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Abstract: The fully printable carbon triple-mesoscopic perovskite solar cell (C-PSC) has already
demonstrated good efficiency and long-term stability, opening the possibility of lab-to-fab transition.
Modules based on C-PSC architecture have been reported and, at present, are achieved through the
accurate registration of each of the patterned layers using screen-printing. Modules based on this
approach were reported with geometric fill factor (g-FF) as high as 70%. Another approach to create
the interconnects, the so-called scribing method, was reported to achieve more than 90% g-FF for
architectures based on evaporated metal contacts, i.e., without a carbon counter electrode. Here, for
the first time, we adopt the scribing method to selectively remove materials within a C-PSC. This
approach allowed a deep and selective scribe to open an aperture from the transparent electrode
through all the layers, including the blocking layer, enabling a direct contact between the electrodes
in the interconnects. In this work, a systematic study of the interconnection area between cells is
discussed, showing the key role of the FTO/carbon contact. Furthermore, a module on 10 x 10 cm?
substrate with the optimised design showing efficiency over 10% is also demonstrated.

Keywords: perovskite; solar cells; carbon; screen-printing; up-scaling; module; scribing

1. Introduction

Since the pioneering publication of Miyasaka and co-workers in 2009 [1], the solution-processable
halide-based materials with ABX3 composition have become the “perovskite” par excellence in the
photovoltaic (PV) research field [2,3]. However, perovskite solar cells (PSCs) are not represented
in the commercial market because the technology is still transitioning into the industrial scale. The
carbon perovskite solar cell (C-PSC), proposed for the first time by Han and co-workers in 2013 [4],
is perhaps the most likely to achieve market penetration in the near term [5]: it is fully printable,
hole-transport material (HTM)-free, noble-metal free, and has demonstrable stability of over one year
under continuous illumination [6,7]. The device is typically constructed on a conductive glass substrate
(F:5nO,, FTO), where following the deposition of a compact titania layer (bLayer), three mesoporous
layers are applied in sequence—titania (mTiO,), zirconia (mZrO,) and carbon, respectively. This is all
achieved using a low-cost screen-printing method. To complete the device, perovskite is infiltrated
into the device stack [8]. The stability is mostly due to the presence of the additive 5-aminovaleric
acid (NH(CH;)4,COOH, AVA) in the methylammonium lead iodide (CH3;NH3Pbl;, MAPI) crystal
structure [9], which results in a 2D/3D structuring (AVA-MAPI) [7,10]. The highest reported PCE
(power conversion efficiency) for such an architecture with mZrO, and AVA-MAPI is around 15% [11].
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Higher performance devices were reported with the use of alumina (Al,O3), triple-cation perovskite
and NiO as HTM (above 17%) [12-14].

The successful commercialisation of a perovskite module is not only governed by the active
area efficiency, cost and lifetime, but also by the coverage of the substrate with active material to
maximise the power generation relative to the physical device size. The factors that can affect the
coverage are the inter-cell (or strip) separation required for series connections, the presence of edge
electrical contacts to collect the current, and the area to encapsulate the device. The electrical contact
and encapsulation area can be minimised by precision printing and become less significant with an
increase in the module size, as they occupy a smaller portion of the substrate overall. The intrinsic
limitation on the coverage is the inter-distance between cells required to host any interconnects. These
interconnects are present so that the top electrode layer from one cell or “strip” (in this case carbon) can
overlap with the bottom electrode of another (in this case FTO), forming a series-connected module
design. The ratio between the PV active area and the total area (active + dead) is known as geometric
fill factor (g-FF). Interconnects are created via accurate registration of each layer. The inter-distance
between cells is limited, however, by the precision of the registration, which is particularly challenging
using low-cost screen-printing. Using the registration method, C-PSC modules have been reported
with a g-FF of between 45% and 70% [7,15-17]. The use of camera systems and fiducial points can
maximise the accuracy of the printing, but it can also slow down the production process and increase
the capital cost. The key aspects off the module design that need to be optimized to maximise the
power produced by a device are:

e the active area width (W,), which is the result of a trade-off between PCE and the g-FF [18];
e the dead area width (Wy) or distance between the cells, which is limited by the manufacture
method that is adopted and the contact area width;

e the contact area width, which reduces the contact resistance (R¢) but limits the minimization of
the Wgy.

An alternative method to create interconnects is based on a material removal approach, known
as the scribing method. Here, three different scribes, or patterns, are applied on different layers of
the device to make the interconnects. With this method, high g-FF can be achieved for architectures
that employ metal top contacts, e.g., below 80% [19], around 85% [20] or even more than 90% [21-23].
Furthermore, the scribing method is particularly suitable for large area productions because it can be
used in either sheet-to-sheet or roll-to-roll processes [16]. These scribes are called P1, on the bottom
electrode, P2, on the active layers, and P3, on the top electrode. The sequence and the location of each
scribe for the C-PSC architecture is shown in Figure la—e. To achieve high quality interconnects with
low resistance, the mechanical scribing method requires clean and selective scribes through multiple
layers. Incomplete material removal may cause shorts between cells (for P1 and P3) or a reduced
contact area where carbon can physically contact FTO (for P2). An excess of material removal, on the
other hand, may cause fragility in the substrate, especially during thermal cycles (for P1), decreased
electrode conductivity or, even worse, electrical insulation between cells (for P2 and P3). The P1 and
P3 scribes define the active and dead areas of the device, whereas the P2 scribe ensure the connection
in series between the cells. The areas between P1 and P2, P2 and P3 are called, respectively, S1 and S2
(space 1 and space 2, Figure 1e). The use of the scribing method reduces the need of extra-spaces that
simplify the registration of layers, as shown in Figure 2.
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Figure 1. The carbon perovskite solar cell (C-PSC) module based on the scribing method. (a) P1 on a
substrate (fixed at around 50 pm) of glass/FTO/bLayer via laser scribing and, then, deposition of the
bLayer. (b) Deposition of mTiO, and mZrO; via screen-printing. (c) P2 via mechanical scribing to open
an aperture for the interconnects. Three different P2 sizes were tested in this work. (d) Deposition of
the top carbon electrode. (e) P3 (fixed at around 200 um) to insulate the cells in series. In the inset, a
magnification of the interconnection area shows the three scribes and the distance between them, i.e.,
S1 and S2. (f) Perovskite infiltration.
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Figure 2. Schematic representation of C-PSC modules prepared with the (a) scribing method and
(b) registration method with the same active area width (W,). The registration method requires extra
space to properly register each layer and the minimisation of dead area width (Wy) is limited by the
deposition accuracy.

Special attention should be paid to the P2, which determines the contact between cells. The P2
must be selective, to not damage the FTO, and complete, to remove all the layers including the bLayer.
The removal of the bLayer allows a direct contact between the carbon top electrode and the FTO [17,24].
This material removal of the bLayer reduces the waste in space to make the interconnects because the
patterning matches exactly the contact area. This approach has been already proved for mechanical
scribing on soft layered material, such as TiO,/perovskite/Spiro OMeTAD [21,25]. Another key aspect
of the P2 scribe is the contact area width. The contact area is defined by the width of the P2 scribe.
When the P2 scribe is increased in width, the contact area is enlarged with a consequent improvement
in electrical contact between adjacent cells. However, a large P2 implies also a larger distance between
cells, negatively affecting the g-FF. In the more common PSC architectures with a metal top electrode,
the P2 size can be as narrow as 150-200 um [22]. When porous and less conductive layers are used,
such as carbon in case of C-PSC, the size of the contact can be expected to be larger.

In order to maximise the g-FF, the scribing approach was utilised to fabricate C-PSC modules for
the first time in this work. Laser was used to prepare the substrate (P1 of FTO) and mechanical removal
was utilised for the further scribes (P2 and P3). The role of the contact area on the performance of
modules was investigated and devices with increasing g-FF and PCE up to 10% were demonstrated.
Here, an optimised P2 size to maximise the product of module performance and g-FF will be presented,
showing the key role of the FTO/carbon interconnect and the distance between the scribes, i.e., S1 and
S2. The optimal design found in this set of experiments was, then, used to prepare a 10 X 10 cm?
module, which shows comparable performance to the 5 x 5 cm? modules. The result with the 10 x 10
cm? module and the use of the scribing method for the C-PSC have the potential to unlock large scale
industrial production of perovskite solar cells with low-capital cost.
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2. Materials and Methods

2.1. Materials

The following solvents and reagents were used: Pbl, (99.99%, TCI), methylammonium iodide
(MALI, Dyesol), y-butyrolactone (GBL, 99.8%, Sigma-Aldrich), 5-aminovaleric acid iodide (5-AVAI,
Dyesol), carbon paste (Gwent electronic materials), ZrO, paste (Solaronix), TiO, paste (30NR-D, Dyesol),
terpineol (95%, Sigma-Aldrich), 2-propanol (IPA, 98%, Fisher Scientific) and titanium diisopropoxide
bis(acetylacetonate) (TAA, 75%, Sigma-Aldrich). Conductive fluorine-doped tin oxide glass (FTO,
TEC-7, XOP) was used as substrate.

2.2. Device Fabrication

The P1 scribe on FTO was carried out using a Nd:YVOy, laser (diode end-pumped, 532 nm
wavelength, pulsed at 50 kHz, average output power 30 W at 170 mm/s, pulse width 10.0 us). The
cleaning of the substrate, deposition of the compact TiO, (bLayer) by spray (solution of TAA in IPA 10%
vol), the screen-printing of the mesoporous TiO,, ZrO, and carbon layers, and the relative annealing
processes, followed our previous work [26]. The thickness of the mesoporous layers was around 0.8,
1.2, and 12 um for TiO,, ZrO,, and carbon, respectively. The variation of the thickness depends on the
screen-printing parameters, and the more difficult to control is the pressure of the squeegee. For a
proper reproducibility of the process, it is important to control the thickness for each batch of prints.
The AVA-MAPI precursors solution was prepared with 439.0 mg, 151.4 mg, and 6.7 mg of, respectively,
Pbl,, MAI and 5-AVAI in 1 mL of GBL. The solution was then deposited with the so-called Robotic
Mesh (RbM) method [26]. In this RbM method, a robotic dispenser moves a syringe to continuously
deliver the precursor solution at 12 m/s to a mesh which is on the top of the device to homogeneously
spread the liquid on the surface. The wet devices were kept in a closed Petri dish for 10 min at room
temperature and then heated at 50 °C in oven. After 60 minutes, the Petri dish was opened, and the
devices were left in the oven for another hour to complete the drying step. The devices were then
placed in a humidity oven at 70% RH and 25 °C for 24 hours [17]. The scribes were made mechanically
with a steel blade for the P2 and P3 scribes as shown in Figure 1. The material removal occurred with
an automated X-Y stage. The blade is attached to a 31 mm steel alloy spring which can be compressed
to 0.54 N/mm. A compression of 14 mm (for P2) and 5 mm (for P3) was applied. P2 was either scribed
with a single passage (or with two separate lines for the 1 and 1.85 mm contacts) at a given distance
apart with the interspace material manually removed with a blade.

2.3. Characterization

IV measurements were carried out using a Newport Oriel solar simulator (class AAA) calibrated
with a KGS filtered silicon reference cell. A Keithley 2400 source meter was used at a scan rate of 200
mV/s between —0.2 V and 5 V for the 5-cells, or 6 V for 6 cells, in forward and reverse directions after
3 min light soaking. The active area was defined by the width and length of each cell multiplied by
the number of cells. Raman measurements were performed with a Renishaw Invia Raman system
in backscattering configuration. A laser excitation of 532 nm, and a 50x long objective was used.
Raman maps were obtained by measuring several points of the sample with an X-Y scanning stage.
The maximal intensity of spectra in the Raman shift in the range of the observed peak over the
baseline was used to determine the signal intensity. The measurements were carried out through the
glass side. Scanning electron microscopy was obtained using a Hitachi tabletop microscope TM3030
with EDX Quantax70 (SEM/EDX) for lower resolution, rapid imaging. Cross-sections were prepared
after lass cutting using a Hitachi IM4000 Plus Ar broad beam ion miller with a probe current of 4
kV for 1.5 h. Samples were mounted onto a conductive holder and coated in 5 nm Pt to provide
conductivity for the glass substrate. Imaging was undertaken on a Jeol JSM-7800F FEG-SEM at 15 kV
using secondary electron imaging, with EDX analysis provided using an Oxford Instruments detector.
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XRD measurements were carried out using a Bruker diffractometer with Bragg-Brentano geometry. Cu
ky radiation was applied as X-ray source. Scans in 260 were collected using a step size of 0.01°.

3. Results and Discussion

The conductive glass substrate can be patterned with the laser to obtain a P1 scribe of just above
50 um wide, as it was already reported [17,26]. The process is very well established and enables quick
patterning of the FTO without damaging the glass substrate. This is ideal for the preparation of a
substrate that will be exposed to a significant thermal stress during the fabrication process.

After the deposition of the bLayer all over the substrate, a functionalized and patterned substrate
is obtained. Once the glass/patterned FTO/bLayer substrate is ready, the next manufacture steps are
based on the low-capital cost screen-printing and mechanical scribing methods. The scribes through
the screen-printed layers will be discussed below.

3.1. P2: TiO»/ZrO, Removal

Mechanical scribing of the P2 is performed using a metal blade after the deposition and heating of
the mTiO; and mZrO; layers. The P2 could be made with the same green laser that is used for the P1,
as reported for other architectures [22]. However, perovskite is not infiltrated in the C-PSC at this stage,
thus, no material can absorb visible light and protect the FTO layer. Furthermore, the combined use of
screen-printing and mechanical scribing unlocks the possibility to produce modules in large scale with
low-capital cost. This is because functionalized glass substrates with patterned FTO and bLayer are
commercially available [27], whereas the further layer depositions of mTiO,, mZrO, and carbon and
the relative P2 and P3 scribes can be carried out via inexpensive techniques, i.e., screen-printing and
mechanical scribing.

The selectivity of the material removal is ensured mostly by the hardness of the blade in the
mechanical approach. A metal (steel) tip can be adopted without affecting the FTO layer for a complete
material removal, including the bLayer [21,25]. The tip of the blade is scraped along the device surface
creating the P2 scribe. The P2 scribe removes both the mTiO, and mZrO, as well as the underlying
bLayer, creating an aperture for the final deposited carbon layer to contact with the FTO of the next
cell. It is crucial that this scribe completely removes all the layers but not FTO, which is the bottom
electrode of the adjacent cell (Figure 1c,d). The P2 scribe must be as close as possible to the P1, but a
safe S1 area is necessary to avoid any overlapping and, thus, the possibility of any short circuit between
cells. The positioning of the P2 scribe is a trade-off between maximising the g-FF and ensuring the
interconnects are large enough to ensure proper electric contact between adjacent cells.

Raman and EDX mapping were used to verify the successful removal of material in the P2 scribe.
The Raman signal of TiO, (peak at 144 cm ™) [28] was used to monitor the material removal, because
71O, does not show any characteristic peak (for the characterization of each layer by XRD and Raman,
Figure S1). Raman and EDX show that the scribe completely removes the mesoporous layers but not
the FTO layer (Figure S52), making the scribe suitable for creating interconnects. Furthermore, the
bLayer appears removed, or partially removed, in the Raman analysis (Figure S2). This is observed
by high resolution SEM. The cross-sectional image (Figure 3a) shows that the FTO is in direct contact
with the carbon layer while only partial bLayer material remains trapped in the roughness of the FTO
surface. This is further confirmed by the top view of a glass/FTO/bLayer sample after mechanical
scribing, where the FTO appears completely free from the bLayer (Figure 3b). At this stage, it is
possible to proceed with the P3 scribe.
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Carbon

100 nm

Figure 3. False colour SEM image of the P2 scribe interconnect. (a) Cross-sectional image showing the
conductive FTO (bright-blue) in direct contact with the carbon layer (dark-yellow). The remaining
bLayer (violet) that cannot be removed mechanically appears trapped in the roughness of the FTO
layer. (b) Top view of the scribe showing that the bLayer is partially removed, leaving an open area
where the carbon area can enter into contact.

3.2. P3: TiOy/ZrOyfcarbon Removal

The P3 scribe penetrates the porous layers and defines, with the P1 scribe, the single cell active
and dead width (W,, Wy, Figure 1e). The scribe is a balance between achieving complete material
removal and ensuring a sufficiently narrow line to maximise the g-FF. Since the P3 scribe must not
damage the underlying FTO layer, the mechanical scribing approach with metal blade can be used,
as already observed for the P2 scribe. Therefore, a similar approach based on the use of a metallic
scriber was used for a P3 scribe of around 200 pm wide (Figure 53), making possible the manufacture
of the modules via low-capital cost methods. After the P3, the stack can be infiltrated with AVA-MAPI
solution to complete the module fabrication.

3.3. Module Design: the Effect of the Contact Area

In series connected modules, the contact resistance (R.) of the interconnects between adjacent cells
links the series resistance (Rs) component of the individual cells, as shown in Figure S4. In a typical
architecture with a metal top electrode, the effect of R, can be negligible due to the higher conductivity
of metals over porous carbon, and tiny P2 scribes can ensure enough low R.. Due to the resistance of
carbon and its porosity, which reduces the effective contact area between cells, the required width of
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the P2 scribe to achieve efficient C-PSC modules can be relatively large. To explore the influence of
the P2 width on the module PCE, a set of modules was prepared using three different widths: 0.15
mm (similar to the P2 scribe employed for metal contacts), 1 mm and 1.85 mm. The P1 and P3 scribes
were kept fixed at around 50 um and 200 pm, respectively. The complete cell-to-cell distance was fixed
to 3 mm for all P2 widths. This width was set to fit even the larger scribe and avoid any variation
of the other design parameters. As the only variable is the P2 width, which is included in the fixed
dead area Wy, the g-FF does not change (62.5%), as well as the cell number (N,), for all the different
module layouts. These modules are named M1, M2, and M3 (Table 1, Figure 4a and Figure S5a—c). The
optimisation of the g-FF will be discussed in the next section.

(a) P1 P2 P3
Active
Electrodes - materials [l Substrate

40 —M1
—M2
—M3
~.30
<
E
i M3
€20
E P2 (mm) 0.15 1| 1.85
'5 PCE rev (%) 582 833 | 896
O 10 pcEfor (%) | 531 737 | 7.73
FF (%) 45.58 | 49.56 | 52.40
0 Ise (mA) 34.31 | 39.73 | 39.06
Voo (V) 3.66 | 4.09 | 4.22 \ \\
Voe/Ne (mV) 732 818 845 L h I
0 1 2 3 4 5
(b) Voltage (V)

Figure 4. (a) Schematic representation of the interconnection areas for the three modules M1, M2
and M3 with different P2 width and same Wy. (b) Current-voltage characteristic in reverse scan of
representative modules with increasing P2 size, 0.15, and 1.85 mm for, respectively, M1, M2, and M3
(Table 1 and Figure S5a—c). The full set of data can be seen in Table S1 and Figure S6. In the inset, the

table describing the average values of the device parameters for each kind of device. The full set of
data is shown in Table S1.
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Table 1. Module designs for studying the contact area effect. PCE is the highest of the 3 modules. Full

set of data in Table S1.
Modules P2 g-FF W, Wy S1 S2 Ne PCE PCE Average
m % mm mm mm mm % %
M1 0.15 62.5 5 3 0.3 2.3 5 6.22 5.82 +£0.32
M2 1 62.5 5 3 0.3 1.45 5 8.70 8.33 £0.33
M3 1.85 62.5 5 3 0.3 0.6 5 10.29 8.96 + 0.84

The power conversion efficiency (PCE) increases when the P2 scribe is enlarged, from the M1 to
the M3 layouts (Figure 4b, Table S1 and Figure S6). On average, the PCE increases from around 5.8% to
8.3% from M1 to M2 and goes to 8.9% from M2 to M3. The I, increases slightly from M1 to M2 (from
34.3 mA to 39.7 mA) but it remains roughly constant from M2 to M3 (39.7 and 39.1 mA, respectively).
The use of larger contact areas at the interconnects is beneficial especially on the fill factor (FF). The FF
is strongly affected by both the Ry and the R, but only the R, can vary in these sets of modules because
the cell-to-cell distance is kept constant. The average FF is 45.6% for M1 modules, it increases in M2,
49.6%, and continues to grow in the M3 modules, to 52.4%. The improvement in FF that is observed
with the increase in the P2 size width is a strong sign of a decrease in the R, that is added in the total
resistance in the device. The open circuit voltage V. increases with the increase in the P2 size. The V.
of a series connected module is the sum of the V. of each cell. The averaged V. of the cells (Voo/Ne) is
as follows: 732 mV for M1, 819 mV for M2 and 845 mV for M3. The observed trends, especially the
Voc/N¢, can be further discussed alongside the results that will be presented in the next section.

3.4. Module Design: Geometric Fill Factor Optimisation

The previous section showed that a wider P2 scribe improves the C-PSC module performance
when Wy is constant. Further improvements in PCE can be made by decreasing the Wq4, which
decreases the current path, thus the Rs, with a consequent increase in g-FF. A set of modules was
prepared with the aim of exceeding 62.5% g-FF, demonstrated previously, by modifying the M1 and
M2 layouts. However, the reduction in Wy is limited by the size of the P2 width and, for a given P2, a
different g-FF can be achieved. A detailed schematic of each module layout can be found in Figure 5a
and Figure S5d—f. Keeping W, constant and equal to 5 mm, two module designs were tested, namely
Mlmax (P2 = 0.15 mm, Wgq = 1 mm) and M2max (P2 = 1 mm, Wyq = 2 mm). The primary purpose of
these new modules (M1max and M2max) were to investigate the effect of reducing the dead area (Wy)
whilst keeping both the active area (W,) and the P2 scribe width the same as the original designs (M1
and M2). These modules were also compared with M3.

Table 2. Module designs with maximised g-FF at a given P2 width. PCE is the highest of the 3 modules.
Full set of data in Table S1.

Modules P2 g-FF W, Wy S1 S2 Ne PCE PCE Average
m % mm mm mm mm % %

Mlmax 0.15 83.3 5 1 0.3 0.3 6 8.33 7.61 +0.81

M2max 1 71.4 5 2 0.3 0.45 5 9.88 9.12 + 0.94

M3 1.85 62.5 5 3 0.3 0.6 5 10.29 8.96 + 0.84
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P1 P2 P3

Active
(a) Electrodes - materials [l Substrate

40

w
o

Mlmax [ M2max

Current (mA)
N
(=]

P2 (mm) 0.15 1] 185
PCE rev (%) 7.61 9.12 | 8.96
10| PCE for (%) 6.71 8.29 | 7.73
FF (%) 4555 | 50.10 | 52.40
0 Is. (mA) 37.14 40.54 | 39.06
Voe (V) 5.23 433 | 4.22 -
Voe/Ne (mV) 872 866 | 845 | \ |
0 1 2 3 4 5
(b) Voltage (V)

Figure 5. (a) Schematic representation of the interconnection areas for the three modules M1max,
M2max and M3 with different P2 width and minimised Wq. (b) Current-voltage characteristic in
reverse scan of representative modules with increasing P2 size and maximised g-FF (M1max, M2max,
and M3, Table 2 and Figure S5c—d). In the inset, the table describing the average values of the device
parameters for each kind of device. The full set of data are in Table S1 and Figure Sé6.

The modules improve significantly with minimisation of Wy. Considering the averaged values of
each set of modules, M1 improves from 5.8% (Wq = 3 mm) to 7.6% of M1max (W4 = 1 mm), whereas
M2 goes from 8.3% (W4 = 3 mm) to 9.1% of M2max (W4 = 2 mm). The improvement can be mostly
attributed to the reduced distance between cells and the relative effect on Rs. It is expected, therefore
an improvement in FF, as it can be modelled with a simple diode equation. However, the FF does not
change significantly when the Wy is minimised. The FF of M1 and M1max are both around 45.5%,
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while M2 and M2max are 50%, reflecting the effect of the improved contact area when the P2 size is
increase, as discussed previously and not the reduction in the cell-to-cell distance.

High Rs and R, can affect Is. when it is particularly high. The I is comparable between M1max,
M2max and M3, in spite of the trend observed for M1, M2 and M3. In detail, the Is. of M2 was similar
to that to M3 as well as M2max. The only set of modules that presented a striking low I was M1,
which was 3 mA lower than M1max according to the averaged values (from 34.3 to 37.1 mA/cm?). The
low I could reflect the internal resistance which is particularly high in the M1 layout, due to the small
contact area and the large cell-to-cell distance. The reduction in Wy could partially compensates the
poor contact with the narrow P2 scribe, resulting in a comparable overall effect on Rg overall when
compared to the MImax layout. The V. increased significantly when the cells were brought closer
together. The improvement in Vy¢/N. from M1 to M1max was by 140 mV. The same trend was observed
from M2 to M2max, where the improvement was around 50 mV. It should be noted that V,./N. was
comparable in Mlmax, M2max, and M3 modules, i.e., when W4 was reduced for the relative P2 width.

In this case the width of the P2 scribe, related to R, balanced out the reduction in W4, which is
related to Rs. However, V. should not be affected by Rs but by recombination phenomena [29]. The
fact that the V. improved with the increase in the P2 scribe and the decrease in the Wy may have
different reasons. The size of the S2 area was very different for M1, M2 and M3 layouts, but was
comparable for M1max, M2max and M2, as described in Tables 1 and 2, and shown in Figures 4a and 5a.
S1 and S2 are the spaces between the scribes and might act as active cells that generate current, but
are not connected in series with the principal cells of the device. This current generation might cause
recombination and, therefore, a reduction in V.. The mechanism might not be negligible when S1 and
S2 are large, as in the case of M1 and M2 modules. The minimisation of S1 and S2 is beneficial for
the minimisation of the recombination phenomena. In other words, the reduction in Wy has multiple
effects on the module performance, including the reduction in recombination phenomena occurring in
the areas between the scribes.

It was observed that the minimisation of the Wy and a large P2 improves the device performance.
However, g-FF depends on W4. The PCE x g-FF is the main parameter when considering the
performance of a module. In the case of M3 modules, the g-FF is 62.5%, which nearly halves the PCE X
g-FF product. Much higher g-FF is for M1mayx, i.e., 83.3%, but the PCE is not as high as M2max and
M3. M2max modules have comparable performance to M3 and the g-FF is 71.4% and it represents the
optimal design in terms of PCE X g-FF in this set of experiments (Figure 6).

The M2max layout was adopted to prepare a 10 X 10 cm? device with 12 cells connected in series
and 84 mm long (P2 = 1 mm, Wq = 2 mm, W, = 5 mm). Regardless of the increasing size of the
device, the same design shows comparable performance from the 5 x 5 cm? to the 10 x 10 cm?, i.e.,
10.37% (Figure 7). This result demonstrates that the C-PSC modules can be easily scaled-up when
homogeneous and defect-free layers can be deposited.
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g-FF) of the best modules from M1max, M2max, and M3.
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the inset, the table describing the device parameters.

4. Conclusions

Series connected triple mesoscopic C-PSC modules were successfully prepared by scribing for the
first time. The champion modules reached 10.29% PCE on 5 x 5 cm? and 10.37% PCE on 10 x 10 cm?2.
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The scribes to create the interconnects were characterized, showing the possibility of removing the
compact TiO; layer (bLayer) mechanically at the contact area. The results showed that a critical element
in achieving appropriate interconnects is the contact resistance at the FTO/carbon interface. The poor
conductivity of the porous carbon layer, compared to typical metal contacts, can be compensated with
a slightly larger contact area. The g-FF can be maximised with the reduction in safe space between the
scribes. This increases the generated power of the device, especially due to the V.. The possibility
that the safe areas between the scribes (51 and S2) can affect the recombination was discussed. An
optimal design that maximises both PCE and g-FF should consider the use of a P2 width of the order
of hundreds of pm and the minimization of the safe spaces S1 and S2. The comparable performance
between the 5 x 5 cm? and 10 X 10 cm? modules demonstrates the simplicity of up-scaling C-PSC.
The combined use of screen-printing and scribing methods on pre-fabricated patterned substrates can
unlock the possibility of fabricating perovskite solar modules with low-capital cost.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/13/7/1589/s1,
Figure S1: Characterization of each layer of the C-PSC stack after the sequential deposition on the same substrate
by XRD and Raman. Figure S2: P2 characterization. Figure S3: P3 characterization. Figure S4: Equivalent circuit
of a 2-cell series connected module. Figure S5: Dimensions of the modules. Figure S6: Statistical analysis of JV
data. Table S1: Measured data from JV measurement of the modules under study.
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