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Abstract: Arrays of high-index dielectric nanoparticles supporting both electrical and magnetic
resonances have gained increasing attention for their excellent light-trapping (LT) effects, thus
greatly improving the performance of ultrathin solar cells. This work explores front-located,
high-index dielectric subwavelength nanosphere arrays as an efficient and broadband LT structure
patterned on top of an ultrathin perovskite solar cell (PSC) for a greatly enhanced absorption.
Combined strong light scattering and anti-reflection properties achieved by optimized geometrical
parameters of the LT structure lead to a broadband absorption enhancement in the ultrathin
thickness of a photoactive layer (100 nm) yielding the short-circuit current density (Jsc) of 18.7
mA/cm2, which is 31.7% higher than that of a planar counterpart. Moreover, effects of the
LT structure on far-field radiation patterns, scattering cross-sections, multipoles’ contributions,
and asymmetry parameters along with the incidence angle and polarization dependence are
investigated. The present strategy could be applied to diverse applications, such as other ultrathin
or semitransparent solar cells, absorbers and photodetectors.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Organic-inorganic hybrid perovskite semiconductors have gained significant amount of attention
for their potential as an excellent light absorbing material in various research areas including solar
cells, light-emitting diodes and photodetectors [1–8]. The perovskite materials feature promising
optoelectronic properties such as large absorption coefficient and cross section, long charge
carrier diffusion length, high carrier mobility and tunable band gaps [1,9–13]. Such compelling
properties of the perovskite materials enable the efficiency of perovskite solar cells (PSCs) to
rise rapidly from 3.8% in 2009 to 25.6% in 2021 [14,15]. Great effort is also being applied to
develop semitransparent PSCs for building-integrated photovoltaics (BIPVs) and highly efficient
tandem cells where the PSCs are integrated with the other solar cells [16–20]. Moreover, the
PSCs can be fabricated by using low-temperature solution-processing methods, which can make
them especially appealing for low-cost, lightweight and flexible PV devices, thereby potentially
extending the range of possible applications, such as consumer-oriented portable and wearable
electronics, solar-powered aerial vehicles, and biomedical monitoring [21–26].

To realize the aforementioned applications, reducing the thickness of an active region in the
PSCs is essential for attaining high optical transparency in the semitransparent PSCs or high
mechanical flexibility in the flexible and lightweight PSCs. However, the light absorption is
generally proportional to the thickness of the photoactive layer so the cell efficiency is significantly
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limited by the reduced film thickness. Therefore, it is necessary to increase an optical path
length where light travels in the photoactive layer combined with light-trapping (LT) schemes
and thus increase the optical absorption associated with the photocurrent. Moreover, exploiting
the LT allows manufacturing costs to be reduced for a given photoactive region thickness and
open circuit voltage (Voc) to be improved since photogenerated charge carriers do not have to
diffuse as far before the collection yielding reduced recombination losses. A variety of the LT
approaches to enhance the performance of the PSCs have been demonstrated based on textured
perovskite absorbers and substrates, graded-refractive-index materials, plasmonic nanoparticles,
surface plasmon resonances in subwavelength gratings, dielectric nanospheres embedded into
the mesoporous layer, and microlens and prism arrays [27–39]. However, it is challenging to
create such structures, and also directly structuring the photoactive layer increases both a surface
roughness and a defect density, which can significantly degrade the electrical performance of the
PSCs.

In this work, we investigate an effect of the Mie scattering by front-sided arrays of nanospheres
on the absorption in the photoactive layer of the ultrathin PSCs. The results exhibit that markedly
enhanced absorptions over a broad wavelength range can be achieved when the subwavelength
array of high-index dielectric nanospheres is conformally coated with a low-index dielectric
layer with the optimized diameter, spacing and thickness, resulting in the short-circuit current
density (Jsc) increased from 14.2 mA/cm2 to 18.7 mA/cm2 for the PSCs with the 100 nm-thick
perovskite photoactive layer. Physically thin but optically thick PSCs are enabled by an optical
path length increase in the ultrathin photoactive layer contributing to the improved Jsc, which
is confirmed by studying absorption distributions in the structure, far-field radiation patterns,
scattering cross-sections, multipole resonance contributions, and asymmetry parameters. Lastly,
we study how incident angles and polarizations affect the Jsc of the ultrathin PSCs. The presented
LT structure can serve as a good encapsulation layer and can also be patterned at the final stage
of a device fabrication minimizing charge carrier recombination and thus a degradation of the
electrical performance. The described structural configuration can be easily adopted to improve
the absorption property in various applications, such as other thin-film solar cells, photodiodes,
sensors, and absorbers.

2. Results and discussion

Figure 1(a) shows a schematic diagram of a conventional planar PSC structure that is constructed
from a front indium tin oxide (ITO, 100 nm) electrode, a poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS, 40 nm) hole transport layer, an ultrathin methylammonium
lead iodide (CH3NH3PBI3) perovskite (PVSK, 100 nm) photoactive layer, a phenyl-C61-butyric
acid methyl ester (PCBM, 70 nm)/zinc oxide (ZnO, 50 nm) double electron transport layer, and
an aluminum (Al, 100 nm) rear contact/mirror, which is a flat reference structure. Figure 1(b)
depicts the schematic view of the conventional PSC structure integrated with the high-index
dielectric nanosphere array (NSA) conformally coated with a thin low-index dielectric layer. The
high-index dielectric NSA leads to the strong light scattering in the forward direction for an
efficient LT effect without significant absorptions at visible frequencies, while the low-index
conformal dielectric coating functions as an anti-reflection (AR) coating. Although metallic
nanospheres can excite localized surface plasmon resonances that can remarkably boost the
absorption efficiency in the photoactive layer, the absorption enhancement in the photoactive
layer occurs in a narrow wavelength range and the absorption in the metallic nanospheres is not
trivial particularly in the visible spectrum so the dielectric NSA is chosen for the LT in this study
[40,41]. Titanium dioxide (TiO2) is selected as a material of the high-index NSA for the high
scattering efficiency and silicon dioxide (SiO2) is chosen as the AR coating material. It is noted
that the TiO2 NSA of the proposed LT structure can be created by a self-assembly process of the
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colloidal monolayer of the TiO2 nanoparticles or patterned by a nanoimprint lithography, and the
conformal SiO2 layer can be deposited by using either sputtering or atomic layer deposition.

Fig. 1. Cross-sectional schematic diagrams of (a) a planar PSC structure and (b) the PSC
structure incorporated with front-located TiO2 NSA overlayed with a thin SiO2 layer where
the thickness of the PVSK photoactive layer is ultrathin (100 nm).

Three-dimensional (3D) simulations are carried out using the COMSOL Multiphysics software
based on a finite element method to find the set of optimized geometrical parameters including a
spacing (S), a diameter (D) of the TiO2 nanospheres, and a thickness (t) of the conformal SiO2
coating, which can contribute to the generation of the highest Jsc of the PSC structures with
the ultrathin 100 nm-thick PVSK photoactive layer. The Jsc is regarded as a figure of merit to
evaluate the performance of the LT effect from the TiO2 NSA conformally coated with the SiO2
AR coating (In the following, we refer to this LT structure as TiO2/SiO2 NSA).

Refractive index (n) and extinction coefficient (k) values for the PEDOT:PSS, PVSK, and
PCBM, which are measured by using a spectroscopic ellipsometer (VASE, J. A. Woollam), are
provided in Fig. 2, along with complex refractive indices of TiO2, SiO2, ITO, ZnO, and Al
obtained from a website (https://refractiveindex.info).

Fig. 2. Refractive index (n) and extinction coefficient (k) spectra of (a) TiO2, (b) SiO2, (c)
ITO, (d) PEDOT:PSS, (e) PVSK, (f) PCBM, (g) ZnO, and (h) Al.

https://refractiveindex.info
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Geometrical parameters of the LT structure need to be optimized to achieve a maximum Jsc,
which is done through a parameter sweep. In Figs. 3(a) – (d), calculated 2D contour plots of the
Jsc as a function of S and D with thicknesses of the conformal SiO2 coating of 0, 25, 50, and
75 nm are exhibited. By integrating the absorption spectrum in the PVSK photoactive layer,
convoluted with the AM1.5 solar radiation spectrum, along the wavelength range from 300 nm to
900 nm, the Jsc can be calculated:

JSC = ∫
900 nm
300 nm

eλ
hc

QE(λ)IAM1.5(λ)dλ (1)

where e, λ, h, c, and IAM1.5(λ) are electron charge, wavelength, Plank constant, light velocity in
free space, and solar power spectrum at AM1.5, respectively. An internal quantum efficiency
is assumed to be equal to one, suggesting that the absorption spectrum in the photoactive layer
directly corresponds to the quantum efficiency (QE(λ)). Maximum Jsc values of 16.5 mA/cm2

with S of 280 nm and D of 240 nm, 17.7 mA/cm2 with S of 240 nm and D of 220 nm, 18.5
mA/cm2 with S of 200 nm and D of 220 nm, and 18.7 mA/cm2 with S of 160 nm and D of 220
nm are achieved when t is equal to 0, 25, 50, 75 nm, respectively, implying that the maximum Jsc
can be achieved when D is designed to be 220 nm regardless of t when applying the AR coating.
It is noted that the Jsc value starts to decrease when t is greater than 75 nm from the calculation.
Hence the optimized values of S of the TiO2 NSA and t of the conformal SiO2 coating can now
be found by computing the Jsc with D of the TiO2 nanospheres fixed at 220 nm, which is given
in Fig. 4(a) presenting that the maximal Jsc value (18.7 mA/cm2) can be attained from the LT
structure with S of 160 nm, D of 220 nm, and t of 75 nm. In Fig. 4(b), simulated absorption
spectra in the PVSK photoactive layer of the flat PSC structure (black), the PSC structure with
the TiO2 NSA (blue), and the PSC structure with the TiO2/SiO2 NSA (red) are depicted. For the
flat PSC structure, two peaks in the absorption spectrum appear at 395 nm and 620 nm, which
are attributed to the Fabry-Perot resonances.

Fig. 3. Calculated 2D contour plots of the Jsc as a function of S of the TiO2 NSA and D of
the TiO2 nanospheres with the conformal SiO2 coating thickness of (a) 0 nm, (b) 25 nm, (c)
50 nm, and (d) 75 nm.
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Fig. 4. (a) Calculated 2D contour plot of the Jsc as a function of S of the TiO2 NSA
and t of the conformal SiO2 coating with D of the TiO2 nanosphere fixed at 220 nm. (b)
Simulated absorption spectra in the PVSK photoactive layer for the planar PSC structure
(black) integrated with TiO2 NSA (blue) and TiO2/SiO2 NSA (red). (c) Calculated Jsc values
as a function of the thickness of the PVSK photoactive layer for the planar PSC structure
along with the Jsc obtained from the flat PSC structure with the 100 nm-thick PVSK layer
after the integration of the TiO2 NSA (blue triangle) and TiO2/SiO2 NSA LT structures
(blue circle).

The presence of the two peaks causes a deep valley in the absorption spectrum at 535 nm
to occur between the two peaks, which significantly limits the performance of the PSC. By
introducing the TiO2 NSA into the planar PSC structure, the optical path length in the photoactive
layer is prolonged by the light scattering in the forward direction yielding a broadband absorption
enhancement between the two peaks with the slightly mitigated absorption at 395 nm and 620 nm,
which is observed in a previous report [42]. The maximum Jsc of 16.5 mA/cm2 is achieved from
the TiO2-NSA-integrated PSC structure at S= 280 nm and D= 240 nm without the conformal
dielectric coating, with the improvement of 16.2% as compared with 14.2 mA/cm2 attained from
the planar PSC structure. Adding the conformal AR coating with the optimal thickness to the
TiO2-NSA-integrated PSC structure further improves the absorption in the PVSK photoactive
layer over a broad wavelength range by reducing the reflection loss, thus achieving the Jsc of
18.7 mA/cm2 corresponding to the enhancement of 31.7% compared to the planar PSC structure.
Since the absorption of the TiO2 NSA and the front ITO contact in the wavelengths shorter than
400 nm is high, there is a trivial contribution to the Jsc in this wavelength regime. It is important
to note that such absorption losses in the shorter wavelength region can indeed be beneficial
for achieving the stable PSCs yielding the longer lifetime, which is attributed to the fact that
the performance of the PSCs is noticeably degraded by the constant ultraviolet illumination.
Figure 4(c) exhibits the Jsc of the flat PSC structure as a function of the thickness of the PVSK
photoactive layer. The Jsc of the TiO2-NSA-integrated PSC structure with the 100 nm-thick
PVSK layer is comparable to that of the flat PSC structure with the 200 nm-thick PVSK layer
(16.4 mA/cm2), and the Jsc of TiO2/SiO2-NSA-integrated PSC structure with the 100 nm-thick
PVSK layer is found to be similar to that of the flat PSC structure with the 250 nm-thick PVSK
layer (18.3 mA/cm2). This implies that the thickness of the PVSK photoactive layer can be
markedly reduced with the help of the LT effect by the integration of the TiO2/SiO2 NSA, which
is greatly beneficial for the ultra-light and ultra-flexible or the semitransparent PSCs with high
efficiency. Although we are mainly concerned with the optics rather than the electrical properties
of the PSCs, the overall power conversion efficiency (PCE) can be roughly estimated by using
0.96 of Voc and 0.757 of FF in a previous work yielding 13.59% of PCE [43].

To explore a better coupling of light into the PVSK photoactive layer by the TiO2/SiO2 NSA,
the absorption profiles in each layer of the PSC structures without and with the TiO2/SiO2
NSA at representative wavelengths of 550 nm and 705 nm are provided in Figs. 5(a) and (b).
The absorption at a specific wavelength is calculated by carrying out a volume integral of the
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absorption density (pabs) corresponding to the absorbed power per unit volume (Pabs =
1
2ωε

′′ |E |2
where ω is the angular frequency, ε′′ is the imaginary part of the permittivity of the material,
and |E |2 is the electric field intensity) normalized by the light source, which can be expressed as:

Absorption(λ) = ∫ pabs(λ)dV (2)

Fig. 5. Absorption distributions into the PSC structures without (left) and with (right)
TiO2/SiO2 NSA at (a) 550 nm and (b) 705 nm.

As can be seen from Fig. 5(a), the absorption in the thin PVSK photoactive layer is significantly
enhanced with the help of the TiO2/SiO2 NSA at 550 nm, whereas the absorption in the other
layers is trivial compared to the photoactive layer.

Since the forward scattering dominantly occurs in all directions at 550 nm, the TiO2/SiO2
NSA functions as a lens to highly focus incident light into the transparent ITO layer and then
defocus light in the ultrathin PVSK photoactive layer. This can increase the optical path length in
the photoactive layer yielding the light absorption enhancement. Since the extinction coefficient
of the PVSK material decreases with increasing the wavelength (see Fig. 2(e)), the absorption in
the photoactive layer at 705 nm is highly limited as shown in the left of Fig. 5(b). Such reduced
absorptions in the longer wavelength region can be remarkably improved by the excellent LT
effect of the TiO2/SiO2 NSA that supports Mie resonances yielding the better light coupling into
the photoactive layer. This is ascribed to the strong far-field forward-scattering arising from high
optical density of states, leading to the increase in the optical path length in the photoactive layer
by redirecting the normally incident light along more horizontal directions. In addition to the
aforementioned strong forward-scattering of light from the resonant Mie scattering, the AR effect
due to a better index matching and a graded refractive index profile contributes to the absorption
enhancements in the photoactive layer. It is noteworthy that the scattering for the LT effect may
be further improved by finding an optimized shape or a refractive index combination of the
TiO2/SiO2 NSA, which is beyond the scope of this work. It is also worth mentioning that the total
(direct+ diffuse) transmission obtained from the planar PSC structure with the TiO2/SiO2 NSA is
overall lower than that attained from the planar PSC structure without the TiO2/SiO2 NSA, when
illuminated from the bottom portion of the cell. This suggests that the light reflected from the
back Al contact is not guided forwardly to escape outside the cell through the TiO2/SiO2 NSA,
which could be attributed to the fact that the TiO2/SiO2 NSA was optimally designed for the light
illumination from the top side of the PSC structure. The conformal SiO2 layer can function as
the efficient anti-reflection (AR) coating when illuminated from the air as the refractive index of
SiO2 (n= 1.47) is close to the optimal index for the AR coating (√nairnTiO2 =

√
1 × 2.40 ≈ 1.55),

but cannot function as the efficient AR coating when illuminated from the bottom side of the cell
due to the index mismatch (√nITOnTiO2 =

√
1.81 × 2.40 ≈ 2.08).

Figures 6(a) and (b) exhibit spectra of the scattering cross-section (σsca) and the corresponding
multipole decompositions calculated for the TiO2 nanosphere with D of 240 nm in air and for a
core-shell nanosphere structure consisting of an inner TiO2 nanosphere (D= 220 nm) coated with
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the thin SiO2 layer (t= 75 nm), respectively. Since more light is scattered in the forward direction
with increasing the size of the nanoparticle according to the Mie theory, adding a conformal
dielectric layer to the original nanoparticle basically increases the size of the overall nanoparticle
thus allowing more forward light scattering to occurs. In addition, the conformal coating layer
refracts incident light, thus resulting in a large scattering cross-section as compared to the single
nanoparticle as depicted in inset images in Figs. 6(a) and (b). Peaks of the electric dipole (ED),
magnetic dipole (MD), electric quadrupole (EQ), and magnetic quadrupole (MQ) shift toward
the longer wavelength region with increasing the diameter and the gap of the nanoparticles. It is
well-known that the ED resonance is broadened and shifted toward the longer wavelength region
while the shift in the MD resonance is trivial but the broadening still occurs when the spherical
particles are surrounded by any materials as compared to the particles in vacuum according to
the Mie theory. The strategy here is to exploit a relative sensitivity of the electric resonant modes
with respect to the refractive index of the surrounding medium as compared to the magnetic
resonances. The ED resonance shifts from 510 nm to 640 nm and the EQ resonance moves from
395 nm to 440 nm, whereas the position of the MD resonance is shifted from 605 nm to 640 nm
and the MQ resonance shifts from 450 nm to 460 nm, after applying the conformal SiO2 coating
to the TiO2 nanosphere. The ED (EQ) overlaps with the MD (MQ) leading to the enhanced
scattering as revealed in Figs. 6(a) and (b).

Fig. 6. Scattering cross-sections and the corresponding multipoles’ contributions for (a)
the TiO2 nanosphere with D of 240 nm in air and (b) the TiO2/SiO2 nanosphere with D of
220 nm and t of 75 nm in air. (c) Asymmetry parameters calculated for the TiO2 nanosphere
(blue) and TiO2/SiO2 nanosphere (red).

Since the EQ resonance approaches the MQ resonance with the conformal 75 nm-thick SiO2
coating, a pronounced and broadened peak at 470 nm occurs in σsca, which significantly enhance
the light scattering in the forward direction and thus the absorption in the PVSK photoactive
layer as depicted in Fig. 4(b).

The strong scattering property at 640 nm is due to the combined ED and MD resonances, which
is responsible for enhancing the absorption in the photoactive layer at the longer wavelength region.
By choosing a proper thickness of the conformal SiO2 coating, σsca of the TiO2 nanosphere is
greatly enhanced over a broad wavelength range, which are highly beneficial for the efficient LT
effect by the prominent light scattering property. The scattering cross-sections for the ED (σED),
MD (σMD), EQ (σEQ), and MQ (σMQ) are calculated by using the following equations:

σED =
k4

0

6πε2
0E2

0

∑︂
α

|pα |2 (3)

σMD =
k4

0εµ0

6πε0E2
0

∑︂
α

|mα |
2 (4)
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σEQ =
k6

0ε

720π ε2
0E2

0

∑︂
αβ

|Qαβ |
2 (5)

σMQ =
k6

0ε
2µ0

80πε0E2
0

∑︂
αβ

|Mαβ |
2 (6)

where pα = ∫V {j0(kr′)Pα(r′) + 3k2j2(kr′)
2(kr′)2

[︂
(
−→
r′ ,

−−−→
P(r′))r′α − 1

3 r′2Pα

]︂
}dV , mα =

3ω
2i ∫V {

j1(kr′)
kr′ [

−→
r′

×

−−−−→

P(
−→
r′ )], α̂}dV , Qαβ = 3 ∫V {

j1(kr′)
kr′ [3(r′αPβ(r′) + Pα(r′)r′β) − 2(

−→
r′ ,

−−−→
P(r′)), δαβ] + 2k2j3(kr′)

(kr′)3

[5r′αr′β(
−→
r′ ,

−−−→
P(r′)) − (r′αPβ(r′)+ Pα(r′)r′β)r

′2 − r′2(
−→
r′ ,

−−−→
P(r′))δαβ]}dV , and Mαβ =

15ω
i ∫V {

j2(kr′)
(kr′)2

[r′α(
−→
r′ ×

−−−→
P(r′)), β̂ + r′β(

−→
r′ ×

−−−→
P(r′)), α̂]}dV represent the ED, MD, EQ, and MQ momenta, respec-

tively, α and β denote x, y, z, jl(kr′) is the lth order spherical Bessel function, ε is a permittivity
of surrounding medium, k is a wave number in the surrounding medium, k0 is a wave number in
vacuum, ω is an angular frequency of incident light, V and S represent a volume and a surface of
a scatterer particle,

−−−→
P(r′) is the polarization induced by an external electromagnetic field and Pα

is a polarization value of α direction [44,45]. It is worth noting that geometry cross-sections for
the TiO2 nanosphere and the TiO2/SiO2 nanosphere are 0.045 µm2 and 0.108 µm2, respectively.
We also investigate the asymmetry parameter (g = ∫S Isca cos θ dS/∫S Isca dS, where Isca is
the irradiance of scattered light by scatterer function of solid angle and cos θ represents the
angle between incident light direction and scattered light direction), which is used to quantify
the directivity of the light scattering, thus implying that the direction of the scattered power
[46]. Figure 6(c) presents the spectra of the asymmetry parameter (g) calculated for the TiO2
nanosphere (blue) and TiO2/SiO2 nanosphere (red), exhibiting that high g values greater than
0.55 are achieved from 450 nm to 700 nm with the TiO2/SiO2 nanosphere LT structure, which
suggests that most of the incident energy is scattered in the forward direction. As is seen from
the figure, g obtained from the TiO2/SiO2 nanosphere is higher than g attained from the TiO2
nanosphere over the entire visible solar spectrum, which validates the high and broad scattering
cross-section achieved from the TiO2/SiO2 nanosphere as observed in Figs. 6(a) and (b). It is
worth mentioning that the total σsca calculated by using ∫S Isca dS/Iinc where Iinc is the irradiance
of incident light agrees well with the sum of the multipoles. The multipole resonant contributions
of the different core-shell nanoparticle structures were investigated in previous works [47,48].

Figures 7(a) and (b) describe far-field radiation patterns of the TiO2 nanosphere and the
TiO2/SiO2 nanosphere at 550 nm and 705 nm, respectively, revealing that the relative far-field
irradiance of the TiO2/SiO2 nanosphere is about twice higher than that of the TiO2 nanosphere
with a greater scattering angle. Such an increased angle of the light scattering in the forward
direction provides the noticeable optical path length enhancement in the PVSK photoactive layer,
thereby contributing to the generation of the higher Jsc. The radiation patterns are resulting
from the optical interference effect between the fields generated by the dipole and quadrupole
multipolar moments, which can determine the direction of the light scattering.

In Figs. 8(a) and (b), incident-angle-dependent Jsc values generated by the planar PSC (black)
and the PSCs with TiO2 NSA (blue) and with TiO2/SiO2 NSA (red) for TE and TM polarizations
are depicted. The Jsc for the three cases decreases with increasing the incident angles for TE
polarization, presenting that the Jsc of 14.5 mA/cm2 obtained from the PSC structure with the
integration of the TiO2/SiO2 NSA at 70° is still higher than that of 14.2 mA/cm2 attained from the
flat PSC at normal incidence. It is noticed that a small Jsc reduction for angles varying between
0° and 70° is observed after incorporating the TiO2/SiO2 NSA (77.5%) as compared to the flat
PSC (56.3%) for TE polarization. For TM polarization, the Jsc generated by the PSC integrated
with the TiO2/SiO2 NSA LT structure is higher than that obtained from the flat PSC structure for
the incident angles up to 54°.
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Fig. 7. Radiation patterns of the TiO2 nanosphere with D of 240 nm (blue) and the
TiO2/SiO2 nanosphere with D of 220 nm and t of 75 nm (red) calculated at (a) 550 nm and
(b) 705 nm.

Fig. 8. Calculated Jsc values as a function of incident angles for (a) TE and (b) TM
polarizations.

3. Conclusion

In summary, we have demonstrated the absorption enhancement in the ultrathin PSC structure
by the incorporation of the TiO2/SiO2 NSA LT structure. Strong scattering combined with the
AR coating effect of the TiO2/SiO2 NSA with the optimized featured parameters allows σsca to
be enhanced and broadened so that incident light can be significantly absorbed in the ultrathin
PVSK photoactive layer over a broad spectral range, thereby achieving the Jsc of 18.7 mA/cm2.
The scattering cross-sections, the spectral multipole resonances, the asymmetry parameters, and
the far-field radiation patterns are investigated displaying the enhanced forward scattering with
the reduced backward scattering over a broad range of the wavelengths, which is responsible
for the significant improvement of the absorption in the ultrathin PVSK layer. The approach
described in this work could potentially extend the range of possible applications.
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