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Toward dopant-free transparent electronics:
CuzSiS, as a stable intrinsic p-type conductor
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ABSTRACT

Traditional transparent conductive materials rely on extrinsic doping of wide bandgap semiconductors, a route that faces thermodynamic
limits for p-type systems. Here, an inverse strategy is adopted: start with an intrinsically high hole density sulfide and engineer its bandgap
for optical transparency. By isovalent Sn — Si substitution in the p-type semiconductor Cu;SnS,, we obtain orthorhombic Cu;SiS,. First-
principles calculations find the Fermi level 0.65 eV below the valence band maximum while retaining a wide 2.94 eV fundamental gap, so
40 nm thin films transmit 80% of visible light. Thermodynamic and kinetic stability analyses confirm its chemical stability, indicating that
Cu;SiS, should be a highly promising candidate for high-performance intrinsic p-type transparent conductive materials.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0318074

Transparent conductive materials (TCMs), as the core functional
layer of optoelectronic devices, play an indispensable role in fields
such as display technology, photovoltaic devices, and sensors."” Ideal
TCMs should simultaneously possess high light transmittance
(typically > 80%) in the visible light range and low resistivity
(<10~* Q cm), meeting the seemingly contradictory properties of opti-
cal transparency and excellent electrical conductivity.”* According to
the type of majority carriers, TCMs are mainly classified into p-type
and n-type. Currently, most high-performance TCMs are n-type, such
as Sn-doped In,O3 (ITO),” Al-doped ZnO (AZO),” and F-doped SnO,
(FTO).” As an example, ITO exhibits an electrical conductivity of up
to ~10* Scm ™" while maintaining a transmittance of approximately
80% in the visible light range. Therefore, the compound is widely used
in modern display devices such as liquid crystal displays and touch
screens.” ' By contrast, the performance parameters of p-type TCMs
are significantly inferior to those of n-type counterparts. Existing
studies have shown that the highest-performance p-type TCM is Mg-
and N-codoped CuCrO,, with a p-type electrical conductivity of
278 Scm™" and a visible light transmittance of 69%.'” The perfor-
mance gap between p-type and n-type TCMs has greatly restricted
the construction of full- TCM-based electronic devices. If high-
performance p-type and n-type TCMs can be synchronously devel-
oped and then transparent p-n junctions can be constructed, it is

expected to be used for fabricating transparent transistors, thereby
advancing the era of transparent electronic devices. Therefore, high-
performance p-TCMs have become one of the key technical bottle-
necks in the current field of transparent optoelectronics.

Traditionally, TCMs are engineered by introducing defects into
wide bandgap (E) semiconductors that remain transparent in the visi-
ble range. However, the intrinsic limitations of defect physics hinder
the achievement of high carrier concentrations. These constraints
make it challenging to identify host materials that offer both a wide E,
and strong doping tolerance, while at the same time avoiding carrier
compensation and structural distortion."” ' To address the issues,
Zunger et al. proposed an innovative design concept in the field of
TCMs in 2015."° By reconstructing the underlying physical design
principles of TCMs, they put forward the concept of “intrinsic trans-
parent conductors (ITCs),” which provides a new approach for break-
ing the bottleneck in this field. In contrast to conventional approaches,
this design strategy starts with opaque conductors featuring intrinsi-
cally high carrier concentrations, and then imparts optical transpar-
ency to these materials via band structure engineering—thus realizing
the characteristic of “intrinsic transparent conductivity” in a dopant-
free manner. For ITCs, two key conditions must be satisfied: first, in
their electronic structure, a sufficiently wide “transparent window”
(Ega) must exist below (for n-type materials) or above (for p-type
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materials) the Fermi level (Eg) to ensure that interband transitions
within this window do not significantly absorb visible light; second, the
plasmon frequency (w,,) of the material must be sufficiently low (e.g.,
much lower than that of metal Al, ~15eV/h) to suppress the light
reflection effect caused by free carriers. In this way, the material can
effectively guarantee optical transparency while maintaining a high
carrier concentration. Based on this approach, Zunger et al. predicted
the n-type ITC Ag;AL,O3,4, but they have not yet put forward an ideal
intrinsic p-type counterpart.’” Subsequently, Wei et al. further pro-
posed shifting the research direction of TCM from “semiconductor
doping” to “metal-regulated transparency.” Through the synergetic
effect of manipulating the symmetry and spatially distributed forbid-
den transitions between energy bands around the Ep, the matrix ele-
ments of carrier transitions can be modulated, ultimately achieving
optical transparency while retaining the high electrical conductivity
(without doping)."® They took the zero-dimensional electride
K4AlL;(SiO,); as a paradigm to conduct theoretical analysis and perfor-
mance verification, demonstrating that it possesses both ultraviolet
transparency and metallic conductivity. Through isovalent element
substitution combined with high-throughput calculations, they
screened out 14 potential intrinsic dopant-free TCMs. These materials
all exhibit good electrical conductivity, visible light transparency, and
stability, but again display only n-type conductivity.

As depicted in Fig. 1, the key requirements for the band structure
of intrinsic p-type TCMs can be derived from the band structure inver-
sion of intrinsic n-type systems. Guided by these criteria and the inno-
vative works'””'* on intrinsic n-type TCMs, the exploration of intrinsic
p-type TCMs should first involve screening suitable intrinsic p-type
conductors with good stability, and then be followed by targeted opti-
mization of their optical properties; in this process, good p-type con-
ductive characteristics can be maintained while enhancing visible light
transmittance, thereby obtaining intrinsic p-type TCMs with outstand-
ing comprehensive performance. In fact, in relevant papers integrating
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experimental and theoretical research, some materials have exhibited
intrinsic p-type conductor characteristics: their experimental test data
confirm p-type conductive behavior, and first-principles calculations
show that the Fermi levels of these materials are located below the
valence band maximum (VBM) and within the valence band, indicat-
ing that the system has formed a stable hole-dominated conduction
mechanism.'”*’ For example, CuzSnS, is often reported as a degener-
ate p-type semiconductor. Hall effect experimental measurements
show that it has a high carrier concentration (~6 X 10*'cm™) and
low resistivity (3.5-7.4 x 10°* Qcm).”"** First-principles calcula-
tions”’ based on hybrid density functional indicate that its Eg is located
below the VBM, suggesting a high density of holes in the system. The
calculated band structure reveals a direct Eg of about 0.9eV at the I
point above the Eg, which is consistent with the absorption onset at
roughly 1.0 eV in the optical absorption spectrum. Although Cu;SnS,
exhibits excellent p-type conductivity, its narrow E™ results in signifi-
cant absorption of photons in the visible light range, making it hard to
maintain visible light transparency. Homovalent element substitution
is a widely used method for adjusting the band structure of materi-
als.”"”" To increase the width of the E, above its Eg, replacement of Sn
with Ge and Si (which have smaller atomic radii) is expected to raise
the conduction band energy level, increase the Eg width, effectively
expand the E;*, and thus improve the visible light transparency, as
shown in Fig. 1. Currently, there are no experimental reports on
Cu3GeS, and CusSiS,. However, in the crystal structure databases
Atomly”” and OQMD, * established by high-throughput calculations,
both Cu;GeS, and CusSiS, are shown to be thermodynamically stable
compounds. Nevertheless, the calculations of these databases are all
based on the generalized gradient approximation functional, which
usually underestimates the E, width of materials, making it difficult to
accurately judge their visible light transparency.”’

In this work, we investigate the electronic and optical properties
of CusIVS, (IV=Si, Ge, and Sn) based on first-principles density
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functional theory (DFT) calculations using a hybrid functional
approach. These compounds all exhibit intrinsic p-type conductivity,
with their valence band maxima arising from Cu-d and S-p antibond-
ing states. Substituting the group-IV element from Sn to Ge to Si pro-
gressively widens the E, above the Fermi level, thereby expanding the
optical transparent window. Notably, Cu;SiS,; shows a significantly
reduced absorption in the visible range, achieving ~80% transmittance
at 40 nm thickness, while maintaining high p-type conductivity. Its
thermodynamic and kinetic stability is also confirmed. These results
demonstrate the potential of Cu;SiS, as an intrinsic p-type transparent
conductor and illustrate how compositional tuning can synergistically
optimize electronic and optical properties for targeted material design.

As the starting point of our investigation, the parent compound
CuzSnS4 has been confirmed by previous experiments”** to possess
outstanding p-type conductivity. However, its narrow E™ restricts its
visible light transparency.'® To address this limitation, we employ the
isovalent substitution strategy (replacing Sn with Ge and Si) to regulate
the band structure. Since the electronic properties are intrinsically
determined by the crystal symmetry, identifying the ground-state
structure is the prerequisite for our study. It has been reported that
Cu;SnS, can form three crystal structures, namely tetragonal (space
group: I42m), orthorhombic (space group: Pmn2,), and cubic (space
group: P43m); see Fig. S1 in the supplementary material. Based on
this, the objective of our study is to replace Sn with Ge and Si, aiming
to analyze their regulatory mechanism on the band structure, examine
the improvement effect of the material’s visible light transparency,
explore the phase structure stability of the new compounds, and ulti-
mately evaluate their feasibility as intrinsic p-type TCMs. According to
the calculated total energies of three crystal structures for CusIVS,
compounds presented in Table I, the tetragonal phase of Cu3SnS, has
the lowest energy and is the most stable structure. The energies of the
orthorhombic and cubic phases are 10.7 and 8.6 meV/atom higher
than that of the tetragonal phase, respectively, which is consistent with
the conclusions on phase structure stability reported in previous
experiments.”'” Similarly, the tetragonal phase is the most stable for
Cu;GeS,, with the orthorhombic and cubic phases having energies 7.0
and 7.6 meV/atom higher than it, respectively. In contrast, the most
stable structure of CusSiS, shifts to the orthorhombic phase, and the
energies of the tetragonal and cubic phases are 6.7 and 3.8 meV/atom
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higher than that, respectively. The trend of stable crystal structure
types of the aforementioned compounds is consistent with the crystal
structures recorded in the Atomly crystal database.”” The key mecha-
nism underlying this structural difference is that the small ionic radius
of Si** induces significant contraction of its tetrahedral coordination
environment, which in turn enhances overall crystal distortion and
impairs structural order. Ultimately, the crystal can only relieve inter-
nal stress through a distorted structure. In contrast, Ge*' and Sn*t
exhibit better radius compatibility with Cu™, thereby facilitating the
formation of high-symmetry crystal structures.”* >

Figures S2 and S3 in the supplementary material present the par-
tial density of states (PDOS) and crystal orbital overlap population
(COOP) of tetragonal and orthorhombic CusIVS,, respectively. As can
be seen from the figures, the Eg crosses the top of the valence band,
exhibiting typical p-type conductivity characteristics. The analysis
combining PDOS and COOP reveals that the distribution of PDOS
and bonding characteristics of the two-phase structures are basically
consistent: the top of the valence band is mainly composed of the anti-
bonding states of Cu-d and S-p, while the bottom of the conduction
band is dominated by the antibonding states of IV-s and S-p.
Figures 2(a)-2(c) and 2(d)-2(f) present the fatband diagrams of tetrag-
onal and orthorhombic Cu3IVS,, respectively. The results indicate that
the band structures of all systems exhibit p-type conductivity charac-
teristics. Specifically, the E, widths (i.e., Ega) above the Ep. for tetrago-
nal CuzSnS,, CusGeS,;, and CusSiS, are 1.23, 1.87, and 3.00eV,
respectively. With the IV-group element substituted sequentially from
Sn to Ge and Si, the conduction band minimum (CBM) shifts toward
the higher energy region, and the E; width gradually increases. This
trend can be explained by the variation characteristics of atomic orbital
energy levels, bonding modes, and bond strength: the Si-S bond is the
shortest with the strongest bonding interaction, while the Sn-S bond is
the longest (Table SI). Since the CBM of CusSiS, is composed of the
anti-bonding states of Si-s and S-p, these anti-bonding states are
pushed to a higher energy position, thereby leading to an increase in
the E, width. The E, widths of orthorhombic CusSnS,, CusGeS,, and
CusSiS, are 1.21, 1.84, and 2.94eV, respectively, which are slightly
smaller than those of their corresponding tetragonal phases. This is
mainly attributed to the lower structural symmetry of the orthorhom-
bic phase: the elongation of certain IV-S bond lengths (Table SI in the

TABLE I. Calculated lattice parameters, unit cell volumes [A® per molecular formula (m.f.)], and relative total energies (meV/atom) of CuslVS, in three crystal phases. Energies
are referenced to those of the tetragonal phase, with boldface denoting the energy value of the most stable crystal phase for each compound.

Lattice parameters

Compounds Phases a(A) b (A) c(A) Volume (A*/m.f) AE,; (meV/atom)
Tetragonal 5.199 5.199 10.470 141.520 0
Cu;SiS, Orthorhombic 7.171 6.427 6.139 141.466 —0.67
Cubic 5214 5214 5214 141.760 3.8
Tetragonal 5.246 5.246 10.596 145.827 0
CusGeS, Orthorhombic 7.289 6.479 6.190 146.153 7.0
Cubic 5.266 5.266 5.266 146.071 7.6
Tetragonal 5.330 5.330 10.926 155.214 0
CusSnS, Orthorhombic 7.502 6.572 6.308 155.493 10.7
Cubic 5.381 5.381 5.381 155.787 8.6
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FIG. 2. The calculated fatband plots of CuslVS, in tetragonal (a)—(c) and orthorhombic (d)—(f) phases. Red, purple, green, orange, and blue points represent electronic state
contributions from Cu-d, Si-s, Ge-s, Sn-s, and S-p orbitals, respectively. Point size reflects the weight of orbital contribution to the band density of state.

supplementary material) weakens the bonding interaction, which in
turn induces a slight downward shift of the CBM and a minor reduc-
tion in the E,. It can be seen that substituting Sn with Ge and Si ele-
ments can gradually widen the E, above the Ep, and the E, widening
effect is particularly pronounced after Si substitution, which has basi-
cally met the requirement for visible light transmission. Therefore,
CusSiS; not only possesses the widest EM but also forms a hole
transport channel near the Er. Additionally, its intra-band absorption
(Efg‘“) occurs below a photon energy of 0.65e¢V (Table SII in the
supplementary material), making it a promising candidate for high-
performance intrinsic p-type TCMs.

Building on the aforementioned performance advantages, we will
next conduct in-depth studies on the optical properties and structural
stability of the lowest-energy orthorhombic CusSiS,, aiming to clarify

~
oo
~

(®)100

its prospects for experimental development as an intrinsic p-type
TCM. As shown in Fig. 3(a), within the visible light spectrum (380-
780 nm), the optical absorption coefficient of orthorhombic CusSiS,
remains consistently low, all below 2 x 10*cm ™. Furthermore, we
also evaluated the optical anisotropy; however, the anisotropic behav-
ior is negligible within the visible light region, with discernible differ-
ences appearing only in the longer wavelength range (Fig. S5). This
absorption directly reflects the material’s response to photon energy,
where a low absorption coefficient implies photons are less likely to be
absorbed, thereby reducing light intensity attenuation while traversing
the material. As illustrated in Fig. 3(b), when the material thickness is
controlled at approximately 40nm, its visible light transmittance
reaches around 80%. Such optical transparency meets the basic
requirements for high-performance TCMs.”' The high transparency of
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FIG. 3. The calculated absorption coeffi-
cient (a) of orthorhombic CusSiS, and
optical transmittance spectra (b) of ortho-
rhombic  CuszSiS, films with different
thicknesses.
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FIG. 4. (a) The allowable ranges (light yellow area) on the relative chemical potential of each element for a stable orthorhombic Cu;SiS, with respect to other competing com-
pounds. (b) The calculated phonon-dispersion spectra of orthorhombic Cu3SiS,. (c) Total energies of orthorhombic CuSiS, as a function of time during the AIMD simulation at

300, 400, and 500 K.

orthorhombic Cu;SiS, is mainly attributed to the wide E;* associated

with its unique band structure: the wide energy gap between the Eg
and the CBM effectively suppresses the visible light absorption corre-
sponding to interband transitions. Further calculations of the plasma

frequency using the Drude formula w, =

2 .
e (where n is the free
€M,

carrier density, e is the electronic charge, ¢ is the static dielectric con-
stant, and m,. is the effective carrier mass) show that under the
assumption of one carrier generated per unit cell, its plasma frequency
is 3.12 eV/h, which is significantly lower than that of metallic alumi-
num (~15eV/h)."* This characteristic results in free carriers being
unable to follow the optical field oscillation when the incident light fre-
quency exceeds the plasma frequency, thereby suppressing light reflec-
tion and enhancing light transmittance.

To evaluate the thermodynamic stability of the ground state of
orthorhombic Cu;SiSy, it is necessary to determine whether it
decomposes into all possible elemental solids, binary, or ternary
compounds.”” The stability of CusSiSs as the host phase requires
that the chemical potentials satisfy the equation: 3Auc, + Apug
+4Apg = AH(Cu;SiSs) = —4.21eV, with the additional constraint
that Ay, < 0 for o= Cu, Si, and S to prevent elemental segregation.
For all competing phases, such as CusSi,S;, CugSiSs, Cu,SiS;, CuzS,,
CuysSiy, CuS, Cu,S, CuS, CusSs, SiS,, and SiSy, the inequality
XA, + yAug + zAug < AH(Cu,SiyS,) must hold, thereby inhibit-
ing their formation and ensuring Cu;SiS; remains the sole stable
phase. After accounting for all possible competing elements, binary,
and ternary compounds, there exists an allowed range of relative
chemical potentials [see the pale-yellow area in Fig. 4(a)]. The presence
of this stable region demonstrates that all decomposition reactions of
Cu;SiS, are endothermic. Consequently, Cu;SiS, does not decompose
spontaneously into other substances and qualifies as a compound with
thermodynamic stability. To investigate the stability of Cu;SiS, from
the perspective of lattice dynamics, we also performed phonon disper-
sion spectrum calculations for this compound. The results, presented
in Fig. 4(b), reveal an extremely weak imaginary frequency signal
(—0.003 eV) near the I point of the Brillouin zone. This value is close
to the calculation error threshold and can be attributed to the numeri-
cal discretization effect caused by the size limitation of the super-
cell.”** Such a magnitude of imaginary frequency perturbation does

not exert a substantial impact on the overall lattice vibration modes of
the material, indicating that CusSiS, possesses a dynamical stability
within the harmonic approximation. To verify the dynamical stability
of this structure at finite temperatures, we performed ab initio molecu-
lar dynamics (AIMD) simulations. Trajectory sampling was conducted
for a duration of 10 ps with a time step of 1 fs within the temperature
range of 300-500 K [Fig. 4(c)]. The results demonstrate that the total
energy of the system fluctuates slightly around the equilibrium value,
and no symmetry breaking or atomic dislocation occurs in the crystal
structure. Furthermore, extended simulations up to 800 K indicate that
the structure remains stable up to 700 K, with decomposition occur-
ring at 800K (Fig. S4). Collectively, these results confirm that ortho-
rhombic Cu;SiS, exhibits dynamical stability against thermal
perturbations over a broad temperature range, laying a theoretical
foundation for its experimental preparation.

In summary, this study reveals that orthorhombic Cu;SiS, is a sta-
ble, dopant-free p-type transparent conductor through first-principles
calculations. The VBM of CusSiS, is composed of the antibonding
states of Cu-d and S-p, and its Eg can penetrate into the valence band
by 0.65 eV, ensuring the p-type electrical conductivity of the material.
Meanwhile, the CBM originates from the antibonding states of Si-s and
S-p; the stronger bonding interaction between Si-s and S-p can push
the CBM upward compared with that formed by the antibonding states
of Sn-s and S-p, thereby widening the E,. The wide E* suppresses visi-
ble light absorption induced by interband transitions, enabling the
material to maintain high transmittance in the visible light range.
Favorable formation energies and stable phonon spectra complete the
picture, confirming CusSiS, as a robust intrinsic p-type TCM.

See the supplementary material for the CusIVS, (IV = Si, Ge, and
Sn) crystal structures, the HSEO6-calculated PDOS and COOPs, the
total energy during AIMD simulations, and the anisotropic absorption
coefficients (Figs. S1-S5); the bond lengths of Cu-S/IV-S and the E"g“
and E, widths for different phases (Tables ST and SII); and the compu-
tational details of this work.
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