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ABSTRACT: Since the advent of hybrid metal halide perovskite as an exceptional light-absorbing material, it has
achieved remarkable advancements in enhancing the efficiency of solar cells. Building upon this foundation, the
reconstruction of the internal optical properties of perovskite is anticipated to improve its efficiency further. To this
end, we have investigated the impact of hollow metallic titanium particle structures on absorption rates and discovered
that incorporating hollow metallic titanium structures into perovskite thin films can further enhance absorption rates
compared to gold and silver nanoparticles. Ultimately, through comparative testing, we found that the solar spectral
absorption rate of perovskite thin-film photovoltaic cells with a single-layer thickness of 200 nm was increased by 32%.
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INTRODUCTION

Since the emergence of perovskite solar cells (PSCs)
[1, 2], they have attracted considerable attention
across various research domains [3–5]. The dis-
tinctive optoelectronic characteristics of perovskite
(CH3NH3PbI3), including its direct bandgap, high
absorption coefficient, low exciton binding energy,
tunable bandgap, long carrier diffusion length, and
straightforward fabrication processes, have fueled
rapid advancements over the past decade [6]. From
2009 to 2021, the power conversion efficiency (PCE)
of PSCs has surged from 3.8% to over 24% [7, 8].
However, the primary focus of researchers has been on
enhancing its optoelectronic performance and address-
ing material stability concerns. A significant barrier
to widespread adoption is the high manufacturing
cost, leading to the production and measurement of
thin layers to mitigate expenses [9, 10]. Nevertheless,
effective photon management is crucial for achieving
optimal performance. Plasmonic nanostructures offer
promise in concentrating [11] and enhancing the local
electric field [12–15]. Exhibited by metal nanostruc-
tures [16–19] or metal-oxide nanostructures [20, 21],
the localized surface plasmon resonance (LSPR) ef-
fect holds incredible potential [22–25]. To further
enhance the performance of perovskite photovoltaic
cells [26–28], leveraging the LSPR effect to increase
light absorption has proven highly effective [29, 30],
gold, silver, and aluminum nanostructures show an
outstanding effect [31, 32]. However, titanium and
its oxides also exhibit outstanding absorption enhance-
ment effects at the nanoscale [33]. This structure
enhances the absorption spectrum of PSCs in the visible
light region through the LSPR effect and near-field
scattering. The absorption enhancement factor η un-
der different conditions was precisely calculated using
Finite Difference Time Domain (FDTD) simulations,

which illustrate the promising prospects of this design
for improving the capability of solar light collection.

MATERIALS AND METHODS

Investigations into the solar absorption characteristics
of perovskite films with embedded metal nanostruc-
tures of various shapes were conducted using the FDTD
simulation method. To achieve high precision and
stable results, a dense grid with a refined minimum
of 1 nm was utilized. The perovskite film, interposed
between spiro-OMeTAD and a TiO2 glass substrate,
was modeled with photovoltaic parameters and mate-
rial optical constants derived from previous work [34].
The simulation employed plane wave sources with the
default polarization aligned along the X-axis.

The baseline transmittance and reflectance of the
unadulterated perovskite film structure were mea-
sured, and a reference absorption rate, αref, was es-
tablished using the equation α = 1 − R − T . The
enhancement factor of the absorption rate, denoted as
η(λ), was then calculated by dividing the absorption
rate with the inclusion of metal nanostructures by the
reference value, thus η(λ) = αP/αref.

The visible light range absorption rate enhance-
ment factor η, is formulated as

η=

800
∫

300
αP(λ)AM1.5dλ

800
∫

300
αref(λ)AM1.5dλ

(1)

with AM1.5 representing the solar spectrum after at-
mospheric passage. From previous report [34], simula-
tions using the SCAPS software revealed that the short-
circuit current density Jsc for the modeled perovskite
photovoltaic cell is 19.38 mA/cm2, yielding an energy
conversion efficiency (PCE) of 17.85%. Prior research
[32] has indicated that aluminum exhibits an absorp-
tion peak more aligned with the visible light spectrum
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(b)

Fig. 1 (a) A practical-oriented model of a perovskite photovoltaic cell and the dimensions of the parts, with the transmission
and reflection observation windows set on both sides of the perovskite. (b) The relationship between the enhancement of
absorption rate and the particle radius when adding gold, silver, aluminum, and titanium at the center of the perovskite thin
film.

Fig. 2 The solid line represents the relationship between
the absorption enhancement factor η and the inner diameter
as the core within the HTiP of 80 nm radius is gradually
increased. The dashed line illustrates the relationship be-
tween η and the gradually increasing inner diameter when
the difference between the outer and inner diameters is fixed
at 30 nm.

when compared to gold and silver, and its production
cost is significantly lower.

RESULTS AND DISCUSSION

From Fig. 1, it can be observed that both gold and silver
achieve the maximum enhancement at a radius of
30 nm, while the aluminum particles (AlP) exhibit their
maximum enhancement at a radius of 50 nm, with the
perovskite section measuring 200×200×200 nm. The
titanium particles (TiP) show the greatest enhance-
ment effect within the radius range of 70–80 nm.
Interestingly, the use of TiP doping resulted in an
unexpectedly better outcome compared to gold, silver,
and aluminum. Given that hollow metallic aluminum

can produce superior absorption enhancement effects,
it is reasonable to expect that hollow metallic titanium
would also exhibit a similar effect.

The following result showed that the introduction
of a hollow core can further enhance the absorption
enhancement effect of TiP (Fig. 2). When the core
radius reaches 50 nm, the absorption enhancement
factor η reaches its peak at 31.8%. Similarly, when
the thickness of the hollow titanium particle (HTiP) is
fixed at 30 nm and the core radius is increased, the η
value also peaks at 31.8% at a core radius of 50 nm
before declining. According to our previous work
[35], the improvement in absorption enhancement by
adding a core to AlP is essentially an effect of the HAlP
structure itself, rather than the material of the core.
The incident light passes through the thinner shell and
induces a secondary LSPR and scattering effect at the
inner surface of the HTiP.

Fig. 3(a) demonstrated that compared to TiP with
the same outer diameter, HTiP with a thin metal
layer of only 30 nm significantly enhances absorption
across most of the spectral range, outperforming solid
nanoparticles. Both TiP and HTiP notably improve
the absorption rate in the lower absorption region
of perovskite between 500 nm∼800 nm, positioning
the absorption rate largely within the higher range of
0.8 to 0.9, thereby enhancing the overall absorption
rate. This is more intuitively reflected in the electric
field intensity distribution diagrams of Fig. 3(b,c) that
the core looks hard to be ignored. According to the
previous work [18], the optimal position for AuP to
achieve the best absorption enhancement in PSCs is
at the center of the perovskite layer. However, the
characteristics of TiP and HTiP may differ due to the
additional inner LSPR, which could alter the effect.

For AuP, the LSPR near-field effect plays a primary
role when close to the direction of incident light,
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Fig. 3 (a) The relationship between the absorption rate α and wavelength for HTiP with a thickness of 30 nm and an outer
diameter of 80 nm, compared to TiP of the same dimensions. (b, c) The electric field distribution of HTiP and TiP at wavelengths
of 300 nm and 800 nm, respectively.

Fig. 4 (a) The relationship between η and the Z-axis position for metal nanoparticles with different outer diameters, where 0
represents the center of the PSC film, and the direction of light incidence ranges from negative to positive. (b) The relationship
between the absorption rate α and the Z-axis position for HTiP with an outer diameter of 50 nm. (c) The electric field
distribution of HTiP at a wavelength of 746 nm as the Z-axis position changes.
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while scattering dominates when further away from
the light source [18]. At intermediate positions, the
combined effects of near-field and scattering lead to
the optimal absorption enhancement, a characteristic
that Al shares with Au, as reproduced in Fig. 4(a).
However, it can also be observed from this figure that
for TiP with an outer diameter of 50 nm, the absorption
enhancement factor η does not decrease but instead
increases in the half-space close to the direction of
incident light. At positions between −20 nm and
−30 nm, the absorption enhancement can reach over
28%. In the half-space away from the incident light,
the trend is similar to that of AlP.

When the outer diameter of TiP reaches 80 nm,
not only does η continue to increase, but the influence
of the Z-axis position becomes negligible, which is also
true for HTiP. This is evident in Fig. 4(b), where the
absorption rate within the spectral range of 600 nm–
700 nm and 700 nm–800 nm forms a compensatory
effect due to distance changes, offsetting the varia-
tions in η value caused by distance. The electric
field intensity map in Fig. 4(c) also demonstrates this
point. Due to the presence of an inner surface in
HTiP and HAlP, the near-field effect is significantly
enhanced [35], while the scattering effect is consider-
ably weakened. This results in HTiP not achieving the
maximum enhancement effect at the center of the PSC
but rather at positions biased towards the direction of
incident light. With an outer diameter increased to
80 nm, HTiP’s proximity to the incident light direction
shortens, making the near-field effect predominant.

From the perspective of absorption rate, the addi-
tion of HTiP to perovskite stabilizes the overall absorp-
tion rate within the visible light range at 0.8 to 0.9,
enabling a more effective and balanced solar energy
absorption compared to the aforementioned HAlP. The
corresponding Jsc calculated is approximately 25.58%,
surpassing the reported world record [36].

CONCLUSION

It has been demonstrated that the use of TiP in per-
ovskite solar cells can enhance their absorption rate
by 25%, outperforming gold, silver, and aluminum.
The incorporation of a core to form HTiP can further
increase the absorption rate to approximately 32%,
like HAlP. FDTD numerical simulation results indicate
that the enhancement of light absorption is due to the
excitation of LSPR modes, the near-field effect of the
nanostructures, and backscattering. The addition of an
inner surface and the larger outer diameter contribute
significantly to the gain in the near-field effect. The
insensitivity to the Z-axis position also implies less
stringent requirements for the fabrication process of
PSCs, thereby achieving more efficient perovskite solar
cells.
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