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Abstract: The exceptional property of plasmonic materials to localize light into sub-wavelength
regimes has significant importance in various applications, especially in photovoltaics. In this
study, we report the localized surface plasmon-enhanced perovskite solar cell (PSC) performance
of plasmonic gold nanoparticles (AuNPs) embedded into a titanium oxide (TiO;) microdot array
(MDA), which was deposited using the inkjet printing technique. The X-ray (XRD) analysis of
MAPI (methyl ammonium lead iodide) perovskite films deposited on glass substrates with and
without MDA revealed no destructive effect of MDA on the perovskite structure. Moreover, a 12%
increase in the crystallite size of perovskite with MDA was registered. Scanning electron microscopy
(SEM) and high-resolution transmission electron microscopy (HR-TEM) techniques revealed the
morphology of the TiO;_MDA and TiO,-AuNPs_MDA. The finite-difference time-domain (FDTD)
simulation was employed to evaluate the absorption cross-sections and local field enhancement of
AuNPs in the TiO, and TiO, /MAPI surrounding media. Reflectance UV-Vis spectra of the samples
comprising glass/TiO, ETL/TiOy_MDA (ETL—an electron transport layer) with and without AuNPs
in TiO,_MDA were studied, and the band gap (Eg) values of MAPI have been calculated using
the Kubelka-Munk equation. The MDA introduction did not influence the band gap value, which
remained at ~1.6 eV for all the samples. The photovoltaic performance of the fabricated PSC with and
without MDA and the corresponding key parameters of the solar cells have also been studied and
discussed in detail. The findings indicated a significant power conversion efficiency improvement of
over 47% in the PSCs with the introduction of the TiO,-AuNPs_MDA on the ETL/MAPI interface
compared to the reference device. Our study demonstrates the significant enhancement achieved in
halide PSC by utilizing AuNPs within a TiO,_MDA. This approach holds great promise for advancing
the efficiency and performance of photovoltaic devices.

Keywords: perovskite solar cells; TiO;; plasmonic Au nanoparticles; inkjet printing; localized surface
plasmon resonance

1. Introduction

Hybrid organic-inorganic metal halide perovskites have excellent optoelectronic prop-
erties for photovoltaic applications owing to their adjustable band gap, low exciton binding
energy, and high carrier mobility. This has made them an attractive area of research in
simple-solution-based chemistry and in the search for accessible methods for depositing
thin polycrystalline perovskite films at room temperature [1]. Perovskite-based solar cells
(PSC) have shown rapid improvements in durability and efficiency in recent years. The last
PSC has an efficiency of 25.8% [2], below the Shockley—Queisser limit (about 33.7%) [3] of
the maximum theoretical efficiency for one-junction solar cells (SC), indicating untapped
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potential for further enhancing PSC device performance [4]. However, a common disadvan-
tage of thin-film SCs is that only some of the incident light can be absorbed due to the small
thickness of the active layer. Phillips et al., reported that the methyl ammonium lead iodide
(MAPI) perovskite layer, measuring 350 nm in thickness, absorbed no more than 85% of in-
cident light [5]. Also, Liu et.al. reported that as the thickness of a perovskite film surpassed
the carrier diffusion lengths, there was a notable decline in the performance of PSCs, with
the optimum thickness approximately at 330 nm [6]. So, increasing the absorption in the
solar spectrum range and, as a result, gaining photoelectrons, is one of the ways to increase
the efficiency of energy conversion. Various approaches and structural configurations can
be employed to enhance absorption efficiency. For instance, creating a composite semi-
conductor oxide can lead to substantial improvements in power conversion efficiency [7].
Additionally, utilizing quantum dots can facilitate the conversion of photoelectrons, with
the photoanode serving as a channel for electron transmission [8]. Incorporating organic
and inorganic double-hole layers enables precise adjustment of energy level alignment
between these layers, ultimately enhancing the photovoltaic performance and stability of
PSCs [9]. Apart from this, another promising approach to enhance the capture of light in
the submicron active layer of PSC is based on the introduction of metallic nanostructures
in which localized surface plasmon resonance (LSPR) can be excited [10]. This leads to
various effects that can occur in thin-film PSCs. First of all, metal nanoparticles (NPs) scatter
light, increasing the effective path length within a layer and enhancing light absorption.
Due to the LSPR, NPs function as subwavelength antennas, amplifying the near field and
increasing the number of generated electron-hole pairs. Two more important effects are hot
electron transfer, that is, the direct generation of charge carriers in the surrounding semi-
conductor material, and plasmon resonant energy transfer, both of which can significantly
impact absorption efficiency [10,11].

Among the numerous studies of effects arising when plasmonic structures are cou-
pled with perovskite materials [12,13], we can mention only a few works devoted to the
application of spherical AuNPs in a TiO; environment [14]. AuNPs with a diameter of 40
nm were incorporated between two TiO; layers. The device with AuNPs showed 20-30%
power conversion efficiency (PCE) enhancement compared to the planar perovskite device
with a TiO,-fabricated ETL. The improved device performance was explained on the base
of enhanced conductivity and decreased surface potential of TiO; film, ascribed to the
plasmon-mediated hot carrier injection from AuNPs to TiO,. The optimized PSC with 80
nm-sized Au@TiO, nanospheres in mesoporous TiO, and perovskite layers showed over
44% PCE enhancement compared to the reference device without the AuNPs [15]. The au-
thors concluded that the enhanced device performance was due to plasmonic effects rather
than only optical ones. A dual ETL with embedded AuNPs was developed [16]. Here,
the bottom was a hybrid layer of plasmonic AuNPs (about 16 nm diameter) embedded in
anatase TiO; films, while the top layer was made of anatase TiO,; NPs to prevent direct
contact between AuNPs and the perovskite. The PSCs with dual ETLs containing 0.2 wt%
Au achieved power conversion efficiencies up to 20.31 and 15.36% better than those with
TiO, ETL only (on rigid and flexible substrates, respectively). In all these works, AuNPs
were synthesized with the citrate method, and TiO, layers were deposited by spin-coating.

In this work, we introduced a novel interface tailoring technique by inkjet printing
TiO, microdot arrays with embedded AuNPs (TiO-AuNP_MDA) into a PSC as an addi-
tional layer. It has been demonstrated that the addition of the TiO,-AuNP_MDA on the
PSC ETL layer results in the appearance of photoelectrically active regions, which both
effectively utilize photon energy and manage electrons, increasing PSC efficiency [12-14].
However, upon direct contact with a perovskite absorber, AuNPs can act as recombination
centers for charge carriers that degrade device performance [17]. The TiO,-AuNP_MDA
layer inkjet printed at the ETL/MAPI interface can both isolate AuNPs from MAPI and
create good contact with TiO, ETL, ensuring the transfer of hot electrons and promoting
photoconductivity and the extraction of photogenerated electrons at the TiO, /MAPI inter-
face [18,19]. The printing of an MDA pattern rather than a continuous layer was chosen
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because individual droplets are reproducible, and AuNPs with the same size distribution
were synthesized in them after annealing [20]. In addition, the MDA layer contributes to
lower series resistance. The PSC modified with TiO;-AuNP_MDA demonstrated improved
photovoltaic characteristics. Namely, the PCE of the champion cell was increased by more
than 46% compared to a reference device without AuNPs. The proposed method will pave
the way for more efficient PSCs.

2. Materials and Methods

Experimental information, including the methods, synthesis, PSC fabrication, and
deposition of the layers, is provided in the SI (Supplementary Information).

2.1. Solar Cell Device Structure

High absorbance and low interfacial resistance are critical for optimizing the PSC
in the SC fabrication process. Herein, an increased absorbance is achieved by adding
TiOp-AuNPs_MDA. At the same time, low interfacial resistance is attained by the microdot
architecture of the additional layers. Here, we fabricate three types of PSCs of a planar
architecture: the reference devices and their structure are presented in Figure 1A, modified
PSCs with TiO,_MDA on the ETL/MAPI interface are presented in Figure 1B, and PCS s
with TiO-AuNP_MDA on the ETL/MAPI interface are presented in Figure 1C. An energy
level diagram of PCS with TiOp-AuNP_MDA is presented in Figure S1. The chosen MDA
architecture of the additional layers promotes MAPI percolation, thus reducing the effective
resistivity [21].

Figure 1. Scheme of the PSC devices: (A)—standard perovskite PSC with planar architecture, (B)—
PSC with TiO,_MDA, and (C)—PSC with TiO,-AuNP_MDA.

2.2. Characterization

The structural characteristics of the MAPI films deposited on bare glass, on glass with
printed TiO,_MDA, and on glass with TiO,-AuNP_MDA /MAPI surfaces were determined
using an XRD (SmartLab SE, Rigaku, Akishima, Japan) powder diffractometer with Cu-Ko
radiation (A = 1.5460 A). Measurements were made in 20 geometry (angle of incidence 3°)
in the range of 10-80° with a step of 0.03° and a rate of 0.5°/min. The phase analysis was
performed using SmartLab Studio II ver. 4.2.44.0 with Powder XRD module and ICDD
PDEF-2 2019 database, using the Rietveld Refinement method in the range of 10-45° using
the WPPF (Whole Powder Pattern Fitting) module. The crystallite size was calculated



Nanomaterials 2023, 13, 2675

40f13

using the comprehensive analysis module and the Halder-Wagner modeling method. The
morphology of TiO,-AuNP_MDA /MAPI films was studied with a TESCAN MAIA3 (Brno,
Czech Republic) scanning electron microscope in SEM and STEM (scanning transmission
electron microscope) modes. In detail, the compositional and crystallographic analysis of
the single TiO,-AulNP dot was conducted with high-resolution TEM (HR-TEM) imaging.
Image] software (LOCI, University of Wisconsin, Madison, WI, USA) with a modified
“particle size” plugin was used to analyze the SEM micrographs in order to find the AuNP
size distribution. The optical absorption spectra (recalculated from reflectance) of the
prepared ETL/MDA films were measured with a spectrophotometer Sphere Jasco V-750
(JASCO Co., Tokyo, Japan). The current—voltage (I-V) characteristics of the fabricated PSCs
were measured using a test station (Abet Technologies, Milford, CT, USA) with SunLite™
solar simulator and a source meter Keithley 2400 (TEKTRONIX, Inc., Bracknell, UK) under
100 mW cm 2 illumination calibrated with a reference silicon PSC. The stainless steel mask
with a 0.04 cm? aperture was used to specify the illumination area of the PCS.

2.3. Simulations

Finite-difference time-domain (FDTD) simulation effectively evaluates the absorption
cross-sections and local field of nanoscale optical devices. This study used commercially
available Ansys Lumerical FDTD software (Ansys Inc., Canonsburg, PA, USA) to perform
simulations that solve Maxwell’s equations in time and space. A Total-Field Scattered-Field
(TFSF) was used as an excitation source to measure the local electric field response. The
frequency domain field and power monitor directly measure the local field enhancement
that the 2D monitor captured. Here, we measured the net power flowing into the particle
and obtained the absorption cross-section (E/E’) by normalizing it to the source intensity
(E%). Similarly, the scattering cross-section was calculated using an analysis group located
outside the TFSF source [22,23]. This study modeled AuNPs embedded in TiO, and
MAPbI; environments with “FDTD Mie scattering” as a reference model. The background
index of the FDTD region was set to 1 for air, and the dielectric functions of MAPbI;, TiO,,
and Au were taken from the previous reports [24,25]. The cross-section of the simulation
scheme is presented in SI (see Figure S2). Here, the AuNP diameter was set to 20 nm. For
reference, we also simulate the optical response of AuNP, TiO,, and MAPbI; surrounded
by an environment of a constant refractive index (ng = 1) [26].

3. Results and Discussion
3.1. XRD Studies

Structural characteristics are the determining factor for the physicochemical properties
of materials. They are directly related to the processes of nucleation and growth, which in
turn depend on the topology and properties of the substrate surface. Thus, the modification
of the surface with MDA can affect the deposited MAPI layer. The structural characteristics
of the MAPI films spin-coated on glass (G), on glass with printed TiO,_MDA (GT), and
with TiOp-AuNP_MDA (GTA) were determined with powder X-ray diffraction, and the
corresponding patterns are presented in Figure 2.

The Rietveld analysis of the XRD data revealed that the MAPI films were polycrys-
talline and consisted of two phases: tetragonal MAPI described with an [422 space group
of symmetry and a minor amount of trigonal Pbl, phase R-3m. Modifying the glass surface
with TiO,_MDA increases the Pbl, phase content from 7.5 £ 0.4 to 13.6 £ 0.3 w%. The
TiO,-AuNP_MDA has a more negligible effect on the phase composition, increasing the
Pbl, content only to 9.9 + 0.3 w%. A similar trend also persists for unit cell volumes of
MAPI deposited on G, GT, and GTA substrates, which correspondingly 992 A3, 996 A3,
and 995 A3. Still, it is interesting to note that the presence of MDA on the glass surface
increases the coherent scattering regions of the MAPI films from 286 4 8 to 308 + 4 and 321
+ 5 A correspondingly for G, GT, and GTA substrates. Thus, the MDA printing positively
affects the crystallite’s size of the MAPI film with minor changes in phase composition and
unit cell volume. Note that the X-ray analysis did not reveal any reflections characteris-
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tic of the titanium oxide and gold phases from the corresponding MDA; the MAPI film
completely hides these peaks. Moreover, XRD analysis demonstrates consistent intensity
levels across all samples, whether with or without TiO,_MDA and TiO,_AuNP MDA. This
provides a direct verification that the application of MDA does not affect the thickness of
the MAPI layer.

& — MAPlon GTA
i * «——MAPlon GT

. o8 MAPI on G
JES S N { O W AT R 2

I U_A__Juk

10 20 30 40
Diffraction angle, 26

Intensity, a.u
\

Figure 2. The X-ray diffraction patterns of the MAPI layers synthesized on a glass (G), on a glass with
TiO,_MDA (GT), and on a glass with TiO,-AuNP_MDA (GTA), represented by black, red, and blue
lines, respectively. The MAPI phase peaks are denoted with the # symbol and the Pbl, reflections
with the * one.

3.2. Morphology Analysis

The SEM images of the TiO;-AuNP_MDA on the TiO; ETL after annealing are pre-
sented in Figure 3A. It was revealed that the spacing between the drops was about 80 um,
and their average diameter was around 35 pum (see Figure 3B). The average thickness of
the MDA is about 35 &= 10 nm. (The detailed calculation is presented in the SI). Figure 3C
illustrates the presence and arrangement of AuNPs in a TiO, matrix. The size distribution
of AuNPs was calculated with “Image]” software to be in the range of 25 £+ 14 nm and
presented in Figure S3.

The HR-TEM image in Figure 3D revealed the crystalline planes of Au and TiO; in
the TiO, /AuNP dot printed on an amorphous carbon-coated Cu grid and heated to 200 °C
to remove solvents. The inter-planar spacing of 0.23 nm (yellow-marked in Figure 3D)
corresponds to the (111) plane of Au in the FCC phase [27], while the blue spacing of
0.33 nm can be assigned to rutile TiO, reflection (110) [28]. A space plane of TiO, was
found on the top of the AuNPs, demonstrating that AuNPs are indeed covered with TiO,,
Figure S4A. The planes with the same spacing of 0.33 nm can also be found on the TiO,
material surrounding the AuNP, which confirms the identification of TiO; on the AuNP’s
surface. This is a significant fact since the surface of the metal NP should not come into
contact with MAPI to avoid degradation. Covering AuNP with TiO; is an essential process
that minimizes recombination on metallic NPs and improves charge carrier separation [29].
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100 um 50 um

Figure 3. SEM images of (A) TiO;-AuNP_MDA printed on ETL; (B) a single TiO,-AuNP_MDA;
(C) AuNPs in TiO,_MDA; (D)—HR-TEM micrograph of an Au NP embedded in TiO;. Yellow
mark—the inter-planar spacing of FCC face of Au; blue mark—the inter-planar spacing of rutile TiO,.

3.3. Grain Size Analysis of MAPI

One of the parameters that influence the photovoltaic performance of PSCs is the
MAPI grains’ size [30]. SEM imaging of the MAPI film surface and analyses of grains size
distribution using Image]J software have been performed to examine the effect of MDA
on the morphology of the perovskite layer. The SEM images of the MAPI film surface
are presented in Figure 4. The grain diameters of MAPI on a bare glass substrate, glass
with printed TiO, MDA, and glass with TiO,-AuNP_MDA were found to be 128 £ 72,
142 + 110, and 125 & 68 nm, respectively. From the SEM analysis, the TiO,_MDA does
not influence the uniformity of the MAPI film. According to the SEM micrograph of the
MAPI samples’ cross-section, the thickness of the latter is about 400 nm. (Figure S4B). The
low-magnification SEM images of all the films are shown in Figure S5. The macroscale
uniformity and smoothness of all the examined films can be readily observed.
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Figure 4. SEM images of MAPI surface on (A) glass substrates, (B) glass with TiO,_MDA, and
(C) glass with Au/TiO,_MDA.

3.4. FDTD-Simulated Electric Field Response

According to previous reports, AuNPs can improve the efficiency of PSCs by enhancing
light absorption, accelerating exciton separation, promoting carrier extraction, and enabling
hot electron injection [10-16]. Specifically, the AuNPs can act as “antennas” using the LSPR
effect to concentrate the incident light and achieve a “light-trapping” effect [31]. This near-
field enhancement can act as a supplementary light source, thus enhancing absorption [13].
The extent of the plasmonic enhancement in PSCs not only depends on the LSPR properties
but is also closely related to the structure of PSCs. Thus, evaluating the enhancement extent
within the dielectric environment of PSCs is of the utmost importance [31,32]. Here, we use
the FDTD simulation to examine the near-field absorbance of the bare Au NP and compare
it to NPs embedded in TiO, and MAPI, see Figure 5. The simulation results revealed a
localized enhancement of the electric field in the TiO, / AuNP structure at a wavelength
of 618 nm, Figure 5B. In contrast, the TiO, / AuNP-MAPI configuration exhibited its peak
enhancement at a wavelength of 630 nm, as illustrated in Figure 5F. Combining Au NPs
with a dielectric material is expected to further enhance the LSPR effect by increasing
the confinement of the electromagnetic field near the NPs’ surface [14,33,34]. Indeed, the
electric field of the Au NP surrounded by TiO, presented in Figure 5B is significantly higher
than that of its bare counterpart (Au NP in the air). In fact, the derived electric-field (| E21)
intensity of Au NPs embedded in TiO, and TiO, /MAPI was found to be increased fourfold
and eightfold, respectively. The near-field enhancement of the electromagnetic field in the
simulated AuNP/TiO, /MAPI hybrid structure (see Figure 5F) is higher due to the strong
excitonic absorption of the MAPbDI;.

3.5. Simulated and Estimated Absorption Using FDTD and Reflectance Measurements

Absorption cross-sections of AuNP, TiO,, MAPI, and their hybrids were extracted
from the FDTD simulations. Figure 6A presents the simulated absorption cross-section
of the AuNP in different dielectric media. We find that the simulated LSPR of the AuNP
suspended in air is at ~508 nm (Figure S7), corresponding to the previous reports and
experimental measurements [35,36]. The LSPR is red-shifted from 508 nm to 618 nm and
630 nm as the dielectric environment of the AuNP is changed to be TiO, and TiO, /MAP],
respectively. The Mie theory can explain the shift of the LSPR maxima [37-39]. Indeed,
similar findings were also observed when the relationship between the LSPR extinction
band of spherical AuNPs was analyzed using discrete dipole approximation theory and
the Drude model [40].
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Figure 5. FDTD simulated electromagnetic intensity distribution under 618 nm wavelength: of
(A) AuNP, (B) TiO, /AuNP, and (C) TiO, / AuNP/MAPI; under 630 nm wavelength: of (D) AuNP,
(E) TiOy/ AuNP, and (F) TiO, /AuNP/MAPI. The E2 here is collected according to the absorbance
maxima shown in Figure S5. The magnitude of the enhanced electric field intensity is indicated by
the color scale on the right.
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Figure 6. (A) FDTD-simulated normalized absorption cross-section; (B) absorbance of MAPI,
MAPI/TiO;_MDA, and MAPI/TiO;-AuNP_MDA samples.

The intensity of the shifted LSPR is increased by 12 and 10 times when the AuNP was
embedded in TiO, and MAP]I, respectively. Non-normalized curves of the absorption cross-
sections are presented in Figure S6. Moreover, the simulated absorption of MAPI/TiO,
vs. MAPI/TiO,/AuNP hybrids indicates an increase of ~27 times at 630 nm. The phe-
nomena of the increased LSPR intensity can be assigned to the stronger confinement of the
electromagnetic field near the NP’s surface [14,33,34].
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3.6. Optical Properties

UV-Vis absorbance (calculated from the reflectance, (Figure S8) spectra of all the
examined samples are shown in Figure 6B. Contrary to the simulation results, the measured
spectra do not exhibit a significant increase in absorbance intensity. That discrepancy
between the simulated and experimental absorbance can be explained by the perfect
conditions of the simulation vs. the real ones. Namely, we simulated one AuNP, whereas
the experimental setup consists of multiple NPs with broad size distribution.

While we can clearly see the impact of AuNP in the simulation, the experimental
absorbance does not exhibit a similarly remarkable improvement. (Figure 6A,B). This
discrepancy is mainly rooted in the ideal simulation environment where we focused
on a single NP. Notwithstanding, the absorbance of AuNPs in the examined samples
is challenging to detect experimentally because of the thick layer of MAPI. However,
the spectra exhibit an observable difference between the MAPI/TiO;-AuNP_MDA and
MAPI/TiO;_MDA in the 615-690 nm range. (Figure 6B). Indeed, there is an increase in
the absorbance intensity of the samples that contain TiO;-AuNP_MDA. The range of the
enhanced absorbance corresponds with the LSPR of AuNPs and thus can be ascribed to
the presence of the AuNPs in the MAPI/TiO-AuNP_MDA. Further, the band gap (Eg)
values from the reflectance spectra were calculated using the Kubelka-Munk equation,
and it was found to be around 1.6 eV for all samples covered with MAPI (see Figure S9).
This observation is in good agreement with the known Eg value (1.61 eV) for the MAPI
deposited on mesoporous TiO;. Notably, the introduction of MDA had no impact on the
band gap value, which consistently remained at approximately 1.6 eV across all samples.

3.7. Photovoltaic Parameters of PSCs

To reveal the LSPR enhancement of the PCS performance, the TiO,-AuNP_MDA was
introduced at the ETL-MAPI interface. Three types of PSC devices were fabricated: type
1—reference device, type 2—with TiO, MDA, and type 3—with TiO,-AuNP_MDA. The
characteristics of the measured PCS devices are shown in Table 1. The comparison of the
performance of previously reported devices comprising AuNPs in perovskite solar cells is
presented in Table S1. Short-circuit photocurrent (Jsc), open-circuit voltage (Voc), power
conversion efficiency (PCE), and fill factor (FF) are the key parameters of the performance
of SCs and were obtained from the analysis of current-voltage (I-V) characteristics of the
SCs using LabView-based homemade program, PSC fabrication section is presented in SL

Table 1. Photovoltaic performance of the champion devices.

Jsc Voc PCE FE
Sample Code mA/sz, +0.1 ‘/’ +0.01 0/01 +0.3 0/0, 101
1
Reference device 19.8 0.98 8.6 444
2
with TiO,_MDA 20.5 0.98 9.4 16.8
N 233 0.99 12.6 54.8

with TiO,-AuNP_MDA

The data presented in Table 1 indicate that the presence of the TiO,_MDA improves
the PCE and the FF. The possible explanation could be the MAPI scaling effect, i.e., the
TiO,_MDA will have a higher ETL surface contact area with MAPI [23]. Moreover, the MDA
architecture does not increase the effective resistance of the PSC, and the Jgc/V ¢ remains
similar to the reference sample. It is important to note that if a continuous layer of TiO,-
AuNPs is introduced into the MAPI/ETL interface, we would expect a prominent decay in
the Voc parameter [14]. The same samples were evaluated after a week of storage, see Table
S1. The TiO,-AuNP_MDA sample shows a slight improvement of [sc parameter. Adding
TiO,-AuNP_MDA to the PSC further increases measured parameters, resulting in a ~47%
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enhancement in PCE compared to the reference device. Statistical analysis of the optimized
PSCs’ parameters, such as Jsc, Voc, PCE, and FF, for all the tested devices and their average
values are presented as a box plot shown in Figure 7. Nonetheless, it remains challenging to
assert that the performance of PSCs, especially in terms of conversion efficiency, has solely
improved due to the presence of Au NPs, necessitating further investigation. However, it is
noteworthy that even the average values illustrate an improvement in PSCs following the
integration of TiO,_AuNP MDA in comparison to reference devices. The corresponding
calculated increase is depicted in Figure 7.

304 Mean value * standard deviation Mean value + standard deviation
8.0+27 154+39 208+34 147 6gx17 54421 87+22
25 T 121 W
o 10
5 T N B3
é; 204 - T g 8 .
=
_; 1 5 J J_ * o 6 A1 J.
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2 4
5 T T T 0 T T T
Reference device TiO,_MDA TiO,_AuNP MDA Reference device TiO,_MDA TiO,_AuNP MDA
C 1.2 D 70
Mean value + standard deviation Mean value + standard deviation
099+0.04 099+002 095+0.04 604 377176 356+8.1 444 +£9.7
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> 10 — o*’— 1 T '|' -
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L * 1 M
0.9- = 30+ l \
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Reference device TiO,_MDA TiO,_AuNP MDA Reference device TiO,_MDA TiO,_AuNP MDA

Figure 7. Comparison of the average values of (A) Jsc, (B) PCE, (C) Voc, and (D) FF of the
fabricated PCS.

The schemes clearly demonstrate that the device with the TiO,-AuNP_MDA structures
has higher Jsc, PCE, and FF values than the reference cells. In general, the reason for
improving the photovoltaic parameters of PSCs with dot arrays may be due to the increased
loading of the MAPI absorber in the porous structure of TiO, dots. However, according to
the statistical analysis, the samples with TiO, MDA do not exhibit an increase in current
density. Hence, the improved PSC features might be attributed solely to the enhanced
absorption accompanied by an increased light scattering within a cell induced by AuNPs.
Moreover, according to the XRD data, embedding the TiO;_MDA or TiO,-AuNP_MDA
on an ETL/MAPI interface increases the perovskite crystallite size, thus having a positive
effect on FF. Finally, the FF and Jsc enhancement due to TiO,-AuNP_MDA introduced
on the ETL/MAPI interface led to around 47% PCE improvement of the PSC. The LSPR
approach is a prospective way to increase PSC efficiency.

4. Conclusions

In summary, this work highlights a novel and efficient strategy for the inkjet-printing
fabrication of high-performance plasmonic architectures based on 2D arrays of TiO, mi-
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crodots with embedded AuNPs, and presents the superiority of the plasmon-enhanced
perovskite solar cell device characteristics. The XRD analysis confirmed the perovskite
structure of the photoactive MAPI layer synthesized on top of the microdot array. Moreover,
the presence of the microdot array increases the crystallite size of MAPI. Important to note
is that HR-TEM images revealed crystalline planes of TiO; on the top of the AuNPs, demon-
strating that AuNPs were indeed embedded into TiO, microdots. In general, incorporating
AuNPs in the TiO; matrix improves light absorption in the visible region [13]. However,
we unambiguously observed an enhanced photocurrent without significant variation in the
light-harvesting capability in this study. Thus, the enhancement of the internal conversion
efficiency of the fabricated perovskite solar cell with Au incorporation can be either due to
enhanced charge separation/free carrier generation or due to enhanced charge collection.
Herein, the origin of enhanced photocurrent is attributed to a previously unobserved and
unexpected mechanism of reduced exciton binding energy with the incorporation of the
metal NPs rather than enhanced light absorption [17]. Henceforth, the inkjet printing of
2D microdot arrays of dielectric material with incorporated plasmonic NPs is a promising
approach to increase the efficiency of photovoltaic devices. The demonstrated enhancement
of perovskite solar cell efficiency through AuNP printed microdots offers a glimpse into
the exciting prospects of achieving more efficient and sustainable energy generation, thus
contributing to the ongoing global efforts towards a greener and cleaner energy future.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano13192675/s1, Figure S1: Energy diagram of the plasmon-
enhanced TiO, /AuNP MDA-based perovskite solar cells; Figure S2: Schematic description of 2D
FDTD simulation setup; Figure S3: AuNP size distribution from Image]J software with a modified
“particle size” plugin; Figure S4: A—TEM micrograph of an Au NP embedded in TiO,, B—SEM image
of MAPI cross-section; Figure S5: SEM images of MAPI surface on A—glass substrates, B—glass
with TiO,_MDA, and C—glass with Au/TiO,_MDA; Figure S6: FDTD—simulated not normalized
absorption cross-section; Figure S7: FDTD simulated electromagnetic-intensity distribution for
the bare Au NP at A = 508 nm; Figure S8: Measured reflectance of glass surfaces covered with
MAPI, MAPI/TiO;_MDA and MAPI/TiO,-AuNP_MDA; Table S1: Photovoltaic performance of the
champion devices after 7 days of storage in glove box; Figure S9. Plots of Kubelka-Munk function
with calculated band gap values for 3 samples [13-16,20,40-51].

Author Contributions: Conceptualization, methodology S.R., A.M., V.D. and M.S.; software, S.R.
and L.Y,; validation, formal analysis, S.R., A M., V.D. and L.Y.; investigation, writing—original draft
preparation, S.R.; writing—review and editing V.D., AM., N.P. and L.Y.; supervision, M.Z. All authors
have read and agreed to the published version of the manuscript.

Funding: We acknowledge financial support from the Ministry of Energy, Israel, through their
support of this research under contract number: 221-11-042. and 222-11-010.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Jena, AK.,; Kulkarni, A.; Miyasaka, T. Halide perovskite photovoltaics: Background, status, and future prospects. Chem. Rev.
2019, 119, 3036-3103. [CrossRef]

2. Min, H,; Lee, D.Y;; Kim, J.; Kim, G.; Lee, K.S.; Kim, J.; Paik, M.].; Kim, Y.K; Kim, K.S.; Kim, M.G.; et al. Perovskite solar cells with
atomically coherent interlayers on sno; electrodes. Nature 2021, 598, 444-450. [CrossRef]

3. Shockley, W. the shockley-queisser limit. J. Appl. Phys. 1961, 32, 510-519. [CrossRef]

4. Park, N.G.; Segawa, H. Research direction toward theoretical efficiency in perovskite solar cells. ACS Photonics 2018, 5, 2970-2977.
[CrossRef]

5. Phillips, L.]J.; Rashed, A.M.; Treharne, R.E.; Kay, |.; Yates, P.; Mitrovic, I.Z.; Weerakkody, A.; Hall, S.; Durose, K. Maximizing the
optical performance of planar ch3nhspbiz hybrid perovskite heterojunction stacks. Sol. Energy Mater. Sol. Cells 2016, 147, 327-333.
[CrossRef]

6. Liu, D.; Gangishetty, M.K.; Kelly, T.L. Effect of CH3NH3PBI; thickness on device efficiency in planar heterojunction perovskite

solar cells. . Mater. Chem. A 2014, 2, 19873-19881. [CrossRef]


https://www.mdpi.com/article/10.3390/nano13192675/s1
https://www.mdpi.com/article/10.3390/nano13192675/s1
https://doi.org/10.1021/acs.chemrev.8b00539
https://doi.org/10.1038/s41586-021-03964-8
https://doi.org/10.1063/1.1736034
https://doi.org/10.1021/acsphotonics.8b00124
https://doi.org/10.1016/j.solmat.2015.10.007
https://doi.org/10.1039/C4TA02637C

Nanomaterials 2023, 13, 2675 12 of 13

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Wang, Z.; Liu, Y,; Li, L.; Gao, S.; Zhu, D.; Yu, X,; Cheng, S.; Zheng, D.; Xiong, Y. An investigation of the effects of zno inverse opal
pore size in the composite of zno nanorods/zno inverse opal on the performance of quantum dot-sensitized solar cells. Dalton
Trans. 2023, 52, 81-89. [CrossRef]

Liu, Y,; Wang, Z; Li, L.; Gao, S.; Zheng, D.; Yu, X.; Wu, Q.; Yang, Q.; Zhu, D.; Yang, W.; et al. Highly efficient quantum-dot-
sensitized solar cells with composite semiconductor of zno nanorod and oxide inverse opal in photoanode. Electrochim. Acta 2022,
412,140145. [CrossRef]

Qin, E; Chen, J; Liu, J.; Liu, L.; Tang, C; Tang, B.; Li, G.; Zeng, L.; Li, H.; Yi, Z. Design of high efficiency perovskite solar cells
based on inorganic and organic undoped double hole layer. Sol. Energy 2023, 262, 111796. [CrossRef]

Atwater, H.A.; Polman, A. Erratum: Plasmonics for improved photovoltaic devices. Nat. Mater. 2010, 9, 865. [CrossRef]

Zhang, H.; Toudert, J. Optical management for efficiency enhancement in hybrid organic-inorganic lead halide perovskite solar
cells. Sci. Technol. Adv. Mater. 2018, 19, 411-424. [CrossRef] [PubMed]

Ai, B.; Fan, Z.; Wong, Z.]. Plasmonic—perovskite solar cells, light emitters, and sensors. Microsyst. Nanoeng. 2022, 8, 5. [CrossRef]
[PubMed]

Li, P; Jiang, X.; Huang, S.; Liu, Y.; Fu, N. Plasmonic perovskite solar cells: An overview from metal particle structure to device
design. Surf. Interfaces 2021, 25, 101287. [CrossRef]

Yuan, Z.; Wu, Z.; Bai, S.; Xia, Z.; Xu, W.; Song, T.; Wu, H.; Xu, L.; Si, J.; Jin, Y.; et al. Hot-electron injection in a sandwiched
tiox-au-tiox structure for high-performance planar perovskite solar cells. Adv. Energy Mater. 2015, 5, 1500038. [CrossRef]

Luo, Q.; Zhang, C.; Deng, X.; Zhu, H.; Li, Z.; Wang, Z.; Chen, X.; Huang, S. Plasmonic effects of metallic nanoparticles on
enhancing performance of perovskite solar cells. ACS Appl. Mater. Interfaces 2017, 9, 34821-34832. [CrossRef] [PubMed]

Zhao, D.; Yu, M.; Zheng, L.; Li, M.; Dai, S.J.; Chen, D.; Lee, T.C.; Yun, D.Q. Enhanced efficiency and stability of planar perovskite
solar cells using a dual electron transport layer of gold nanoparticles embedded in anatase tio, films. ACS Appl. Energy Mater.
2020, 3, 9568-9575. [CrossRef]

Zhang, W.; Saliba, M.; Stranks, S.D.; Sun, Y.; Shi, X.; Wiesner, U.; Snaith, H.]. Enhancement of perovskite-based solar cells
employing core-shell metal nanoparticles. Nano Lett. 2013, 13, 4505-4510. [CrossRef]

Kim, C.S;; Lee, S.S.; Gomez, E.D.; Kim, ].B.; Loo, Y.L. Transient photovoltaic behavior of air-stable, inverted organic solar cells
with solution-processed electron transport layer. Appl. Phys. Lett. 2009, 94, 113302. [CrossRef]

Cui, X;; Chen, Y.; Zhang, M.; Harn, YW.; Qi, ].; Gao, L.; Wang, Z.L.; Huang, J.; Yang, Y.; Lin, Z. Tailoring carrier dynamics in
perovskite solar cells via precise di-mension and architecture control and interfacial positioning of plasmonic nanoparticles.
Energy Environ. Sci. 2020, 13, 1743-1752. [CrossRef]

Rubtsov, S.; Musin, A.; Zinigrad, M.; Kalashnikov, A.; Danchuk, V. New strategy for creating tio, thin films with embedded au
nanoparticles. Coatings 2021, 11, 1525. [CrossRef]

Tomulescu, A.G.; Stancu, V.; Besleaga, C.; Enculescu Nemnes, G.A.; Florea, M.; Dumitru, V.; Pintilie, L.; Pintilie, I.; Leonat, L.
Reticulated mesoporous TIO, scaffold, fabricated by spraycoating, for large area perovskite solar cells. Energy Technol. 2019, 8,
1900922. [CrossRef]

van de Hulst, H.C. Light Scattering by Small Particles; John Wiley: Hoboken, NJ, USA, 1957; The 1981 edition is available through
Google Books.

ANSYS, Inc. Commercial Computer Software, FDTD Solutions Reference Guide. 2022. Available online: https:/ /www.ansys.com/
(accessed on 1 May 2022).

Siefke, T.; Kroker, S.; Pfeiffer, K.; Puffky, O.; Dietrich, K.; Franta, D.; Ohlidal, I; Szeghalmi, A.; Kley, E.B.; Ttinnermann, A.
Materials pushing the application limits of wire grid polarizers further into the deep ultraviolet spectral range. Adv. Opt. Mater.
2016, 4, 1780-1786. [CrossRef]

Johnson, P.B.; Christy, R.W. Optical constants of the noble metals. Phys. Rev. B 1972, 6, 4370-4379. [CrossRef]

D Travis, L. Absorption and scattering of light by small particles. Icarus 1984, 60, 721-722. [CrossRef]

Sato, Y.; Naya, S.; Tada, H. A New bimetallic plasmonic photocatalyst consisting of gold(core)-copper(shell) nanoparticle and
titanium(iv) oxide support. APL Mater. 2015, 3, 104502. [CrossRef]

He,].; Du, Y,; Bai, Y.;; An, J.; Cai, X.; Chen, Y.; Wang, P; Yang, X.; Feng, Q. Facile formation of anatase/rutile tio, nanocomposites
with enhanced photocatalytic activity. Molecules 2019, 24, 2996. [CrossRef]

Mali, S.S.; Shim, C.S.; Kim, H.; Patil, P.S.; Hong, C.K. In situ processed gold nanoparticle-embedded tio, nanofibers enabling
plasmonic perovskite solar cells to exceed 14% conversion efficiency. Nanoscale 2016, 8, 2664—2677. [CrossRef]

Ren, X,; Yang, Z.; Yang, D.; Zhang, X.; Cui, D.; Liu, Y.; Wei, Q.; Fan, H.; Liu, S.F. Modulating crystal grain size and optoelectronic
properties of perovskite films for solar cells by reaction temperature. Nanoscale 2016, 8, 3816-3822. [CrossRef]
Carretero-Palacios, S.; Jiménez-Solano, A.; Miguez, H. Plasmonic nanoparticles as light-harvesting enhancers in perovskite solar
cells: A user’s guide. ACS Energy Lett. 2016, 1, 323-331. [CrossRef]

Yao, G.Y,; Liu, Q.L.; Zhao, Z.Y. Studied localized surface plasmon resonance effects of au nanoparticles on tio2 by fdtd simulations.
Catalysts 2018, 8, 236. [CrossRef]

Zarick, H.E; Hurd, O.; Webb, J.A.; Hungerford, C.; Erwin, W.R.; Bardhan, R. Enhanced efficiency in dye-sensitized solar cells with
shape-controlled plasmonic nanostructures. ACS Photonics 2014, 1, 806-811. [CrossRef]


https://doi.org/10.1039/D2DT03357G
https://doi.org/10.1016/j.electacta.2022.140145
https://doi.org/10.1016/j.solener.2023.111796
https://doi.org/10.1038/nmat2866
https://doi.org/10.1080/14686996.2018.1458578
https://www.ncbi.nlm.nih.gov/pubmed/29868146
https://doi.org/10.1038/s41378-021-00334-2
https://www.ncbi.nlm.nih.gov/pubmed/35070349
https://doi.org/10.1016/j.surfin.2021.101287
https://doi.org/10.1002/aenm.201500038
https://doi.org/10.1021/acsami.7b08489
https://www.ncbi.nlm.nih.gov/pubmed/28929738
https://doi.org/10.1021/acsaem.0c00276
https://doi.org/10.1021/nl4024287
https://doi.org/10.1063/1.3099947
https://doi.org/10.1039/C9EE03937F
https://doi.org/10.3390/coatings11121525
https://doi.org/10.1002/ente.201900922
https://www.ansys.com/
https://doi.org/10.1002/adom.201600250
https://doi.org/10.1103/PhysRevB.6.4370
https://doi.org/10.1016/0019-1035(84)90179-9
https://doi.org/10.1063/1.4923098
https://doi.org/10.3390/molecules24162996
https://doi.org/10.1039/C5NR07395B
https://doi.org/10.1039/C5NR08935B
https://doi.org/10.1021/acsenergylett.6b00138
https://doi.org/10.3390/catal8060236
https://doi.org/10.1021/ph500281v

Nanomaterials 2023, 13, 2675 13 of 13

34.

35.
36.
37.
38.
39.

40.

41.

42.

43.

44.

45.

46.
47.
48.
49.

50.
51.

Dang, X.; Qi, ].; Klug, M.T,; Chen, PY; Yun, D.S.; Fang, N.X.; Hammond, P.T; Belcher, A.M. Tunable localized surface plasmon-
enabled broadband light-harvesting enhancement for high-efficiency panchromatic dye-sensitized solar cells. Nano Lett. 2013, 13,
637-642. [CrossRef]

Fan, X.; Zheng, W.; Singh, D.J. Light scattering and surface plasmons on small spherical particles. Light Sci. Appl. 2014, 3, 179.
[CrossRef]

Erwin, WR,; Zarick, H.E; Talbert, E.M.; Bardhan, R. Light trapping in mesoporous solar cells with plasmonic nanostructures.
Energy Environ. Sci. 2016, 9, 1577-1601. [CrossRef]

Hergert, W.; Wriedt, T. (Eds.) The Mie Theory: Basics and Applications; Springer: New York, NY, USA, 2012.

Doyle, W.T. Optical properties of a suspension of metal spheres. Phys. Rev. B 1989, 39, 9852-9858. [CrossRef] [PubMed]

Fu, Q.; Sun, W. Mie theory for light scattering by a spherical particle in an absorbing medium. Appl. Opt. 2001, 40, 1354. [CrossRef]
[PubMed]

Jensen, T.R.; Duval, M.L.; Kelly, K.L.; Lazarides, A.A.; Schatz, G.C.; Van Duyne, R.P. Nanosphere lithography: Effect of the
external dielectric medium on the surface plasmon resonance spectrum of a periodic array of silver nanoparticles. J. Phys. Chem.
B 1999, 103, 9846-9853. [CrossRef]

Keller, K.; Khramenkova, E.V,; Slabov, V.; Musin, A.; Kalashnikov, A.; Vinogradov, A.V.; Pidko, E.A. Inkjet Printing of Sc-Doped
TiO, With Enhanced Photoactivity. Coatings 2019, 9, 78. [CrossRef]

Danchuk, V.; Shatalov, N.; Pogreb, R.; Musin, A. Characterization of Sputtered ZnO Blocking Layers with Surface Plasmon
Resonance Method. In Proceedings of the Seventeenth Russian-Israeli Bi-National Workshop, Ariel, Israel, 19-21 June 2019; pp.
186-193.

Farbod, M.; Khademalrasool, M.; Talebzadeh, M.D. Plasmon-Enhanced Photocatalysis Based on Ag Plasmonic Nanospheres and
ZnO Nanoparticles: Synthesis and Study Mechanisms Governing the Plasmonic Photocatalytic Performance. Plasmonics 2016, 12,
759-769. [CrossRef]

Im, J.H.; Kim, H.S.; Park, N.G. Morphology-Photovoltaic Property Correlation in Perovskite Solar Cells: One-Step Versus
Two-Step Deposition of CH3NH;3;PBI3. APL Mater. 2014, 2, 081510. [CrossRef]

Saliba, M.; Matsui, T.; Seo, J.Y.; Domanski, K.; Correa-Baena, J.P.; Nazeeruddin, M.K.; Zakeeruddin, S.M.; Tress, W.; Abate, A.;
Hagfeldt, A. and et al. Cesium-Containing Triple Cation Perovskite Solar Cells: Improved Stability, Reproducibility and High
Efficiency. Energ. Environ. Sci. 2016, 9, 1989-1997. [CrossRef] [PubMed]

Luther, ].M.; Jain, PK.; Ewers, T.; Alivisatos, A.P. Localized Surface Plasmon Resonances Arising from Free Carriers in Doped
Quantum Dots. Nat. Mater. 2011, 10, 361-366. [CrossRef] [PubMed]

Kheirandish, A.; Sepehri Javan, N.; Mohammadzadeh, H. Modified Drude Model for Small Gold Nanoparticles Surface Plasmon
Resonance Based on the Role of Classical Confinement. Sci. Rep. 2020, 10, 6517. [CrossRef]

Workman, J.; Mark, J.H. Using Reference Materials, Part II: Photometric Standards. Spectroscopy 2019, 34, 18-28.

Macdonald, T.J.; Ambroz, F.; Batmunkh, M.; Li, Y.; Kim, D.; Contini, C.; Poduval, R.; Lui, H.; Shapter, ].G.; Papakonstaninou, L;
et al. TiO, Nanofiber Photoelectrochemical Cells Loaded with SUB-12 NM AuNPs: Size Dependent Performance Evaluation.
Mater. Today Energy 2018, 9, 254-263. [CrossRef]

Simmons, E.L. Diffuse Reflectance Spectroscopy: A Comparison of the Theories. Appl. Optics 1975, 14, 1380. [CrossRef] [PubMed]
Kim, H.S.; Lee, C.R,; Im, ].H.; Lee, K.B.; Moehl, T.; Marchioro, A.; Moon, S.J.; Humphry-Baker, R.; Yum, ].H.; Moser, J.E.; et al.
Lead Iodide Perovskite Sensitized All-Solid-State Submicron Thin Film Mesoscopic Solar Cell with Efficiency Exceeding 9%. Sci.
Rep. 2012, 2, 591. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1021/nl3043823
https://doi.org/10.1038/lsa.2014.60
https://doi.org/10.1039/C5EE03847B
https://doi.org/10.1103/PhysRevB.39.9852
https://www.ncbi.nlm.nih.gov/pubmed/9947759
https://doi.org/10.1364/AO.40.001354
https://www.ncbi.nlm.nih.gov/pubmed/18357121
https://doi.org/10.1021/jp9926802
https://doi.org/10.3390/coatings9020078
https://doi.org/10.1007/s11468-016-0323-1
https://doi.org/10.1063/1.4891275
https://doi.org/10.1039/C5EE03874J
https://www.ncbi.nlm.nih.gov/pubmed/27478500
https://doi.org/10.1038/nmat3004
https://www.ncbi.nlm.nih.gov/pubmed/21478881
https://doi.org/10.1038/s41598-020-63066-9
https://doi.org/10.1016/j.mtener.2018.06.005
https://doi.org/10.1364/AO.14.001380
https://www.ncbi.nlm.nih.gov/pubmed/20154834
https://doi.org/10.1038/srep00591
https://www.ncbi.nlm.nih.gov/pubmed/22912919

	Introduction 
	Materials and Methods 
	Solar Cell Device Structure 
	Characterization 
	Simulations 

	Results and Discussion 
	XRD Studies 
	Morphology Analysis 
	Grain Size Analysis of MAPI 
	FDTD-Simulated Electric Field Response 
	Simulated and Estimated Absorption Using FDTD and Reflectance Measurements 
	Optical Properties 
	Photovoltaic Parameters of PSCs 

	Conclusions 
	References

