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S1. Optical Modeling: Power Density, Quantum Efficiency, and Short-circuit

Current Density Calculations

The FDTD optical simulation allows for determining electric field distribution within the
perovskite solar cell (PSC) structure. Hence, the total electron-hole generation rate
and power density profiles in the device can be calculated. The total generation rate

(GRtotal) Using electric field, E(x,y,z) is calculated by

« (1E(xy,2)|
GRTOtal(A) =& fwdl

where, ¢ is the imaginary part of the relative permittivity, €,=(n-ik)?, where n is the
refractive index, and k is the extinction coefficient of the perovskite absorber. And h is
the Planck’s constant.

The time-averaged power density absorbed within the PSC structure can be computed
by

1
Q(x,y,z) = Eceona|E (x,y,z)|2

2

where, ¢ is the speed of light in free space, o is the permittivity of free space, nis the
refractive index of the material and £ is the electric field distribution. « is the absorption
coefficient which is related to extinction coefficient of the material as given by a=41mk/A,
where A is the wavelength. Based on the power density, the quantum efficiency (QE)
of the PSC is calculated by

1
QEA) = P—f Q(x,y,z)dxdydz
Opt
3

where, Popt is the optical input power of the sun. The QE is defined as the ratio of
photons absorbed by the perovskite layer divided by the total number of photons
incident to the solar cell. Furthermore, photon absorption in the perovskite absorber
only contributes to the QE, and photons absorbed by other layers are considered to

be parasitic absorption. The short-circuit current density (Jsc) can be calculated by
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Jsc=%f’1>< QE(1) x S(1)dA 4

where, q is the electron charge and S(4) is the solar spectral irradiance (AM1.5G).
Photons absorbed by the perovskite layer contribute to the Jsc, and photons absorbed

by all other layers do not.

S2. Electrical Modelling: Current-Voltage Relationship

In the FEM approach, non-linear Poisson’s, continuity, and drift-diffusion equations
are engaged for the calculations. The charge density (p) and the electron and hole

current densities (J,,, and J,, respectively) can be expressed by

p=q(n-p+Np+N,) 5

on
J,=—qu,nE + ana 6

a
Jp == au,pE - ang .

J=Ju+],

where, n and p are electron concentration and hole concentration, respectively. Np
and Na are donor density and acceptor density, respectively. y, and y, are electron
and hole mobilities, respectively. E is the electric field. D, ,=p, ,(KT/q) are electron and
hole diffusion constants. The electron-hole pair generation rate was used as an optical
input for the FEM simulation, which was realized from the FDTD optical simulation.
The generation rate for electrons and holes was kept constant with the total generation
rate (Grota = Gn = Gp). Furthermore, both radiative recombination (R;sq) and non-
radiative recombination, which are auger recombination (Rauger), Shockley-Read-Hall
recombination (Rsrn), and surface recombination (Rsurace) rates, were considered for
the investigation. The close boundary conditions were applied to the simulation
environment, where ITO or doped ZnO and Ag metal contacts were designated as
anode and cathode, respectively. To attain the J-V curve, the voltage swipe ranged
from 0 to 1.6 V with a step size of 0.02 V.
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Next, the photovoltaic performance parameter values from the J-V characteristic curve
can be determined. Afterward, the power conversion efficiency (PCE) and fill factor

(FF) of the solar cell can be calculated by

Pupp Jsc X Voc X FF
2

PCE =

incident incident 8

Pyupp  Tupp X Viupp
FF = =

Pinciden:  Jsc X Voc 9

where, Pypp is the power at the maximum power point (MPP) of the solar cells. Jypp

and Vypp are short-circuit current density and open-circuit voltage at the maximum

power point. Voc is open-circuit voltage and Jsc is short-circuit current density.

Table S1. Electronic data of used materials in the perovskite solar cell.3: 4. 10-12

Materials
Parameters ETM Perovskite HTM
SnO, Doped CsPblBr» Spiro- NiO
Zn0O OMeTAD
Bandgap, E; (eV) | 3.72 3.27 1.95 3 3.6
Electron affinity, X | 4.13 4.29 3.59 2.6 1.6
(eV)
Dielectric 9 10 6.5 3 11.7
Permittivity, €,
Conduction band | 1x10" |2.2x10'®|1.66x 10" 5x 10" 2.5x10%0
effective density of
states, N¢ (cm™3)
Valence band 1.8x10'%|1.8x 10" | 5.41 x 10" 1x 10" 2.5x10%0
effective density of
states, Ny (cm3)
Electron mobility, | 20 100 50 2 1x103
My (cm?/Vs)
Hole mobility, pp 10 25 50 5 1x103
(cm?/Vs)
Donor density, Np | 1x10"% | 1x10" |0 0 0
(cm3)
Acceptor density, |0 0 5x 106 1x 108 5x 10"
Na (cm-3)
Lifetime of 1x10° |1x10° |[1x10°% 1x 109 1x 109
electron, ' (s)
Lifetime of hole, ™ | 1X 10 | 1x101° | 5x10% 1x 1010 1x 1010
(s)
Surface 1x 107 1x 107 1x 107 1x107 1x107
recombination
velocity of
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Figure S1. (a) Simulated J-V characteristic curves of the proposed PSCs for different
nanohole (NH) diameters. The NH has a period of 600 nm and a depth of 600 nm. (b)
Simulated J-V characteristic curves of the proposed PSCs for different nanohole (NH)
depths. The NH has a period of 600 nm and a diameter of 550 nm.

Table S2. Effect of Nanohole diameter on the photovoltaic performance parameters

of studied PSCs.

Nanohole Photovoltaic Performance Parameters
Diameter
Jsc (mA/cm?) Voc (V) FF (%) PCE (%)
300 nm 11.10 1.45 80.5 12.95
450 nm 11.40 1.48 80.4 13.55
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550 nm 13.40 1.53 80.6 16.44
600 nm 13.51 1.53 80.6 16.62

Table S3. Effect of Nanohole depth on the photovoltaic performance parameters of
studied PSCs.

Nanohole Photovoltaic Performance Parameters
Depth Jsc (mA/cm?) Voc (V) FF (%) PCE (%)
300 nm 13.37 1.52 80.6 16.37
450 nm 13.35 1.51 80.6 16.24
600 nm 13.4 1.53 80.6 16.50
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