Facile Preparation of Large-Area, Ultrathin, Flexible
Semi-Transparent Perovskite Solar Cells via Spin-Coating

Lukasz Przypis’2, Wiktor Zuraw®2, Mitosz Grodzicki!, Mateusz Scigaj?, Robert
Kudrawiec!, and Artur P Herman'!

Department of Semiconductor Materials Engineering, Wroclaw University of Science and
Technology
2Saule Research Institute

March 04, 2024

Abstract

The development of emerging photovoltaic technology has promoted the innovation of building-integrated photovoltaics (BIPV),
not only in lower cost and simpler processing technology but also in a variety of additional features, such as flexibility and
transparency. Semi-transparent solar cells that allow partial transmission of visible light are excellent candidates for BIPVs owing
to their unique properties and potential for integrated energy solutions. In this work, we present a straightforward and highly
reproducible protocol for depositing extremely uniform and ultra-thin perovskite layers. Our solution-processed perovskite
solar cells, fabricated on flexible polymer 2 substrates with large active area (1 cm2), achieved a noteworthy 5.7% power
conversion efficiency (PCE) under standard conditions (AM 1.5G radiation, 100 mW cm-2) accompanied by an Average Visible
Transmittance (AVT) of 21.5% for full device architecture with 10 nm thick silver electrode. We present a simple yet elegant
fabrication procedure for semi-transparent perovskite solar cells without any additional antireflective layers. Furthermore,
we fabricated working perovskite solar cells with the thinnest active layer of spin-coated MAPbDI3 reported so far (10 nm)
exhibiting 1.9% PCE and 41.1% AVT (62.9% AVT without electrode). These results hold great promise for the integration of

perovskite-based semi-transparent solar cells into real-world applications, advancing the landscape of renewable energy.
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The development of emerging photovoltaic technology has promoted the innovation of building-
integrated photovoltaics (BIPV), not only in lower cost and simpler processing technology but also
in a variety of additional features, such as flexibility and transparency. Semi-transparent solar cells
that allow partial transmission of visible light are excellent candidates for BIPVs owing to their
unique properties and potential for integrated energy solutions. In this work, we present a
straightforward and highly reproducible protocol for depositing extremely uniform and ultra-thin

perovskite layers. Our solution-processed perovskite solar cells, fabricated on flexible polymer



substrates with large active area (1 cm2), achieved a noteworthy 5.7% power conversion efficiency
(PCE) under standard conditions (AM 1.5G radiation, 100 mW cm-2) accompanied by an Average
Visible Transmittance (AVT) of 21.5% for full device architecture with 10 nm thick silver
electrode. We present a simple yet elegant fabrication procedure for semi-transparent perovskite
solar cells without any additional antireflective layers. Furthermore, we fabricated working
perovskite solar cells with the thinnest active layer of spin-coated MAPbI3 reported so far (10 nm)
exhibiting 1.9% PCE and 41.1% AVT (62.9% AVT without electrode). These results hold great
promise for the integration of perovskite-based semi-transparent solar cells into real-world

applications, advancing the landscape of renewable energy.

INTRODUCTION

Metal halide perovskites (MHPs) and in particular hybrid organic inorganic perovskites (HOIPs)
appear as a truly game-changing family of materials for energy conversion due to the unique
combination of optoelectronic properties and relatively facile fabrication processes, which have
contributed to their widespread exploration as a potential alternative to conventional solar cell
technologies.!™ Perovskite solar cells (PSCs) are by far the most efficient solution-processable
solar cells, with a record power conversion efficiency (PCE) of 25.7% for single-junction opaque
solar cells.® One area of particular interest within the field of MHP-based optoelectronic devices
is the development of semi-transparent ultrathin solar cells. The integration of semi-transparent
perovskite layers in solar cells offers exciting opportunities for applications such as building-
integrated photovoltaics (BIPV).” Semi-transparent photovoltaic technology not only generates
power but also contributes to creating a comfortable natural living environment. Allowing natural
light to enter the building, it simultaneously reduces the energy consumption. Additionally, it can

control the spread of heat, providing both temperature and visual comfort.®!° In addition to the



high PCE, the PSCs have a good application prospect in the field of semi-transparent photovoltaic
devices owing to the high absorption coefficient and the low-temperature preparation processes.'!

The quest for semi-transparent perovskite layers involves overcoming several technical
challenges. One of the primary concerns is to maintain uniform ultrathin film coverage while
minimizing the occurrence of pinholes and voids, which is critical for attaining high-quality
perovskite layers. Insufficient reproducibility and homogeneity result in a spread of performance
in the resulting photovoltaic devices. Semi-transparent perovskite films can be obtained using
diverse well-established deposition techniques such as: spin-coating,'? blade-coating,'* and dip-
coating.'* These methods are very convenient considering further scaling-up, however, thickness
control within the crucial for transparency sub-100 nm range is significantly limited.!> Therefore,
new approaches to overcoming these obstacles have been developed.

First, the so-called spontaneous dewetting, which employs the treatment of as-prepared
perovskite thin film with low-vapor-pressure solvent.!® This method results in an archipelago-like
microstructure (randomly grown perovskite islands) of active layer providing the neutral color of
full devices. Another alternative is mesh-assisted deposition which leads to a similar
microstructure with partial coverage of the perovskite film on the substrate which is achieved by
controlled growth in a grid structure.'®!” The major disadvantage of these two methods, putting
aside the additional processing step is that electron and hole-transporting materials (ETM and
HTM respectively) are in direct contact. Quite recently preparation of conformal perovskite 10 nm
layer using vacuum evaporation has been reported.’’ Despite promising results, the entire
fabrication process is much more complex, though, and therefore more challenging for scaling up.
Hence, the preparation of sub-100 nm perovskite films with a conformal profile in the wet process

is still a challenge. In Table 1, we provide a summary that compares our results to previously



reported solution-processed and thermally evaporated semi-transparent perovskite devices.?!™>

Here it is worth to note that taking into account active area and flexible substrate our results are
unprecedented in terms of PCE and AVT. Furthermore one should note that considering real-world
applications and technological significance our process is the only one which does not require
vacuum evaporation or specially prepared substrate.

Table 1. Characteristics of semi-transparent PSCs with active layer thickness below 100 nm.

ACTIVE AVT [%],
AREA DEVICE ARCHITECTURE THICKNESS PCE  SPECTRAL  REF.
RANGE
Glass FTO/c-TiO/AAO(honeycomb shaped scaffold)+ a 0 ”1
0.06 cm? MAPbI3.Cly/Spiro-OMeTAD/MoO,/ITO 90 nm®  8.50% 43, 400-800
Glass, FTO/c-TiO2/MAPbIy/ Spiro- . . ”
0.16 cm? OMeTAD/MoO,/Au/MaOx 54nm*  5.30% 31, 370-740
Glass 23
0.06 cm? ITO/PTAA/ Cso1FAPDI2Bro1/PCBM/BCP/AI/Ag 50 nm®  6.93% 31-
Flex 24
0.08 cm? ITO/MoO,/TaTm/MAPbI3/Ceo/BCP/Cu/Ag 50nm°  4.03% 19,-
Glass _ _ X . ”
0.12 crm? ITO/PEDOT:PSS/MAPbIs/PCBM/AU/LIF 40 nm 3.40% 35, 400-800
Glass X . ”
0.05 crm? ITO/PTAA/PEA-CsPbls/PCBM/BCP/AI/Ag 10 nm 3.60% 54, -
This work:
Flex 21.5, 300-
IZO/PEDOT:PSS/MAPbI3/Ceo/BCP/A a 700 ’
1.00 cm? 3/-60 9 30 nm 5.70% 900
Flex 41.1, 300-
IZO/PEDOT:PSS/MAPbI3/Ceo/BCP/A a 900 ’
1.00 cm? 3/-60 9 10 nm 1.90% 900

agpin-coated, Pvacuum deposited perovskite layer

Understanding the formation mechanism of solid perovskite film from precursor solution is one
of the fundamental rules for preparation of high-quality perovskite films. However, few studies
have focused on the effect of colloidal characteristics on the formation of perovskite films. In our

work, we deem that high-quality spin-coated ultrathin perovskite films can be obtained by



designing and controlling the colloidal characteristics of the perovskite precursor. A
comprehensive understanding of precursor solution impurities on the material properties is
essential for the improvement of photovoltaic performance. It directly impacts thin film quality
and device performance. Precursor purity in solution is also considered to affect the characteristics
of the perovskite films such as crystal growth, charge carrier recombination dynamics, and
electron/hole diffusion length.?® Even common methods, like raw material mixing, can yield lead
polyhalide coordination complexes. Solvent molecules may compete as ligands for Pb**. The
presence of these complexes, intermediate phases, or impurities hampers nucleation and crystal
growth, affecting physiochemical properties and reproducibility. Precursor ink, typically colloidal,
depends on particle-solvent interactions. The size and concentration of colloids affect film quality
and morphology. Lead polyhalide networks in the solution impact crystallization rate and final
properties. Colloid formation/stabilization is influenced by precursor purity. Defects and grain
boundaries cause performance losses.

Importantly, our objective was not to optimize the device structure for the best performance or
PL emission. Instead, our aim was to demonstrate that using simple processing, i.e. spin-coating
of an ultra-thin perovskite layer by one-step methodology, we are still able to obtain good
performance with high transparency of PSCs on large-area flexible substrates. We are convinced
that our methodology is not limited solely to spin-coating but it holds great promise for other wet
fabrication methods of PSCs such as blade-coating or slot-die-coating as they also rely on ink
chemistry.

RESULTS AND DISCUSSION

Keeping in mind all the complexities related to the precursor ink composition we decided to

follow the quote ‘simplicity is the keynote of all true elegance’ by Coco Channel, i.e. we used



highly pure raw materials without additives. To avoid the use of hydroiodic acid and
accompanying hypophosphorous acid (HPA) stabilizer, we synthesized MAI using molecular
iodine as a halide source, which was subsequently reduced in situ by formic acid, resulting in the
production of highly pure methylammonium iodide.?” Furthermore, this method enables effective
purification of MAI, particularly from residual iodine, which contributes to its exceptional stability
without the requirement for external stabilizers, as evidenced in Figure S3 and Figure S4.
Additional discussion on the precursor ink chemistry is detailed in the Supplementary
Information. Although in this work we used freshly synthesized MAL in Figure S1 two years old
MALI without any evidence of aging is presented (i.e. no yellowing which originates from the
presence of free-iodine can be observed). As a lead source, we used commercial Pblx of high purity
(see Figure S2). The inks were prepared by dissolving precursors in DMF:DMSO mixture (9.0:1.1,
v/v). The resulting dispersion was stirred for 2 h at room temperature to get the transparent inks.

Firstly, we started the characterization of the prepared perovskite precursor solution by the
rheological properties of the perovskite precursor solution. We measured the dynamic light
scattering (DLS). The perovskite precursor inks prepared by our strategy demonstrated a narrow
size distribution of colloidal particles with a distribution around 100 nm (Figure 1a). The presence
of a small and narrowly distributed particle size is beneficial for the creation of dense and compact
packed grain structures in the resulting films.?®2° Additionally, it's noteworthy that the elimination
of larger micrometer-sized particle distribution is accomplished through the use of ultra-pure
precursors.

Plausible, in our philosophy, using ultra-pure methylammonium iodide and lead iodide, the
solvation of perovskite precursors in the DMF/DMSO solvent system was systematic. Colloidal

nuclei were well-formed, and the dissolution of the precursor went at a similar rate. Finally, a



narrow size distribution of the particles in the solution was obtained. These nanosized particles are
not likely iodoplumbate complexes but are probably perovskite-solvent complexes like the
intermediate phase. In contrast, in the typical MAPbI3 precursor ink, the formation of the colloid
may be affected by insoluble impurities, which introduce the seeds leading to the growth of bigger
particles. Furthermore, we conducted an investigation into the stability of our inks over time,
performing DLS measurements after 48 hours and 7 days. Impressively, our inks exhibited
remarkable stability over time, showing no signs of particle aggregation (Figure 1b). For the
investigation of the chemistry of precursor solutions, MAPbI3 inks with various concentrations at
RT were studied using FTIR spectroscopy. It can be clearly seen in. Figure 1c that the position of

bands is independent of the concentration of perovskite.
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Figure 1. a) Colloidal properties of perovskite precursors at room temperature - size distribution
by dynamic light scattering for fresh inks: black — 0.085M, pink — 0.050M, red — 0.037M ; b) aged
ink 0.050M: pink — fresh, magenta — 48h, ruby — 7 days ; ¢) FTIR spectra of perovskite precursors

with different concentrations: blue — 1.00M, green — 0.050M, re — 0.037M.

The following spectral features for each ink can be distinguished; S—O and C-S stretching
vibrations related to interactions of DMSO with Pb** at ~1,000 cm™!; N-H stretching in the range
between 3,200 and 3,450 cm™'; and C—H stretching in the range of 2,800-3000 cm™!. Moreover,
there is a sharp feature at 1650 cm™' which most likely can be ascribed to the C=0O bond of pure
DMEF. Therefore, one can conclude that the affinity of MAI toward Pbl: is higher than that of DMF
toward Pbl, so the colloidal clusters of perovskite-solvent complexes are formed by the

substitution of MAI for DMF. Similar observation and effects were reported in literature.’*3! It is



worth mentioning that a small shoulder observed for the band at 1650 cm™!

may be ascribed to
MAI well-solvated by DMF molecules. This interaction may play an important role in the
formation of small colloidal clusters in precursor ink. We further used the as-prepared inks to
fabricate perovskite layers on glass substrates using an antisolvent quenching approach. The spin-
coating of the perovskite precursor solution involves an antisolvent treatment to facilitate the
removal of the host solvent(s) molecules and as a consequence initiate the crystallization of the
perovskite film. Several studies have reported the optimal conditions for this step, and it has been
shown that antisolvent-solvent interactions, such as dipole-dipole interactions, modulate the
dynamics of the process.>? The film morphology is affected by composition-dependent liquid-
crystal dynamics and competing crystallization routes that occur during the crucial stages of film
formation. To optimize the process, a broad variety of solvents was examined, and it was found
that the type of antisolvent used limits the window of operation for morphology and power
conversion efficiency (PCE).>*>® Therefore, the solvent-engineering technique is critically
important for this process. We tried different solvents, along with the use of diverse antisolvents
to control the crystallization dynamics and nucleation of the perovskite film. We found that toluene
as an antisolvent, together with the DMF/DMSO solvent system allowed us to achieve highly
reproducible protocol resulting in extremely uniform, pinhole-free films exhibiting low surface
roughness as determined using profilometer and AFM. It is worth emphasizing that these
characteristics were obtained for concentrations in the range of 0.008M — 2.5M (Figure S5). As
we further investigated the thicknesses of thin films using both profilometer and ellipsometry
measurements we observed that the relationship between the concentration of precursor ink and
thickness of the perovskite film is linear, following the equation:

thickness of MAPbIs film (nm) = 260" [concentration of ink(M)] (1)



We further explored the limits of applicability of the method by the preparation of more and
more diluted inks. This led us to conclude that using additive-free precursors in DMF:DMSO-
toluene solvent-antisolvent system it is possible to control the thickness in the range of 3 nm — 625
nm. The upper limit results from the solubility of MAPbI; in the investigated solvent system
(2.5M). Importantly, the linear correlation has been preserved in the whole range (Figure S6). For
further characterization of the ultrathin MAPDI;3 fiims (below 50 nm) we performed atomic force
microscopy (AFM), X-ray diffraction (XRD), and scanning electron microscope (SEM) studies.
The SEM and AFM images of the resultant spin-coated below 3 nm MAPDI; films on glass

substrates are shown in Figures 2a, 2b, and Figure 2c.
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Figure 2. a) SEM images of 3 nm MAPI films on a glass substrate. b-¢) AFM images and RMS
roughness values of 3 nm MAPI films on glass d) Absorbance spectra of 30, 20, 10, and 3 nm

MAPbDI; films.

The AFM and SEM images both illustrate that the MAPbI; layers possess a uniform morphology
with a smooth surface, exhibiting a low root mean square (RMS) roughness value of less than 1
nm (additionally, analysis of the thickness and topography of the 3 nm film was presented in the

Supporting Information, see Figure S17 and Figure S18). However, for thinner films, islands
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were observed which can increase for the roughness. These fluctuations in thickness can be
attributed to various factors, particularly during the formation of the initial layers. Considering that
our film thickness is only a few times larger than the lattice constant of MAPDbI3, that the early
stages of crystallization play a significant role in shaping the topography and morphology of the
final layer. In these initial stages, perovskite islands begin to grow on the surface. These islands
may exhibit a greater affinity for connecting with other perovskite islands rather than the substrate,
leading to potential aggregation based on lattice matching. This process likely results in the
presence of protruding grains on the surface, thereby contributing to the observed thickness
variations. The absorbance spectra of the 30, 20, 10, and 3 nm-thick films are shown in Figure 2d.
Due to its higher thickness, the 30 and 20-nm perovskite films absorb more light than 10 and 3-
nm. For 10 and 3-nm films the absorption coefficient changes substantially. The XRD patterns of
the spin-coated MAPbI3 films on glass substrates are shown in Figure 3a. Despite their
thicknesses, all the deposited perovskite layers showed high crystallinity reaching an almost
excellent tetragonal cell (space group I4cm). In XRD patterns, regardless of the film’s thickness,
the presence of (110), (220), (310), (224) and (314) diffraction peaks confirm the formation of the
tetragonal perovskite structure. Interestingly, we noticed variations in the relative intensity of the
(110) peak among the films (Figure 3a and Figure S8), indicating differences in crystallinity.
Table S1 shows the peak intensity and the peak full-width half maximum (FWHM) of individual
crystallite of MAPDI; perovskite films measured by the spectral fitting of XRD measurement data
as well as the individual crystallite dimensions of the perovskite films, which have been calculated
using the Debye - Scherrer equation (Equation S2). The peak intensity and individual crystallite
dimensions of the perovskite films have been reported in Table S1. Notably, an intriguing trend

emerges: as the film thickness falls below 200 nm, the crystallite size consistently grows with the
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film's thickness. However, once the thickness surpasses 200 nm, it appears that saturation sets in,
leading to a stable crystallite size.

In parallel, we performed microstrain analysis on the same XRD patterns (Figure 3c) to assess
lattice imperfections and structural defects, such as dislocations, stacking faults, and grain
boundaries. Line broadening, quantified by FWHM values of diffraction peaks, was employed to
estimate both crystallite size and microstrain. This analysis has shown that, in addition to the
reduction in crystallite size, there is an increase in microstrain as the film thickness decreases. The
microstrain reaches 0.1% for 40 nm. indicating lattice distortion. For films with a thickness of up
to 100 nm, the lattice relaxation is observed. The opposite, for the ultrathin layer below 40 nm
microstrain reached 2%. That value can be overestimated, it is essential to note that the below 40
nm film exhibited weak peak intensity, which could introduce relatively large errors into the final
microstrain value compared to the other samples. This comprehensive characterization sheds light
on the crystallinity and microstructural properties of our MAPbI; perovskite films, providing

valuable insights into their performance and potential applications.
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Figure 3. a) XRD patterns of the MAPDI3 perovskite films deposited from various precursor
concentrations. b) XRD patterns of ultrathin perovskite films. ¢) Calculated microstrain and

average crystallite size determined from XRD patterns by performing a Willamson-Hall analysis.

These results are of significant importance as they represent the first-ever structural investigation
of ultrathin MAPDI; films, ranging from below 30 nanometers down to just a few nanometers in
thickness. The reduction in thickness aimed at achieving a high average visible transmittance
(AVT) value comes with a trade-off: reduction of effective conversion light to photocurrent.
Additionally, we have confirmed that this reduction introduces substantial lattice strains in the
MAPDI; film. These lattice strains can be attributed to reduced stability and hindered charge
transport, as carrier mobility closely correlates with lattice strain.>’*® This, in turn, affects the

efficiency of carrier collection and may contribute to the formation of defect centers, which can
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adversely impact the performance of solar cells.*® Recognizing the potential for overestimating
lattice strain in films below 40 nm, we decided to conduct further investigations on solar cell
fabrication with two different thicknesses of MAPbI3. One thickness corresponds to 30 nm, where
lattice strains increase dramatically - photovoltaic performance parameters of devices show
whether we overestimated lattice strain or not. The second thickness is 10 nm, this aims to explore
the feasibility of fabricating functional solar junctions with a photoactive layer at the nanometer
scale.

Moreover, for comprehensive and fundamental optical characterization of the spin-coated layers
we measured PL using a continuous wave green laser (532 nm, 2.33 eV) as an excitation source.
To demonstrate that our fabrication method is reproducible we measured at least 7 spin-coated
samples of each thickness in exactly the same measurement conditions (50 uW exc. power, 300

K, under vacuum).
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Figure 4. Normalized PL spectra recorded for the samples of different thickness.

The representative spectra are shown in Figure 4. The shape of PL and peak position (~1.6 eV)
for samples thicker than 225 nm is typical for those reported for MAPbI; previously.**!
Interestingly, we observed that the behavior of PL peak was significantly affected by thin film

thickness. First of all, the PL is shifted to higher energy with decreasing thickness (Figure S7). Of
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course, one could expect such a shift in the case of very thin samples (as it can be related to
quantum confinement and built-in strain) but here it was clearly observed in the whole investigated
thickness range. Another possible explanation is related to the hypothesis that emission in HOIPs
such as MAPbI; is governed by bistable amphoteric native defects (BANDs), i.e. defects whose
nature (donor/acceptor) and formation energy are controlled by the location of Fermi energy.*>*
Assuming that due to increased surface to volume ratio in thinner films the concentration of
BAND:s is higher one can expect such a behavior of PL peak. A further interesting feature in PL
spectra is related to the thickness range between 50 nm and 225 nm. Here, the peak is undeniably
accompanied by a low-energetic shoulder. The existence of multiple peaks/shoulders in MAPbI3
spectra was usually reported below phase transition temperature (i.e. 160 K; tetragonal ->
orthorhombic) and it was often ascribed to the presence of tetragonal domains in the orthorhombic
lattice. Nevertheless, our process does not involve the use of low temperatures. Moreover, XRD
patterns did not reveal any signs of different phases and we performed measurements at RT so it
is unlikely that the low-energetic shoulder originates from the different phase inclusions. However,
this emission may be also related to the contribution of BANDs or different defect states within
the bandgap. This hypothesis is quite plausible since we were able to observe PL using below
bandgap excitation (787 nm, 1.57 eV). As there was a clear risk that ultrathin MAPbI3 layers may
be more prone to degradation (eventually resulting in the formation of Pblz) when exposed to

ambient air.
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Figure 5. a) XPS spectra of MAPDbI; 5 and 30 nm films: I 3d. b) XPS spectra of MAPbI3 5 and 30

nm films: Pb 4f. ¢) XRD patterns of ultrathin perovskite films.

That effect was reported in XRD of the ultrathin layer at ambient conditions (Figure 5c). That
reason, why we used X-ray photoelectron spectroscopy (XPS) to verify if the material is
chemically uniform. The spectra shown in Figures Sa and Sb clearly indicate the formation of
pure MAPDI; for both evaluated ultrathin films (5 nm and 30 nm). The Pb 4f peaks of the
S5nm_MAPbI; film exhibit higher binding energy compared with 30nm_MAPbI3. To be specific,
Figure 5a shows distinguished Pb 4f7, and Pb4fs, peaks for 30nm_MAPbI; at 137.7 and 142.7
eV, respectively. The corresponding Pb peaks of Snm_MAPbI3 were shifted to a higher binding

energy of 138.6 eV for Pb4f7> and 143.5 eV for Pb4fs2, which could be attributed to the changed
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chemical environment. Note that both the distinguished 13ds» (619.9 eV) and 13432 (631.5 eV)
peaks for Snm_MAPDI; are also shifted toward higher binding energy compared to those of the
30nm_MAPDI; film (617.5 eV and 627.1 eV) (Figure Sb). This shift suggests a change in the
chemical environment of the [Pbls]*~ octahedron, probably deformation of complex arrangement
with decreasing dimensionality.

Finally, encouraged by the results obtained for ultra-thin films we fabricated flexible semi-
transparent PSCs with planar architecture and inverted configuration (p-i-n), (active area of 1 cm?)
using the diluted, additive-free inks on flex substrate with the following structure PET/indium zinc
oxide (IZO)/PEDOT:PSS/MAPbI3/C60/bathocuproine (BCP)/Ag (Figure 7a). Here, it is worth
noting that in general fabrication of top electrodes for semi-transparent PSCs is a separate, yet very
important, issue being the subject of numerous studies. Among many approaches, the most
common are: direct deposition of transparent conductive oxides-based top electrodes without
protective buffer layers, fabrication of three-dimensional amorphous ITO (a-ITO)/Ag mesh
directly on semi-transparent perovskite solar cells, and using a dielectric/metal/dielectric (DMD)
multilayer film as the top transparent electrode.** Continuing the idea of a simple approach, we
decided to deposit just 10 nm of silver layer without any additional anti-reflective coatings. AVT
(between 300 and 900 nm spectral region) for the evaluated PSCs was calculated using the

formula®

Jond ()T (A)dA
S 1(A)dA

AVT =

where I(A) is the photon flux under AM 1.5G illumination and T(A) is the photopic response of the
human eyes. We achieved a current density (Jsc) of 8.68 mA/cm? and combined with an open-
circuit voltage (Voc) 0f 0.92 V, and fill-factor (FF) of 71.5% this resulted in a PCE of 5.7% for the

champion device under AM 1.5G irradiation (Figure 6b, Figure 7a and Figure S19). The
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champion device combining high performance and good transparency (AVT of 21.5%) was
obtained for PSC consisting of a 30 nm MAPDI; layer and 10 nm of Ag (Figure 6c¢). The digital
photograph of the corresponding device in Figure 6d depicts the overall optical transparency and
color neutrality. We also tried to fabricate PSC with the thinnest ever MAPbI3 layer, 10 nm. An
impressive PSC with PCE of 1.9% an AVT of 41.1% (62.9% without Ag electrode) is achieved
when the active layer reaches only 10 nm of thickness (Figure 6b and 6c¢). These devices also

demonstrate high reproducibility with an average efficiency of 1.8 + 0.1%, as shown in Figure 6b.
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Figure 6. a) Device configuration of PET/IZO-based semi-transparent PSCs fabricated in this
work b) J-V curves for the optimized perovskite solar cells fabricated with 10 and 30 nm of
MAPDI; layer. ¢) Transmittance spectra of the active layer of such cells. d) Photograph through a
typical flexible semi-transparent perovskite solar cell with 30 nm of MAPbI; layer and 10 nm

silver electrode, demonstrating neutral color and semitransparency.
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As a common trend in all of these devices, a gradual decrease in the Jsc with decreasing
perovskite layer thickness is observed due to reduced photon absorption, especially when the
active layer was reduced to 10 nm. This trend is also reflected in the overall PCEs of the completed
devices. Notably, the decrease is more rapid for the 10 nm_MAPDI3 devices than that of the 30
nm_MAPDI; ones as a combined result of a significant decrease in FF, Vo, and Js. This is
consistent with the fact that the fabrication of perovskite films below 10 nm of thickness formed
film with high lattice strain (up to 2%). Probably, fabrication of that type of ultrathin film on a
more thick PEDOT:PSS with high roughness of the surface leads to more defects at
PEDOT:PSS/MAPbI; interlayer. Nevertheless, PEDOT:PSS layer has good uniformity without
any pinholes as seen in the SEM images (Figure 7¢). In summary, 30nm_MAPbI; PSC is the
technical limit for minimizing the thickness of the active layer. Further decreasing thickness
affected with increasing lattice strains and decrease of absorption coefficient, so drastically
dropped all device performance parameters. To ensure the reliability and performance of the
manufactured perovskite solar cells (PSCs), we conducted stability assessments by measuring the
stabilized power output in proximity to the maximum power point (MPP). When measuring the
photocurrent precisely at the MPP under continuous AM 1.5G illumination, the performance of

the fabricated semi-transparent PSCs exhibited excellent stability.
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Figure 7. a) Statistic of the photovoltaic performance measured for the perovskite solar cells with
different MAPDI; thickness: 10 (red) and 30 nm (black). b) A typical stabilized PCE of PSC is
determined by measuring the photocurrent at the maximum power point (MPP) under continuous

AM 1.5G irradiation. ¢) FIB-SEM image of the best-performing ultrathin solar cells.

CONCLUSIONS

We developed a simple, yet elegant, protocol using solvent engineering for the deposition of
extremely uniform and ultra-thin perovskite layers. Probably, the high reproducibility and the
ability to control a wide range of molar concentrations were made possible through the
stabilization of an intermediate phase using a precisely formulated precursor solution realized via
chemistry precursor solution. Starting from high-purity additive-free materials we were able to
control the thickness of uniform MAPDI; film in a range of 3 nm — 625 nm. These results will
provide an effective strategy for the fabrication of uniform semi-transparent perovskite solar cells
based on ultra-thin MAPbI3;, demonstrated 5.7% PCE under standard conditions (AM 1.5 G
radiation, 100 mW cm2) for 30nm_MaPbls-based cells. Remarkably, we achieved 1.9% of PCE

for 10 nm_MAPbI. These results represent a key advancement for producing ultra-lightweight,
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highly transparent devices with reduced lead content—a significant leap toward sustainability. Our
findings also illuminate a promising path for continued research in this field, promising further
innovation and development in the future.
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