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The calculation details of optical properties

To calculate the optical properties, it is essential to obtain the dielectric function € (w)

of material. In general, the dielectric function is divided as two part:
£(w) =¢(w) + isz(w), in which £1(w) and £2 (w) are real part of dielectric function
and imaginary part of dielectric function, respectively [1-2].

For the imaginary part of dielectric function, it can be given as the following [3]:
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In the equation (1), 2@ denotes the energy of the incident photon, while p represents
the momentum operator. The eigenfunction corresponding to the eigenvalue Ej, is
denoted by |kn>, and f{kn) signifies the Fermi distribution function.

Based on the imaginary part of dielectric function, the real part of dielectric function is
calculated by integrating the obtained imaginary part with the Kramers-Kronig relation
[4]:
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Here, P is the principal value of the integral, @ is the frequency.
After obtain the real part of dielectric function and the imaginary part of dielectric
function, the optical parameters such as absorption coefficient a(w), reflectivity R(w),

optical conductivity [0 (®)] can be calculated based on the following [5-7]:
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The growth and quenching processes

The growth temperature in theoretical simulations should be precisely matched
with experimental conditions to ensure a meaningful comparison. In the experimental
work regarding the preparation of Cu;TaS,, various crystal growth processes have been
reported. The temperatures typically involved in these processes range from 780 °C
(1053 K) [8] to 850 °C (1123 K) [9]. To ensure structural stability in the calculations
while maintaining consistency with experimental conditions, we set an upper
temperature limit of 1200 K. This threshold not only accommodates the highest
reported experimental growth temperature but also provides sufficient structural
stability for reliable computational analysis.

During the quenching process, the sample should be rapidly cooled to room
temperature (i.e. 300 K) to preserve the total defect concentration generated during
high-temperature synthesis.

In our calculations, the growth and quenching processes can be calculated based

on the following equations:
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Equation (6) represents the defect concentration with the charge state 0, in which N

is the total number of defects a. g, is the degeneracy factor related to possible electron

AH ((,0)

configurations. Kp is the Boltzmann constant, is the defect formation energy

corresponding defect ®with the charge state 0. GT and QT are growth temperature and
quenching temperature, respectively. Equation (7) represents the defect concentration
with the charge state q.

The estimation of the electron concentration

Based on the principle of detailed balance, the system needs to satisfy the charge

neutrality condition:
n+N,=p+NJ#@)

where n (and p) represents the density of the excited electrons (and holes) that are

- +
generated from the total concentration of the ionized acceptors Ny (and donors Np ).

At a certain temperature, these carrier densities 7 and p depend on the Fermi level Er
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where N, and N, are the effective density states of the conduction and valence bands,

respectively. Mn and ™p stands for the electron and hole effective masses,
respectively.
According to the equation (9), the total carrier concentration is calculated as the

following:
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Based on the calculated results, the hole concentration of intrinsic Cu;TaS,; under
Cu-poor conduction is estimated to 1.00x10'5 c¢m?3. Therefore, the electron

concentration is estimated to 1.04x105 cm™3.
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Fig. S1. The calculated total energies of Cu;TaS, unit cell using different K-meshes.
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Fig. S2. The band structure (a) and the TDOS (b), PDOSs (c-e) as well as the COOPs
(f-g) after the introduction of the Cu; into the Cu;TaS,. The black horizontal and vertical

dotted lines represent the Fermi level.
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Fig. S3. The band structure (a) and the TDOS (b), PDOSs (c-¢) as well as the COOPs
(f-g) after the introduction of the V¢, into the CusTaS,. The black horizontal and

vertical dotted lines represent the Fermi level.
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Fig. S4. The band structure (a) and the TDOS (b), PDOSs (c-e) as well as the COOPs

(f-g) after the introduction of the defect complex V,+Cuy;into the Cu;TaS,. The black

horizontal dotted line represents the Fermi level.
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Fig. S5. The molecular dynamics simulations at 300 K (a) and 1200 K (b) within 10 ps.
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Fig. S6. The defect formation energies of p-type doping at Ta site as a function of Fermi

level under six remaining chemical potential environments (point A to point D and point

F to point G), respectively. The red vertical dotted line is the Fermi level at 300 K.
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Fig. S7. The defect formation energies of p-type doping at S site as a function of Fermi
level under six remaining chemical potential environments (point B to point G),

respectively. The red vertical dotted line is the Fermi level at 300 K.
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Fig. S8. The defect formation energies of interstitial defects at points A-C and points
E-G as a function of Fermi level. The red vertical dotted line is the Fermi level at 300

K.



Table S1. The carrier mobility, bipolar Seebeck coefficient of pristine CusTaS, at 300

K and the effective masses along different directions.

Carrier Carrier Seebeck ‘

Conductivity . y Effective mass
concentration mobility coefficient
type (M)
(em) (cm?/Vs) (RV/K)

X-r 3.86
n 1.04x10° 39.30 -2820 X-R 0.94
X-M 0.94
R-X 1.23
p 1.00x101> 43.10 1150 R-T' 1.02
R-M 3.35

To assess the relative chemical potentials of the dopants, a series of competing

compounds are considered as the following:

20pc, + Dpg; + 30 < AH(Cu,SiS;) =- 3.44eV#(11)
4A0uc, + Dpig, + 40pg < AH(Cu,GeS,) =— 3.38eV#(12)

Aupy, + Apig < AH(PDS) =- 1.14eV#(14)

40, + Ay, + 40 < AH(Cu,TiS,) =- 6.67eV#(15)
Atty, + 2Aug < AH(ZrS,) =- 5.02eV#(16)

Ay, + 30 < AH(HFS5) =- 5.29eV#(17)

30Uy, + 5Auy < AH(TazN) =- 3.44eV#(18)

30U, + Ap < AH(CugP) = 0.47eV#(19)

30U, + Ay, < AH(CuzAs) =- 0.13eV#(20)

30U, + Mg, < AH(Cu,Sh) =— 0.12eV#(21)

Atig, + Ay < AH(CUF) =- 2.10eV#(22)
10



Appy, + A < AH(CuCl) =-1.29eV#(23)
Apc, + Aug, < AH(CuBr) =-1.05eV#(24)
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