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A B S T R A C T

All-dielectric nanophotonics is a powerful tool for improvement of thin-film optoelectronic devices because
of low optical losses, strong light localization, and chemical robustness against such materials as halide
perovskites. However, large-scale and low-cost approaches to create functional nanostructures are still not
developed. In our work, we show a novel method to create mesoporous electron transport layer based on
optically resonant silicon nanoparticles incorporated into TiO2 paste to be applied for perovskite (MAPbI3)
solar cell. The inclusion of Mie-resonant silicon nanoparticles helps to improve light absorption by a perovskite
layer without reduction of the active material. The management of Si nanoantennas concentration provides
to reach a power conversion efficiency higher than 21% by increasing all main device parameters. Our
multi-physical theoretical simulations of the solar cells with the resonant silicon nanoparticles provide
physical understanding on the mechanisms of the device improvement as well as help to optimize the silicon
nanoparticles concentration.

1. Introduction

Recent progress in nanophotonic designs for thin-film photovoltaics
is attributed to the ability of optically resonant nanostructures to im-
prove light control and light trapping by photovoltaic active materials,
which is the crucial for thin-film device technology [1–4]. Plasmonic
nanoparticles (NPs) represent a majority of photonic nanostructures for
perovskite solar cells (PSCs) [5–7]. However, plasmonic nanostructures
made of gold or silver possess high dissipative losses in visible range
due to their negative real part of dielectric permittivity, and non-
negligible value of the imaginary part, that is common for all metals.
Also, to avoid chemical reaction of metal NPs with high surface energy
it is necessary to coat them by additional dielectric spacer [8–10].

On the other hand, all-dielectric nanoparticles with high refrac-
tive index (RI) can be more prospective for photovoltaic technology
due to broad spectral tunability of their optical resonances, strong
light scattering, and enhancement of optical near-field [11]. The in-
terplay between magnetic and electric multipoles in the dielectric
NPs at the same wavelengths leads to resonant control of scattering
efficiency and directionality [12]. Moreover, in contrast to the plas-
monic nanostructures, high-index dielectric NPs have a positive value
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of dielectric permittivity with low imaginary part reducing dissipative
losses and parasitic absorption [11], which is crucial for photovoltaic
applications [1].

One of the most rapidly developing families of materials for opto-
electronics and photovoltaics is lead halide perovskites [13–16], where
carrier management [17] and photon management [18] are two main
directions of the devices performance optimization. Despite the high
potential of the all-dielectric platform for both carrier and photon man-
agements [19,20], its fabrication methods are still time-consuming and
expensive [21], which prevents their usage to develop high-efficient
and large-scale optoelectronic devices.

In this work, we overcome this limitation by developing a novel
method to create TiO2 mesoporous electron transport layer (ETL) with
commercial optically resonant silicon NPs. The created paste is demon-
strated to be one of the best candidates for perovskite solar cells
improvement among those with integrated resonant NPs. Namely, an
optimized concentration of Si nanoantennas inside the paste allows to
reach a power conversion efficiency >21% via the improvement of light
absorption in a MAPbI3 based perovskite layer without reduction of the
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Fig. 1. (a) Schematic illustration of prepared perovskite solar cell with 100–200 nm in a diameter Mie resonant nanoantennas. (b) Experimental dark-field spectra of Si NPs located
on the surface of mesoporous TiO2 layer (SEM images are given in with scale bars 200 nm.) measured for scattered s-polarized incident light (angle of incidence is 65◦) and (c)
corresponding calculated scattering efficiency spectra for Si NPs with the similar size.

active material, which is confirmed by our multi-physical theoretical
simulations.

2. Results and discussion

Crystalline silicon NPs have RI number 𝑛 ≈ 4 that allows to support
strong Mie resonances even in the materials used for PSCs, i.e. with
𝑛 ≈ 2 and absorption level in the PSC’s operation spectrum much
lower than that of metals. In order to confirm that experimentally, we
provide polarization-resolved scattering spectral measurements using
the s-polarized light from a halogen lamp at an angle of 65◦ (for
details, see Experimental section). Fig. 1b shows the scattering spectra
of agglomerated Si NPs from the mesoporous layer (Fig.S1,S2). These
clusters of NPs can be considered as the individual particles with larger
size of about 500–600 nm and produce strong scattering signal being
the result of high electric and magnetic modes contributions (Fig. 1c). It
is worth noting that the formed quasi-spherical clusters can scatter the
incident light as NPs with larger size and can support high-order modes
such as electric quadrupole (EQ), electric octupole (EO) and electric
hexadecapole (EH) and magnetic quadrupole (MQ), magnetic octupole
(MO), magnetic hexadecapole (MH) as shown in Fig. S3. For NPs with
size less than 200 nm electric and magnetic dipoles (MD, ED) and
quadrupoles contribute mostly. It worth noting that we also collect the
Rayleigh scattering signal from the mesoporous layer consisting of 20-
nm TiO2 NPs that can significantly increase the signal in a blue spectral
range. Nevertheless, Mie scattering from Si NPs is much stronger, which
is confirmed by dark-field optical images of the mesoporous layer with
Si NPs (Fig. S2) with a size about 100–200 nm. The existence of
the electric and magnetic types of Mie modes in the studied Si NPs
is confirmed by our full-wave electromagnetic simulations in Comsol
Multiphysics. The scattering geometry is modeled as a crystalline Si
spherical particle partly plunged in TiO2 substrate. The particle is
irradiated by a plane wave at an angle of 65◦ in air. Modeling of scat-
tering spectra (Fig. 1c) shows good agreement with the corresponding
experimental ones. Some difference between the shapes of theoretical
and experimental spectra arise from the mesoporous structure of the
substrate and non-spherical shape of the considered clusters.

Fig. 2a shows a colored cross-section scanning electron microscopy
(SEM) image of the completed PSC device including resonant NPs in
mesoporous TiO2 layer. To create devices with different concentrations
of Si NPs, we add them in the mesoporous layer by mixing solution of
Si NPs and TiO2 paste in five proportions, and the resulting pastes are
shown in Fig. 2b. More details on the preparation of the mesoporous
layer with Si NPs are given in Experimental Section in detail.

There are two main advantages of incorporation of Si NPs exactly
into the mesoporous layer. On the one hand, the mesoporous layer
can accommodate more NPs than any other layer without significant
substitution of perovskite and, thus, do not change the active volume

for charge carriers photogeneration. At the same time, strongly scat-
tering NPs should be in front of the perovskite layer relatively to the
incident light to increase their contribution to the light absorption by
the photoactive material [22].

Fig. 2c–g shows SEM top views of the mesoporous layers prepared
from TiO2 solutions with different Si NPs concentrations. According to
the mass relations between Si and TiO2 NPs in the mesoporous layer,
one can estimate the characteristic distance between Si NPs in the
volume of the mesoporous layer. For the small concentration (solution
№2, Fig. 2b), it is 300–500 nm. For the optimal case (solution №3,
Fig. 2b) the distance is 240–350 nm. For the high Si concentration
(solution №4, Fig. 2b), the distance is 190–230 nm, and for extra high
Si concentration (solution №5, Fig. 2b) the distance is 160–200 nm.
According to the obtained SEM images (Fig. 2c–g), the mesoporous
layers at small and optimal concentrations of Si NPs have very low
density of Si NPs clusters, which are lying on the surfaces. At the
same time, the average distance between Si surface agglomerates is
4.4 μm, corresponding to their concentration up to 5% that is much
less than the estimated concentration of individual Si NPs inside the
mesoporous layer and their influence can be ignored.The SEM images
(Fig.S4) show that the perovskite films have similar morphology and
does not depend on the concentration of Si NPs in mesoporous ETL. The
presence of crystalline Si NPs is also confirmed by XRD measurements
(Fig. S5), where the peak intensity of c-Si increases with the growth
of Si NPs concentration inside the mesoporous layer. Additionally, the
provided time-resolved photoluminescence (PL) measurements (Fig.S6)
reveal the Si NPs influence on perovskite film properties. We fit the
obtained PL signal decay data according to ABC model [23]: − 𝑑𝑛

𝑑𝑡 =
𝐴⋅𝑛 + 𝐵⋅𝑛2 + 𝐶⋅𝑛3, where 𝐴 is a monomolecular nonradiative constant,
𝐵 is a bimolecular radiative constant, and 𝐶 is Auger recombination
which is observable in the obtained PL decay curves. While the B stays
the same for all obtained decay curves, 𝐴 slightly goes down with Si
NPs concentration growth and keeps stable from the optimal Si NPs
concentration. This tendency reveals the better crystallization quality of
the perovskite films in presence of Si NPs correlating with the previous
studies [24].

The scattering effect from high-index NPs implies the light concen-
tration by a photoactive material and enhancing of light trapping [25].
Fig. S6a,b shows the PL spectra from the perovskite layer located on
the mesoporous substrates with different concentration of Si NPs. The
maximum PL peak intensity corresponds to the sample with the optimal
concentration of Si NPs in the mesoporous layer that is the indicator of
efficient light tapping [22,26]. At the higher concentrations of Si NPs,
the perovskite PL signal starts to decrease, because the screening of
incident UV light from the mercury lamp (for details, see Experimental
Section) in the mesoporous layer and less energy penetrates into the
perovskite. This effect correlates with our absorption measurements in
the whole visible range, where Si NPs improves light absorption in the
perovskite layer (Fig. S7).
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Fig. 2. (a) SEM image of the perovskite solar cell cross-section. (b) TiO2 paste solution with different concentrations of Si NPs for further deposition mesoporous electron transport
layer. SEM image of the prepared mesoporous layer from TiO2 solutions containing different concentrations of Si NPs: (c) reference cell without Si NPs, (d) mesoporous layer with
‘small’ concentration of Si NPs (1:180 in mass concentrations), (e) mesoporous layer with ‘optimal’ concentration of Si NPs (1:120), (f) mesoporous layer with ‘high’ concentration
of Si NPs (1:60), and (g) mesoporous layer with ’extra high’ concentration of Si NPs (1:30).

To test the proposed nanophotonic approach based on Mie resonant
Si NPs theoretically and experimentally for perovskite photovoltaics,
we employ 𝑛-𝑖-𝑝 solar cell structure representing the following architec-
ture: FTO/compact TiO2/mesoporous TiO2/MAPbI3/SPIRO-MeOTAD/
Au, which is one of the most commonly used for PSCs [27–31] with
well known physical properties [32–36].

First of all, in order to understand the physical processes occurring
in the presence of Si NPs in PSCs, it is important to investigate theoret-
ically the influence of Si NPs located in mesoporous ETL on the charge
collection efficiency. In our qualitative analysis (see details on the cells
calculation in Experimental Section), we study the two following cases:
Si NP in direct contact with the perovskite layer (Fig. 3a) and Si NP
isolated from the perovskite by a thin TiO2 covering layer (Fig. 3b)
similarly to the experimental architecture in our devices. Generally, Si
is a narrow band gap material as compared to MAPbI3, resulting in
charge carriers losses after its usage in PCSs. First of all, its contact with
the active layer may lead to undesirable carrier losses in the bulk of NP
attributed to parasitic recombination of electrons and holes from the
active layer in the absence of energy barrier for both types of charges.
In other words, crystalline Si NP serves as a recombination center that
decrease the electrical performance of the device. This statement is
confirmed by the energy band diagram calculated for Si NP being in
contact with the active layer (Fig. 3a.1). The quasi-Fermi level for holes
is bent up near the surface of NP, and the net recombination rate
distribution has high values (i.e. of the same order as the generation
rate, see Fig. 3a.2 and Fig. 3a.3) in the Si region. However, these
losses can be efficiently suppressed by a thin TiO2 protective coating
around the surface of Si NP which prevents direct contact of perovskite
and NP (see Fig. 3b.2 and Fig. 3b.3). In this case, TiO2 creates a
required barrier for holes which does not allow them to fall into Si bulk.
Note, that in both cases Si contribute to charge collection attracting
electrons at the distance approximately half of NPs’ radius as follows
from Fig. 3a.4 and Fig. 3b.4.

To deeper investigate the influence of Si NP concentration on the
charge collection efficiency, we calculated open-circuit voltage V𝑂𝐶
as a function of the distance between neighbor particles for both
covered and uncovered cases. In our model, we assume that Shockley–
Read–Hall recombination in the perovskite layer is suppressed by the
inclusion of Si NPs which is confirmed by the time-resolved PL measure-
ments (Fig. S6). First, we considered the covered case (Si NP isolated
from the active region by a thin TiO2 covering layer) and fixed the
period near the optimal value 300 nm to find the relative change of V𝑂𝐶
depending on carrier lifetime. The behavior of the blue curve in Fig. S8
confirms that the improved V𝑂𝐶 characteristics of samples with Si NPs
can be attributed to the extended carrier lifetime in the perovskite
layer. Next, we fixed the carrier lifetime corresponding to the optimal
concentration and varied the period of the unit cell containing covered
Si NP. As shown in Fig.S8, V𝑂𝐶 slightly improves with the period

and the curve becomes almost flat at the values higher than 400 nm.
The relative increase here (around 1%–2%) is dictated mostly by the
reduced defect density and better crystallization of the perovskite
layer. This situation corresponds to low and moderate concentrations
of Si NPs when the most of NPs are located within the mesoporous
layer leading to the increased roughness of TiO2 as can be seen from
SEM images in Fig. 2d–e. At the higher concentrations, a number
of Si agglomerates is formed on the surface of TiO2 which are not
protected from the contact with the perovskite layer (Fig. 2f–g). As a
result, charge collection dramatically drops due to recombination losses
described above. The density of uncovered Si NPs strongly affects V𝑂𝐶
value which decreases by more than 5% at periods smaller than 1 μm
(see Fig.S8).

The photovoltaic (PV) performances of the mesoporous layers with
different concentration of Si NPs are tested for a standard 𝑛-𝑖-𝑝 archi-
tecture of PSCs (see details on the cells fabrication in Experimental
Section) upon irradiation of PSCs are given in Table 1. J–V curves,
external quantum efficiencies, EQE (Fig. S9), and statistical numbers
for efficiency, short-circuit current (𝐽𝑆𝐶 ), open-circuit voltage (V𝑂𝐶 ),
and fill factor (FF) a solar simulator with AM 1.5G class A spectrum.
The best (Fig. 4a,b) and average Fig. 4c–f) values for main PV param-
eters are studied. The reference device with the highest efficiency of
18% possesses an open-circuit voltage of V𝑂𝐶=1.011 V, a short-circuit
density of J𝑆𝐶=21.8 mA/cm2, and FF=81.5% under reverse bias that
corresponds to one of the best results among all MAPbI3-based PSCs.

Fig. 4b shows the comparison of EQE between the reference cell
with the best efficiency and devices with different density of Si NPs
in the mesoporous layer that also demonstrates the role of Mie reso-
nant NPs on the photocurrent performance while they are located in
PSCs in various concentrations. For the optimal case, EQE is clearly
increased almost in the whole operating range for MAPbI3 perovskite,
correlating with the absorption spectra (Fig. S7). At extra high Si NPs
concentration, the EQE performance is lower than for the reference
PSC only in 600–660 nm range but the collected EQE photocurrent
(Fig. S9b) remains to be higher for all cases with Si NPs. The total
current density curves obtained from EQE mapped to J𝑆𝐶 from J–V
curves that is proved for the best cells and for the average J𝑆𝐶 numbers.

As shown in Table 1, the inclusion of Si NPs into the mesoporous
layer increases the efficiency up to 21.1% at the carefully selected
concentration of them. At the optimal Si NPs concentration, the best
cell has the following parameters: V𝑂𝐶 = 1.036 V, J𝑆𝐶 = 23.8 mA/cm2,
and FF = 85.7% under reverse voltage scan. Further, at the high Si
NPs concentration the best efficiency is 18.6% with V𝑂𝐶 = 1.014 V,
J𝑆𝐶 = 24.2 mA/cm2, and FF = 75.8% that is still higher than for
the reference. Finally, at extra high Si NPs concentration in the meso-
porous layer, the PV performance starts to decrease because the average
distance between centers of individual NPs reduces to ∼230–160 nm.
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Fig. 3. Energy band diagrams, optical generation rate, net recombination rate and electron current density at V = Voc for Si NP partially submerged in perovskite in the following
two cases: Si NP in direct contact with perovskite layer (a) and Si NP isolated from perovskite by a thin TiO2 covering (b).

Fig. 4. (a) J–V curves for mesoporous PSCs recorded under the forward scan and containing Si NPs with different concentration: black dot line — without Si, blue — in small
concentration (1:180 in mass concentrations), green — Si NPs in the optimal concentration (1:120), red — device with high Si concentration (1:60), purple — the extra high
Si concentration (1:30). J–V curves and PV parameters obtained under reverse and forward bias are shown in Fig. S12. (b) External quantum efficiency for PSCs with different
concentration of Si NPs inside the mesoporous layer. The statistical parameters obtained from all measured mesosilicon-based devices: (c) resulting efficiency, (d) short-circuit
current, (e) open-circuit voltage, (f) filling factor.
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Table 1
Best and average values of efficiency, 𝑉𝑂𝐶 , 𝐽𝑆𝐶 , and FF for the PSCs with different concentration of Si NPs inside the
mesoporous layer recorded under 1 sun illumination intensity at a reverse bias. The J–V parameters at forward and reverse
scans for each kind of the best cells are presented in fig.S12.

Efficiency, % (best/average) Voc, V (best/average) Jsc (best/average) FF, % (best/average)

Reference 18/17.2 1.011/1.011 21.8/21.2 81.5/80.2
Si NPs small 18.2/17.5 1.035/1.010 22/22.3 80/77.9
Si NPs optimal 21.1/19.2 1.036/1.032 23.8/22.8 85.7/80.3
Si NPs high 18.6/17.4 1.014/1.021 24.2/21.2 75.8/80.7
Si NPs extra high 17.8/16.7 1.015/0.992 22.9/22.1 76.7/76.4

Generally, these effects are correlated with our modeling and, accord-
ing to Fig. S8 and Fig. 3, there is the interplay between carriers losses,
changed mobility and absorption. For example, the ratio between TiO2
and Si in the paste with the extra high Si NPs concentration is dramat-
ically decreased meaning that TiO2 fraction starts to be too small for
efficient transport of electrons. Thus, for extra high density of Si NPs
the best efficiency is lower than that for the best reference (17.8%),
because of FF and V𝑂𝐶 reduction. In order to demonstrate the limit
case for our approach, we prepare PSC containing Si NPs only in the
mesoporous layer (i.e. without meso-TiO2) and recorded its J–V curve
(Fig. S10), revealing FF = 47.2% and V𝑂𝐶=0.883 V. This experiment
shows that there is an optimal ratio between TiO2 and Si NPs in the
mesoporous layer.

Remarkably, the PSC efficiency enhancement for the improved de-
vices revealed from J–V curves and EQE are achieved together with
their PL enhancements (Fig. S6) supporting the mechanism of light
trapping by the Si NPs verified by our modeling (Fig. 3a.2,b.2,Fig. S11)
and measurements on enhanced light absorption (Fig.S7). The light
trapping effect almost vanishes for the case, when the distance between
Si NPs is comparable or less than one TiO2 NP in mesoporous layer
(20 nm). In these cases, the sufficient part of the incident electromag-
netic field can be trapped and localized between Si NPs [37], i.e., J𝑆𝐶
and V𝑂𝐶 is smaller then for a device with higher gap between Si NPs.

Regarding the hysteresis effects in PSC in the case of any additional
integration of nanostructures without charge transporting function into
PSC, the hysteresis influence cannot be neglected. Thus, we compared
forward and reverse J–V curves recorded for the best mesoporous
PSCs with different concentration of Si NPs (Fig. S12), which reveals
that the measured cells have a small difference between the curves
corresponding to forward and reverse scans. This is the result of high
charge carriers mobility of c-Si [38] and reduction of trap states density
(decrease of monomolecular constant 𝐴 shown in Fig.S6), which are
crucial parameters for strength of hysteresis [39,40].

In conclusion, we have created a mesoporous electron transport
layer based on optically resonant Si NPs incorporated into TiO2 paste
and applied it for perovskite (MAPbI3) solar cell improvement. The
inclusion of Mie-resonant Si NPs helps to improve light absorption
by a perovskite layer without reduction of the active material. The
management of concentration of Si nanoantennas provide to reach
a power conversion efficiency >21% by increasing of all main de-
vice parameters. The achieved level of efficiency is comparable with
the record values for MAPbI3-based solar cells [6,41,42]. Our multi-
physical theoretical simulations of the solar cells with the resonant Si
NPs provide physical understanding on the mechanisms of the device
improvement as well as help to optimize the silicon nanoparticles
concentration. Importantly, the optimization of ETL with Si NPs is just
around 0.3% of the cost of the initial TiO2 paste, while the increase of
device’s cost is even smaller. On the other hand, the average efficiency
growth is larger than 1%, which indicates clear economical benefit of
the proposed technology. We believe that our simple and commercially
available technology can become a wide-spread tool for up-scaling
high-efficient perovskite photovoltaic devices.

3. Experimental section

3.1. Chemicals and materials

FTO Pilkington (15𝛺/sq), PbI2 for perovskite preparation was used
from Tokyo Chemical Industry MAI and TiO2 paste(30 RD) from
DyeSol, Chlorobenzene, Acetonitrile, DMF, DMSO, Li-TFSI, SPIRO-
MeOTAD and chemicals for compact TiO2 layer (Titanium isopropox-
ide, Acetylacetone and EtOH) from Sigma Aldrich, Si NPs (99.9%)
with 100–200 nm in size were obtained from Getnanomaterials. To
prepare a solution for compact TiO2 1 ml of Acetylacetone was added
to 1.5 ml Titanium diisopropoxide bis(acetylacetonate) and then it was
properly mixed in 22.5 ml EtOH. To prepare resonant mesoporous
layer commercial available Si NPs were mixed with EtOH in 1:25 mass
ratio and were dispersed in ultrasonic bath to avoid agglomeration and
thereafter were filtered through a 450 nm syringe filter. The TiO2 paste
was dissolved in 6 times by Si in EtOH and pure EtOH to form TiO2-
Si solutions with following proportions: (1) pure EtOH as reference
samples, (2) pure Si-EtOH as extra high Si concentration to achieve
the Si mass concentration in the total TiO2 solution as 1:30, (3) Si-
EtOH:pure EtOH in 1:1 as high Si concentration to achieve the Si mass
concentration in the TiO2 solution as 1:60, (4) Si-EtOH:EtOH in 1:5 as
low Si concentration (the mass concentration of Si in the total solution
is 1:180) and (5) Si-EtOH:EtOH in 1:3 as optimal Si concentration
(1:120). 1.414 mmol MAPbI3 solution dissolved in DMF:DMSO solution
was used to prepare the perovskite film outside a glovebox.

3.2. Solar cell fabrication

2.5 × 2.5 cm2 FTO glass substrates were divided by 4 individ-
ual pixels by means of a raster scanning laser (Nd:YVO4 pulsed at
30 kHz average output power 10 W). Then the substrates were care-
fully cleaned by soap, DI water and i-PrOH and were exposed to the
ultrasound. A 50 nm compact TiO2 (c-TiO2) layer was deposited onto
the patterned FTO substrates by spray pyrolysis technique at 460 C
and 1.5 Bar atmosphere. After that mesoporous TiO2 solutions with
resonant Si NPs in different concentrations were deposited on the c-
TiO2 layer by spin coating procedure with 3000 rpm for 20 s and
then were annealed up to 480 C according to the similar procedure
described in [43]. MAPbI3 perovskite was deposited at room condition
in the spin coater with initial 1000 rpm for 10 s and then 5000 rpm
for 45 s 0.7 ml of Diethyl Ether was dropped in 38 s before the end
and fresh MAPbI3 layer was crystallizing at 100 C for approximately
10 min. SPIRO-MeOTAD solution in chlorobenzene doped by Li and
Co salts in 10 min before deposition in glovebox. The spin regime for
SPIRO-MeOTAD deposition consists one step 2000 rpm for 15 s and
finally the 100 nm top gold contact layer was deposited via vacuum
evaporator with 0.3 �̇�/s for the first 10 nm and then with 1 �̇�/s up to
100 nm thickness layer.

3.3. Characterization

Scattering by Si nanoparticles on mesoporous TiO2 are studied
be confocal dark-field optical spectroscopy. The nanoparticles are ex-
ited by linearly polarized light from a halogen lamp (AvaLight-HAL)
through an objective (Mitutoyo M Plan Apo NIR, 10×, NA = 0.26)
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at an oblique angle (65◦ with respect to the normal of the surface).
Scattered light is collected from the top by a objective (Mitutoyo M
Plan APO, 50×, NA = 0.55), sent to Horiba LabRam HR spectrometer,
and projected onto a thermoelectrically cooled charge-coupled device
(Andor DU 420A-OE 325) with a 150 g/mm diffraction grating.

Merlin (Carl Zeiss) microscope was used for SEM imaging. Meso-
porous perovskite solar cell cross-section was investigated with low
accelerating voltage of 1.5 kV to prevent charge effects from noncon-
ductive substrate. In-Lens detector was chosen to get better topography
resolution. Better material contrast was achieved with ESB Detector
with 0.5 kV blocking voltage. Flat surface images were obtained with
5 kV accelerating voltage with working distance of 4.4 mm. Both In-lens
and everhart–thornley detectors were used to gain better contrast.

Photoluminescence decay of the film was studied using time cor-
related photon counting technique. For these studies, PL signal was
excited at 532 nm wavelength with a laser diode having the pulse
duration of 100 ps and 250 kHz repetition rate, while the photon
counting detector modules with a timing resolution of 50 ps was used to
detect luminescence decay. The excitation signal was directed and the
signal was collected by a single infinity corrected 10 times objective
with NA=0.26. The excitation beam was unfocused and the laser spot
had diameter approximately 160 μm.

Photoluminescence spectra were recorded on Carl Zeiss — Axio
Imager. A2m microscope using an fluorescent regime and HBO 100
mercury lamp (wavelength is 375 nm) as an excitation source where PL
spectra were collected by Ocean Optics spectrometer through an optical
waveguide. Absorption spectra of investigated perovskite samples had
been prepared via Shimadzu spectrophotometer UV-3600 Plus.

Photovoltaic performance of the devices and modules was analyzed
through measurement of masked devices under a solar simulator (ABET
Sun 2000, class A) at AM 1.5 G and 100 mW/cm2 illumination con-
ditions which was calibrated with a certified reference Si Cell (RERA
Solutions RR-1002). The incident power was checked with a Skye
SKS 1110 sensor. Dark JV measurement from fabricated PSCs was
performed using cyclic Voltammetry module of AUTOLAB potentiostat
instrument. Electrochemical impedance spectroscopy was done via AU-
TOLAB. TPV, TPC was measured with a commercial apparatus (Arkeo,
Cicci Research s.r.l.) based on a high speed Waveform Generator that
drives a high speed LED (5000 Kelvin).

XRD analysis was carried out by means of X-ray diffractometer
Ultima IV Rigaku with a copper anode with 𝜆 (CuK𝛼) = 1,5418 Å at
goniometer radius of 285 mm. In the experiment, the voltage across
the tube was 40 kV, the current was 40 mA, and the output power was
1.6 kW. Diffraction reflections were interpreted using the ICDD PDF-2
(2008) diffraction database.

3.4. Simulations

For calculation of optical generation rate, we used Lumerical FDTD®
2020 commercial package. Energy band diagram, net recombination
rate, electron current distribution and open-circuit voltage were ob-
tained with Lumerical CHARGE module which couples drift–diffusion
and Poisson equations. The model parameters are described in details
in our previous work [20]. In our 2D calculations, we consider the unit
cell containing one Si NP located in TiO2 layer and partially submerged
in perovskite bulk. For simplicity, we replace complex morphology
of the mesoporous structure by the ideal plane interface of TiO2 and
perovskite.
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