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Abstract: The industrial exploitation of perovskite solar cell technology is still hampered by the lack
of repeatable and high-throughput fabrication processes for large-area modules. The joint efforts of
the scientific community allowed to demonstrate high-performing small area solar cells; however,
retaining such results over large area modules is not trivial. Indeed, the development of deposition
methods over large substrates is required together with additional laser processes for the realization
of the monolithically integrated cells and their interconnections. In this work, we develop an effi-
cient perovskite solar module based on 2D material engineered structure by optimizing the laser
ablation steps (namely P1, P2, P3) required for shaping the module layout in series connected sub-
cells. We investigate the impact of the P2 and P3 laser processes, carried out by employing a UV
pulsed laser (pulse width = 10 ns; A = 355 nm), over the final module performance. In particular, a
P2 process for removing 2D material-based cell stack from interconnection area among adjacent
cells is optimized. Moreover, the impact of the P3 process used to isolate adjacent sub-cells after
gold realization over the module performance once laminated in panel configuration is elucidated.
The developed fabrication process ensures high-performance repeatability over a large module
number by demonstrating the use of laser processing in industrial production.

Keywords: perovskite solar cells and modules; P1, P2, P3 laser scribe; scaling-up; monolithic inter-
connections; 2D materials

1. Introduction

During the last years, hybrid organometal halide perovskite solar cells (PSCs) have
attracted the enormous interest of the scientific community due to their remarkable high
power conversion efficiency (PCE) and the low cost of materials employed in the fabrica-
tion processes. Recently, the PCE achieved by PSC (25.5%) [1] is higher than amorphous
and multi-crystalline silicon solar cells, making perovskite technology promising for the
photovoltaic market. Moreover, the perovskite/silicon tandem technology already
demonstrated efficiency above 28%, representing an alternative route for perovskite tech-
nology commercialization [1,2]. As a matter of fact, when device dimensions are scaled-
up, the final module experienced a significant PCE drop over the active area [3]. This is
mainly due to (i) the increase of contact series resistance at the glass/transparent conduc-
tive oxide (TCO) side [4], (ii) the difficulty in controlling perovskite morphology and uni-
formity over large area substrates [5], (iii) the role of interfacial charge recombination that
becomes prominent as soon as the interfacial surface area increases [6]. Recently, module
configuration with series-interconnected cells was proposed to limit the impact of the
TCO contact resistance increase [7]. In particular, the large area TCO-coated substrate is
patterned through a first laser process (called P1), realizing parallel scribes and eventually
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defining the total area intended for each solar cell composing the module. Usually, cells
are stripe-shaped, with an optimized single cell width ranging from 0.35 cm to 0.8 cm
dependently on the substrate dimensions. In fact, the larger is the substrate dimensions,
the larger will be the series-connected cell number and eventually the impact of resistivity
associated with the vertical electrical connection among adjacent cells. For this reason,
each module layout should be optimized taking into account the trade-off between cell
width, impacting over the resistivity of the transparent electrode, and the cell number,
impacting over the total module series resistance and eventually the module fill factor
(FF) [8]. Moreover, after the deposition of cell layers, a second laser etching (named P2
process) is needed to clean a TCO area demanded to host the monolithically-integrated
vertical interconnections, usually deposited by thermal evaporation when counter elec-
trode (CE) is realized. After the evaporation step, adjacent cells need to be electrically iso-
lated with a third scribing laser process (named P3). P1, P2, and P3 laser processes are
thus sequentially realized and have a strong impact on the final module performance and
stability [9]. For example, P2 etching process should be enough strong to deeply remove
the cell layers and to perfectly clean the TCO contact, but at the same time, should be mild
enough to prevent TCO damages, leading to higher series resistance and eventually lower
module performance. Regarding stability, P2 ablation process is inducing strong degra-
dation in the adjacent zone composing the cell active area [10]. For this reason, P2 ablation
step should be optimized in terms of laser fluence, pulse repetition rate (PRR), and raster
scanning distance (RSD) in order to be fast enough to minimize degradation in cell active
area by achieving an effective TCO cleaning at the same time.

As a further critical issue, large-area module could present non-uniform layer depo-
sition inducing shunts in the device structure or resistive path hampering charge collec-
tion. This problem becomes relevant for the perovskite layer due to the difficulties in con-
trolling the uniformity of perovskite crystallization over large area substrates. Indeed, a
non-uniform perovskite layer can induce current imbalance among module cells, limiting
once again the overall performance [11]. Lastly, an improper perovskite crystallization can
induce traps and/or dislocations at the perovskite/charge transporting layer (CTL) inter-
faces by limiting the charge injection/collection at the electrodes [12]. To this end, interface
engineering based on graphene and 2D materials has been recently proposed as a winning
strategy to control the perovskite layer morphology during the manufacturing process
and to optimize the perovskite/CTL interfaces in terms of uniformity, charge injection ef-
ficiency, and energy level alignment. Among the wide class of 2D materials, graphene [13]
and its derivative (such as graphene oxide) [14], transition metal dichalcogenides (TDMs)
[15], transition metal carbides/nitrides (known as MXenes) [16,17], nitrides (as for example
boron nitride- BN) [18], and many others (such as antimonene) [19] were tested in PSCs,
in both n-i-p and p-i-n structure [20]. 2D materials can be used as an interlayer to improve
the charge injection and transport through the device interfaces [21,22], as a dopant for
both CTLs and perovskite absorber for tuning the layer optoelectronic properties [16] and
as an electrode with superior conductivity [23,24] or for their transparency in semi-trans-
parent devices [25-27] even employed as top cells for tandem applications [28,29]. How-
ever, very few works reported the use of 2D materials in perovskite solar modules (PSMs)
and how they can impact the different steps of the fabrication process. In this context, we
already demonstrated the use of graphene-related materials and TDMs in mesoscopic n-
i-p PSCs [30] and PSMs [31] for improving device efficiency and stability. Indeed, when
graphene nano-flakes (Gnfs) are used as dopant for both compact (cTiO2) and mesoporous
TiO2 (mTiOz) layers, electron dynamics at perovskite/electron transporting layer (ETL) in-
terface is speeded-up. In addition, the presence of graphene within the mTiO: layer allows
improving the perovskite crystal morphology [32] and perovskite layer uniformity over
large area substrates, while improving the device performance repeatability [33] and their
long-term stability [34,35].

Despite 2D materials can positively affect the PSC and PSM stability, a weak point
consists in the poor stability of the 2,2',7,7"-tetrakis (N,N-di-4-methoxyphenylamino)-9,9'-
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spirobifluorene (spiro-OMeTAD), largely used in n-i-p perovskite devices. Moreover,
spiro-OMeTAD is not compatible with temperature (above 85 °C) usually required during
the lamination process for panel production.

Thus, in this work, we show the optimization of laser processes employed for the
realization of efficient and stable PSMs based on poly(triarylamine) PTAA as hole trans-
porting layer (HTL) and employing a 2D material-based engineered n-i-p structure [36].
As a matter of fact, a robust and highly repeatable fabrication process for PSMs is pivotal
to ensure the high-throughput and continuous production, required for pushing the per-
ovskite photovoltaic technology towards the market.

The work focuses on the impact of laser processes on 2D material-engineered perov-
skite solar module (2D-PSM) performance. By moving toward an industrial process, it is
important to consider that, among the required steps to manufactory large-area devices,
large-area deposition of all functionalized layers and laser patterning are equally strongly
impacting the final performance. In fact, in a PSM, all layers in the device stack need to be
uniformly deposited and subsequently patterned by laser to obtain the necessary series
interconnection of individual sub-cells. In the industrial context, laser patterning is the
most preferred technology for the manufacturing of PSMs due to low manufacturing cost,
high production speed, and high process repeatability. The new proposed approach em-
ploying a unique laser source for all the required laser ablation processing permits to sim-
plify the module fabrication process by avoiding laser wavelength changes among adja-
cent P1 and P2 processes and eventually laser alignment and focusing steps. Thus, the
proposed approach is oriented towards a high-throughput and industrial module pro-
duction and can be of interest to perovskite community aiming to scale-up the device pro-
duction from lab to fab scale.

2. Materials and Methods

Materials: Mesoporous transparent titania paste (30 NR-D), formamidinium iodide
(FAI), and methylammonium bromide (MABr) were purchased from GreatCell Solar (28
Faunce St, Queanbeyan East NSW 2620, Australia). Lead(II) iodide (Pblz), lead(II) bromide
(PbBr2) were purchased from TCI and cesium iodide (CsI) from GmbH. Poly(triarylamine)
(PTAA) with 37 KDalton as the molecular weight was purchased from Solaris Chem (3650
Boulevard de la Cité-des-Jeunes Suite 101, Vaudreuil-Dorion, Quebec J7V 8P2, Canada)
and used as received. All other materials, including titanium(IV) isopropoxide (TTIP),
diisopropoxytitanium bis(acetylacetonate) (Ti(AcAc)z), acetylacetone (AcAc), lithium
bis(trifluoromethanesulfonyl)imide (Li-TFSI), ethanol (EtOH), 2-propanol (IPA), acetone,
dimethylformamide (DMF), dimethyl sulfoxide (DMSO), acetonitrile (ACN), chloroben-
zene (CB) tert-butylpyridine (tBP), and toluene, were purchased from Sigma-Aldrich
(Merck Life Science S.r.l. Via Monte Rosa, 93 20149 Milano Italy). All the materials were
used as received unless specified otherwise.

Module fabrication and characterizations: Glass substrates Pilkington, 7 ) o, 110
mm x 110 mm for 83 cm? active area modules were patterned by a raster scanning laser
(Nd: YVO4 pulsed at 80 kHz average output power P =700 W) with the P1 process. After
the patterning process, each substrate was cleaned by an ultrasonic bath using detergent
with de-ionized water, acetone, and 2-propanol (5 min for each step). A screen-printed
metal mask was applied over the Fluorinated Tin-Oxide (FTO)/glass substrate in order to
get a patterned compact TiO: (cTiOz) layer. The metal mask was subsequently removed
from the samples using HCl in de-ionized water acidic solution (0.1 M). The graphene-
doped cTiO: (cTiO:2+ G) blocking layer (40 nm) was deposited by spray pyrolysis at 460
°C of a solution consisting of 0.16 M Ti(AcAc)2 and 0.4 M AcAc in EtOH solution doped
with graphene ink (1 vol%). Subsequently, the compact layer was annealed for 30 min at
460 °C. The same graphene ink (1 vol%) was used to dope the solution of mesoporous
TiOz (mTiO2) paste (30 NR-D, GreatCell Solar) in EtOH (1:5 wt/wt). A complete character-
ization of the graphene ink used to dope both cTiO2 and mTiO: layers is provided in our
previous publication [37]. The resulting graphene-doped mTiO: (mTiO:+ G) solution was



Energies 2021, 14, 1069

4 of 15

1: FTO laser abaltion

deposited on the substrate by spin coating at 2000 rpm for 20 s and subsequently annealed
in air for 30 min at 480 °C to obtain a 120 nm-thick scaffold layer. The perovskite layer was
deposited in an N2-filled glove box after cooling down the samples to room temperature.
The perovskite solution was obtained by mixing FAI (1 M), Pbl: (1.1 M), MABr (0.2 M),
PbBr2 (0.2 M) in a mixture of anhydrous DMF/DMSO (4:1 vol/vol) while CsI (1.5 mmol)
was dissolved in 1 mL DMSO and 42 uL of the Csl stock solution was added to 1 mL
perovskite solution previously prepared [38—40]. After 30 min of stirring at room temper-
ature, the perovskite was spin-coated onto the samples with a one-step deposition and
antisolvent method, consisting of a two-step program at 1000 rpm for 10 s and 4000 rpm
for 30 s, respectively. During the second step, 1.5 mL of CB was poured on the spinning
substrate 7 s prior to the end of the program. Immediately after the spin coating process,
the substrates were annealed at 100 °C for 1 h to form the perovskite crystal structure and
by obtaining a 450 nm thick perovskite layer. Subsequently, the photoelectrode was cov-
ered with hole transport material (HTM), consisting in a PTAA (10 mg/mL) solution in
toluene doped with tBP (7 uL-mL") LiTFSI (10 pL-mL") with a concentration of 170 mg/ml
in ACN. After this step, the FTO vertical interconnection areas were cleaned by P2 laser
process.

Finally, a high vacuum chamber (10 mbar) was used to thermally evaporate back
contact made by 150 nm of gold (Au). The Au back contact was deposited all over the
substrate's surface, so the final layout was achieved by a P3 laser process. All module
manufacturing processes are schematically reproduced in Figure 1 where the P1, P2, and
P3 laser ablation sequences are evidenced.
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Figure 1. A schematic representation of P1, P2, P3 laser processes: (a) P1 laser process for electrical isolation of the 9 sub-
cell photoelectrodes composing the module; (b) P2b: Printing of metal mask for cTiO:z patterning; (c) P2b: cTiOz deposition
by spray pyrolysis; (d) P2b: metal mask chemical lift-off; (e) deposition of all the layers composing the module; (f) P2b
laser process for removing all the layers composing the module from the fluorinated tin-oxide (FTO) areas used to electri-
cally connect the module sub-cells; (g) Au thermal evaporation all over the module surface; (h) P3 laser process for module
sub-cells counter electrodes (CEs) electrical separation; (i) total dead area and final module layout.
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Current-Voltage (I-V) characteristics of modules were acquired in air by using a solar
simulator (ABET Sun 2000, class A (Abet Technologies, Inc. 168 Old Gate Lane Milford,
Connecticut 06460)) calibrated at AM1.5 and 100 mW-cm=2 illumination with a certified
reference Si Cell (RERA Solutions RR-1002 (Mercator 1 Building Toernooiveld 200 6525
EC Nijmegen The Netherlands)) [41-43]. Incident power was measured with a Skye SKS
1110 sensor (Skye Instruments Ltd 21, Ddole Enterprise Park, Llandrindod Wells, Powys
LD1 6DF, United Kingdom). The class was measured with a BLACK-Comet UV-vis spec-
trometer (Shimadzu Italia S.r.1. Via G.B. Cassinis, 7, 20139 Milano). I-V scans were per-
formed by using a scan rate of 200 m-s™ for the unmasked large-area modules.

3. Results and Discussion

In order to develop a process directly scalable to the industrial level with the require-
ments of simplicity, robustness, and repeatability, module sub-cell interconnections are
obtained with the P1, P2, and P3 ablation sequence by using a 10 ns pulsed Nd:YVO4 UV
laser (A =355 nm) as shown in Figure 1. The proposed module layout consists of 9 series-
connected cells with an active area of 9.23 cm? each one with the following layer sequence:
FTO/cTiO+G/mTiOx+G/perovskite/PTAA/Au.

The P1 laser process is easily obtained on the FTO/glass substrate as commonly done
in the glass-based thin-film PV (Pulse fluency of 700 mJ/cm? and a frequency of 80 kHz)
[44].

3.1. P2 Laser Process

Although the research community recognizes laser patterning as the most preferred
technology to manufacture the PSMs in an industrial environment, the P2 laser ablation
process is not a trivial step. In fact, it should be able to remove the entire stack of ETL
(cTiO2/mTiOz)/perovskite/HTL without damaging the underlying conductive photoelec-
trode and ensuring the minimum contact resistance between FTO and gold vertical inter-
connection. Due to the strong adhesion of cTiO: layer onto FTO, a high laser fluence (>300
mJ-cm2 in our case) is usually required during the P2 process. In turn, this will enhance
the probability of FTO damage, thus lowering the module reproducibility in a large
throughput production.

To prevent the risk of FTO damage, we divided the P2 process into two further steps
(i) P2a consisting in the lift-off of the protective silver mask used to pattern cTiO2 layer
[45]; (ii) P2b consisting in laser ablation of the remaining stack. In this way, if on one hand,
the reproducibility of P2 ablation process is guaranteed (P2 yield 100%), on the other hand,
the aperture ratio (defined as the ratio between the active area and the total area = cell
active areas + dead areas) is not significantly penalized (AR = 82.18%) since the optimized
cell width (0.9 cm) helps in reducing the total number of sub-cells and eventually of the
interconnections. However, the minimum interconnection area width is limited by the
pattern of the screen used for the silver mask deposition (400 um in our process) by af-
fecting the total dead area needed for the interconnections. Moreover, this allows to vary
the cTiOz layer thickness and composition without the need to further optimize the P2
parameters, as in the case of graphene-doped cTiO: (cTiOz2+ G) used in the proposed 2D
material-engineered PSM structure. More in detail, a metallic mask was screen-printed by
using a silver paste (7713-DuPont) covering the interconnection area between adjacent
cells and sintered at 460 °C during the heating ramp for the cTiO:2+ G spray pyrolysis
deposition. Once the cTiO2+ G layer was cooled down to room temperature, the metallic
mask was lifted-off by using an HCI solution (0.1 M) in deionized water and then rinsed
in ethanol.

Regarding the P2b step, the addition of 2D materials in the modules stack
(mTiOz/perovskite/HTM) such as graphene flakes in mTiO2 (mTiO2+ G) or 2D material-
based interlayer at perovskite/HTM interface, could alter the morphology and the layer
adhesion forces among each other. Thus, a proper P2 parameter set including laser fluence
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220 mJ/cm?

(248.8 mJ-cm™), RSD (2 um), scan speed (200 mm-s), and PRR (80 kHz) was found, able
to effectively clean the interconnection areas.

In addition, during the fabrication of large-area module, glass bending, layer depo-
sition defects such as pinholes due to the specific employed deposition technique or envi-
ronmental conditions, as well as non-homogeneous perovskite crystallization, could occur
by affecting the layer morphology and thickness uniformity across the device active areas.
In order to prevent FTO damages during P2 process and at the same time to achieve a
robust ablation taking into account the substrates' inhomogeneity, we repeated the laser
ablation two times, by setting an optimized 248.8 mJ-cm=laser fluence for each ablation
step. The obtained ablated area is clearly visible in the optical microscope picture reported
in Figure 2.

Figure 2. Ablated area obtained by 2-step P2 laser ablation over mTiO2+G/perovskite/PTAA stack.

Since, during the second ablation step, the FTO is strongly exposed to the laser radi-
ation, we checked the goodness of P2 ablation by repeating the process 2 times using the
same fluence value for both steps. We tested the process at different laser fluence from
220 mJ-cm to 360 mJ-cm2. Optical images reported in Figure 3 show that laser starts to
induce damages to the uncovered FTO surface when fluence value overcomes 75 uJ-cm.
Thus, the use of laser fluence below 300 mJ-cm is able to prevent FTO damages even in
the case of two consecutive P2 laser ablation processes.

300 mJ/cm? 360 mJ/cm?
—

Figure 3. Effects induced by laser radiation on FTO layer, after a P2 process repeated 2 times (raster scanning distance
(RSD) =2 um) and by employing a laser fluence ranging from 220 mJ-cm= to 360 mJ-cm2. A clear FTO damage is induced
by a laser fluence value starting from 300 mJ-cm?, till to the complete FTO removal at 360 mJ-cm™2.
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3.2. P3 Laser Process

The P3 ablation consists of selective removal of the CE layer, by leaving the under-
neath layers intact. In our work, thermally evaporated gold thin film constitutes the mod-
ule CE, with a thickness of 150 nm. In reality, incorrect P3 laser ablation in the form of (i)
an excessive amount of energy transfer to the material, (ii) a prolonged laser ablation, can
induce local heating, material melting between adjacent cells or incomplete removal of the
gold inside the ablated area. In particular, an incomplete gold removal can generate short
circuits between two adjacent sub-cell counter electrodes. Sometimes, the presence of few
gold flakes in the ’3 ablated area could lead to the formation of resistive paths, electrically
connecting adjacent cells eventually penalizing electrical characteristics of the module
(short circuit current -Isc-, open circuit voltage -Voc-, fill factor -FF-, PCE).

The I-V curves depicted in Figure 4 are acquired under 1SUN illumination using dif-
ferent laser ablation parameters during P3 process. In particular, the red I-V curve is re-
lated to a PSM ablated by using a single scribe P3 process with a fluence equal to 254.8
mJ-cm?, leading to a non-optimized P3 process in terms of incomplete gold removal.
However, it is not easy to promptly correlate lowering of PSM performance to the P3 ab-
lation parameters since adjacent cells are not completed shunting. The presence of gold
flakes inside the P3 scribes can generate resistive paths characterized by random values
starting from few () (one or more cells shunted) till KQ. The latter case can be clearly ob-
served in Figure 4, where the presence of residual gold flakes generating resistive paths
among adjacent cells, but not a complete cell short circuit. This resulted in a remarkable
Isc (-11.8%) and FF (-18.1%) decrease, while Voc experienced a mild reduction (-3.5%),
lower than the one occurring in the case of a complete cell shunting. Thus, with the aim
to obtain optimal isolation among adjacent cells, we performed a P3 ablation by a 20%
increased laser fluence (306 mJ-cm™) resulting in the blue I-V curve reported in Figure 4.
The module efficiency has been increased up to 15.3%, demonstrating that a not optimized
P3 process could compromise the module sub-cell interconnections. Regarding the Isc, we
could also observe an improvement of 11.8% (from 176.17 mA to 196.97 mA) by using the
optimized P3 parameters. The percentage increase of the module electrical parameters
obtained by applying an optimized P3 process in terms of fluence with respect to a non-
optimized one is summarized in Table 1.

200

1501 “""-._/_‘ “‘x
.

~ 1004 '\.i .
s .\
L]
w4
504 - _\ A
—=— P3 fluence: 254.8 mJ/cm LR
s P3 fluence: 306 mJicm® "‘
0 . : : . al
0 2 4 6 8 10
V (V)

Figure 4. P3 parameter optimization and the relative I-V curves for the as-realized modules. In
particular, module realized employing a non-optimized laser fluence (254.8 mJ-cm2) during P3
(square symbols—red line) demonstrated power conversion efficiency (PCE) of 11.23% while
module realized employing an optimized laser fluence (306 mJ-cm=2) showed PCE up to 15.29%
(triangle symbols —blue line). The reported I-V curves were acquired under 1 SUN illumination.
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Table 1. Electrical parameters (extracted from 1 SUN I-V curves) for modules realized by employ-
ing non-optimized (first row) and optimized (second row) laser fluence value during P3 ablation
step. The optimized removal of gold layer led to an increased module current and PCE, due to full
electrical isolation of the module sub-cells from the counter electrode (CE) side.

Vinpp Lupp Pupy  Voc Isc FF PCE Laser Fluence
(V) (mA) mW) (V) (mA) (%) (%) (m]-cm?)
Not optimized P3  6.60 140.69 928 9.6 176.17 54.89 11.23 254.8
Optimized P3 754 167.68 1264 994 19697 6481 153 306
Increment 142% 192% 362% 35% 11.8% 18.1% 36.2% 20.0%

Laser Process

Module monolithic connections must be able to resist also to the panel lamination
process usually inducing additional thermal and mechanical stress. To avoid module PCE
drop during panel lamination, presence of spurious gold flakes arising from the ablation
process needs to be minimized and sharp edges for sub-cell gold CEs should be guaran-
teed after P3 process. In order to assess the ablation induced particulate and with the aim
to further refine P3 process parameters, a 150 nm thick gold layer was evaporated over a
glass substrate and subsequently patterned with P3 parameters. The residual gold flakes
present on the substrate after the laser process were analyzed by optical microscopy.

Despite several studies [3,46—48] demonstrated the possibility to achieve high mod-
ule aperture ratio performing very narrow P3 ablations (less than 15 um), Figure 5a shows
how gold flakes can generate short circuit using a single 12 pm width P3 scribe. The scribe
reported in Figure 5a shows that a pulse fluence of 221.2 mJ-cm2 was not able to achieve
a full electrical separation among adjacent gold regions. In fact, the unremoved portion of
gold layer is still visible after the P3 ablation (see red circles in Figure 5a), creating a con-
ductive path of about 60 um length. Considering a gold thickness of 150 nm, we can esti-
mate a resistance value of about 6 Q for such kind of conductive path. Within the entire
P3 scribe length (11 cm), we could find several similar conductive paths, electrically in
parallel with each other. This means that the detectable equivalent resistance between two
counter electrodes can have a value starting from a few Q up to a few hundred (2, depend-
ing on number, size, and adhesion strength of residual gold flakes forming conductive
paths. Increasing the fluence value up to 306 mJ-cm2, the presence of gold flakes is signif-
icantly reduced (Figure 5b), but there is still a non-negligible risk of creating short circuits
and parasitic resistive connections during the module lamination step, due to the presence
of flakes larger than 4 um inside a scribe of 13.5 um. Complete electrical isolation with a
negligible residual presence of gold flakes can be achieved by using fluence values higher
than 354 m]-cm2 (Figure 5¢), but unfortunately, in this case, laser-induced damages on the
underneath glass. Alternatively, to the single scribe process, a multi-scribe process with
reduced laser fluence can be implemented to achieve optimal electrical insulation and to
avoid substrate damages by minimizing the residual gold flakes. Figure 5d show multi-
scribe P3 ablations employing RSD equal to 3 um and a pulse fluence equal to 306 mJ-cm2.
In this case, ablation width equal to 130 pm is obtained by leaving on the substrate only a
few flakes with a diameter lower than 5 um. Finally, the optimized parameters were tested
in PSM fabrication and microscope images of P3 process are reported in Figure 6.
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d)

15 um 30 um

'a) b)
15 L5 pm | lsin

Figure 5. Optical images for 150 nm thick gold layer evaporated over a glass substrate to test the gold removal during P3
by employing 4 different scribing processes: (a) single laser process employing a pulse fluence of 221.2 mJ-cm2 and result-
ing in 12 um width scribe; (b) single laser process employing a pulse fluence of 306 mJ-cm= and resulting in 13.5 um width
scribe; (c) single laser process employing a pulse fluence of 354 mJ-cm™ and resulting in 15 pm width scribe; (d) ablated
area in the case of a 130 um width scribe obtained by using a raster scanning distance of 3 pm and a pulse fluence of 306
mJ-cm™.

30 um

Figure 6. P3 laser ablation microscope analysis: (a) Optical image for a 130 pm width P3 scribe obtained by using a RSD
of 3 um and a pulse fluence value of 221.2 mJ-cm™. In this case, the presence of electrical bridges between module consti-
tuting sub-cells due to an incomplete gold removal is clearly visible; (b) Optical image for a 130 um width P3 scribe ob-
tained by using a RSD of 3 um and a pulse fluence value of 354 mJ-cm™. In this case, the layer delamination on the edge
of the ablated area is due to excessive stress experienced by the gold film during the P3 ablation; (c) Optical image for a
130 um width P3 scribe obtained by using a RSD of 3 pm and a pulse fluence value of 306 mJ-cm=. The as-optimized P3
ablation resulted in an ablated area with negligible gold residual flakes and sharp edges without layer delamination.

This test confirmed our previous results revealing an incomplete gold removal (Fig-
ure 6a) when a 221.2 mJ-cm™ pulse fluence is used, leaving electrical bridges between
module constituting sub-cells that could eventually reduce the module PCE. On the op-
posite, a pulse fluence up to 354 mJ-cm led to excessive stress on the layer during the
laser process, inducing layer delamination and irreversibly damaging the underneath
FTO layer (Figure 6b). The gold CE delamination should be carefully avoided since it in-
duces a remarkable reduction in sub-cell active areas and eventually an unbalance in sub-
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cell current across the module. Moreover, the potential detachment of large gold flakes
can increase the occurrence of short-circuits during the module lamination process. The
best result is achieved by using a pulse fluence of 306 mJ-cm= as shown in Figure 6c, char-
acterized by negligible residual flakes and no layer delamination from the sharp edges of
the ablated area.

We should point out that a 12 um P3 ablation width can impact module characteris-
tics during the manufacturing processes related to the panel lamination even though the
as-fabricated electrical characteristics seem to be good enough. In fact, modules compos-
ing panel strings have to be encapsulated, electrically connected (series and/or parallel
connection depending on the desired panel output), and finally laminated (front glass-
rear glass or front glass-back plastic/aluminum foil). More in detail, the lamination process
is usually carried out in vacuum by applying an optimized pressure over the stack front-
glass/EVA/PSMs/EVA/back-sheet (or rear glass) [49,50] that could induce undesired cell
shunts in PSMs in case of incomplete gold removal. This undesired effect, imputed to the
roughness of the underneath layer stack, can be detrimental during the lamination pro-
cess, where the applied pressure (10° Pa) [51] could reconnect two or more sub-cell CEs
[52,53], as reported in Figure 7.

e a)

b)

electrical
connection

o

15 pum

5um

Figure 7. Single P3 laser scribe (12 um width), panel (a) points out residual gold flakes with di-
mensions comparable to the scribe width (b) magnification of the residual gold flakes region along
the P3 scribe (green rectangle in panel (a)), by emphasizing a possible shunting mechanism occur-
ring upon the application of an external pressure, commonly employed during the panel lamina-
tion process.

The microscope images reported in Figure 7 is referring to a 12 um P3 scribe able to
guarantee full electrical isolation between two adjacent gold CEs. However, residual
flakes with dimensions comparable to the P3 scribe width could reconnect two adjacent
cells (Figure 7b) upon the application of external pressure. In order to elucidate how this
phenomenon can impact over a real PSM performance, a PSM employing a P3 width of
12 um was measured immediately after the laser ablation (triangle symbols - blue I-V
curve reported in Figure 8a) and after a subsequent application (from the CE side) of a
pressure comparable to those employed during the lamination process (square symbols -
red I-V curve in Figure 8a).
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Figure 8. Module I-V curves, in panel (a) are reported for a module obtained with a non-optimized P3 process before and
after the application of the lamination pressure showing a reduction in PCE from 15.3% to 10.45%; (b) the same but with

a P3 ablated area of 130 um.

A clear Voc (-12.8%) and FF (—20.2%) reduction was observed after the application of
the external pressure, testifying to the detrimental effect of the gold residual flakes among
adjacent cells. Remarkably, the final PCE (10.45%) was 31.7% lower than the value meas-
ured before the lamination process. All the electrical module characteristics before and
after the application of the lamination pressure and the relative variations are summarized
in Table 2. This detrimental effect is not occurring by using a P3 ablation width of 130 um,

as shown in the I-V curves reported in Figure 8b.

Table 2. Electrical parameters for module produced by using a non-optimized P3 process, ex-
tracted by I-V curves acquired (reported in Figure 8a) before and after the application of the lami-

nation pressure, and their relative variations in percentage.

Pressure AP' Vmpp Impp Pmpp Voc Isc FF PCE
plication V) (mA)  (mW) V) (mA) (%) (%)
Bef.
erore 754 16768 1264 994 19697 64581 153
pressure
After
6070 14237 86372 867 19279 5169 1045
pressure
Decrement -183% -15.1% -31.6% -12.8% -197% -202% -31.7%

The parameter sets optimized for each laser process (P1, P2, P3) employed in the PSM
fabrication are summarized in Table 3, by detailing the fluence (m]-cm™), laser power,
PRR, translation speed (cm/s™) and RSD (um).
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Table 3. Parameter sets optimized for each laser process (P1, P2, P3) employed in the PSM fabrica-

tion.
Laser Ablation Step P1 P2 P3
mTiOz2+ G (120 nm)
Layers FTO (500 nm) Perovskite (450 nm) Gold (150 nm)
PTAA (100 nm)
Fluence (m]J-cm2) 700 mJ-cm™ 248.8 mJ-cm™ 306 mJ-cm
Laser Power 700 mW 24 mW 35 mW
Pulse Repetition Rate 80,000 Hz 80,000 Hz 80,000 Hz
Translation Speed 100 mm-s 200 mm-s™ 200 mm-s™
(mm s1)
Raster Scanning Single scribe 2 um 3 um

Distance (um)

Laser System

Nd:YVO4 UV ns Laser system (80 kHz)—Spectra Physics Explorer

One HP 355-4

Finally, in Figure 9, we reported the electrical parameters for 4 as-realized modules
extracted from the I-V curves acquired before and after the application of a pressure com-
parable to that employed in a standard lamination process (=1 Atm). Notably, besides the
minor variations due to the production process between the modules, the use of an opti-
mized P3 process guaranteed stable electrical performance before and after the external
pressure application, by demonstrating the robustness of the proposed fabrication process

for 2D-PSMs.
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Figure 9. Electrical parameters related to 4 modules, realized by employing the optimized P3 process and extracted by the
I-V curve acquired before (full symbols) and after (empty symbols) the applied pressure, miming the pressure experienced
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during a standard lamination process.(a) open-circuit voltage Voc; (b) short-circuit current density Jsc; (c) fill factor FF and
(d) power conversion efficiency PCE.

4. Conclusions

In order to gain the attention of the industrial world, perovskite solar cell technology
should demonstrate the reproducibility and reliability of high-throughput production
processes for large-area modules. Laser is commonly recognized as the first choice for
ablation processes, usually employed for realizing monolithically integrated cell intercon-
nections in thin-film photovoltaic technologies. In this work, we successfully optimized
the P2 and P3 ablation processes by demonstrating excellent performance for 2D-material
engineered perovskite solar modules, with PCE exceeding 15% over 83 cm? active area.
On one side, the optimized set of P2 laser ablation parameters (laser fluence (248.8
mJ-cm?), RSD (2 um) and PRR (80 kHz)) allowed to effectively remove the 2D material
based ETL/perovskite/HTL stack from the FTO interconnection area, by ensuring the min-
imum impact of vertical sub-cell interconnections onto the module series resistance. On
the other side, a 130 nm width, well-defined and gold-residual-free P3 ablation (achieved
with laser pulse fluence of 306 mJ-cm=2, RSD equal to 3 um) resulted in high-performance
modules able to pass without significant PCE losses, the stressful conditions dictated by
the module lamination process employed for panel production. The module fabrication
process proposed here represents a viable route for pushing the industrialization of per-
ovskite photovoltaic technology.
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