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Supporting Information

1 Supplementary methods

1.1 Conductivity effective mass

The conductivity effective mass (m*) was determined based on Boltzmann trans-
port theory'? and is defined as?:
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Where a and 8 denote Cartesian coordinates, T is the temperature, p is the
chemical potential, ¢ is the conductivity, e is the electron charge, 7 is the
relaxation time and n is the carrier concentration. 7 was assumed to be a
constant at all k-points and all bands, and was set to 10~!* s in this work. The
conductivity tensor o, is related to the electronic band structures by ?:
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Where €,k is the energy of the nth band at the wave vector k, v is the group
velocity. The Fermi-Dirac distribution f%) is given by:
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Where e is the Fermi level and kg is the Boltzmann constant.

According to the above equations, the conductivity effective mass depends on
the position of e (controlled by n) and T. In this work, T was set to 300 K.
The conductivity effective mass then depends on n in that it controls the states
over which v2 is averaged. By setting n to 10 cm™2 in this work, we therefore
sample states close to the conduction and valence band edges that will control
transport.

1.2 Optical absorption coefficients

The optical absorption coefficients (a)) were calculated from the dielectric func-
tion using the equation:
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Where w and A are the frequency and wavelength of the incident light, respec-
tively. k(w) is the extinction coefficient defined as

P V= B

: 5)

Where €1 and &5 are the real and imaginary parts of the high-frequency dielectric
constants, respectively.

1.3 Radiative limit of solar conversion efficiency

The photon absorptivity a at the energy F is defined as:
a(E;W) =1 —exp(—2a(EYW) (6)

Where W is the film thickness and « is the optical absorption coefficients. When
W — oo, a approaches 1.

Under the assumption that one absorbed photon generates exactly one electron-
hole pair, the short-circuit current Jgc is given by:

Jso(W) = e /O " (B W) (B)AE (7)

Where e is the elementary charge, ®g,,(E) is solar photon flux density at the
photon energy F.

The radiative recombination rate R;,q at temperature T and voltage V is given
by:
27
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The net current density J*¢ limited by radiative recombination is given by:
T VW) = Jso(W) + JE4W)(1 — o) )
Where the saturation current J324 = eR,,4(0).

The maximum efficiency is defined as the ratio of the maximum power den-
sity to the incident light power density, and the radiative limit of conversion
efficiency is given by:
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2 Binding energies

The substructures for calculating the inter-ribbon binding energies (E,) are
shown in Fig. SI1. Fig. Sla is the 1D [SbyXg], ribbon in isolation and Fig.
S1b is the 2D ribbon periodically repeated along a and b directions. Table S1
shows Fj, calculated by PBE and HSE06 functionals without vdW corrections.
Compared with the results obtained by the HSE06 functional and D3 dispersion
correction (shown in Table 2), the E}, here are much lower especially along the
¢ direction, which is attributed to larger lattice parameters in the ¢ direction
without vdW corrections. This indicates that the inclusion of vdW corrections
is necessary to reproduce the crystal structures of ShoXs.

Figure S1: (a) 1D and (b) 2D substructures of Sb,X5 used to calculate binding
energies. The unit cells are represented by rectangles.

Table S1: Inter-ribbon binding energies (kJ-mol~1) of SbyS3 and ShySez without
vdW corrections

. Epw) Epe)
System  Functional per bond per bond (N=16) per atom (N=20)
SboS PBE 19.66 4.32 3.46
223 HSE06 13.77 3.81 3.05
SbySe PBE 23.68 3.93 3.14
2008 HSE06 14.87 3.93 3.14

3 Electronic band structures

Calculated electronic band structures are shown in Fig. S2. According to our
results, SbaS; and SbaSes are indirect semiconductors with indirect (direct)
band gaps of 1.79 (1.95) and 1.42 (1.48) eV, respectively, which are in reasonable
agreement with previous experimental® 2 and theoretical studies'3'8.
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Figure S2: Electronic band structures of (a) SboS3 and (b) ShoSes.

4 Fermi surfaces

Electron Fermi surfaces (0.08 and 0.12 eV above the CBM) and hole Fermi
surfaces (0.08 and 0.12 eV below the VBM) of SbyS; and SbeSes are shown
in Fig. S3 and S4, respectively. The shapes are qualitatively consistent with
the results obtained by 0.10 eV above (below) the CBM (VBM), indicating our
conclusions are robust.
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Figure S3: Fermi surfaces of SbySs. (a) and (b) are hole Fermi surfaces (0.08
and 0.12 eV below the VBM, respectively), while (¢) and (d) are electron Fermi
surfaces (0.08 and 0.12 eV above the CBM, respectively). The different colors
represent the magnitude of group velocity (m/s)

5 Convergence tests

5.1 Total energies

Convergence tests of total energies with respect to k-point density were per-
formed using the optB86b-vdW functional with a plane-wave energy cutoff of
400 eV. As shown in Table S2, total energies of SbaS3 and SbaSes converge to
within 1 meV/atom at a k-point mesh of 7x2x2.
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Figure S4: Fermi surfaces of SbaSes. (a) and (b) are hole Fermi surfaces (0.08
and 0.12 eV below the VBM, respectively), while (c) and (d) are electron Fermi
surfaces (0.08 and 0.12 €V above the CBM, respectively). The different colors
represent the magnitude of group velocity (m/s)

Table S2: Total energies (eV) per unit cell of SbySs and SboSes with respect to
k-point density

System  k-point grid Total energy

TX2x2 -56.164
SbySs 10x3x3 -56.167
14x4x4 -56.168
TX2%2 -47.126
ShySes 10x3x3 -47.131
14x4x4 -47.132

5.2 Effective masses

The convergence of effective masses were performed using the HSE06 functional
and D3 dipersion correction as shown in Table S3. The results are sensitive to
k-point mesh especially along the z direction as a result of the non-parabolicity.
A k-point mesh of 19x10x10 was used for calculations of effective masses in
Sngg and Sngeg.



Table S3: Effective masses of SboX3 with respect to k-point meshes. Values
larger than 2 are rounded to the nearest whole numbers. The harmonic mean
is represented by m*.

*

Syst k-point grid * y z m

ysem EPOMR NS TnE me my/mo mi/mo my/mo mifmao my/my mi/mo _my/mo
14x4x4 0.12 0.39 1.18 0.67 7 1.17 0.32 0.61

15x6x6 0.16 0.42 1.10 0.67 5 0.62 0.41 0.55

Sb.S 16X7x7 0.17 0.42 1.25 0.66 6 0.98 0.44 0.61
273 17x8x8 0.18 0.45 1.04 0.66 5 0.97 0.45 0.63
18x9x9 0.16 0.46 1.09 0.65 6 0.97 0.41 0.63
19x10x10 0.16 0.47 0.92 0.65 5 0.97 0.40 0.64

14x4x4 0.11 0.89 0.86 0.73 7 3 0.29 1.06

15x6x6 0.12 0.87 0.79 0.57 5 3 0.31 0.93

Sh,Se. 16x7x7 0.13 0.90 0.98 0.56 7 5 0.34 0.97
3 17x8x8 0.14 0.94 0.84 0.52 6 4 0.35 0.93
18x9x9 0.14 0.89 1.00 0.53 8 5 0.36 0.93

19%x10x10 0.14 0.85 0.81 0.55 7 3 0.35 0.90

5.3 Dielectric constants

The convergence of high-frequency dielectric constants (£4,) is usually sensitive
to k-point density and number of bands, while the convergence of ionic dielec-
tric constants (€&jonic) is always related to k-point density and plane-wave energy
cutoff1920. Convergence tests of dielectric constants (shown in Table S4 and S5)
were performed using the optB86b-vdW functional. High-frequency dielectric
constants converge to ~0.1 when the number of bands is 128 and k-point meshes
are 12x4x4 (15x6x6) for SbaS3 (SbaSes). The results of high-frequency dielec-
tric constants in the main text were obtained by the HSE06 functional and D3
correction using the converged parameters shown above. Ionic dielectric con-
stants converge to within 0.1 when the plane-wave energy cutoff is 700 (600) and
k-point mesh is 15x6x6 (16x7x7) for SboS3 (SboSes), which are the settings
used for our results.

Table S6 shows vibrational frequencies extracted from DFPT phonon calcula-
tions at the I" point which are used for calculating ionic contribution to dielectric
constants. There are 3 acoustic phonon modes and 57 optical phonon modes
with no imaginary phonon modes, indicating our calculations are solid.

For optical absorption coefficients calculations, k-point mesh was set to 15x6x6
and the number of bands was set to 160, as the optical absorption coefficients
were calculated from high-frequency dielectric constants and they will show the
same convergence behaviour. The optical absorption coeflicients were calculated
using tetrahedron method with Blochl corrections.



Table S4: High-frequency dielectric constants (€,) of SboX3 with respect to
number of bands and k-point meshes

[8 Difference

y z X y z
6x2%x2 16.79 17.33  13.07

10x3x3 17.66 1729 1289 -0.87 0.05 0.18

System  Number of bands  k-point grid

128 12x4x4 1757 1724 1287 008 005  0.02
15%6x6 1760 17.27 12.89 -003 -0.03 -0.02
Sb,S, o8 1518 1487 9.3
88 1708 1670 12.28 -1.90 -1.83 -2.36
108 12x4x4 1748 17.13 1276 -040 -043 -0.48
128 1757 1724 1287 -0.09 -011 -0.11
148 1761 17.27 1291 -004 -0.04 -0.03
6x2x2 2220 2617 18.00
- 10x3x3 2430 2586 17.58 -2.00 031  0.31
12x4x4 2408 2594 1757 022  -008 -0.08
15%6x6 2412 2599 17.60 -005 -0.05 -0.05
Sb,Se; 5 5170 2357 14.40
88 2364 2547 17.04 -1.94 -1.89 -2.65
108 15%6x6 2404 2589 17.50 -039 -042 -0.46
128 2413 2599 17.60 -0.09 -0.11 -0.10
148 2417 2602 17.64 004 -0.03 -0.04

Table S5: ITonic dielectric constants (€ionic) of SbaX3 with respect to plane-wave
energy cutoffs and k-point meshes

. . €00 Difference
System  Energy cutoff  k-point grid v p - v p

12x4x4 87.42  83.33  4.89

600 15x6x6 87.36  83.26 4.89 0.06 0.07  0.00

Sb,S, 16x7x7 87.34  83.22 4.89 0.02 0.04  0.00
400 87.41  82.86 4.88

500 15%6%6 87.42  83.10 4.88 -0.01 -0.24 0.00

600 87.36  83.26 4.89 0.06 -0.16 -0.01

700 87.39 83.24 489 -0.03 0.02 0.00
12x4x4 70.68 113.64 4.47

600 15x6x6 70.53 113.32 447  0.15 0.32 0.00

Sb.Se 16X 7Tx7 70.53 113.26 447 0.00 0.06  0.00
2V 400 70.54 11298 447

500 15x6x6 70.53 113.25 447 0.01 -0.28 0.00

600 70.53 113.32 447 0.00 -0.07 0.00




Table S6: Vibrational frequencies (THz) of SboX3 at the I' point

Vibrational frequency Vibrational frequency

Normal mode Normal mode

Sb,S, Sb,Ses Sb,S5 Sb,Se;
1 6.33 9.67 31 3.19 1.84
2 6.19 9.19 32 3.16 4.84
3 5.95 8.88 33 2.94 3.90
4 5.93 8.82 34 2.86 3.83
5 5.82 8.80 35 2.79 3.78
6 5.75 8.74 36 2.72 3.71
7 5.62 8.52 37 2.68 3.59
8 5.33 8.34 38 2.58 3.43
9 5.28 8.32 39 2.44 3.33
10 5.21 7.86 40 2.27 2.98
11 5.15 7.60 41 2.14 2.81
12 5.13 7.50 42 1.90 2.52
13 4.99 7.47 43 1.88 2.35
14 4.90 7.44 44 1.79 2.20
15 4.61 7.28 45 1.70 2.19
16 4.44 7.19 46 1.69 2.00
17 4.25 6.79 A7 1.65 1.90
18 4.22 6.73 48 1.61 1.89
19 4.21 6.49 49 1.58 1.70

20 4.14 6.42 50 1.57 1.66
21 3.87 6.11 51 1.38 1.54
29 3.86 6.03 52 1.34 1.47
23 3.81 6.03 53 1.31 1.39
24 3.81 5.98 54 1.23 1.35
25 3.71 5.97 55 1.18 1.27
2 3.69 5.82 56 0.86 1.03
27 3.52 5.69 57 0.52 0.75
28 3.49 5.62 58 0 0
29 3.34 5.61 59 0 0
30 3.31 5.39 60 0 0
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