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1. Computational Methodology

Ab initio calculations. Based on density-functional theory, we performed ab initio cal-

culations using the projector-augmented wave methodS1 as implemented in the Vienna ab

initio Simulation Package (VASP).S2 The generalized gradient approximation (GGA) with

Perdew-Burke-Ernzerhof parametrization (PBE)S3 was applied for the exchange-correlation

functional.S4 To deal with the van der Waals interactions between the layers, the density

functional dispersion correction (D3-Grimme)S5 was adopted. Electronic band structures

and electrostatic doping calculations were obtained by GGA-PBE (unless stated otherwise)

and compared with those from the Heyd-Scuseria-Ernzerhof (HSE06) screened hybrid func-

tional.S6 The cut-off energy for the plane-wave basis was 400 eV. The k-meshes for the bulk

and 2D crystals were 7×7×3 and 7×7×1, respectively. Energy differences of 1×10−6 eV in

electronic self-consistent calculations and residual forces of 1×10−2 eV/Å on atoms were used

as convergence criteria. To eliminate the interactions between adjacent layers, a vacuum of

20 Å was constructed perpendicular to the layer plane for the monolayer.

Estimation of carrier mobility. The carrier mobility (µ) was estimated from the

deformation-potential theory,S7 which has been successfully used in many 2D materials.S8–S10

For 2D materials, the carrier mobility can be expressed as

µ =
2eh̄3C

3kBT |m∗|2E2
DP

where C is the elastic modulus, defined as C = (∂ε/∂δ) × V0/S0, in which ε is the stress

under uniaxial strain δ and V0/S0 is the volume/area of the optimized 2D structure. m∗ is the

effective mass of electron and hole, which can be calculated from the derivatives of electronic

bands.S11 EDP is the deformation-potential constant, defined as ∆E = EDP (∆l/l0), where

∆E is the shift of the band-edge positions with respect to the lattice dilation ∆l/l0 along

the [100] and [010] directions of the orthogonal cell (also refers to the inset of Figure 5(a)).

The relaxation time of carriers can be estimated from τ = µm∗/e.
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Lattice-dynamics and molecular-dynamics simulations. The phonon-dispersion

curves were calculated using 6×6×1 supercells with the finite-displacement method.S12–S14

Ab initio molecular-dynamics simulations were performed at 300 K for 20 ps with a timestep

of 2 fs, using the canonical ensemble (NVT) with a Nosé-Hoover thermostat.S15,S16

Calculation of vdW pressure. The vdW pressure of the 2D crystals was calculated

from the energy per unit volume according to:

PvdW =
E − E0

V − V0

where E0(E) and V0(V ) are the energy and volume for the free (pressured) crystals, re-

spectively. Note that, for 2D bilayers, the pressures are mainly along the vdW axis as the

surfaces are almost invariant.

Prediction of absorption coefficients. Firstly, the frequency-dependent dielectric

matrices were generated from the HSE06 hybrid-functional calculations. The imaginary

dielectric functions ε2(ω) were obtained by summation over empty states:

ε2(ω) =
4π2e2

Ω
limq→0

1

q2

∑
c,v,k

2wkδ(εck − εvk − ω)

×〈uck + eαq|uvk〉〈uck + eβq|uvk〉∗

where c and v are conduction- and valence-band states, respectively, and uck is the cell peri-

odic part of the orbitals at the k-point k. The real dielectric matrices ε1(ω) were calculated

according to the usual Kramers-Kronig transformation:S17–S19

ε1(ω) = 1 +
2

π
P

∫ ∞
0

ε2(ω
′)ω′

ω′2 − ω2 + iη
dω′

where P denotes the principal value. Finally, the optical-absorption coefficients were derived
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from these dielectric functions:S18

α(ω) =
√

2ω[
√
ε21(ω) + ε22(ω)− ε1(ω)]1/2.

To include excitonic effects, the time-dependent Hartree-Fock approach (TDHF) was

also used to calculate the frequency-dependent dielectric matricesS20 and obtain the optical

spectra as indicated.

Simulation of power-conversion efficiency. For a solar cell, the power-conversion

efficiency is defined as Pm/Pin× 100%, where Pm is the maximum output power density and

Pin is the total incident solar-energy density from the solar spectrum. Pm can be obtained

by maximizing the product of the current density J and voltage V :S21,S22

P = JV = (Jsc − J0(eeV/kBT − 1))V,

where Jsc is the short-circuit current density and J0 is the reverse-saturation current density,

which are given by:

Jsc = e

∫ ∞
0

a(E)Isun(E)dE,

J0 =
Jr0
fr

=
eπ

fr

∫ ∞
0

a(E)Ibb(E, T )dE.

They can be calculated from the absorptivity a(E), the AM1.5G solar spectrum Isun(E), the

black-body spectrum Ibb(E, T ) as well as the fraction of the radiative recombination current

fr accordingly:

a(E) = 1− e−2α(ω)L,

fr = e−(E
da
g −Eg)/kBT ,

where α(ω) is the absorption coefficient and L is the thickness of the absorber layer; Eg
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and Eda
g are fundamental and direct-allowed bandgaps, respectively. For direct bandgap

absorbers, fr=1; while for crystalline silicon, a more reasonable fr is set to 10−3.S23–S26

Simulation reliability test. To assess the reliability of the present simulations, we

have briefly compared the benchmark of our calculations with previous experimental and

theoretical studies, as summarized in Table S4 and Figure S9. Good agreement has been

achieved for lattice parameters and the vdW gap of bulk In2Ge2Te6, the exfoliation energy

of graphite, absorption spectra (Figure 4(a)) and the SLME photovoltaic efficiency of bulk

GaAs and Si crystals, indicating that our calculations are valid and reliable within the present

theoretical frameworks.
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2. Calculated electronic band structure of bulk In2Ge2Te6
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Figure S1 Calculated electronic band structure of the bulk crystal. The Fermi energy is set to 0
eV.
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3. Simulated mechanical cleavage process of the In2Ge2Te6

crystals compared with graphite
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Figure S2 Calculated exfoliation energy vs separation distance d− d0 in comparison with
graphite, where d0 is the vdW gap between adjacent layers of the bulk crystals and d is the
distance between the exfoliated layer and the surface of the bulk.

In the simulation, the monolayer (bilayer/trilayer) was moved away from the surface of

the thick-bulk cell by increasing d, that is the distance between the exfoliated layer and the

bulk surface. At each d, we calculated the total energy difference, Ed − Ed0, which would

converge at some distance (usually less than 20 Å). The converged value (Ed−Ed0)/surface-

area is the simulated exfoliation energy.
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4. Magnetic structures and total energies for the single-

layer 2×2×1 supercells

(c)

(a)

(d)

(b)

Figure S3 Magnetic configurations with oriented up (↑) and down (↓) spins on tellurium atoms
being considered: (a) ferromagnetic (FM), (b) antiferromagnetic (AFM-1), (c) antiferromagnetic
(AFM-2), and (d) antiferromagnetic (AFM-3) states. The magnetic moments of indium and
germanium atoms are close to zero as the magnetic properties are dominated by the Te-5p
orbitals.

The atomic positions (x, y, z) and lattice constants (2a) of single-layer supercells were

fully relaxed and it is not evident that the structures are buckling, as there are competing

atomic motions under electrostatic doping.
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5. Spin-resolved projected electronic density of states

of the In2Ge2Te6 monolayer under electrostatic doping

(c)

(b)

(a)

-3 -2 -1 0 1 2 3

E
le

ct
ro

ni
c 

D
en

si
ty

 o
f 

S
ta

te
s 

(a
.u

.)

Energy-Ef (eV)

Total
In 5s
In 5p
Ge 4s
Ge 4p
Te 5s
Te 5p

-3 -2 -1 0 1 2 3

E
le

ct
ro

ni
c 

D
en

si
ty

 o
f 

S
ta

te
s 

(a
.u

.)

Energy-Ef (eV)

Total
In 5s
In 5p
Ge 4s
Ge 4p
Te 5s
Te 5p

-3 -2 -1 0 1 2 3

E
le

ct
ro

ni
c 

D
en

si
ty

 o
f 

S
ta

te
s 

(a
.u

.)

Energy-Ef (eV)

Total
In 5s
In 5p
Ge 4s
Ge 4p
Te 5s
Te 5p

Figure S4 Spin-resolved projected density of states at (a) 3.4×1014 cm−2 hole doping, (b)
neutral, and (c) 2.6×1014 cm−2 electron doping, corresponding to nonmagnetic metal,
nonmagnetic semiconductor, and antiferromagnetic metal, respectively. The Fermi level is marked
by a dashed line, and is set to lie at 0 eV.
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Table S1 Calculated magnetic quantities for the 2×2×1 supercells of In2Ge2Te6 monolayer:
number of carriers No. (electron/supercell, negative value indicates hole/supercell), lattice
constant 2a (Å), carrier density ρ (1013cm−2), magnetic energy EMag. (total energy difference
between ground state (GS) and nonmagnetic (NM) state, meV/supercell) and magnetic ground
state. The structures were relaxed for each value of carrier number. The resulting small
structural relaxations are responsible for the corresponding small differences in carrier density for
electrons and holes for a given carrier number.

Carrier number Lattice constant Carrier density EGS − ENM
Ground stateNo. (electron) 2a (Å) ρ (1013cm−2) Emag. (meV)

-7.5 14.403 -41.75 -2.6 FM Metal
-7.0 14.322 -39.40 -8.0 FM Metal
-6.5 14.258 -36.92 -2.2 FM Metal
-6.0 14.206 -34.33 0.0 NM Metal
-5.0 14.123 -28.95 0.0 NM Metal
-4.5 14.103 -26.13 0.0 NM Metal
-4.0 14.098 -23.24 0.0 NM Metal
-3.5 14.107 -20.31 0.0 NM Metal
-3.0 14.128 -17.35 0.0 NM Metal
-2.5 14.160 -14.40 0.0 NM Metal
-2.0 14.193 -11.46 0.0 NM Metal
-1.5 14.232 -8.55 0.0 NM Metal
-1.0 14.277 -5.67 0.0 NM Metal
-0.5 14.335 -2.81 0.0 NM Metal
0.0 14.402 0.00 0.0 NM Semiconductor
0.5 14.456 2.76 0.0 NM Metal
1.0 14.515 5.48 0.0 NM Metal
1.5 14.611 8.11 0.0 NM Metal
2.0 14.630 10.79 -14.1 FM Metal
2.5 14.669 13.42 -18.4 FM Metal
3.0 14.702 16.03 -16.9 FM Metal
3.5 14.736 18.61 -4.0 FM Metal
4.0 14.771 21.17 -10.1 AFM Metal
4.5 14.792 23.75 -23.3 AFM Metal
5.0 14.824 26.27 -39.3 AFM Metal
6.0 14.879 31.30 -63.8 AFM Metal
7.0 14.942 36.20 -40.9 AFM Metal
8.0 15.004 41.03 -4.3 AFM Metal
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6. Electronic structures of In2Ge2Te6 bilayers under

vdW pressure
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Figure S5 Calculated electronic band structures of (a) AA- and (b) AB-stacking bilayers under
compressive and tensile pressure, where ∆vdW=-0.5, +0.5 Å.

Figure S5 shows that the shapes of electronic structures in both phases do not change

significantly under vdW pressures, while the electronic bandgaps and SLME decrease slightly

with an increase of pressure (Table S2).

Table S2 Calculated electronic bandgap and SLME of AA- and AB-stacking bilayers under
compressive and tensile pressure, where ∆vdW=-0.5, +0.5 Å.

∆vdW (Å)
Eg (eV) SLME (%)

AA AB AA AB
-0.5 0.99 1.10 30.00 31.68
0.0 1.17 1.21 32.04 32.10
+0.5 1.23 1.25 31.89 31.86
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7. Calculated electronic band edges and SLME of the

In2Ge2Te6 monolayer under various strains
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Figure S6 (a) Calculated electronic band-edge alignments of the monolayer under various strains
with respect to vacuum using the HSE06 functional. The redox potentials of water splitting at
pH=0 are indicated by orange dotted lines. (b) and (c) SLME maps of the monolayer crystals
under uniaxial strains along [100] and [010] directions, respectively.

Under a tensile biaxial strain of 1%, the band edges of the monolayer cover the redox

potentials, indicating that it is a potential photocatalyst for water splitting.
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8. Calculated absorption spectra of the In2Ge2Te6 mono-

layer under biaxial strains
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Figure S7 Calculated optical absorption of the monolayer under biaxial strains using HSE06
functional in comparison with GaAsS27 and siliconS28 crystals.
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9. Calculated electronic bandgap, edges, and SLME of

the AB-stacked In2Ge2Te6 bilayer under various strains
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Figure S8 (a) Calculated electronic band gap and (b) edge alignments of the AB-stacked bilayer
under various strains with respective to vacuum, using the HSE06 functional. (c), (d) and (e) are
SLME maps of the bilayer crystals under [100] uniaxial strains, [010] uniaxial strains, as well as
biaxial strains, respectively.
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10. Excitonic effects on the simulated SLME

Table S3 Calculated SLME of few-layer In2Ge2Te6 and GaAs with/without considering excitonic
effects using the HSE06 and TDHF methods.

SLME (%)
HSE06 TDHF

ML 31.64 31.82
BL-AB 31.86 32.10
TL-ABC 31.94 32.17
Bulk 28.63 28.83
GaAs 31.30 31.43

According to the simulations in Table S3, the SLME of these materials slightly increases

(∼0.2%) when considering the excitonic effects.
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11. Reliability of the present simulations

Table S4 Calculated lattice parameters (a and c, Å) and van der Waals gap (Å) of bulk
In2Ge2Te6, exfoliation energy (EE, J/m2) of graphite, and highest SLME photovoltaic efficiency
(PE) of GaAs and silicon, in comparison with available theoretical and experimental data.

Content This Work Other Theory Experiment
In2Ge2Te6 a 7.203 - 7.086S29

In2Ge2Te6 c 21.485 - 21.206S29

In2Ge2Te6 vdW Gap 3.315 - 3.282S29

Graphite EE 0.31 0.32S30 0.32±0.03S31

GaAs PE 31.4% 32.0%S32 29.1%S33

Si PE 25.7% 25.0%S26 26.1%S33
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Figure S9 Calculated dielectric functions of Si and GaAs using time-dependent Hartree-Fock
(TDHF) method in comparison with experimental data.S34

Good agreement between our simulation and experiment has been achieved for the lattice

parameters and the vdW gap (Table S4) of bulk In2Ge2Te6. The calculated exfoliation energy

of graphite is very close to the previous theoretical and experimental results. The calculated

dielectric functions (Figure S9) and photovoltaic efficiency of GaAs and Si are in reasonable
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agreement with previous experimental measurements, where the small discrepancies can be

understood as being due to the surface roughness of crystal samples and temperature effects,

which are not included in this work. Therefore, our simulations are valid and reliable within

the present theoretical framework in comparison with available experimental and theoretical

studies.
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12. Calculated dielectric functions of few-layer In2Ge2Te6
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Figure S10 Calculated in-plane dielectric functions of monolayer, bilayer, trilayer and bulk
In2Ge2Te6 crystals using the time-dependent Hartree-Fock (TDHF) method.
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