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I. COMPUTATIONAL DETAILS

We perform the DFT calculations in order to construct mean-field wavefunctions and energy bands for the GW
calculations. We use the QUANTUM ESPRESSO"? with the plane-wave basis, the PBE exchange-correlation functional®
and norm-conserving pseudopotentials®®. For the self-consistent calculation, 24 x 24 x 1 and 24 x 24 x 4 k-point grids
are adopted for monolayer and bulk respectively. Energy cutoff 952 eV is used for the plane wave expansion. We use
the semiemprical Grimme’s DFT-D2 scheme® for the van der Waal’s correction in order to obtain the fully relaxed
structure of the layered bulk SizO.

The GW calculations are performed by using the BERKELEYGW package” at the level of GoW, and GW). Electronic
self-energy is calculated by using the generalized plasmon-pole model® and the modified static remainder approach®.
The convergence of the quasi-particle (QP) band structure are achieved by tuning parameters such as the k-point grid,
the energy cutoff of the dielectric matrix 5(7;}(;' and the number of unoccupied bands N,. The Coulomb interaction

truncation scheme!? is used to simulate the isolated monolayer geometry of Si3O. Considering that the QP band
structure for low-dimensional systems can show a very slow convergence as a function of the size of the vacuum region
as reported in Ref. 11, the convergence of the QP band structure is also checked by varying the size of vacuum. The
parameters mentioned above are tuned in order to converge the QP energy gap within 50 meV.

We use the energy cutoff 340 eV for the dielectric matrix G(EIG/7 and N, = 1000 unoccupied bands for mono-layer
and bulk of SizO. Figure S1 shows the convergence behavior of the QP band gap at the symmetric point Y as
a function of the number of unoccupied bands N, and the energy cutoff of the dielectric function ea}G/. In our
calculation 14 x 14 x 1 and 6 x 6 x 3 k-grids are sampled for monolayer and bulk, respectively. We increase the cell
size up to 40 A along the normal direction to the layer plane.

Self-consistently iterative calculations on G are performed to calculate QP band gaps in the so-called GW; approx-
imation. It is shown that the corresponding band gaps determined by GWj approximation are converged to the QP
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FIG. S1. (Color online) Convergence behaviors of QP band gaps as a function of (a) the number of unoccupied bands N, and
(b) the energy cutoff of the dielectric function eéIG,. QP band gaps of monolayer and bulk SizO are indicated by blue solid
lines and red dashed lines, respectively.



band gap linearly interpolated from the GoWy gap®. Within three iterations the difference between the GsWy gap
and the linearly interpolated gap becomes smaller than 5 meV.

We solve the Bethe-Salpeter equation (BSE) with QP energy bands of SisO in order to obtain optical absorption
spectrum e3(w) (the imaginary part of the dielectric function) and exciton energy levels. The numerical solution of
the BSE depends on the size of k-point mesh and the number of valence and conduction bands. 40 x 40 x 1 and
20 x 20 x 4 k-point grids are used to reproduce well-converged absorption spectra for monolayer and bulk SizO,
respectively. In our calculation six highest valence bands and six lowest conduction ones are used to solve the BSE,
and it is shown that the absorption spectrum is well converged up to about 4.0 eV. Gaussian broadening of 0.05 eV is
adopted to numerically calculate the absorption spectrum. The absorption spectrum is calculated on the energy grid
whose interval is iAw = 0.01, on which the numerical integration is performed for the spectroscopic limited maximum
efficiency (SLME)!2.

The analytic expression of the absorption spectrum es(w) involves the delta function, which can be replaced by the
Gaussian function with the broadening parameter in the numerical calculation. The broadening parameter, which is
in principle small, is needed to be a finite value suitable to numerical integrations for e;(w) and the SLME 7, which
are based on the k-point mesh and the discrete grid of w. If the broadening parameter is smaller than the energy
resolution of the integration, the spectrum es(w) shows spurious and bumpy features due to the finite sampling. In
contrast, too large smearing parameter can wash out important detailed features of the spectrum. We have tested the
effect of broadening parameters for es(w) on SLME calculations. The calculations show that the SLME 7 maintains
about 26-27% within the range from 0.02 to 0.06. If the smearing parameter is smaller than the energy resolution
hAw = 0.01 €V, or it is much larger (> 0.08 eV), the SLME 5 deviates from 26-27% as shown in Fig S2(b).
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FIG. S2. (Color online) (a) P/P;, (blue solid line) as a function of the voltage V. The SLME 7, the maximum value of P/P;y,,
is indicated by black circle. (b) SLME 7 calculations by tuning the broadening parameter from 0.01 to 0.15.

II. SLME CALCULATIONS

The SLME 7 of the solar cell can be calculated by maximizing the ratio P/P;,'%'3. Here the total incident solar
energy density P, is calculated by using the Air Mass 1.5 data'# for the solar irradiance spectrum of the photon flux
IAM1.5 (E)v

Py, = / Lavn 5(E)EdE. (1)
0
The output power density of the solar cell P is the product of the total net current density J and the voltage V,
P=Jv= [JSC — 7 (eeV/kBT - 1)} v, 2)

where e, kg, and T are the electron charge, the Boltzmann constant, and the solar cell temperature, respectively!'?13.
The net current density J is determined by two contributions: the short-circuit current density Jg. and the reverse
saturation current density Jy. The short-circuit current density Jg. is calculated from the absorbance A(F) and the



AM1.5 spectrum I4p1.5(F),

Jsc = 6/00 A(E)IAM15(E)dE (3)
0

Jo is further expressed as the sum of the non-radiative electron-hole combination current density Jj" and the radiative
one Jj,

Jo
fr
Here f, = J§/(JJ" + J}) is the fraction of the radiative combination current, which is approximately given by

fr = e_(Ega_Eg)/kBT, where E, and Ega are the minimum gap and the directly allowed gap, respectively!?'3.
Considering the principle of the detailed balance, the radiative combination current Jj is equal to the absorption rate
of photons from the surrounding thermal path in equilibrium with the solar cell surface:

Jo=J8 + J5 = (4)

Ji=en /O h A(E)I(E, T)dE, (5)

where Iy, (E, T) stands for the spectrum of the black body at temperature T,

In(BT) = 2% B (6)

T Rh3c2 ¢E/kBT _ 1’
where h and c are the Planck constant and the speed of light, and the temperature of the surrounding thermal bath
is T'= 25°C in this work. The SLME 7 can be obtained by numerically maximizing P as shown in Fig. S2(a).

III. THERMAL STABILITY OF Siz;O

Here, ab initio molecular dynamics (AIMD) is employed to show robust thermal stability of SizO in addition to
convex Hull and harmonic phonon dispersion provided in Ref. 15. The Si3O monolayer is expanded to a (3x3x1)
supercell which contains 18 SizO formula units. AIMD is performed at a temperature of 1,500 K in canonical ensemble
(i.e., constant NVT), where temperature of the system is controlled by Nosé-Hoover thermostat. The system is
integrated by using Verlet algorithm for 10 pico seconds (or 10,000 steps) with a time step of 1 femto second. Fig. S3
shows temporal evolution of energy and temperature of the system during the AIMD calculation. The instantaneous
energy seems to fluctuate around a constant value within a reasonable energy window, indicating that the temporal
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FIG. S3. (Color online) Evolution of energy (red) and temperature (blue) with elapsed time. Snapshot of SizO is shown in the
inset.



average is kept constant. This means that the atomic arrangements in the SigO remain stable without any broken
bonds throughout the AIMD calculations. The inset in Fig. S3 shows a snapshot of the Si3O monolayer during the
AIMD. Each of the atoms vibrates at their equilibrium positions due to the kinetic energy, but the initial structure
is maintained, confirming the robust thermal stability.

IV. EFFECTIVE MASSES IN SizO
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FIG. S4. (Color online) Effective masses of SizO. (a) Quasiparticle eigenvalues near the band edges: conduction (red symbols)
and valence (blue symbols) bands along Y-I' (cyan shading) and Y-Cy (orange shading) directions. The black curves behind
the data points are fitted to quadratic functions. (b) The calculated effective masses are tabulated relative to an electron rest
mass mg.

Carrier mobility () is an important characteristic in photovoltaic applications for efficient charge separation and
photo-current collection. In solids, the carrier mobility can be shown as

qT
2m*

where ¢ is an elemental charge, 7 is scattering time and m* is an effective mass. The scattering time 7 depends on
various factors such as details of electronic structures, defect concentrations and temperature, and electron-phonon
scattering becomes a dominant factor for pure bulk materials with few defects. While elaborated evaluation of the 7 is
crucial for the quantitatively assessment of carrier mobility, it will require demanding computation of electron-phonon
coupling matrix, which is beyond the scope of this paper. As a crude approximation, we hypothesize that effective
masses (m*) be sufficient to possibly show qualitative picture of carrier mobility behaviors in Si3O. We investigate the
in-plane effective masses in bulk Si3O from quasiparticle band structures as shown in Fig. 2(b). Two high-symmetry
paths are considered: from Y to I' and from Y to Cj, and small fractions of each path around the Y momentum, where
both maximum and minimum occur, are shown in Fig. S4(a). Quasiparticle eigenvalues along each of the paths in
each band are used to separately fit the harmonic energy-momentum (E-k) dispersion behavior near the band edges,
ie.,

hk?
E(k)=EFE —
() O+2m*

where 7 is Planck constant. The effective mass can be obtained from the curvature of the second derivative of the
band structure,

(m* ),1 1d%E

m = ——
h dk2



which is usually used relative to the electron rest mass mg. Figure S4(b) shows the m* for each direction and for both
electron and hole. It is interesting that the effective masses for both electron and hole along different directions show
an order-of-magnitude difference, indicating that the SizO is highly anisotropic. Moreover, the effective mass values of
the light bands for both electron and hole are remarkably small (~0.03 mg), comparable to well-known high mobility
semiconductors such as InSb (0.0135 mg) and GaAs (0.067 mg)'. Even for the heavy bands, the effective mass values
are comparable to a bulk silicon crystal (0.19 mg and 0.16 mq for electron and hole, respectively). It is worth noting
that the band edges at Y serve as the sole predominant inter-band transition path across the band gap up to a few
hundreds meV, limiting the number of possible electron-phonon coupling pathways up to considerable temperature
range. With remarkably small effective masses for both electron and hole as well as the interesting electronic structures
favorable for efficient carrier transport, Si3O makes a promising candidate for photovoltaic applications.
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