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Wide band gap chalcogenide semiconductors have attracted much attention as p-type transparent
conductive materials mainly because of their high hole mobility and ease of p-type doping. CuzTaS4 has
recently emerged as a promising candidate for a p-type transparent conductive material owing to its
wide band gap, light hole effective mass and high optical transparency. Nevertheless, understanding the
p-type conducting mechanism of CusTaS4 remains elusive. In this study, the electronic structure, optical
properties, defect properties and p-type conductivity of CusTaS, are systematically investigated based
on first-principles calculations. The results show that CuzTaS, is an indirect band gap semiconductor
with an electronic band gap of 2.97 eV and exhibits high transparency in the visible light region.
Furthermore, the lowest defect formation energy of copper vacancies under Cu poor conditions
confirms the intrinsic p-type conductivity of CusTaSs. However, the intrinsic p-type conductivity of
CusTaS, is restricted by the strong compensation effect of the n-type defect, interstitial Cu(Cu;). Even
with extrinsic p-type doping, the p-type conductivity remains unimproved due to the compensation
effect. The ease of formation of Cu; is related to the empty “channel” along the (100) direction within
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the CusTaS, crystal. As a result, the existence of the empty “channel” and the strong compensation
effect of Cu; lead to difficulties in achieving high hole concentration and excellent p-type conductivity
for CuzTaS,.
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However, the implementation of p-type doping in these well-
known n-type TCOs has progressed slowly, which is mainly
ascribed to the localization of the valence band and the low

1. Introduction

Transparent conductive materials (TCMs) are extensively utilized in

optoelectronic applications, including touchscreens, flat panel dis-
plays, and solar cells, owing to their excellent electrical conductivity
and high optical transparency in the visible light region."” In the
past few years, the investigations on TCMs have typically focused
on transparent conductive oxides (TCOs). Based on the majority
carriers in TCOs, these materials can be categorized into two types:
n-type and p-type TCOs. The n-type TCOs like Sn doped In,O;
(IT0),® Al doped ZnO (AZO),’ and F doped SnO, (FTO)™ have
achieved remarkable progress due to their high electrical conduc-
tivity and high carrier concentration. For example, the electrical
conductivity of ITO has reached 10* S cm ' and the free
electron concentration has reached as high as 2 x 10*' cm2.'%*?
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valence band energy in n-type TCOs. On the one hand, the
valence bands of these TCOs originate from the localized O-2p
orbital, which leads to a heavy hole effective mass and low hole
mobility."*™** On the other hand, the low valence band energy of
the O-2p orbital makes it difficult to achieve p-type doping."® In
order to overcome such issues, the strategy named “chemical
modulation of the valence band” was proposed.'” The hybridiza-
tion between the O-2p and Cu-3d orbitals results in a high energy
valence band for CuAlO, with a delafossite structure and
further solves the p-type doping problem.'””'® The discovery
of CuAlO, has spurred the exploration of various oxides
with delafossite structure, including CuCrO,," CuGa0,,>° and
CuScO,,*" as p-type TCOs. For example, Veron et al.'® prepared
CuCry 97Mgy.030, films with delafossite structure by a low power
laser spot method. They found that the sample has a high
conductivity of 5.8 S cm ™" after the introduction of Mg into
CuCrO,. In addition, the transparent heterojunction of Cu-based
delafossites n-CulnO,/p-CuGaO, was synthesized by a reactive
evaporation method. Owing to the high rectification ratio
and the excellent transmittance, the p-n heterojunction shows
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great potential as a promising active device in transparent
electronics.>’

In addition to the oxides with the delafossite structure,
wide band gap chalcogenide semiconductors have also been
employed as p-type TCMs most recently.”*>* Due to the delo-
calized S-3p orbital, the valence band of sulfur-based TCMs (e.g.
CuAlS,) exhibits more pronounced dispersion than their oxide-
based counterparts (e.g. CuAlO,), leading to a low hole effective
mass and high hole mobility.>*®” Additionally, the atomic
energy level value of the S-3p orbital is higher than that of
the O-2p orbital. Consequently, sulfur-based TCMs typically
possess higher valence band positions relative to oxide-based
TCMs, which makes them more favorable for p-type doping.>®
Therefore, the wide band gap chalcogenide semiconductors such
as BaCu,S,,>572° CuAlS,,**? LaCu0S,**?* and Cu;TaS,,>*° etc.
have been investigated as p-type TCMs. Certain chalcogenide
semiconductors have emerged as promising candidates for
optoelectronic device applications, primarily attributed to their
distinctive wide band gaps and inherent p-type conductivity.
Zhang et al.*” successfully fabricated a transparent p-n junction
with n-type AZO by exploiting the good electrical and optical
properties of p-type LaCuOS. This device exhibited a high
rectifying ratio of 300, demonstrating its potential applications
in next-generation invisible electronics and optoelectronic
devices. Yang et al.*® synthesized a transparent p-type conductive
CuAlp 99Zno 105, thin film using the pulsed plasma deposition
technique and further fabricated a transparent p-CuAlS,:Zn/
n-In,0;:W heterojunction diode. Similarly, Cu;TaS, also has
promising application prospects in transparent electronic
devices due to its high optical transmittance and potential p-type
conductivity.*®

Recently, Cu;TaS, has attracted much attention as a p-type
TCM due to its wide band gap, light hole effective mass and
high optical transparency.***®*™*> For example, theoretical
investigations have elucidated that CusTaS, possesses a band
gap of 2.9 eV, thereby ensuring optical transparency in the
visible light region.** Furthermore, the valence band maximum
(VBM) of CusTaS, is made up by the S-3p and Cu-3d orbitals,
which results in the dispersion of the valence band and the
generation of light holes.*>*! Experimentally, the CuzTaS,
sample was synthesized via a two-step growth process, and
subsequent UV-visible-near-infrared (UV-VNIR) spectroscopy
combined with photoluminescence measurements revealed a
531.4 nm green emission peak attributed to copper vacancies
(Veu)-** Haque et al.*® found that the presence of V¢, (i.e. under
Cu-poor conditions) favors the introduction of Ta atoms into
Cu,_,S and further promotes the formation of CusTaS, nano-
crystals. Although Cu;TaS, has been synthesized for many
years, its hole mobility and p-type conductivity remain unsa-
tisfactory, limiting its potential as a p-type TCM.>***** Besides,
the mechanism of p-type conductivity of CuzTaS, is still unclear
in theoretical studies.*” Therefore, elucidating the origin and
unraveling the underlying mechanisms of p-type conductivity
in CuzTaS, are crucial for advancing its practical applications.

In this study, the electronic structure, optical properties,
defect properties and p-type conductivity of CuzTaS, are
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investigated based on first-principles calculations. The wide
electronic band gap and high optical transparency make it a
viable candidate for TCMs. The calculated defect properties
revealed that the intrinsic Cu;TaS, exhibits p-type conductivity
due to the low defect formation energy of V¢, under Cu-poor
conditions. Based on the defect properties, both pristine and
p-type doping Cu,TaS, exhibit poor p-type conductivity, primar-
ily due to the strong compensation effect by the n-type defect
Cu;. The existence of the empty “channel” along the (100)
direction in the CusTaS, crystal allows the introduction of Cu;
into the crystal, whose n-type characteristics induce a strong
compensation effect on p-type conductivity. Because of the
strong compensation effect by Cu;, it is difficult to achieve high
hole concentration and excellent p-type conductivity for CusTas,.

2. Computational details

The first-principles calculations are based on density functional
theory as implemented in the VASP package.’® The projector
augmented-wave (PAW) method”” is used to describe the inter-
actions between the valence electrons and the core. The cut-off
energy of the plane wave basis is set to 500 eV. Owing to the
strongly localized d electrons in transition metals Cu and Ta,
the on-site Coulomb interactions of these electrons necessitate
the implementation of Hubbard U correction in theoretical
studies. However, the U values used in such corrections are
typically input as empirical parameters. Furthermore, previous
theoretical investigation applying Hubbard U correction has
demonstrated that this approach still underestimates the band
gap of Cu;TaS,.*" In addition, the HSE06-type hybrid functional
inherently accounts for strong electron correlations in transition-
metal systems without empirical parameters. Therefore, we
employ the HSE06-type hybrid functional*® in our calculations
to achieve accurate band gap predictions and eliminate the need
for Hubbard U correction. The geometry optimization is fully
carried out with the HSEO6-type hybrid functional. The unit cell
of CuzTaS, has cubic symmetry with a space group of P43m (no.
215). The optimized lattice parameters from our calculations are
a =h =c= 5585 A, which are in good agreement with the
experimental values (@ = b = c=5.515 A).*” A 4 x 4 x 4 I-centered
K-mesh®® is used for electronic structure and optical property
calculations. Furthermore, systematic convergence tests are car-
ried out to ensure accurate results, as shown in Fig. S1 in the
ESI.f Based on the calculated total energies with different K-
meshes, the total energy difference is only 0.02 meV between the
K-meshes of 4 x 4 x 4and 7 x 7 x 7. Therefore, the 4 x 4 x 4 K-
mesh is sufficient for achieving convergence within an accepta-
ble tolerance. The energy and force convergence criterion are set
to 1 x 10~* eV and 0.001 eV A™", respectively. The 2 x 2 x 2
supercells containing 96 atoms are employed for the calculations
on defect formation energy and the supercells with defects are
fully optimized. The hole concentrations as a function of growth
temperature are obtained using the PY-SC-FERMI package.>’ In
addition, the ab initio molecular dynamics (AIMD) simulation®?
is employed to investigate the thermal stabilities of the sample
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under different temperatures, in which the 2 x 2 x 2 supercell
containing 96 atoms is used. To perform the AIMD simulation,
the NVT ensemble is adopted and the exchange-correlation
functional is changed to the GGA-PBE®* to save the computational
cost. In addition, we also calculate the carrier mobility and the
bipolar Seebeck coefficient using the AMSET code,** in which the
different scattering mechanisms, such as acoustic deformation
potential (ADP), ionized impurity (IMP) and the polar-optical
phonon (POP) mechanism, are considered, respectively.

3. Results and discussion
3.1 Crystal structure and electronic structure of Cu;TaS,

The unit cell of CuzTaS, is shown in Fig. 1(a). One can note
that, in the unit cell of CusTaS,, Ta atoms occupy the corner,
whereas Cu atoms lie at the centre of the edge. Moreover, both
the Cu and Ta atoms are tetrahedrally coordinated by four S
atoms. The unique tetrahedra coordination between the cations
and the anions leads to the formation of an empty ‘“channel” in
the CusTaS, crystal along the (100) direction, as shown in
Fig. 1(b). It is worth noting that the empty ‘“channel” can
facilitate the introduction of the interstitial atoms.>>™’
Fig. 2(a) shows the band structure of CuzTaS,. It is found that
CusTaS, is an indirect band gap semiconductor because the
VBM is located at the R point while the conduction band
minimum (CBM) is situated at the X point. The electronic band
gap in our calculation is estimated to 2.97 eV, which is consistent
with the theoretical and experimental studies.*>*¢*' Moreover,
to evaluate the influence of the spin-orbit coupling (SOC) effect
on the electronic band gap, the band structure considering this
effect (depicted by the grey line) is presented in Fig. 2(a). As
shown in Fig. 2(a), incorporating SOC yields an electronic band
gap of 2.93 eV, showing a negligible discrepancy (i.e. 0.04 eV)

Fig. 1 Unit cell of CusTaS4 (a). The unit cell of CusTaS, viewed from the
(100) direction (b). The 2 x 2 x 2 supercell of CuzTaS, (c). The 2 x 2 x 2
supercell of CusTaSs with a Cu; (marked by a red dotted circle) in the
empty “channel”(d).
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Fig. 2 The band structure of CuzTaS, with (grey line) and without (red line)
the SOC effect (a). The VBM is set to zero. The total density of states (b) and
partial density of states of Cu (c), Ta (d) and S (e) atoms and COOPs between
the Cu-d and S-p states (f) and the Ta-d and S-p states (g), respectively. The
squares of the dipole transition matrix elements between the highest
valence band and the lowest conduction band at various k points (h).

compared to the electronic band gap without SOC. We therefore
did not consider the SOC effect in our following calculations.
Fig. 2(b)-(e) depict the density of states of Cu;TaS,. It is found that
the VBM mostly originates from the Cu_d and S_p states, while the
CBM comes from the Ta_d and S_p states. Our calculation results
are in line with the previous theoretical study.’>*' We also
calculate the crystal orbital overlap population (COOP) between
the Cu_d and S_p states as well as the Ta_d and S_p states,
respectively.”® Here, the COOP with the positive (COOP > 0) or
negative (COOP < 0) value represents the bonding or antibonding
interactions, respectively. As shown in Fig. 2(f) and (g), both the
Cu_d and S_p states and the Ta_d and S_p states exhibit anti-
bonding interactions in the range of 0 to —3 eV and 3 to 4 eV,
respectively. The VBM is pushed to the high energy position owing
to the antibonding interaction, which is consistent with the VBM
of other chalcogenide p-type TCMs (e.g. CuAlS,).>® Additionally, we
also calculate the carrier effective masses around the VBM and
CBM along three different high symmetry directions. To deter-
mine the effective masses, we carry out parabolic fitting in the
vicinity of the VBM and the CBM along diverse directions within
the Brillouin zone. For holes, the fitting was initiated at the VBM
(R point) and performed sequentially along different directions
R-X, R-T', and R-M. For electrons, the fitting was initiated at the
CBM (X point) and followed along X-T", X-R, and X-M directions,
consistent with the tetragonal Brillouin zone symmetry. Specifi-
cally, the effective masses using the parabolic fitting method can
. i .1 19E(k)
be obtained by the following equation: il BT
is the eigenvalue of energy band around the VBM or the CBM. %

, where E(k)
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and k are the reduced Planck constant and wave vector, respec-
tively. The calculated results are listed in Table S1 in the ESL{ As
shown in Table S1 (ESIt), the electron effective masses along the
X-I', X-R and X-M directions are 3.86m., 0.94m. and 0.94m,,
respectively, and the hole effective masses are 1.23m,, 1.02m, and
3.35m, along the R-X, R-T" and R-M directions, respectively. Our
calculated results are in line with previous theoretical study.*' It
should be noted that the average hole effective mass is lighter than
that of p-type TCM CuAlO, (10.0m,),">*° which is ascribed to the
more dispersive and the higher position of the S 3p orbital
compared to that of the O_2p orbital.

3.2 Optical properties of Cu;TaS,

To evaluate the optical transparency of CusTaS,, the optical
properties, such as absorption coefficient, reflectivity and opti-
cal conductivity, are calculated. The details of the optical
property calculations are presented in the ESL{ One can note
that the optical band gap is larger than that of the electronic
band gap, which is ascribed to the indirect band gap character of
Cu;TaS,. To further clarify the reason that the optical band gap of
Cu;TaS, is larger than its electronic band gap, we also calculate the
squares of the dipole transition matrix elements,*"*°*> P, at various
k points as shown in Fig. 2(h). It is clearly shown that the
calculated value of P> at the X point is close to zero, indicating
that the optical transition between the highest valence band and
the lowest conduction band at the X point is forbidden. However,
the calculated value of P* at the R point is greater than zero,
indicating that the optical transition between the highest valence
band and the lowest conduction band at the R point is allowed.
The energy difference between the highest valence band and the
lowest conduction band at the R point corresponds to the thresh-
old of the absorption coefficient of CuzTaS,, as shown in Fig. 3(a).
Therefore, the optical band gap of Cu,;TaS, is larger than its
electronic band gap. Because of the wide optical band gap, the
optical absorption is hardly observed in the visible light region,
indicating that the visible light can easily pass through the
Cu;TaS, film. Furthermore, the optical transmittance of CuzTaS,
is also calculated as a function of film thickness based on the
following eqn:**

T(0) = (1 — R(@)e ™). (1)

where R(w), «(w) and ¢ are the reflectivity, absorption coefficient
and film thickness, respectively. It is worth noting that the
calculation on the optical transmittance does not consider the
direction of light incidence in eqn (1). As shown in Fig. 3(b),
the optical transmittance of CuzTaS, is higher than 70% in the
visible light region as the film thickness increased from 10 nm
to 70 nm. Moreover, the real optical conductivity and the
reflectivity are also calculated as shown in Fig. 3(c) and (d). It
is clearly shown that both the real optical conductivity and the
reflectivity are relatively small in the visible light region. In
combination with the weak optical absorption, the high optical
transmittance, and the small real optical conductivity and the
reflectivity, CuzTaS, exhibits excellent optical transparency in
the visible light region. Given its high optical transparency,
Cu;TaS, is an excellent candidate for TCMs.
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Fig. 3 The absorption coefficient (a), the optical transmittance as a func-
tion of film thickness (b), the optical conductivity (c) and the reflectivity (d) of
CusTaS,.

3.3 Defect properties of Cu;TaS,

3.3.1 Intrinsic defect properties of Cu;TaS,. Before the calcu-
lation of the intrinsic defect properties of Cu;TaS,, the relative
chemical potentials should be evaluated. In general, the sum of
the relative chemical potentials of the elements composed of
CuzTaS, (ie. Aucy, Apra, and Apg) should be equal to the
formation enthalpy of CusTaS, under the thermodynamic equili-
brium conditions:**

3AUcy *+ Apirat 4Aus = AH(CusTaS,) = —5.97 eV. 2

In addition, to avoid the formation of element solids and
binary or ternary competing phases, Apcy, Apra, and Aug
should be satisfied as the following:

Aticy <0, Aur, <0, Aug < 0. (3)

2Apcy + Aus < AH(Cu,S) = —0.80 eV; (4)
2Alicy + 3Aps < AH(Cu,S;) = —1.08 eV; (5)
7Aucy + 4Aps < AH(Cu,S,) = —2.99 €V; (6)
Aucy + Aus < AH(CuS) = —0.50 €V; )

Aucy + Apra + 2Aus < AH(CuTaS,) = —3.73 eV;  (8)
Apicy + Apira + 3Aps < AH(CuTaS;) = —4.35 €V; 9)
3Aprs + 2Aps < AH(TasS,) = —4.51 eV (10)
Apra + 2Aus < AH(TaS,) = —3.53 €V (11)

Apra + 3Aus < AH(TaS;) = —3.56 €V (12)
2Apr, + Aps < AH(Ta,S) = —2.21 €V; (13)
6Aprs + Apis < AH(TaeS) = —2.56 €V; (14)

Based on the constraints mentioned above, the shadow area,
as depicted in Fig. 4(a), is the allowed range of relative chemical
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Fig. 4 The allowed range of relative chemical potentials for stable CusTaS, (a). The defect formation energies of CuzTaS, as a function of the Fermi level
under seven extreme chemical potential environments [(point A to point G) (b)—(h)]. The black vertical dotted lines represent the Fermi level at 300 K.

potentials for stable Cus;TaS,. The intrinsic defect formation
energies with the charge state g in different chemical environ-
ments (ie. point A to point G) are calculated based on the
supercell model. The calculation method is based on the follow-
ing eqn:*

E;’ = Edefect — Eperfecl - Z ni(A,ui + :ui)
! (15)
+q(evem +ep + AV) + Ecorr

where Egefece represents the total energy of the supercell contain-
ing defects with the charge state g, Eperrec i the total energy of the
perfect supercell, and n; is the number of the atom. Here, if an
atom is added into the supercell, n = —1, while n = 1 represents
that an atom is removed from the supercell. y; is the chemical
potential of element 7 in the solid state, and Ay; is the relative
chemical potential of corresponding element i. eypy is the VBM of

9400 | Phys. Chem. Chem. Phys., 2025, 27, 9396-9406

pure CuzTaS,. Er is the Fermi level in the range of 0 to 2.97 eV. AV
represents the electrostatic potential correction term between the
defect and perfect systems, which is calculated by aligning the
energy level position based on the average potential of the atom
far away from the dopant.°>®” Furthermore, the image charge
correction term Eo for charged defects is also considered,®®
which is calculated by the finite-corrections proposed by Lany and
Zunger. The defect formation energies of intrinsic defects with the
charge state g under seven different chemical environments are
calculated based on the above mentioned. Here, four intrinsic
donors [i.e. Ta interstitial (Ta;), Ta substituted at the Cu site (Tacy),
the S vacancy (Vs), and Cuy], four intrinsic acceptors [i.e. vacancy
Ta (Vra), S interstitial (S;), Cu substituted at the Ta site (Cur,), and
Vcu] and the defect complex of V¢, + Cu; are considered in the
calculations on defect formation energies. To investigate the effect
of defect separation (V¢, and Cu;), adjacent/distant configurations
were calculated. The defect separations for adjacent and distant
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configurations are 3.95 A and 10.45 A, with total energies of
—461.31 eV and —461.21 €V, respectively. The 0.1 eV energy
difference between the two configurations negligibly impacts
the computational results. As shown in Fig. 4(b)-(h), Cu; exhibits
the lowest formation energy among donor defects, while V¢,
shows the minimum among acceptor defects. To evaluate the
influence of chemical environments on the conductivity beha-
viour, the Cu-rich and Cu-poor conditions are considered, respec-
tively. The Fermi level is pinned in the middle of the band gap in
Fig. 4(b), indicating that intrinsic CuzTaS, is an insulator under
Cu-rich conditions (i.e. point A). In contrast, the Fermi level is
pinned at 0.62 eV above the VBM under Cu-poor conditions (i.e.
point D), demonstrating that the intrinsic Cus;TaS, is more
inclined to be doped as p-type under Cu-poor conditions. Based
on the calculated results, the p-type defect V, exhibits the lowest
defect formation energy under Cu-poor conditions, indicating
that the p-type conductivity of intrinsic Cu;TaS, is associated with
the p-type defect V¢, under Cu-poor conditions. Therefore, our
calculation results align well with the experimental studies.****
Additionally, we also calculate the electronic structures of CuzTaS,
with V¢, Cu;, and the defect complex Vg, + Cu, as presented in
Fig. S2-S4 (ESIt). It is observed that the Fermi level crosses the
VBM in CuzTaS, with Vg, indicating the p-type conductivity, as
shown in Fig. S2 (ESIt). For the electronic structure of CusTaS,
with Cu;, the Fermi level crosses the CBM, demonstrating the
n-type conductivity. In addition, the electronic band gap of
CusTaS, with Cu; is reduced to 2.87 eV and its CBM exhibits
the antibonding states from the Ta_d and S_p states, as shown
in Fig. S3 (ESIt). In the case of Cu;TaS, with the defect complex
Vcu + Cuy, one can see that it is only affected the electronic band
gap of CuzTaS,, as shown in Fig. S4 (ESIt). Accordingly, based on
the band structures of CuzTaS, with Vg, Cu;, and the defect
complex Vg, + Cu;, the p-type conductivity of CuzTaS, should
originate from the Vg,, which is in line with the calculated
intrinsic defect properties. Besides, it is also found that the
donor defect Cu; shows a strong compensation for the p-type
conductivity under both Cu-rich and Cu-poor conditions, which
negatively affects the increase of hole concentration. The reason
could be attributed to the empty “channel” in the Cus;TaS,
crystal [Fig. 1(b)], which make it easy to introduce Cu; into the
Cu,TaS, crystal [Fig. 1(d)]. In order to quantitatively study the
facile introduction of the Cu;, the lattice parameters and volume
changes after the introduction of Cu; are discussed. One can
note that the fully optimized lattice constant (11.13 A) and the
supercell volume (1382.88 A%) are slightly decreased compared
with those of the unoptimized supercell (the lattice constant and
supercell volume are 11.17 A and 1394.26 A®, respectively) after the
introduction of Cu;. In addition, the total energy of the fully
optimized supercell with the Cu; (—464.75 eV) is also slightly lower
than that of the unoptimized supercell (—464.45 eV), which
indicates that Cu; produces only 0.30 eV of lattice deformation
energy and then has a low formation energy. Combined with the
slight reductions of the lattice parameter and the supercell
volume, as well as the small lattice deformation energy, the Cu
atom can be easily introduced into the empty “channel” of the
supercell of CusTaS,.
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In order to clearly characterize the p-type conductivity of
intrinsic Cu;TaS,, the hole concentrations under Cu-rich and
Cu-poor conditions are calculated based on the obtained defect
properties. While Cu;TaS, has been experimentally synthesized,
the adopted preparation methods correspond to thermodynamic
equilibrium growth processes.*®*® Recently, the non-equilibrium
growth process has been utilized in both theoretical and experi-
mental studies.®*””* The non-equilibrium growth process involves
high-temperature synthesis of the sample followed by rapid
quenching to room temperature. Samples fabricated via this
method retain the defect density established during high-
temperature growth, thereby resulting in enhanced electrical con-
ductivity. Here, the model associated with the high-temperature
growth and subsequent quenching processes is applied in our
calculations, and the relevant details are presented in the ESLY
Fig. 5(a) and (b) depict the hole concentrations as a function of
growth temperature. One can note that the hole concentration is
rapidly increased to 1 x 10'® cm™? after increasing the growth
temperature to 1200 K under Cu-rich conditions (point A), as
shown in Fig. 5(a). Generally, high temperature is widely used to
prepare a defective sample and after sample preparation it is
utilized at room temperature. After quenching to room tempera-
ture, the Fermi level is pinned in the middle of the band gap and
therefore the hole concentration is reduced to 1 x 10" ecm ™3,
which is mainly ascribed to the compensation of the n-type defect
Cu;. In the case of the Cu-poor conditions (point D), the hole
concentration reaches 5 x 10'® cm™> when the growth tempera-
ture is increased to 1200 K, as shown in Fig. 5(b). However, after
quenching to room temperature, the hole concentration is reduced
near 1 x 10" ecm™3, which is significantly lower than that of
commercialized n-type TCMs. The low hole concentration under
Cu-poor conditions is mainly caused by the compensation of the
donor defect Cu;. To further assess the p-type conductivity of the
intrinsic Cu,TaS,, the carrier mobility and the bipolar Seebeck
coefficient are also calculated. It is worth noting that the carrier
concentration should be given after using the AMSET code. Based
on the calculated results, the hole concentration of intrinsic
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Fig. 5 The hole concentration of intrinsic CuszTaS; as a function of
growth temperature under Cu-rich (a) and Cu-poor conditions (b),
respectively.
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CuzTaS, under Cu-poor conditions was estimated to 1.00 x 10" cm™>,
However, the electron concentration of the intrinsic CuzTaS, could
not be determined due to its p-type conductivity. We therefore
estimated the electron concentration of intrinsic Cu;TaS, based on
the detailed balanced theory. The details of electron concentration
calculations are presented in the ESL{ The calculated carrier
mobility and the bipolar Seebeck coefficient are listed in Table S1
(ESIt). From Table S1 (ESIT), one can conclude that the intrinsic
Cu;TaS, with p-type conductivity has high hole mobility comparing
with that of n-type. The calculated hole mobility is lower than that
of the previous theoretical study*" using the deformation theory.
This discrepancy is attributed to the distinct scattering mechan-
isms considered in our work. One can note that the Seebeck
coefficient of n-type is slightly higher than that of the p-type as
shown in Table S1 (ESIf), which is attributed to the inverse
relationship between the Seebeck coefficient and carrier concen-
tration. Although the n-type conductivity exhibits a large Seebeck
coefficient, the hole concentration exceeding the electron concen-
tration guarantees the p-type conductivity of intrinsic CusTaS,.
Furthermore, both experimental studies®>*® and our calculation
results confirm the p-type conductivity of Cu;TaS,. This is attrib-
uted to its suitable hole mobility and lowest defect formation
energy of Vg, under Cu-poor conditions. In addition, since the
growth temperature is increased to 1200 K, it is essential to evaluate
the stability of the sample under high temperature. We therefore
employ the AIMD simulation to calculate the thermal stabilities at
300 K and 1200 K, respectively. The calculated results are depicted
in Fig. S5 (ESIT). It is found that huge energy variations are hardly
observed at both 300 K and 1200 K from 0 ps to 10 ps, indicating
the thermal stabilities of the sample.

3.3.2 Extrinsic defect properties of Cu;TaS,. To explore the
p-type conductivity through doping, two distinct p-type doping
strategies are considered. The first strategy is to use an element
to replace the Ta or S site in CusTasS,. To introduce an acceptor
defect, elements from group-4 (i.e. Ti, Zr, and Hf) and group-14
(i.e. Si, Ge, Sn and Pb) are utilized to replace the Ta site, while
elements from group-15 (i.e. N, P, As, Sb) are employed to
substitute the S site. The second strategy is to introduce anionic
elements from group-17 (i.e. F, Cl, and Br) as the interstitial
defects into the empty “channel” of the Cu;TaS, supercell. To
evaluate the defect formation energies of the acceptor defects,
the relative chemical potentials of these p-type dopants are
obtained as presented in the ESL.{ Fig. 6(a) and Fig. S6 (ESIt)
depict the defect formation energies of p-type doping at the Ta
site under different chemical environments. Here, the p-type
doping at the Ta site at point E (Ta-poor conditions) is set as an
example. As shown in Fig. 6(a), Pb doping at the Ta site (Pbr,)
possesses the shallowest transition level (0.28 eV) among these
acceptor defects. However, the defect formation energy of Pbr,
is relatively large, indicating that the formation of Pbr, is
difficult to realize. In the case of Ti doping at the Ta site (Tir,),
although the Tir, does not act as a very shallow acceptor
(0.39 eV), it has the lowest defect formation energy compared
to other defects. Furthermore, the defect formation energy of
Tir, is lower than that of the intrinsic p-type defect V¢, from
point A to point G. The lowest formation energy of Tir, occurs
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Fig. 6 The defect formation energies (a) of p-type doping at the Ta site as
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a function of growth temperature with Tir, at point E (b).

at point E (i.e. 0.64 eV) compared to that of the intrinsic p-type
defect Vg, (i.e. 1.32 €eV). In addition, the defect formation
energy of Tir, is also lower than that of the intrinsic n-type
Cu; (i.e. 2.64 eV) at point E. We therefore estimate the hole
concentration of the sample with Tip,. The hole concentration
as a function of growth temperature after Tir, at point E
(Ta poor condition) is shown in Fig. 6(b). It is found that the
hole concentration is quickly increased with the growth tempera-
ture, reaching a peak of 6 x 10'® cm™> at 1200 K. However, the
hole concentration is significantly reduced below 1 x 10" cm*
after quenching to room temperature. The reason for the low hole
concentration of Tir, is also ascribed to the compensation of Cu;.
Since the compensation effect of the donor defect Cu;, the Fermi
level is pinned at 0.31 eV at 300 K [Fig. 6(a)], resulting in the low
hole concentration of Tir, at room temperature [Fig. 6(b)]. In the
case of the defect formation energies for p-type doping at the S
site, point A (S poor condition) is selected as a representative
preparation environment, and the remaining points are depicted
in Fig. S7 (ESIT). As shown in Fig. 7(a), the results demonstrated
that As doping at the S site (Asg) has the lowest defect formation
energy among these p-type defects. Furthermore, the defect
formation energy of Asg at point A is lower than that of the
intrinsic defect V¢, and Cu;. Owing to the lowest defect formation
energy of Ass, the hole concentration of Asg at point A (S poor
condition) is calculated as shown in Fig. 7(b). It can be seen that
the hole concentration of Asg increases to 1 x 10*® cm™ when the
growth temperature is elevated to 1200 K. However, the hole
concentration reduces to 1 x 10° cm™* after quenching to room
temperature. Because the Fermi level is pinned near the middle of
the band gap at room temperature [Fig. 7(a)] resulting from the
compensation of the n-type defect Cu;, the hole concentration of
Asg is lower than that of intrinsic CuzTaS,. For the doping of
anionic group-17 elements, F, Cl, and Br as interstitial atoms are
introduced into the empty “channel” of the Cus;TaS, supercell,
respectively [Fig. 1(d)]. The defect formation energies of these
interstitial defects are calculated as shown in Fig. 7(c). Here, the
defect formation energies at point D are given as an example, and
those at the other points are shown in Fig. S8 (ESIt). Among these
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interstitial defects, F interstitial (F;) has the lowest defect for-
mation energy compared to Cl interstitial (Cl;) and Br interstitial
(Brj). It is shown that the F interstitial (F;) has the lowest defect
formation energies among these anionic interstitial defects, and
the lowest defect formation energy of F; is obtained at point D. It
is observed that the defect formation energy of F; is larger than
that of the intrinsic p-type defect V¢, from point A to point G, as
shown in Fig. 7(c) and Fig. S8 (ESIf). Compared with p-type
defects such as Tir, and Ass, the defect formation energy of F; is
relatively high, suggesting that the anionic interstitial defects are
difficult to be introduced into the CuzTaS, crystal. The reason
should be related to the fact that the nearest neighboring atoms of
this interstitial site are four anionic S atoms. At this location,
anionic interstitial atoms would induce a significant Coulombic
repulsive interaction. In addition, the p-type defect F; is also
compensated by the n-type defect Cu;, resulting in the Fermi level
being pinned at the middle band gap at point D [Fig. 7(c)]. Overall,
the achievement of high hole concentrations and excellent p-type
conductivity by the introduction of the anionic interstitial defects
is challenging due to the high defect formation energy of F; and
the strong compensation effect of Cu;. Accordingly, we demon-
strated that the intrinsic CusTaS, exhibits p-type conductivity
owing to the low defect formation energy of V¢, under Cu-poor
conditions. However, the empty “channel” in the CusTaS, crystal
facilitates the formation of Cu;. High hole concentrations are
difficult to achieve in both intrinsic and p-type doped Cu,TaS, due
to the strong compensation effect of the n-type defect Cu;.

4. Outlook

Based on the calculated defect properties, the p-type conductiv-
ities both from the intrinsic p-type defect V¢, and the extrinsic
p-type defects (i.e. Tir, doping and Ass doping) can be compen-
sated by the n-type defect Cu;. To mitigate the strong compen-
sation effect of the n-type defect Cu; and achieve good p-type
conductivity, a theoretical strategy recently applied to another
p-type transparent conductive material, y-Cul, is worth
exploring.”" Specifically, Matsuzaki et al introduced alkali
metal cations such as Na*, K", Cs", and Rb", all of which have
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ionic radii larger than that of Cu’, into the interstitial sites of y-Cul,
which lead to the creation of shallow p-type acceptor complexes in
association with the surrounding intrinsic defects of y-Cul. Because
of the relatively large ionic radius of Cs', when Cs' is incorporated
into y-Cul, two p-type defect complexes serving as shallow accep-
tors, namely Cs;-3V,-V; and Csi4V,V;, are formed.”® Based on
measurements of doped y-Cul single-crystalline bulks and poly-
crystalline films, they extend the controllable range of the hole
concentration to 10"*-10" em™3, and the modification of p-type
conductivity by defect complexes is supported by first-principles
calculations.” Inspired by this work, future theoretical and experi-
mental studies could attempt to introduce cations with large ionic
radii, such as Na', K', Rb", and Cs", into the empty “channel” of
Cu;TaS, crystal. It is anticipated that the introduced cations will
form defect complexes with the adjacent V¢,. Subsequently, these
defect complexes can act as shallow acceptors, thereby alleviating
the compensation effect caused by the n-type defect Cu; and
enhancing the p-type conductivity of Cu;TaS,. This strategy of
large-sized ion doping to form defect complexes offers new insights
into reducing the compensation effect of the n-type defect Cy; in
Cu;TaS, in future research.

5. Conclusions

In summary, based on the first-principles calculations, we demon-
strated that CusTaS, is an indirect band gap semiconductor with
an electronic band gap of 2.97 eV. The calculated optical properties
indicate that CusTaS, exhibits high optical transmittance in the
visible light region. Moreover, the results also indicate that the
intrinsic CuzTaS, exhibits p-type conductivity owing to the low
defect formation energy of Vi, under Cu-poor conditions.
Although the intrinsic Cu;TaS, exhibits high transparency and p-
type conductivity, the hole concentration of the intrinsic CusTaS,
only reached 1 x 10" em ™ under Cu-poor conditions at room
temperature. The low hole concentration and poor p-type con-
ductivity are ascribed to the strong compensation effect of the n-
type defect Cu;. The ease of formation of the Cu; is ascribed to the
existence of the empty “channel” along the (100) direction in the
CuzTaS, crystal. In addition, even after applying two different p-
type doping strategies, due to the strong compensating effect of
the n-type defect Cu;, almost no increase in hole concentrations is
observed in the doped samples compared to the intrinsic CuzTaS,.
Therefore, it can be concluded that the empty “channel” in the
CuTaS, crystal facilitates the formation of Cu;, which leads to the
strong compensation effect of the p-type defects, further making it
difficult to achieve high hole concentrations and excellent p-type
conductivity in CusTaS,. To overcome the compensation effect of
the n-type defect Cu; and obtain ideal p-type conductivity of
CuTaS,, the introduction of the shallow acceptor defect complex
is suggested in the future experimental and theoretical studies.
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