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Modeling the path to >30% power conversion
efficiency in perovskite solar cells with plasmonic
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Mixed organic—inorganic halide perovskite solar cells (PSCs) are a promising technology with increasing

power conversion efficiency (PCE), low-cost material constituents, simple scalability, and a low-

temperature solution fabrication process.

Recent developments have seen energy conversion

efficiencies increase from 3.8% to over 20%. However, to further improve PCE and reach the target

efficiency of over 30%, light absorption through plasmonic nanostructures is a promising approach. In

this work, we present a thorough quantitative analysis of the absorption spectrum of a methylammonium
lead iodide (CH3NHzPbls) perovskite solar cell using a nanoparticle (NP) array. Our multiphysics
simulations using finite element methods (FEM) show that an array of Au nanospheres can increase

average absorption >45%, compared to only 27.08% for the baseline structure without any NPs.

Furthermore, we investigate the combined effect of engineered enhanced absorption on electrical and
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optical solar cell performance parameters using the one-dimensional solar cell capacitance software

(SCAPS 1-D), which shows a PCE of ~30.4%, significantly higher than the PCE of ~21% for cells without

DOI: 10.1039/d3ra02589f

rsc.li/rsc-advances optoelectronic technologies.

1 Introduction

Over the last two decades, the demand for renewable energy
sources has been gradually increasing worldwide."> Among
these sources, solar energy is considered the most abundant,
clean, and environmentally friendly.>** By harnessing the
“photovoltaic effect”, solar cells can directly convert sunlight
into electrical energy, enabling large-scale power generation.® In
2021, a record-breaking 168 GW of solar energy was generated,
laying the groundwork for 1 TW of solar energy by 2030. While
traditional silicon solar cells have numerous benefits, such as
their established technology and proven reliability, there is
a growing need for new technologies with greater energy
conversion efficiency or lower processing costs. A promising
candidate for such a technology is a new class of hybrid
organic-inorganic halide perovskites (PSCs).*” These materials
have shown remarkable potential in both aspects, with PSCs
achieving a power conversion efficiency (PCE) of over 23.3% for
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NPs. Our findings demonstrate the potential of plasmonic perovskite research for next-generation

a small-area device (9 mm?).® However, this efficiency is much
lower than that of silicon solar cells (150 mm?). The main
reason for this low efficiency is the issue of poor longer-
wavelength photon capture, which must be addressed to
further enhance the performance of PSCs.'***

The field of plasmonics has emerged as a promising avenue
to enhance the performance of photovoltaic devices, including
PSCs."™* Plasmonics refers to the interaction between light and
free electrons in metals, which results in the excitation of
surface plasmons at specific resonance wavelengths."* Plas-
monic nanostructures, such as nanoparticles made of gold or
silver, have shown great potential in enhancing the absorption
of light in solar cells."*® This is achieved through two mecha-
nisms: (i) by exciting localized surface plasmon resonances that
couple and trap incoming sunlight into a thin absorber layer,
and (ii) by acting as antennas at optical frequencies, where the
plasmonic near-field is coupled to the solar material, thereby
increasing its effective absorption cross-section. In addition,
plasmonic nanoparticles scatter incoming light into dielectric-
like waveguide modes of the solar cell, increasing the average
light path length within the solar cells."” These effects result in
a significant enhancement of the light-matter interaction and,
consequently, an increase in the photocurrent density."
Therefore, plasmonics is a promising approach to address the
issue of poor longer-wavelength photon capture in PSCs and
holds great potential for further improving their efficiency.
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In this study, we present an approach for enhancing the
efficiency of PSCs by incorporating an array of plasmonic
nanoparticles (NPs) into the perovskite absorber layer. Our
approach aims to increase the light absorption of the cell
without altering its typical configuration or the geometry of its
components, which is essential for maintaining efficiency. By
exciting plasmonic modes and enhancing light scattering, the
array of NPs increases the absorption of the perovskite layer. To
investigate the mechanism of absorption enhancement, we use
multiphysics modeling and finite element techniques. Our
results demonstrate that using arrayed NPs can improve the
average absorption of the perovskite layer by up to 14% across
the wavelength range of 300 nm to 2000 nm. Furthermore, we
analyze the influence of nanoparticle size and spacing on the
absorption enhancement and find that shrinking the spacing
can lead to a considerable improvement of up to 45% due to the
high near-field coupling. To comprehensively assess the impact
of plasmonic nanostructures on cell performance, we evaluate
measures such as open-circuit voltage (Voc), short circuit
current density (Js¢), fill factor (FF), and power conversion effi-
ciency (PCE) using the one-dimensional solar cell capacitance
program (SCAPS 1-D). Our results show that incorporating
arrayed NPs into the cell increases the short circuit current
density from 26.63 mA cm > to 39.40 mA cm > and improves
the PCE from 21.77% to 30.4%, when compared with the
baseline counterpart (without any NPs). Additionally, we
investigate the effect of employing different materials, with the
highest absorption and PCE observed for Au NPs. Our findings
suggest that the incorporation of plasmonic nanoparticles into
perovskite solar cells offers a promising strategy for enhancing
their efficiency and performance.

2 Methodology

The proposed perovskite solar cells, illustrated in Fig. 1,
comprise five layers arranged in the following order: Ag serves
as the back contact, p-type P3HT functions as the hole trans-
porting layer (HTL), methylammonium lead iodide (CH;NH;-
Pbl;) perovskite acts as the absorber layer, n-type TiO, serves as
the electron transporting layer (ETL), and indium tin oxide
(ITO) is used as a transparent conducting oxide. A layer of glass
sits on top of the device. Fig. 1 shows an array of nine nano-
spheres arranged in a 3 x 3 pattern embedded in the absorber
layer. The thicknesses of each layer are provided in Table 1.

In this work, a three-dimensional optical simulation was
carried out using the finite element method (FEM) in COMSOL
Multiphysics. The FEM is a numerical technique used to solve
partial differential equations for boundary value problems. For
optical simulations, Maxwell's equations in the frequency
domain were solved initially, given as:

VX(VXE)—SokoEZO (1)

where E is the electric field, &, is the wave vector, and ¢ is the
relative permittivity given by:

e(2) = (n(2) + ik(2))® (@)
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Fig. 1 Schematic illustrations of perovskite solar cells. Light from the
top illuminates a transparent glass layer followed by an indium tin
oxide (ITO) layer, an electron transport layer (ETL), a perovskite
absorber layer, a hole transport layer (HTL), and a back contact. The
structure with a plasmonic nanosphere array for enhanced perfor-
mance is added to the perovskite absorber layer, resulting in localized
surface plasmon resonance that enhances light absorption and
increases photocurrent. The diameter and spacing of the nanospheres
can be adjusted to optimize device performance.

Here, n and k are the real and imaginary parts of the refractive
index, respectively, and they vary with wavelength. The complex
refractive index values of glass, ITO, TiO,, CH3;NH;PbI;

Table 1 Layers in the perovskite solar cells

Thickness
Layer name Material (nm)
Glass cover Soda-lime glass 40
Transparent conducting ITO 40
oxide
n-type ETL TiO, 10
Perovskite layer CH;NH;PbI; 400
p-type HTL P3HT 40
Metal contact Ag 40

© 2023 The Author(s). Published by the Royal Society of Chemistry
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perovskite layer, poly(3-hexylthiophene) (P3HT), Ag, and Au
were taken from previous literature.*?° A plane wave source of
the standard solar spectrum AM1.5G was considered as the
input power at the top of the device in the wavelength range of
300-2000 nm. A user-defined mesh was created for the entire
geometry and solved numerically using the FEM. Each domain
was separately meshed with a maximum and minimum element
size of 52.2 nm and 2.24 nm, respectively. The maximum
element growth rate was set to 1.45 with a curvature factor of
0.5.

In order to benchmark and validate our simulation meth-
odology, we performed a comprehensive analysis and compar-
ison of our simulated results with available experimental data
(ESI text ST1t). Specifically, we conducted a detailed investiga-
tion of the optical properties of a single silver nanoparticle
exposed to different solvent environments, as reported by
McFarland et al>* By simulating the optical intensity and
comparing it with the experimental findings, we successfully
validated our electromagnetic simulations. Our calculated
intensity exhibited excellent agreement with the experimental
data (ESI Fig. S11). The resonant peak was observed at the same
wavelength as the experimental findings, further confirming the
accuracy of our simulation approach.

3 Results and discussion
3.1 Effects of introducing plasmonic nanoparticles

We analyze the optical absorption of a planar perovskite solar
cell (PSC) to determine how embedded nanoparticles impact
absorption rates and whether this can enhance the cell's power
conversion efficiency (PCE). We implement a proposed nano-
particle structure on the PSC to achieve this goal. First, we
calibrate the baseline PSC structure (without nanoparticles)
against existing literature.?” Fig. 2 shows that our results (yellow
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Fig.2 Comparison of the absorption spectrum in the perovskite layer
of the proposed structures, including no nanoparticles, a single 80
nm-diameter Au nanosphere, and a 3 x 3 array of nanospheres
(spacing 5 nm). The addition of the 3 x 3 array enhances IR absorption
rates, with distinct peaks at 1220 nm and 1340 nm. The black dotted
line in the figure represents the comparison of our baseline structure,
without any nanoparticles, with the results reported in the existing
literature.?> This comparison indicates that our results are in good
agreement with prior research.
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dash line) align with previous research (black dotted line). The
ultraviolet and visible light ranges exhibit high absorption
rates, reaching a peak of 0.96 at 720 nm. However, the extinction
coefficient value drops to nearly zero in the infrared region,
leading to a significant decrease in absorption rates.

The addition of plasmonic nanospheres to the perovskite
layer significantly improves the absorption and photocurrent of
the solar cell. When a single 80 nm-diameter Au nanosphere is
added to the center of the perovskite layer, a new absorption
peak appears around 820 nm (Fig. 2). Replacing the single
particle with a 3 x 3 array of nanospheres (spacing 5 nm)
further boosts the infrared region, resulting in two distinct
absorption peaks at 1220 nm and 1340 nm. We choose a 3 x 3
array size to demonstrate the feasibility and potential benefits
of integrating nanospheres into the perovskite layer and also
based on our computational resources. To explore the influence
of several other array forms on the potential benefits of inte-
grating nanospheres, different sizes of arrays are simulated and
results are shown in, Fig. S3 and S4.1 We observed that after a 3
x 3 array, the absorption doesn't increase considerably, justi-
fying our array size selection. We have also investigated the
optimum distance between the nanosphere and the sidewall.
The distance between the sidewall and the center of the closest
particle Is has been considered as a multiple of d, where d is the
diameter of the nanoparticle, s is the distance between the two
closest particles (Fig S51). We have observed average absorption
of 0.3812, 0.3979, 0.4179, 0.4153, 0.4127 for the distance of 1.8
x d,2 x d, 23 x d, 2.5 x dand 3 x d respectively. We have
found that after 2.3 x d, absorption does not depend much on
the distance. So in our study, we use this value to form the unit
cell.

Compared to the base structure with an average absorption
of 27.08% over the wavelength range of 300 nm to 2000 nm, the
addition of a single nanosphere increases the average absorp-
tion of the perovskite layer to 30.41%, while the nanosphere
array increases it to 41.79%. The average absorption attribut-
able to the plasmonic nanoparticles was calculated using the
trapezoidal method. This indicates that the nanosphere array is
responsible for the significant improvement of nearly 14%. The
compact packing of plasmonic materials in the nanosphere
array enhances the near-field effect for plasmonic behavior,
leading to increased absorption of photons and the generation
of more electron-hole pairs.

The absorption enhancement due to the embedded nano-
sphere array can be understood by analyzing the electric field
profile. Fig. 3a and b depict nanospheres with a diameter of
80 nm placed at distances of 5 nm and 20 nm, respectively, to
demonstrate the increase in absorption. As the distance
between the spheres decreases, the perovskite layer experiences
strong light absorption due to the coupling effect, as shown in
Fig. 3a. In plasmonics, the coupling effect refers to the inter-
action between the plasmon modes of two or more metal
nanoparticles or other plasmonic structures.”® When two or
more plasmonic structures are brought into close proximity, the
plasmon modes of each structure can interact with each other,
leading to a range of interesting and useful optical effects. This
strong coupling effect is a result of the strong field coupling

RSC Adv, 2023, 13, 19447-19454 | 19449
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Fig. 3 Electric field profile for a single nanosphere with a diameter of
80 nm, illuminated by light with a wavelength of 720 nm, placed at two
different distances: (a) 5 nm and (b) 20 nm. The color map shows the
magnitude of the electric field intensity, with white representing the
highest intensity and black the lowest. The strong coupling effect
between the nanosphere and the incident light is observed at a smaller
distance (a), while the coupling effect diminishes as the distance
between the nanosphere and the light source increases (b). The
electric field profile is obtained using the software COMSOL Multi-
physics. The software uses finite element method (FEM) to solve the
equations governing the interaction of light with nanospheres and
other materials, providing a detailed analysis of the electric field
intensity and distribution around the nanostructure.

between the nanospheres and the perovskite layer. However, as
the distance between the nanospheres increases, the coupling
effect diminishes, as illustrated in Fig. 3b.

Mathematically, the electric field profile can be expressed
using the following equation:**

E = Eoe”“ + Z anE,,eik”Z (3)

n=1
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where E is the total electric field, E, is the incident electric field,
k is the wave vector, z is the position along the propagation axis,
a, are the complex coefficients that depend on the size, shape,
and position of the nanospheres, and E, is the electric field of
the nth scattered wave.

The absorption enhancement is attributed to the excitation
of surface plasmon resonances (SPRs) in the nanospheres,
which couple with the perovskite layer. The coupling effect is
maximized when the SPR frequency of the nanospheres
matches the frequency of the incident light, leading to the
formation of hot spots with high field intensity. These hot spots
increase the local density of optical states, leading to a higher
probability of photon absorption by the perovskite layer.

Nanoparticle size plays a crucial role in determining
coupling efficiency. In this study, we investigate the influence of
nanoparticle diameter variation on the absorption spectrum.
Fig. 4a shows the results for a single layer of a 3 x 3 array of
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Fig. 4 Effect of varying the diameter of nanospheres on the absorp-
tion spectrum of the active layer. (a) Displays the absorption spectrum
of a 3 x 3 array of nanospheres with diameters of 20 nm, 50 nm, and
80 nm, as well as a reference spectrum without any nanoparticles. The
results show that increasing the diameter of the nanospheres leads to
a clear right shift of the absorption peak, consistent with Mie theory.
Furthermore, the amount of light trapping in the solar cell increases
with increasing diameter, resulting in more light absorption. (b) Depicts
the total absorption flux for different nanosphere diameters ranging
from 20 nm to 80 nm at a fixed spacing of 5 nm, and a reference line
for without any nanoparticles. The results demonstrate a more than
10% enhancement in absorbance due to strongly scattered far-field,
highlighting the critical role of nanoparticle size in determining
coupling efficiency.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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nanospheres with diameters of 20 nm, 50 nm, and 80 nm, with
a constant spacing of 5 nm for fair comparison. The red dashed
line represents the absorption spectrum for the case without
any nanoparticles as reference.

Compared to the no nanoparticle case, the introduction of
a 20 nm nanoparticle leads to the appearance of small
absorption peaks around a wavelength of 780 nm. For larger
nanoparticle diameters, a clear red shift of the absorption peak
is observed, in agreement with the Mie theory, which predicts
that the absorption peak shifts towards longer wavelengths with
increasing nanoparticle diameter. This trend is observed in all
our results. As the nanoparticle diameter increases, the amount
of light trapping also increases due to enhanced scattering.”
This increased light trapping results in more light being
absorbed in the solar cell.

Fig. 4b shows the influence of nanoparticle diameter varia-
tion on the increase of perovskite solar cell absorption. By
varying the diameter of the nanospheres from 20 nm to 80 nm
for a fixed spacing of 5 nm, we observe an enhancement in
average absorption of more than 14% due to strongly scattered
far-field.>**

Fig. 5a illustrates the impact of spacing variations between
nanospheres with a diameter of d = 80 nm on the absorption
spectrum of the perovskite layer. As the spheres are brought
closer together, light confinement increases among the nano-
spheres. The broadest peak with the highest average absorption
of approximately 45% is observed for the smallest spacing of s =
2 nm. However, for s = 5 nm and 10 nm, the average absorption
decreases to 41% and 36%, respectively. Fig. 5b shows the
variation of spacing while keeping the diameter fixed at d =
80 nm. The absorption of light significantly increases as the
spacing decreases, with maximum absorption occurring at s =
2 nm. This is attributed to the strong near-field coupling.””

In this study, we investigate the impact of plasmonic nano-
structures on the performance parameters of solar cells.
Specifically, we analyze the open-circuit voltage (Voc), short
circuit current density (Jsc), fill factor (FF), and power conver-
sion efficiency (n) using the one-dimensional solar cell capaci-
tance program (SCAPS 1-D). This tool solves Poisson's equation
and the continuity equations for carrier calculations, using
material properties adopted from the literature. All material
properties used in this study are taken from previously pub-
lished literature sources*? (ESI Table S2t). In our study, the
addition of the nanoarray is achieved through a two-step
simulation approach (ESI Fig. S6f). First, we utilize FEM-
based COMSOL software to solve the Maxwell equations and
obtain the absorption profile of the solar cell. The absorption
profile is then imported into the Solar Cell Capacitance Simu-
lator (SCAPS-1D) software, which allows us to simulate the
electrical response of the cell. To validate our simulation
results, we rely on a combination of experimental data and
previous studies (ESI text ST3t). Specifically, we select a pub-
lished study®® that utilizes methylammonium-free perovskite
solar devices based on the formamidinium organic cation. This
study provides UV-visible spectroscopic absorption curves and
SCAPS-generated I-V characteristics for various absorber layers.
By incorporating the thickness, refractive index, and other

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Effect of spacing variation between nanospheres in the
absorption spectrum of the perovskite layer. (@) Changes in the
absorption spectrum for varying spacing values while keeping the
diameter fixed at d = 80 nm. As the spheres are brought closer
together, light confinement increases among the nanospheres. The
broadest peak with the highest average absorption of approximately
46% is observed for the smallest spacing of s = 2 nm. However, for s =
5 nm and 10 nm, the average absorption decreases to 43% and 407%,
respectively. (b) Average absorption for different spacing values while
maintaining the diameter at a fixed value, along with a reference line
for the baseline structure. The absorption of light significantly
increases as the spacing decreases, with maximum absorption
occurring at s = 2 nm, attributed to the strong near-field coupling.

optical data from this study into our COMSOL model, we are
able to reproduce the absorption curve, as shown in ESI
Fig. S7a.f

To evaluate the effect of plasmonic nanostructures, we first
simulate a baseline structure using the absorption spectrum
calculated for no nanosphere (shown as a red dashed line in
Fig. 5a). We then simulate the impact of 3 x 3 array of nano-
spheres using our absorption data (shown as a black dashed
line in Fig. 5a) obtained from FEM analysis. The comparison of
the performance matrices of PSCs is shown in Table 2.

Fig. 6 depicts the relationship between the performance
metrics of the plasmonic solar cell and the diameter and
spacing of the plasmonic nanospheres. Our FEM simulation
predicted that the highest current density would be obtained
when the nanospheres had the largest diameter and were
closest to one another, which is supported by the data shown in

RSC Adv, 2023, 13,19447-19454 | 19451
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Table 2 Performance parameters of the solar cell structure with and
without plasmonic nanostructures (3 x 3 array of nanospheres with s
=2nm,d=80nm)

Structure Voc (V) Jsc (mA ecm™?) FF (%) 7 (%)
No NPs 1.14 26.63 71.5 21.77
With NPs 1.15 39.42 70.05 30.4

Fig. 6a. Specifically, the highest current density (Jsc) of 39.40 mA
em™? is achieved when the diameter of the nanospheres (d) is
80 nm and the spacing between them (s) is 2 nm.

In Fig. 6b, it is evident that increasing the diameter of the
nanospheres while decreasing the distance between them
slightly enhances the open-circuit voltage (Vo). Moreover, as
shown in Fig. 6c, the fill factor (FF) decreases somewhat as the
diameter of the nanoparticle increases and the distance
between the nanoparticles decreases. The contour plot of PCE
as a function of both nanoparticle spacing and diameter is
shown in Fig. 6d. For a solar cell, PCE can be calculated as
follows:
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_— Voc X}J)SC x FF (4)

in
where P;,, = 1000 W is the input sun power. As shown in Fig. 6b
and c, increasing the diameter of NPs while decreasing the
space between NPs results in a minor increase in Voc and
a slight decrease in FF, both of which cancel out each other's
influence in measuring PCE. As a consequence, the values of Jsc
have a dominating impact on the PCE, resulting in the same
pattern in the contour plot. For nanoparticles d = 80 nm and s =
2 nm, the maximum PCE = 30.4% is observed, whereas the PCE
for the baseline structure is 21.77%.

In this study, the impact of different materials, namely Au,
Ag, ITO, and TiO,, on the absorption spectrum of a single layer
of nanospheres (as illustrated in Fig. 1) for perovskite solar cells
is examined, as depicted in Fig. 7a. The results show that the
average absorption, reaching 42%, is obtained with Au nano-
materials, as shown in Fig. 7b. Ag nanoparticles has a slightly
lower average absorption compared to Au, while ITO and TiO,
exhibit the lowest absorption of approximately 28% and 27%
respectively. The -V curve demonstrates a similar trend to that
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Fig. 6 A comprehensive electrical analysis of the impact of nanoparticle diameter and spacing on the performance characteristics of plasmonic
nanoparticle-containing perovskite solar cells. Panel (a) displays the current density (Jsc) variation with nanoparticle diameter and spacing. The
data in panel (a) support our FEM simulation, which predicted that the highest current density of 39.40 mA cm~2 would be achieved when the
nanoparticle diameter (d) is 80 nm and the spacing (s) is 2 nm. Panel (b) demonstrates that increasing the diameter of the nanoparticles and
reducing the spacing between them slightly enhances the open-circuit voltage (Vo). Panel (c) presents the fill factor (FF) as a function of
nanoparticle diameter and spacing, which shows that FF decreases slightly as nanoparticle diameter increases and spacing between the
nanoparticles decreases. Panel (d) is a contour plot of PCE as a function of both nanoparticle diameter and spacing, which provides
a comprehensive evaluation of the influence of these parameters on the performance of solar cells.
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Fig.7 The impact of various nanomaterials, including Au, Ag, ITO, and TiO,, on the absorption spectrum of a perovskite layer, as well as the J-V
curve and efficiency of the corresponding solar cells. (a) The absorption spectrum for each material and a baseline structure with no particles,
revealing that Au nanomaterials exhibit the highest average absorption of 42%, while ITO and TiO, have the lowest absorption of approximately
28%, and 27% respectively. (b) The average absorption of each material. (c) The J-V curve for each material, with the highest current density
achieved for gold and silver nanomaterials. (d) The power conversion efficiency for each material, with Au nanospheres exhibiting the highest
efficiency of 30.4%, while ITO and TiO, have the lowest efficiency at approximately 22%.

observed in the absorption spectrum, with the maximum
current density achieved for the gold and silver nanomaterials,
as shown in Fig. 7c. Additionally, the power conversion effi-
ciency of the perovskite solar cell, as shown in Fig. 7d, is highest
at 30.4% for Au nanospheres, while the lowest power conversion
efficiency was found for ITO and TiO, at approximately 22%.

4 Conclusions

In this work, we have investigated the use of plasmonic nano-
particles as efficient light absorbers to enhance the light-
harvesting of perovskite solar cells in the IR region. Specifi-
cally, we have studied the effect of an Au nanosphere array
buried in the perovskite layer, and have optimized the diameter
and spacing of the nanospheres for maximum efficiency. Using
our finite element calculation, we found that a larger diameter
of d = 80 nm (s = 5 nm) and the lowest spacing of 2 nm (with
d = 80 nm) resulted in the maximum absorption of 46%.

We also reported the electrical parameters, such as Vo, Jsc,
FF, and PCE, and compared the results with the base structure
(no nanoparticle). Due to the closely spaced nanospheres, light
trapping increased, and we achieved a maximum current
density of Jsc = 39.40 mA cm > Similarly, the highest PCE
(30.4%) was obtained for the largest d and the lowest s between
the nanospheres, showing a 40% enhancement compared to
the baseline structure.

We then investigated different types of plasmonic materials
and found that Au was the best for its high absorption

© 2023 The Author(s). Published by the Royal Society of Chemistry

capability. In summary, adding a nanosphere array into the
perovskite layer is an efficient way to improve light absorption
in the IR region, as well as increase Jsc and PCE.
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