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Abstract: We introduce a novel method for fabricating perovskite solar modules using selective
spin-coating on various Au/ITO patterned substrates. These patterns were engineered for twofold
purposes: (1) to enhance selectivity of monolayers primarily self-assembling on the Au electrode,
and (2) to enable seamless interconnection between cells through direct contact of the top
electrode and the hydrophobic Au connection electrode. Utilizing SAMs-treated Au/ITO, we
achieved sequential selective deposition of the electron transport layer (ETL) and the perovskite
layer on the hydrophilic amino-terminated ITO, while the hole transport layer (HTL) was
deposited on the hydrophobic CHs-terminated Au connection electrodes. Importantly, our
approach had negligible impact on the series resistance of the solar cells, as evidenced by the
measured specific contact resistivity of the multilayers. A significant outcome was the production
of a 6-cell series-connected solar module with a notable average PCE of 8.32%, providing a viable
alternative to the conventional laser scribing technique.

Keywords: Perovskite mini-module; Self-assembled Monolayers (SAMs); Hexadecanethiol (HDT);
Selective deposition; Dewetting; Connection Electrode

1. Introduction

Hybrid organic-inorganic perovskites are of great interest owing to their outstanding
optoelectronic properties [1-5], and easy and low-cost manufacturing processes [6,7]. These
advantages pave the way for cost-effective and highly efficient solar cells. Consequently, efforts are
underway to upscale perovskite solar cells into larger solar modules for market deployment [8-12].
Such modules can be constructed by dividing individual cells and integrating them via
interconnections.

Traditionally, laser scribing has been preferred for creating thin-film solar modules [13-19].
This technique offers layer by layer precision in material removal using different laser wavelengths,
facilitating detailed patterning of the modules with impressive resolution, processing speed, and
selectivity. However, it's not flawless [20]. Laser damage [21,22], poor selectivity for the underlying
layer, and metal particle contamination can lead to shunting [23-26]. Another shortcoming is the
reliance on expensive equipment.

Selective patterning of solar cells can be an emerging alternative [27-33]. This method has the
potential to address the challenges of laser processing. It offers a simplified, cost-effective means of
producing modules with a high aperture ratio and is compatible with flexible manufacturing
techniques.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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A promising possibility in this field is the use of self-assembled monolayers (SAMs). SAMs are
two-dimensional, ordered molecular arrangements on substrate surfaces. They possess the unique
ability to modify surface properties based on their terminal groups. These groups determine the
surface energy and functionality of the SAMs, making them either hydrophobic or hydrophilic [33-
37]. This feature can be exploited for selective solvent wetting or de-wetting and can also affect the
interaction of the solute with the surface [38]. By leveraging these traits, selective deposition of
specific materials on predefined areas can be achieved, enabling precise solar module patterning.

In our study, we present a novel selective patterning process for fabricating perovskite solar
minimodules. This process utilizes two different types of SAMs in combination with a spin-coating
method. We designed an innovative heterogeneous (Au/ITO) patterned substrate, incorporating Au
electrodes (called connection electrodes) on patterned ITO's edge. This design ensures selective
deposition of the active layer on ITO regions and seamless interconnection between separated cells.
Prior to depositing active layers like SnO:2 and perovskite, we applied two distinct SAMs to the
heterogeneous patterned surface, thereby increasing the deposition selectivity. We detail the
underlying molecular mechanisms and interactions that facilitate this selective deposition.

Our experimental approach relies on SAMs like HDT (hexadecanethiol) and APTES (3-
aminopropyl) triethoxysilane. These compounds demonstrate preferential attachment to the
patterned surface due to specific molecular affinities. The resulting active layers, SnO2 NCs (ETL)
and perovskite, are then selectively and sequentially deposited on this modified surface using a
spin-coating technique. The evaluation techniques and results, culminating in the production of a
minimodule are further discussed. Our approach not only addresses the limitations of the laser-
scribing technique but also presents an efficient module fabrication technology.

2. Material and Methods

2.1. Materials

All the chemicals and materials were used as received, without further purification. Patterned
ITO glass (10 Q/sq) substrates were purchased from Freemteck (Seoul, South Korea). Lead iodide
(Pblz, 99.999 % trace metal basis) was received from TCI (Tokyo, Japan). Methylammonium iodide
(MAI, crystal) and 2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene (Spiro-
OMeTAD, 99 %) were purchased from NCT Inc. (Seoul, South Korea). Tin (IV) oxide (SnOz, 15 % in
H20 colloidal dispersion) was obtained from Alfa Aesar (Seoul, South Korea). The chemicals,
including hexadecanethiol (HDT), 3-aminopropyltriethoxysilane (APTES, 99.999 %), methylamine
hydrochloride (MACI, 98 %), Li-bis(trifluoromethanesulfonyl)imide (Li-salt, 99.95 %),
dimethylsulfoxide (DMSO, 99.8 %), N,N-dimethylformamide (DMF, 99.8 %), chlorobenzene
(anhydrous, 99.8 %), 4-tert-butyl pyridine (TBP, 98 %), acetonitrile (99.8 %), 2-propanol, acetone,
and ethanol were purchased from Sigma-Aldrich (Seoul, South Korea).

2.2. Fabrication of Perovskite minimodule

Figure 1 shows a schematic pathway for the selective deposition of active layers on patterned
ITO cells to make a perovskite minimodule.

The patterned ITO glass substrate is a starting substrate, which was fabricated by wet etching
using photoresist (PR) mask produced by a conventional photolithography (Figure 1(a)). The
patterned ITO was cleaned ultrasonically in acetone, isopropyl alcohol, and deionized (DI) water
for 10 min each, and then dried with N2 gas. An E-beam evaporator under high vacuum (1x10-¢ torr)
was used to deposit the connection electrode consisting of Ti (100 nm) / Au (100 nm) through a
shadow mask on the edge of each patterned ITO cell, making a heterogeneous (Au/ITO) structure
(Figure 1(b)). The Au/ITO patterned substrate was then exposed to ultraviolet (UV)-ozone
treatment for 30 min to activate ITO surface. The HDT monolayers were then selectively assembled
on Au connection electrode of the cells by immersing the patterned glass in a solution of HDT (0.5
mM) in ethanol for 60 min at room temperature in an Ar-filled glove box, followed by rinsing with
pure anhydrous ethanol and drying in N2 flow (Figure 1(c)). Next, the glass substrate was dipped in
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a solution of APTES (0.1 ul/ml) in pure anhydrous ethanol for 1 h at room temperature to attach
APTES to an ITO surface (Figure 1(d)). The insets of Figure 1(c) and (d) show the structures of each
SAMs. Subsequently, SnO2 NCs ETL and perovskite layers, dewetted from the hydrophobic
connection electrodes, were selectively and sequentially spin-coated on previously prepared ITO,
followed by the non-selective deposition of spiro-OMeTAD HTL on the substrate (Figure 1(e)). The
conditions of the ETL and perovskite layer deposition were described in the previous work [38].
Finally, the top Au electrode (100 nm thick) was deposited by thermal evaporation under high
vacuum (1x10-¢ torr) through a shadow mask to electrically connect the isolated cells, thus creating
perovskite-based mini-modules (Figure 1(f)). The inset of Figure 1(f) shows a multilayered contact
structure formed on connection electrode for the integrated connection between cells.
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Figure 1. shows the schematic pathway for the selective deposition of active layers on patterned ITO
cells to make a perovskite mini-module: (a) a patterned ITO glass substrate; (b) a heterogeneous
(Au/ITO) structure fabricated by evaporating a Ti/Au bilayer connection electrode on the edge of
each patterned ITO cell through a shadow mask; (c) HDT monolayers selectively assembled on UV-
exposed Au connection electrode and the structure of HDT monolayers; (d) APTES monolayers
selectively assembled on ITO surface and the structure of APTES monolayers; (e) selective
deposition of SnO2 NCs ETL and perovskite layer, followed by the non-selective deposition of spiro-
OMeTAD HTL; (f) thermally evaporated top electrode through the shadow mask, which was in
contact with the connection electrode, leading to the multilayered contact structure, as shown in the
inset of Figure 1(f).

2.3. Characterizations

The contact angles were measured using a Surface Electro Optics, SEO (Model: Phoenix 300)
instrument at room temperature and relative humidity of 30-35%. The DI water (18 MQ.cm) and
other solutions were dropped onto the sample surface using a syringe needle and the droplet image
was immediately recorded. The surface morphology was characterized by field-emission scanning
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electron microscopy (FESEM, JEOL-7610F, Japan). The X-ray photoelectron microscopy (XPS) data
were analyzed utilizing a commercial system (K-alpha, Thermo VG, U.K\) equipped with a focused
monochromatic Al Ka source (h: 1486.6 eV) and the beam spot size of 400 um in diameter. The
survey scans were controlled using a passing energy of 200 eV with a step size of 1 eV under
ultrahigh vacuum of 3.6 x 10 torr. The contact resistance of transmission line method (TLM)
patterns was measured by a Semiconductor parameter analyzer (HP4155C). The sheet resistances
were measured using a four-point probe (CMT-series Changmin, Co. Ltd, Korea). The performance
of perovskite solar cell and mini-module was evaluated by a solar simulator (Newport Oriel Solar
Simulator) under AM 1.5G (100 mAcm?) illumination. A standard Si solar cell (Oriel, VLSI
Standard) was employed to calibrate the intensity of illuminated light.

3. Results and discussion

3.1. XPS Analysis of SAMs Assembled on UV-Exposed Substrates

We utilized two specific SAMs: the hydrophobic HDT-Au and the hydrophilic, reactive
APTES-ITO. Prior to the SAM assembly process, we activated the ITO surface using UV-ozone
treatment, enhancing APTES assembly. However, this treatment led to oxidation of the Au surface.
To assess the UV exposure effects on Au and its influence on HDT assembly and hydrophobicity,
we conducted XPS analysis.

Figure 2(a) presents the XPS spectrum of the UV-exposed Au (upper curve) and one post-
ethanol dip at 25°C for 20 minutes (lower curve). The O 1s data from the upper spectrum features
two peaks at 531 and 532.6 eV, indicating hydroxide Au(OH); and either adsorbed water or an
oxyhydroxide AuOOH (Au,O3H:0), respectively [39,40]. These curves fit well with minor
differences in binding energies and peak gaps, suggesting an oxidic adlayer primarily of AuOOH
and some Au(OH); after UV/ozone exposure. Conversely, the O 1s data from the ethanol-treated
UV-exposed Au (lower spectrum) reveal a significant decrease in the AuOOH spectrum intensity,
while the Au(OH); intensity remains similar. This implies that ethanol treatment effectively reduces
amount of oxyhydroxide by retaining a slight mixture of AuOOH and Au(OH); on the gold surface.

Additionally, after exposing the Au to UV, it was immersed in the HDT solution to produce an
HDT-assembled Au surface. We then used XPS to determine the influence of oxide layer on HDT
assembly.

Figure 2(b) displays the S 2p XPS spectra of HDT SAMs on UV/ozone-treated gold. It
comprises two doublets: a lower-intensity doublet at 164.2 eV (S 2ps2) and 165.7 eV (S 2pip),
indicating unbound sulfur atoms in HDT molecules, and a stronger doublet at 162 eV (S 2ps2) and
163.2 eV (S 2p1r), denoting chemically-bound sulfur on the gold surface [41-45]. These observations
indicate that HDT monolayers self-assemble on UV/ozone-treated gold surfaces as a result of
chemical interactions between sulfur and gold, despite the presence of gold oxide layer. Possible
reasons include ethanol rinsing reducing the AuOOH layer thickness and thiol molecules in the
solution oxidizing on the Au(OH); and AuOOH surfaces, thus forming Au-S bonds via hydration
[40].

In the previous paper, we discussed the self-assembly of APTES monolayer on ITO and its
influence on subsequent SnO2 NCs ETL and perovskite active layer deposition. This monolayer on
ITO covalently bonds with SnO2 NCs during spin-coating, leading to a uniform, pinhole-free SnO2
NC layer and promoting consistent growth of the perovskite film [38].
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Figure 2. shows (a) the XPS spectrum of the UV-exposed Au (upper curve) and one post-ethanol dip

at 25°C for 20 minutes (lower curve) and (b) the S 2p XPS spectra of HDT SAMs on UV/ozone-
treated gold.

3.2. Contact Angle Measurements of the Precursors on SAMs-Treated Substrates

The phenomena of wetting and dewetting can be characterized by the contact angles of liquids
forming on surfaces [46]. Typically, a contact angle ranging from 0° to 90° results in wetting, while
angles exceeding 90° promote dewetting. Thus, the 90° mark serves as a general indicator of the
transition from wetting to dewetting [47,48]. Additionally, the contact angle is affected by the solid
substrate's chemical composition and surface roughness, as well as the liquid's chemical nature [49-
52]. Taking it into account, we assessed the contact angle for all solutions used in our process on
both HDT-assembled Au and APTES-assembled ITO.

Figure 3 illustrates the water contact angles and the angles of precursor solutions, including
the SnO2 precursor, perovskite precursor, and spiro-OMeTAD precursor, on both HDT-treated gold
and APTES-assembled ITO. A water contact angle of 82° was recorded for bare Au. This angle rose
to 116° on HDT-assembled bare Au and further increased to 132° on HDT-assembled UV-treated
Au. Such a rise suggests that the HDT monolayer on the gold oxide, when retained on the Au
surface, significantly enhances its water repellency compared to HDT on bare Au.

To understand the dewetting properties of our process's precursors, we measured the contact
angles for the SnO2 NC precursor, perovskite solution, and spiro-OMeTAD on HDT-assembled UV-
exposed Au. The SnO: NC and perovskite solutions exhibited contact angles of 114° and 92°,
respectively. These values imply dewetting of the solutions on HDT-assembled Au, facilitating
selective active layer patterning. On the other hand, the spiro-OMeTAD precursor had a notably
low contact angle of 10°, indicating its wetting nature on the HDT surface. Finally, water's contact
angle on APTES-assembled ITO was 52°, signaling a hydrophilic character promoting deposition of
uniform SnO: layer through covalent bonding [38].
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Figure 3. shows the water contact angles and the angles for precursor solutions, including the SnO2
precursor, perovskite precursor, and spiro-OMeTAD precursor, on bare Au, UV-treated Au, HDT-
assembled bare gold, HDT-assembled UV-treated Au, and APTES-assembled ITO.

3.3. Specific Resistance Measurement of Multi-layered Contact Structures

Given that spiro-OMeTAD was applied over the HDT-coated connection Au electrodes, it was
essential to assess the impact of these patterning processes. We employed the TLM method [53] to
evaluate three distinct structures: bare Au/Au; UV-treated Au/HDT SAMs/Au; and UV-treated
Au/HDT SAMs/Spiro-OMeTAD/Au. Consequently, we derived four key parameters: specific

contact resistivity (Qc), contact resistance (Rc), sheet resistance (Rsn), and transfer length (Lt), using
equation 1.

Figure 4 illustrates (a) TLM resistance measurements plotted against contact distance for three
distinct configurations including bare Au/Au, UV-treated Au/HDT SAMs/Au, UV-treated Au/HDT
SAMs/Spiro-OMeTAD/Au and (b) a schematic of the TLM pattern, where L = 1000 pm, W =500 pm,
and d represents contact distance.

The total resistance (Rr) between two contacts (having length 1 and width W) separated by
distance d in TLM patterns can be described by [11]:

d

Here, Rc stands for contact resistance, and Rsu is the sheet resistance of the underlying Au.

doi:10.20944/preprints202401.1454.v1
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From Equation 1, the sheet resistance of the Au substrate can be deduced from the TLM plot's
slope (equal to Rsu/W). For the Au/HDT/Spiro-OMeTAD/Au configuration, it is approximately 0.51
ohm/square.

The transfer length, Lt, is defined as the distance from a contact's edge where the current
density value decreases to 1/e of its initial value. This can be expressed as [53,54]:

w

LT = R C - _R (2)
SK

where Rsk is the sheet resistance of the Au substrate directly beneath the contact. Assuming no

alloying or sintering at the metal-SAMs layer interface, we consider Rsk equal to the Rsu of the Au
substrate. Thus, Lt is calculated as 98 pm (0.10 Q x 500 um / 0.51 /o).

Therefore, the specific contact resistivity (Qc) can be deduced:

pC= RC'W'LT 3)

For Au-Au contact resistance, the result is negligible. In contrast, Rc values for Au/HDT
SAMs/Au and Au/HDT SAMSs/Spiro-OMeTAD/Au are approximately 0.02 Q and 0.10 Q,
respectively.

The SAMs' contribution to specific contact resistivity is 2.17 x10-6 Q-cm? (calculated as 0.02 Q x
500 pm x 21.7 pm). Similarly, for Au/HDT SAMs/Spiro-OMeTAD/Au, it's 4.9 x 10-% Q-cm? (0.10 Q x
500 pm x 98 um). Tablel shows the extracted parameters for each contact structure.

It is noteworthy that this specific contact resistivity is below the 3-7x10* Q-cm? of Au/FTO (a
conductive metal oxide) as reported in referenced studies [11,55], suggesting that the contact
resistance of Au/HDT SAMs/Spiro-OMeTAD/Au is low enough to ensure optimal device
performance.

()
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doi:10.20944/preprints202401.1454.v1
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Figure 4. shows (a) TLM resistance measurements plotted against contact distance d for three
different configurations including bare Au/Au, UV-treated Au/HDT SAMs/Au, UV-treated Au/HDT
SAMs/Spiro-OMeTAD/Au and (b) a schema of the TLM pattern, where L = 1000 pm, W =500 pum.

3.4. Resolution in Selective Patterning from Au/ITO Line-Space Patterns

Figure 5 illustrates the sequential spin-coating of active layers, namely SnO: NCs and
perovskite, on mixed Au/ITO line-space patterns: (a) A schematic of the heterogeneous Au/ITO
line-space patterns and optical images showing 9 Au lines; (b) SEM images capturing the selective
deposition of active layers on the Au/ITO patterns, varying line widths from 50 pum to 1000 um; (c)
Close-up SEM images demonstrate the selective perovskite deposition on ITO: It's evident that a
200 pm-wide Au line lacks deposition, although some coatings are present on the edges.

Sequential selective deposition's pattern resolution was exhibited by successively spin-coating
the SnO2 NCs and perovskite solutions onto the specialized Au/ITO patterns. Interestingly, lines
with width ranging from 1000 um to 100 um exhibited superior selective patterning but narrowing
the width to 50 um probably resulted in a loss of the selectivity. It is worth noting that the right
inset (bottom) in Figure 5(c) shows an undulating Au-perovskite interface near a 200 um-wide Au
line’s edge, spanning approximately 15 um. This irregularity may result from the imperfect pinning
of the hydrophilic solution on boundaries. For instance, a hydrophilic-hydrophobic interface could
cause liquid to accumulate briefly before breaking free, resulting in a wavy interface. While several
factors could influence this wavy growth, further investigations are required to comprehend and
optimize the process.

Besides the intrusion of perovskite into the hydrophobic Au line, insets also draw attention to
an Au surface devoid of perovskite, alongside the superior microstructure of the perovskite itself.
The encroachment width of perovskite into the Au line fluctuates between 4-15 um for Au lines
with widths spanning 100 um to 1000 um. Consequently, Au lines of width equal to 50 pm likely
lack selectivity due to perovskite's lateral expansion from edge sites. These observations lead to
conclusion that reliable selective patterning is feasible up to an Au line width of 100 pm.

Regarding module efficiency, the "dead area" or Wa noted in this research measures
approximately 1900 um. Given the cell segment width (Wa + Wa) of 7 mm, the active area fraction is
0.73. Impressively, this represents the very first successful perovskite module patterned through the
consecutive spin-coating of active layers, with a commendable aperture ratio. Notably, employing a
200 pum connection electrode can dramatically increase the active area ratio to 0.84, a figure
comparable with laser scribing methods. Moreover, due to innovative wet etching and shadow
mask technologies, where the pattern resolution may be approximately 50 um, the active area ratio
can be effortlessly elevated to 0.96.
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Figure 5. presents the sequential spin-coating of active layers such as SnO2 NCs and perovskite, on
Au/ITO line-space patterns: (a) A schemata of the heterogeneous Au/ITO line-space patterns and
optical images showing 9 Au lines; (b) SEM images capturing the selective deposition of active
layers on the Au/ITO patterns, line width varying from 50 um to 1000 um; (c) Close-up SEM images
showing the selective perovskite deposition on ITO and a 200 um-wide Au line devoid of SnO2 and
perovskite with some coatings on the edges. The insets in Figure 5(c) demonstrate a clean Au
surface (the left), perovskite microstructures (top on the right), and a wavy Au-perovskite interface
(bottom of the right).

3.5. Electrical Performance of Perovskite Single Cells and Mini-Modules

We employed selective patterning techniques to produce six-segment series-connected
perovskite solar modules. A single solar cell, measuring 0.09 cm?, was also fabricated using this
selective process to serve as a performance benchmark for the larger modules.

An inset highlights a sample containing four individual cells, created through the selective
method. Here, active layers were spin-coated on the APTES-coated active region of ITO and
repelled from the HDT-coated Au electrodes situated on both the bottom and top ITO electrodes.

Figure 6(a) displays the J-V curve of a single solar cell, which has an average Power
Conversion Efficiency (PCE) of 13.28%. It achieved a Jsc of 22.2 mA/cm? a Voc of 1.02 V, and a Fill
Factor (FF) of 0.68 under forward bias (as summarized in Table 1). Analyzing the J-V curve, we
extracted Rsh values near zero bias and an Rs value at a Voc bias from the inverse of the J-V slope,
respectively. These values are 500 Q and 5.98 (), respectively. Such data suggest that our SAM-
facilitated single cell exhibits superior selectivity over the HDT-coated Au electrode, combined with
a high-performing solar cell that has notably low contact resistance and elevated shunt resistance.

Table 1. TLM parameters (L1, RsH, R, QC) extracted for each contact structure.

Structure Lt (um) Rsu (Q/o) Rc (Q) oc (Q-cm?)
UV treated Au/HDT /Au 21.7 0.46 0.02 2.17 x 106
UV treated Au/HDT/HTL/ Au 98 0.51 0.10 4.9 x 105
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In Figure 6(b), the I-V curve represents a solar module with six interconnected cells. This
module yielded an average PCE of 8.32%, Voc of 5.39 V, FF of 0.56, and a Jsc of 2.76 mA/cm2
Additionally, its Rs and Rs values are 600 Q) and 12.31 Q, respectively. When compared with the
single cell's metrics, similar outcomes emerge: similar FF, shunt resistance, and selectivity.
However, the series resistance is marginally increased. Furthermore, the achieved Voc (5.39 V) is
slightly below the anticipated 6.0 V, which can be attributed to the uneven active layer coatings.

Table 2. Performance parameters of the solar module and the single cell.

Jsc Voc PCE Reh R

Sample (mAcm?) (V) ' (%) @ @

Single Forward 22.2 1.02 0.58 13.23 500 5.98
Cell Reverse 23.14 1.03 0.72 17.34 1890 4.66
Module Forward 2.76 5.39 0.56 8.32 600 12.31
Reverse 2.85 5.42 0.65 10.04 2381 8.24

In summary, the module's performance showcased a Voc of 5.39 V, Js of 2.76 A/cm?, and FF of
0.56. This culminates in a PCE of 8.32% over an active area measuring 2.14 cm? Although minor
variations exist, the photovoltage remains closely aligned with that of individual cells. This
consistency underscores the efficacy of our innovative spin process and the specialized connection
electrode system, signifying our successful scale-up to larger modules.

(b)
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Figure 6. shows (a) the J-V curve of a single solar cell, which has an average PCE of 13.28%, a Js of
22.2 mA/cm?, a Voc of 1.02 V, and a FF of 0.68 under forward bias, (b) the I-V curve of a solar module
with six interconnected cells, yielding an average PCE of 8.93%, Vo of 5.39 V, FF of 0.56, and a Jsc of
2.94 mA/cm? The insets display the optical images of a sample containing four single cells and a
solar module with six interconnected cells fabricated based on the selective spin coating-based
patterning method.

Conclusions

In this paper, we introduced an innovatory selective deposition-based patterning method for
the fabricating of perovskite solar modules, effectively bypassing the need for traditional laser
scribing techniques. Leveraging the unique characteristics of Au/ITO patterned cells, our approach
utilized hydrophobic HDT-assembled Au as connection electrodes and hydrophilic APTES-
functionalized ITO to optimize layer interactions during sequential spin dewetting.

Key findings and implications include:

Enhanced Selectivity: Our methodology ensured selective deposition of active layers on
Au/ITO patterns, achieving a patterning resolution of approximately 100 pm. This can be further
optimized in future iterations.
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Efficient Interface Interaction: UV exposure played a key role in improving the quality of the
APTES monolayer on ITO, effectively promoting the interaction with SnO: NCs ETL,
simultaneously forming a gold oxide layer on Au. This approach, confirmed by XPS, marked the
hydrophobic properties of the assembled structure.

Low Specific Contact Resistivity: The integration of interconnection between the isolated cells
was accomplished by direct contact of top electrode on the HTL with coated on HDT-Au
connection electrode. As a result, the multilayered-contact structure consisting of Au/HDT/HTL/Au
was obtained and its specific contact resistivity measured by TLM method was 4.9 x 105 Q-cm?.

Promising Performance Metrics: The 6-subcell series-connected solar modules, produced using
our method, showed an average PCE of 8.32%, Voc of 5.39 V, FF of 0.56, and Jsc of 2.76 mA/cm?.

This research emphasizes the potential of selective spin-coating-based patterning as a viable
and scalable solution for large-scale perovskite solar module fabrication. Future work may focus on
further optimization of this technique and its possible applications in the solar industry.
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