping on intrinsic defects is not considered here. All data were computed at a
temperature of 300 K.
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interstitials. It is worth noting that the doping limits for isovalent
dopants Se and Te are significantly higher compared to other
dopants, primarily due to their relatively low formation energies.
While isovalent dopants may not directly contribute excess elec-
trons or holes to the host materials, they can still exert an influence
on native defects, thereby impacting the electrical transport
properties. This aspect will be furtherly explored in the upcoming
section (refer to Section 3.2).
3.2. Main native defects in the Se and Te-doped Ag2S

Based on the above analysis of extrinsic doping in a-Ag2S, it
becomes evident that the doping efficiencies of these 14 dopants
are insufficient in achieving enhanced TE performance for a-Ag2S.
The efficiency of an extrinsic dopant is limited by several factors.
First, the formation energy of an extrinsic dopant is the critical
limiting factor, which determines the dopant solubility. If the for-
mation energy of the dopant turns out to be high, the extra carriers
provided by the dopant is insignificant compared to the intrinsic
carrier concentration. Second, the formation energy of native de-
fects may be altered due to the extrinsic doping. As a result, the
concentration of free carriers resulting from native defects could be
changed even if the extrinsic dopants don't provide extra carriers.
Third, when the dopability window is narrow, the carriers gener-
ated by the dopant may be compensated by the native opposite
carriers [47,48]. According to our previous study, intrinsic Ag in-
terstitials function as the primary donors, whereas Ag vacancies
serve as the dominant acceptors in the pristine a-Ag2S [23]. Addi-
tionally, the results for formation energies and doping limits indi-
cate that isovalent dopants Se and Te are themost favorable choices
for a-Ag2S compared to other dopants. Therefore, we investigate
the influence of isovalent Se and Te doping on the formation of Ag
interstitials and vacancies within a-Ag2S. To maintain the mono-
clinic structures in the doped systems, Se and Te concentrations are
limited to 1/8, as supported by experimental data. For a more
detailed procedure, please refer to the Method section.

Building upon our prior research, the band gap and band-edge
values play a pivotal role in defect calculations, particularly in
discerning the type of carrier conduction [23]. Hence, we have
computed the band gap and band-edge values for Se and Te-doped
Ag2S systems (referred to as Ag2S0$875Se0.125 and Ag2S0$875Te0.125),
utilizing the methodology established in our prior study [23]. The
obtained results are presented in Table 1. It is found that HSE06-
G0W0 correction based on PBE-vdW-U method can open the gap
values for Ag2S0$875Se0.125 and Ag2S0$875Te0.125, as documented in
our previous study for pure Ag2S [23]. The obtained band-gap
values for Ag2S0$875Se0.125 and Ag2S0$875Te0.125 are 0.4943 eV and
0.3321 eV, respectively, both of which are lower than that of pris-
tine Ag2S (0.6057 eV). Moreover, after doping Se/Te in Ag2S, the
CBM level is decreased by 0.2134 eV and 0.0820 eV in
Ag2S0$875Se0.125 and Ag2S0$875Te0.125, respectively, which is benefi-
cial for improving electron concentration in the Se or Te doped
systems compared to pure Ag2S.

Fig. 3 illustrates the formation energies of Ag interstitials and
Table 1
VBM positions (eV) and band gaps (Eg, eV) of pure Ag2S, Ag2S0$875Se0.125 and
Ag2S0$875Te0.125 calculated by different methods. Note that HSE06-G0W0 corrections
are applied based on the standard PBE-vdW-U methods.

Methods Ag2S Ag2S0$875Se0.125 Ag2S0$875Te0.125

Eg (eV) VBM (eV) Eg (eV) VBM (eV) Eg (eV) VBM (eV)

PBE-vdW-U 0.0202 6.7899 0.0596 6.6584 0.0527 7.0151
HSE06-G0W0 0.6057 6.4072 0.4943 6.3052 0.3321 6.5988
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vacancies in the pure Ag2S, Ag2S0$875Se0.125 and Ag2S0$875Te0.125.
The charge state of a specific defect depends on the position of the
Fermi level. Generally, the cation vacancy should exhibit acceptor-
like characteristics. However, when the Fermi level is very close to
or below the valence band maximum, the system is under p-type
heavily doped conditions and the chemical potential of the elec-
trons near Ag vacancy is very high [6,49,50]. Consequently, the Ag
vacancy could supply electrons and exhibit donor-like character-
istics. The formation energies of Ag interstitials are reduced upon
Se or Te doping in Ag2S at both Ag-rich and S-rich conditions. The
alterations in band gaps, band-edge positions, and particularly the
formation energies of Ag interstitials result in a downward and
right shifting of the crossing point between the donor and acceptor
lines in Se or Te doped systems. For example, at Ag-rich condition,
the formation energy of Ag interstitial at the crossing point is
0.3295 eV for Ag2S, which is reduced to 0.2512 eV in
Ag2S0$875Se0.125 and 0.1053 eV in Ag2S0$875Te0.125 (see Fig. S4).
Particularly, the crossing points of Se or Te doped systems have
been shifted into the conduction band at Ag-rich condition. This
shift makes the Fermi level move closer to the CBM and leads to an
increase of electron concentration in Se or Te-doped systems.

To examine the effect of disordered atomic sites of isovalent
dopants on native defect formation in the Ag2S-based alloy, we
constructed a fully disordered supercell for the Ag2S0$875Se0.125
alloy by utilizing the special quasirandom structures (SQS) method
[51,52] with the ATAT code [53]. Then we calculated the total en-
ergies for all possible configurations (586 configurations) of
defective structures containing one Ag interstitial atom. As can be
seen the total energy varies in large range due to the different local
environments in the alloy. We further calculated the formation
energies of Ag interstitials for five configurations with low total
energies. As shown in Fig. 4, the formation energies of Ag in-
terstitials of Ag2S0$875Se0.125 alloy are lower than those in pure Ag2S
under both Ag-rich and S-rich conditions, in line with the obser-
vations in the ordered Ag2S0$875Se0.125. Moreover, it should be
noted that among the 586 configurations, the Ag interstitials near
Se exhibit a low formation energy, while those situated far from Se
display significantly higher formation energy. These findings sup-
port the idea that the introduction of Se or Te in Ag2S is conducive
to the formation of Ag interstitials and validate the realiability of
defect caclulations based on ordered anion configuraions.

Fig. 5 displays the calculated electron concentrations for the
pure Ag2S, Ag2S0$875Se0.125 and Ag2S0$875Te0.125. It is found that
doping Se or Te at the S sites leads to a substantial increase in the
electron concentration, spanning several orders of magnitude, at
both Ag-rich and S-rich conditions. At room temperature, the
electron concentration of Ag2S0$875Se0.125 reaches 2.36 � 1018 cm�3

and 1.16 � 1017 cm�3 at Ag-rich and S-rich conditions, respectively.
Notably, the electron concentration of Ag2S0$875Te0.125 even ach-
ieves 6.99 � 1019 cm�3 and 9.25 � 1017 cm�3 at Ag-rich and S-rich
conditions, respectively. The obtained electron concentrations are
in accord with the experimental data [9,15,16,44], confirming the
reliability of our calculations. Overall, among all the extrinsic
dopants explored in this study, the isovalent dopants Se and Te are
proved to be more efficacious in achieving elevated electron con-
centrations in Ag2S. These findings offer valuable guidance for the
rational design of Ag2S chemical analogs.

3.3. Bonding & symmetry analyses of Ag interstitials

The more favorable Ag interstitials in Se or Te-doped Ag2S can
effectively enhance the electron concentration. To investigate the
structural stability of Ag interstitials in Se or Te-doped systems, we
analyze the Voronoi volume of the Ag interstitial atom, the bond
strength between the Ag interstitial atom and the surrounding



Fig. 3. Formation energies of Ag interstitials and vacancies as functions of Fermi energy for pure and Se or Te-doped Ag2S. Formation energies at the Ag-rich condition for pure Ag2S
(a), Ag2S0$875Se0.125 (b) and Ag2S0$875Te0.125 (c). Formation energies at the S-rich condition for pure (d), Ag2S0$875Se0.125 (e) and Ag2S0$875Te0.125 (f). Band gaps are denoted as Eg. Note
that we didn't plot the neutral charged VacAg for Ag2S and Ag2S0$875Se0.125 because its formation energy is higher than that of donor or acceptor-like VacAg.

Fig. 4. (a) Total energy differences of 586 configurations for the Ag2S0$875Se0.125 alloy with one Ag interstitial. (b) Formation energy of Ag interstitials in pure Ag2S, ordered and
disordered configurations of Ag2S0$875Se0.125. (ceg) Five configurations of disordered Ag2S0$875Se0.125 with one Ag interstitial atom. (h) Pure Ag2S with one Ag interstitial atom.
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anions (described by �pCOHP), and the local structural distortion
(described by CSM) for the pure Ag2S, Ag2S0$875Se0.125 and
Ag2S0$875Te0.125. Notably, the doping of Se or Te into Ag2S leads to an
6

increase in the Voronoi volume of Ag interstitial atoms, aligning
with changes in ionic radius (see Fig. 6a). The rise in Voronoi vol-
ume of the Ag interstitial atom naturally leads to an expansion of



Fig. 5. Calculated electron concentrations for pure Ag2S (a), Ag2S0$875Se0.125 (b), and Ag2S0$875Te0.125 (c) as a function of temperature. The experimental data of Ag2S0$9Se0.1,
Ag2S0$7Se0.3, and Ag2S0$8Te0.2 are included for comparison [9,15,16,44].

Fig. 6. Voronoi volumes of the Ag interstitial atom (a) and summation of integrated pCOHP (denoted as total �IpCOHP) between the Ag interstitial and the surrounding anions (b) in
the 3 � 2 � 2 supercells for pure Ag2S, Ag2S0$875Se0.125 and Ag2S0$875Te0.125. (c) Discrepancies in Voronoi volume and total �IpCOHP of the Ag interstitial within Ag2S0$875Se0.125 and
Ag2S0$875Te0.125 compared to those in pure Ag2S. Note that IpCOHP values are counted within a cutoff distance of 4 Å between the Ag interstitial and anions. Continuous symmetry
measure (CSM) of Ag atoms in defective structure with one Ag interstitial atom incorporated for (d) pure Ag2S (red), (e) Ag2S0$875Se0.125 (green) and (f) Ag2S0$875Te0.125 (blue).
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the distance between the Ag interstitial atom and anions. Conse-
quently, a decreased value in the total �IpCOHP is observed for Se
or Te-doped system compared to the pure Ag2S (see Fig. 6b).
However, the Voronoi volume increases by 6.33% in Ag2S0$875Se0.125
and by 10.97% in Ag2S0$875Te0.125, while the total �IpCOHP only
decreases by 2.60% in Ag2S0$875Se0.125 and by 3.16% in
Ag2S0$875Te0.125 (see Fig. 6c). Therefore, it can be inferred that the
volume expansion induced by Se or Te doping is a crucial factor
favoring the formation of Ag interstitials in doped systems. Hence,
the observed size effects, representing the variation in the local
atomic volume for each atom between pure Ag2S and Se or Te-
doped systems, account for the enhanced favorability of Ag in-
terstitials. It also can be found that doping 1/8 concentration of Se
in Ag2S results in a lattice expansion for both ordered and disor-
dered Ag2S0$875Se0.125 compared to pure Ag2S (Table S2). This lat-
tice expansion enlarges the space available for interstitial sites,
thereby promoting the formation of Ag interstitials. We have also
calculated the Voronoi volumes for all atoms in pure Ag2S,
including 97 Ag cations and 48 anions, as well as in ordered and
disordered Ag2S0$875Se0.125. The Voronoi volumes of Se atoms in
both ordered and disordered Ag2S0$875Se0.125 are significantly
7

higher than those of S atoms at the corresponding sites in pure
Ag2S. Moreover, the Voronoi volume of certain Ag atoms in both
ordered and disordered Ag2S0$875Se0.125 exceed those at similar
sites in pure Ag2S, as shown in Fig. S5. The expansion of Voronoi
volumes suggests an enlargement of the local space in Se-doped
systems, which can facilitate the formation of Ag interstitials,
consistent with our results from formation energy calculations.

The CSM calculations indicate that the introduction of an addi-
tional interstitial Ag in Ag2S leads to structural distortions for Ag
atoms at lattice sites, as depicted in Fig. S6. However, upon the
introduction of extra Ag interstitials, the structural distortions of Ag
atoms in Ag2S0$875Se0.125 and Ag2S0$875Te0.125 are slightly lower
than those in pure Ag2S (see Fig. 6def and Fig. S7). Particularly, the
CSMs of certain Ag atoms in Ag2S0$875Se0.125 and Ag2S0$875Te0.125
(highlighted with dotted boxes in Fig. 6) are even less pronounced
than those in pure Ag2S. This phenomenon contributes to the
enhanced structural stability observed in Se or Te-doped systems
with Ag interstitials. It should be noted that directly observing Ag
interstitial atoms in experiments is very challenging. Nevertheless,
experimental results have demonstrated that the electron con-
centration of the system was significantly increased when Se or Te
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was added to Ag2S [16,44]. This indirectly suggests that the Ag in-
terstitials are more favorable and the structural stability is
improved in Se or Te-doped systems.

The increased favorability of Ag interstitials, coupled with the
reduction in their formation energies, contributes to the enhanced
electron concentrations observed in Se or Te-doped systems
compared to pure Ag2S. Moreover, we employed HSE06 method to
calculate the band structures for pure Ag2S, Ag2S0$875Se0.125 and
Ag2S0$875Te0.125 (as shown in Fig. S8). The resulting effective masses
near the CBM are nearly identical in all three compounds (as seen in
Table S3). This finding suggests that doping 1/8 Se or Te at the S
sites in a-Ag2S can effectively enhance the electron concentration,
while it has no impact on properties related to effective mass.

4. Conclusions

To summarize, we conducted first-principles calculations to
investigate the defect chemistry associated with extrinsic doping in
low-temperature a-Ag2S. Among the 17 dopants tested, the iso-
valent substitution of Se and Te at the S sites exhibit notably low
formation energies in a-Ag2S. In contrast, other dopants display
relatively high formation energies and rather low doping limits.
Doping Se or Te into Ag2S results in a substantial increase in elec-
tron concentration, which is primarily attributed to the reductions
in band gaps, coupled with the lower formation energies and the
enhanced favorability of Ag interstitials in Se and Te-doped sys-
tems. The analyses of Voronoi volume, chemical bonding and
symmetry affirm that the size effect in doped systems is account-
able for the heightened favorability of Ag interstitials compared to
pristine Ag2S. This study uncovers the fundamental mechanism of
defect chemistry in extrinsic doping for a-Ag2S, providing valuable
insights for the strategic design of Ag2S chemical analogs.
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