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Abstract
Bifacial semi-transparent perovskite (PVSK) solar cell is a promising candidate to achieve high photo-electrical conversion 
efficiency (PCE) in a tandem structure with Si solar cells. The gap between lab-scale cells and large area modules needs to 
be closed using innovative patterning technology. In this paper we demonstrate that a single nanosecond pulsed laser (wave-
length 532 nm, pulse duration 7 ns) can be used to perform all scribing processes, i.e. P1, P2 and P3, to manufacture PVSK 
solar modules. Compared to picosecond or femtosecond lasers reported in the literature, our approach has the advantages of 
high stability and low cost, and is thus applicable to large scale manufacturing of PVSK solar modules. Detailed laser pro-
cessing parameters such as laser power and overlap ratio etc. have been studied to achieve optimal results for each scribing 
process. A mini module with two cells was fabricated on a 2 × 2 cm2 substrate, showing an active area efficiency of 12.5%, 
FF of 72.4%, and high GFF of 94%.

Keywords Laser patterning · Laser scribing · Perovskite solar module · Bifacial perovskite solar cell

1 Introduction

Recently perovskite (PVSK) solar cells gain extensive atten-
tions in the photovoltaic (PV) field owing to its exceptional 
intrinsic optoelectronic properties, such as high absorption 
coefficient, long exciton lifetime and diffusion length. The 
first PVSK solar cell was demonstrated in 2009 by Miyasaka 
et al., with a power conversion efficiency (PCE) of 3.81% 
[1]. Since then the PCE has increased dramatically [2–6]. 
In 2020, a single junction PVSK solar cell with PCE of 
25.5% was recorded by NREL, rivaling the thin film solar 
cell (CIGS: 23.4% and CdTe: 22.1%) and approaching the 
single-crystal silicon solar cell (26.1%). Moreover, the dura-
bility has been increased from a few minutes to the order 
of 10,000 h [7], promoting the possibility of commerciali-
zation. Meanwhile, to get larger and more uniform films, 

blade-coating [8–11], slot-die [12–15], spray coating [16, 
17], and other deposition methods were developed [18, 19].

Despite the extensive studies and advances one huge gap 
must be closed before the transition from lab-scale cells to 
commercialized modules can be realized. With the increas-
ing area of solar cells, the internal electrical resistance 
increases substantially resulting in significant loss of output 
power. A module structure with many small area cells con-
nected in series is introduced to reduce the internal resist-
ance, i.e. monolithic integration method. Three scribing 
lines named P1, P2 and P3 are required to connect all cells 
in series as shown in Fig. 1. P1 insulates the front electrode 
of each cell, and P2 allows the top electrode to contact with 
the front electrode, and P3 isolates the back electrode. The 
region between P1 and P3 is called “dead zone” or “dead 
area” as the area is not active and do not contribute to power 
conversion. Geometry fill factor (GFF) is defined as the ratio 
of active area to the total module area. The larger the dead 
area is, the lower the GFF and module efficiency are. There-
fore, one of the important goals in module fabrication is to 
minimize the dead area and improve GFF.

To date, a few patterning approaches have been demon-
strated. For instance, Matteocci et al. used chemical etching 
to form P2 and pasted a mask during evaporating the back 
electrode to get P3 [20]. Yang et al. cut P2 and P3 with 
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mechanical scribing [21]. Hiroshi and Takayuki scribed P2 
with mechanical scribing followed with laser treatment to 
reduce the series resistance and to improve the contact [22]. 
However, the methods of mechanical scribing or chemical 
etching have limited capability to precisely control the line 
width as well as the line spacing, resulting in an undesired 
increase of the dead area. In addition, mechanical scribing of 
P2 cannot completely remove all the material above the bot-
tom electrode. Residual material could lead to a substantial 
increase of series resistance in the module [23].

Recently, many research efforts applied laser on mod-
ule fabrication because of its high precision and selectivity 
[24–27]. As a non-contact process and wavelength selective 
method, laser ablation on perovskite layer has been investi-
gated [28–30]. The first full-laser patterned PVSK module 
was reported by Moon et al., with a PCE of 6.6% on an aper-
ture area of 5  cm2 with an aperture ratio of 84% [31]. Palma 
et al. demonstrated a 95% aperture ratio module with a 
pico-second laser [32]. With ultra-fast pulse laser, the pulse 
duration is shorter than the electron cooling time, typically 
in a few pico-seconds, which means electrons do not have 
enough time to transfer the energy to the lattice of solid, and 
a direct solid to vapor transition takes place [33]. If the laser 
pulse is in the order of femtosecond, a cold interaction with 
the matter process occurs, without other correlated negative 
effects, such as heat accumulation [34]. As a trend, more 
and more scholars use ultrashort pulse lasers in the fabrica-
tion of perovskite modules [32, 35, 36]. However, ultrafast 
lasers are expensive which would significantly increase the 
fabrication cost.

In this study we developed laser patterning technology 
based on a nanosecond pulsed laser with a wavelength of 
532 nm and successfully demonstrated fabrication of semi-
transparent bifacial perovskite solar modules, with the high-
est PCE of 12.5% on an aperture area of 1.1 cm2 and a high 
GFF of 94%.

2  Experiment

2.1  Materials Preparation

NiOx was used as hole transport layer (HTL). The  NiOx 
precursor solution was prepared in ambient air. 124.4 mg 
Nickel acetate tetrahydrate (Ni  (CH3COO)2·4H2O, 99.0%, 
Showa Chemical) was dissolved in 1  mL of ethanol 
(99.99%, Fisher Chemical). The solution was stirred at 70 
℃ for 20 min and then adding 30 μL ethanolamine (99%, 
Acros Organic). Before the coating process, the green 
solution was filtered with 0.22 μm PTFE syringe filters.

Perovskite precursor, electron transfer layer (ETL) 
and work function modifier layer (WFL) were prepared 
12 h before coating process in nitrogen environment. The 
 MAPbI3 precursor which used as absorber layer was pre-
pared by dissolving 176.6 mg methylammonium iodide 
(MAI, STAREK Scientific Co., Ltd) and 506 mg lead 
iodide  (PbI2, 99%, Acros Organic) in the 840 μL of solvent 
mixture of dimethyl sulfoxide (DMSO, 99.9+%, Acros 
Organic) and N,N-dimethylformamide (DMF, 99.8%, 
Acros Organic) with the volume ratio of 2:5. For ETL, 
the [6, 6]-pheyl-C61-butyric acid methyl ester  (PC61BM, 
99.5%, Solenne B.V.) was used. 20 mg  PC61BM was dis-
solved in 1 mL chlorobenzene (CB, 99+%, Acros Organic) 
and was filtered with 0.22 μm PTFE syringe filters before 
using. The concentration of 0.1 wt% of polyethyleneimine 
(PEI, branched, Average  Mn 10 k, Sigma Aldrich) was 
used as WFL. 100 mg PEI was dissolved in 1.46 mL of 
isopropanol (IPA, 99.5%, Acros Organic) to get 8 wt% PEI 
solution. Then, 10 μL of 8wt% solution was added to 790 
μL of IPA to obtain 0.1 wt% PEI solution.

The TBAOH-SnO2 nanoparticles was used as WFL and 
buffer layer [37]. First,  SnO2 nanoparticles were synthe-
sized by the solvothermal method. Typically, adding 3.12 g 
of  SnCl4 (Sigma Aldrich) to 20 mL of the solvent mixture 
of benzyl alcohol (99.0%, Acros Organic) and toluene 
(99.8+%, Acros Organic) with the volume ratio of 3:1 as 
the precursor. Then, transferred the precursor solution to a 
Teflon-lined autoclave and heated in an oven at 180 ℃ for 
12 h. After the reaction, a centrifuge was used to collect-
ing the white precipitate. The white precipitate was then 
washed once with diethyl ether (99.0%, Fisher Chemical) 
and twice with ethanol (99.99%, Fisher Chemical). Sec-
ond, in order to get OA-SnO2 suspension, the synthesized 
 SnO2 nanoparticles were re-dispersed in 5 mL of chlo-
roform (99.0+%, Acros Organic) and 1 mL of oleic acid 
(OA, 90%, Sigma Aldrich) to form milky suspension. Dur-
ing the ultrasonication, 1 mL of butylamine (BA, 99.5%, 
Sigma Aldrich) was added to obtain a transparent suspen-
sion. By adding acetone (99.0%, Alfa Aesar) to wash out 
excess OA and BA can purify the OA-SnO2 suspension, 

Fig. 1  Schematic diagram of three scribing lines P1, P2 and P3 for 
monolithic integration of solar modules
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and then centrifuged and re-dispersed in chloroform with 
a concentration of 200 mg/m. Finally, after getting the 
pure OA-SnO2 nanoparticles, a facile ligand exchange 
method was applied to replace the insulating OA mol-
ecule on the surface of  SnO2 nanoparticles with tetrabu-
tylammonium hydroxide 30-hydrate (TBAOH, 95+%, 
Sigma Aldrich). Briefly, 50 μL of OA-SnO2 suspension 
was added into 5 mL of the mixture of dichloromethane 
solution (99.8+%, Acros Organic) and boron trifluoride 
etherate (BF3-OEt2, 98.0+%, Alfa Aesar). The precipi-
tate was collected by centrifugation and added into 1 mL 
of TBAOH solution (30 mg/mL in ethanol). Then, add-
ing hexane (99+%, Acros Organic) to obtain pure tetraal-
kylammonium hydroxide capped SnO2 nanoparticles and 
collecting precipitate by centrifugation. The nanoparticles 
were dispersed in 1 mL of TBAOH solution (7.5 mg/mL in 
ethanol) again, and repeat the precipitate process. Finally, 
the collected TBAOH-SnO2 nanoparticles were dispersed 
in 1 mL of TBAOH solution (1.875 mg/mL in ethanol).

2.2  Solar Cell Fabrication

First, we cleaned glass substrates coated with fluorine-
doped tin oxide (FTO, sheet resistance: 7 Ω/sq). The 
FTO glass was sequentially immersed in soapy water, 
ammonia hydrogen peroxide solution (water:hydrogen 
peroxide:ammonia = 5:1:1 in volume), methanol, and iso-
propanol, cleaned ultrasonically, followed by a 15  min 
UV–ozone treatment. The  NiOx sol–gel solution was was 
spin-coated at 4000 rpm, 20 s as HTL [38]. After the  NiOx 
layer was annealed at 340 °C for 40 min, the perovskite 
precursor was then spin-coated on it at 4500 rpm for 30 s 

in a glove box filled with nitrogen. At 15th second of the 
spin-coating process 300 μL of diethyl ether (DEE, 99.0%, 
Fisher Chemical) was dropped onto the surface to wash out 
the extra solvent and formed a transparent intermediate per-
ovskite phase. Then sample was annealed on a hot-plate at 
65 °C for 1 min and then 105 °C for 2 min to form α-phase 
perovskite film. The PC61BM solution was spin-coated 
at 1000 rpm 30 s as ETL. Afterward, as prepared SnO2-
TBAOH [37] suspension was spin-coated onto PC61BM 
layer at 1500 rpm 30 s as WFL and buffer layer. Then, PEI 
in isopropanol was spin-coated at 3000 rpm 20 s onto SnO2

-TBAOH layer. Finally, back electrode of indium cerium 
oxide ( CeO2:In2O3 , ICO) with thickness of 300 nm was 
deposited by a sputter (Kao Duen Tec. Co.). The size of the 
lab-scale solar cell was 0.09  cm2.

The structure of device is shown in Fig. 2.

2.3  Module Fabrication

A Nd:YAG laser with a wavelength of 532 nm and a pulse 
duration of 7 ns with a fixed frequency of 7500 Hz was used 
to fabricate P1 P2 and P3. A 2× objective lens was used 
to focus the laser beam. Laser beam size at the focal point 
was measured to be 126 μm at the full width half maximum 
(FWHM). All laser processes were operated at the focal 
point.

For module fabrication, laser scribing of front electrode 
FTO (P1) was applied immediately after cleaning of FTO 
glass. Following the same steps as shown in part B, the 
absorber layer as well as HTL and ETL were fabricated. 
Then laser scribing of the absorber layer, HTL and ETL (P2) 

Fig. 2  a Schematic diagram of device structure of perovskite solar cell in this study; b SEM cross-section image of bifacial perovskite solar cell
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was performed. After the back electrode ICO was deposited, 
the laser scribing (P3) was applied to isolate the ICO films.

2.4  Characterization

J–V curves of devices and modules were measured by a 
voltage source meter (Keithley 2410) under an AM 1.5 G 
solar simulator (Yamashita Denso YSS-50A-400A) with 
an irradiation of 1000 W∕m2 . SEM images of surface mor-
phology were obtained by scanning electron microscopy 
(SEM, JEOL JSM6510). Elemental analyses were per-
formed by energy-dispersive X-ray spectroscopy (EDS, 
JEOL JSM6510). Transfer line method (TLM) was applied 
to characterize the contact resistance at P2 line.

3  Results and Discussion

Nanosecond pulse laser is essentially different in mecha-
nisms of material ablation from pico-second or femto-sec-
ond lasers. With ultra-fast pulse laser, the pulse duration 
is shorter than the electron cooling time, typically in a few 
pico-seconds, which means electrons do not have enough 
time to transfer the energy to the lattice of solid, and a direct 
solid to vapor transition takes place. In the order of nano-
seconds electrons absorb laser energy and transfer it to the 
lattice. A typical solid–liquid–vapor process occurs and an 
area called heat affect zone is generated where laser power 
density is not high enough to ablate the material, but melt 
and heat the area. By adjusting laser processing parameters 
such as laser fluence, scan speed and overlap ratio one can 
control the heat affect zone to an acceptable range.

The wavelength of 532 nm is chosen because perovskite 
has high absorption coefficient to visible light, so that with 

green light laser can effectively heat up the perovskite layer 
and remove the material with minimum damage to the elec-
trode in P2 processes. Although FTO and ICO films do not 
absorb the 532 nm light as strong as perovskite layer, they 
can still be removed when the light intensity is high enough.

3.1  Part I. Laser Scribing of P1 Line

Laser scribing of FTO film was to isolate top electrode of 
each cell. The parameter laser power density used in the 
discussion was defined as the fluence of each laser pulse 
divided by the product of pulse duration and the area of the 
laser beam.

High scan speed was used to form non-overlapped abla-
tion spots on FTO film for the purpose of study. SEM 
images of the ablated spots with different power density 
8.78 × 105 kW/cm2 and 3.29 × 106 kW/cm2 were shown 
in Fig. 3. The ablation mechanism involves the melting 
and evaporation of the material by the absorption of laser 
energy as evidenced by EDS analysis as shown in Table 1. 
The amount of tin residue at the center of the laser ablated 
spot was at 18.3 and 15.8 wt.% for laser power density of 
8.78 × 105 kW/cm2 and 3.29 × 106 kW/cm2 respectively. 
The increase of the laser power density helped to reduce 

Fig. 3  SEM images of single pulse laser ablation of FTO films with laser power density of a 8.78 × 10
5
kW/cm

2 and b 3.29 × 10
6
kW/cm

2

Table 1  EDS elemental analysis of single pulse influence on FTO 
surface with 8.78 × 10

5
and 3.29 × 10

6 kW/cm2 power density

Point location Element (wt.%)

O Si Sn

Spectrum 1 in Fig. 2a 32.9 0 67.1
Spectrum 2 in Fig. 2a 55.0 26.6 18.3
Spectrum 1 in Fig. 2b 55.6 28.6 15.8
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the residue, the laser power density was not high enough 
to remove the FTO with one single laser pulse. Instead of 
going even higher laser power we found laser scanning 
with proper overlap ratio could help remove the FTO film 
completely. Overlap ratio was defined as the overlapped 
pulse region divided by the spot size (p/D) as shown in 
Fig. 4. It was determined experimentally by the laser pulse 

frequency and scan speed. SEM images of P1 scribing 
line at a constant power density 8.78 × 105 kW/cm2 and 
different overlap ratio (a) 30% (b) 76% (c) 91% are shown 
in Fig. 5. Due to the incubation effect [39] FTO was com-
pletely ablated at 91% overlap ratio. EDS analysis results 
in Table 2 indicated there was no tin signal at center of 
scribed line. The resistance between the FTO films at two 
sides of P1 line was measured, showing FTO films were 
completely electrically isolated.

Fig. 4  Definition of overlap ratio, p divided by D

Fig. 5  SEM images of laser scribed P1 line with overlap ratio of a 30%, b 76%, c 91% and a fixed power density of 8.78 × 10
5 kW/cm2

Table 2  Elemental analysis of P1 line scribed with (a) 30%, (b) 76%, 
(c) 91% overlap at fixed power density of 8.78 × 10

5 kW/cm2

Overlap ratio Element (wt.%)

O Si Sn

30% 58.7 29.1 12.2
76% 61.3 29.2 9.5
91% 70.4 29.6 0
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3.2  Part II. Laser Scribing of P2 Line

As the PVSK layer was very absorptive to the laser light at 
the wavelength of 532 nm, the laser power density for P2 
scribing process was no surprisingly lower than that in P1 
process. The SEM images of P2 scribing lines were shown 
in Fig. 6 at different power density from (a) 1.51 × 105 , (b) 
2.64 × 105 , (c) 3.41 × 105 , (d) 3.99 × 105 kW/cm2 with over-
lap ratio fixed at 80%, and the corresponding EDS analysis 
results at the center of scribing lines are shown in Table 3. 
When the power density was 3.99 × 105 kW/cm2 (case (d)), 

the Si signal which represents glass substrate was signifi-
cant, implying that FTO was damaged and thinned. For 
the other three cases, the NiOx (HTL) was removed as the 
weight % of Ni was about zero (within the measurement 
error), and the front electrode FTO was not damaged as the 
weight % of Sn were at 67% or more, similar to the EDS 
results of bare FTO film, and the weight % of Si was neg-
ligible. The data showed that there was a process window 
between 1.51 ~ 3.41 ×  105 kW/cm2 for laser power density 
with the overlap ratio of 80%.

Fig. 6  SEM images of P2 line scribed with a 1.51 × 10
5 , b 2.64 × 10

5 , c 3.41 × 10
5 , d 3.99 × 10

5 kW/cm2 power density at 80% overlap ratio

Table 3  Elemental analysis 
of P2 line with different laser 
power density with fixed 
overlap ratio at 80%

Pulse fluence density 
(kW/cm2)

Element (wt.%)

O Ni Sn Si Pb I

(a) 1.51 × 10
5 33.1 0.2 67.4 0.3 0.1 –

(b) 2.64 × 10
5 32.0 1.6 68.5 0.3 – 0.6

(c) 3.41 × 10
5 28.5 – 70.2 0.5 – –

(d) 3.99 × 10
5 40.7 – 37.0 19.7 – 0.1
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When laser power density was fixed at 3.41 × 105 
kW/cm2 , varying overp ratio affected the contact width 
of P2 lines. It should be noted that the contact width was 
not the same as line width since the heat affected zone was 
usually included when measuring line width in SEM or 

OM images, while the contact width only account for the 
area with clean removal of the materials which was deter-
mined by EDS results. A variation of overlap ratio was 
studied at the laser power density of 3.41 × 105 kW/cm2 
with results shown in Figs. 7 and 8. Figure 8f showed tin 

Fig. 7  SEM image of P2 line scribed with a 67, b 71, c 75, d 77, e 80, f 85% overlap ratio at fixed laser power density of 3.41 × 10
5 kW/cm2



130 International Journal of Precision Engineering and Manufacturing-Green Technology (2023) 10:123–139

1 3

Fig. 8  Elemental analysis results of P2 line in cross section with different overlap: a 67, b 71, c 75, d 77, e 80, f 85% overlap ratio at fixed laser 
power density of 3.41 × 10

5 kW/cm2

Fig. 9  Comparison of P2 contact width versus overlap ratio at differ-
ent laser power density Fig. 10  Absorption of NiO

x
 and FTO layer in the wavelength of 400–

900 nm
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signal significantly dropped at the central of scribed line 
with an overlap ratio of 85% and the appropriate range of 
overlap ratio was between 67 and 80%. Taking the laser 
power density into consideration a correlation between 
overlap and contact width was summarized in Fig. 9. The 
contact width was increased with both laser power density 
and overlap ratio.

It was generally regarded that the process to remove 
 NiOx film from FTO film with laser irradiation was hard 
due to similar optical properties. As shown in Fig. 10 the 
absorptance of NiOx layer and FTO in the visible wavelength 
range was similar and both very low at 532 nm wavelength 
(5.2 and 3.1% for FTO and  NiOx respectively), thus there is 
no selective optical absorption for the two materials. The 
mechanism of successful P2 scribing process by nanosec-
ond-pulsed laser is actually because of the interface effect. 
FTO film was deposited on the glass substrate by physical 
vapor deposition (PVD) method, which results dense FTO 
films with good adhesion with the substrate. However, NiOx 
was deposited on FTO film by spin coating at 70 °C and the 
adhesion to FTO was relatively weak. When the laser light 
was absorbed by the PVSK layer and the sudden increase 
of temperature resulted thermal–mechanical stress between 
the films, and the poor adhesion between NiOx and FTO film 
resulted detachment of NiOx from FTO film, while FTO film 
was intact due to stonger adhesion to the glass substrate. The 
difference in the adhesion strength of two interfaces allowed 
a process window to remove NiOx without damaging FTO 
layer by nano-second laser scribing.

Transfer line method (TLM) was applied to measure con-
tact resistance at P2 lines [25]. Specific contact resistance 
was determined by equation below:

With λ
T
=
√

ρ
c

R
SH

RSH is the sheet resistance of the bottom electrode,λT is 
the transfer length, W is length of contact area perpendicu-
lar to measuring direction and Wp2 is the P2 line width or 
upper and lower electrode contact width. The specific con-
tact resistance can be used to evaluate the results of different 
scribing processes.

Contact resistances by mechanical scribing with twee-
zers and laser scribing processes were compared as shown 
in Fig. 11 and Table 4. FTO directly contact with Ag was 
measured as the reference. For laser scribing process three 
contact widths 23, 30 and 41 μm were tested. It shows that 
the longer the contact width is, the lower the contact resist-
ance is for laser scribing case. The specific contact resistance 
of 70 Ω·mm2 was achieved with laser scribing process when 
the contact width was 30 µm or above. Tweezer scribed P2 
line showed lower contact resistance owing to its much 

Rc =
λT ⋅ RSH

W
⋅ coth

�

Wp2

λT

�

=

√

ρc ⋅ RSH

W
⋅ coth

�

Wp2

λT

�

wider P2 line (200 μm), however its specific resistance was 
much higher than laser scribed P2 lines. The results of EDS 
analysis of the tweezer scribed P2 line are shown in Fig. 12. 
The residue of  NiOx was clearly present at the center of the 
P2 line. Mechanical scribing was not able to remove  NiOx, 
which is evidence that laser scribing process is superior to 
mechanical scribing method of P2 lines in PVSK solar mod-
ule fabrication.

3.3  Part III. Laser Scribing of P3 Line

P3 is a scribe line to cut back electrode. The absorption of 
ICO back electrode is low at the wavelength of 532 nm, so 
instead of scribing ICO directly, the strategy was to scribe 
the perovskite absorber layer underneath the ICO film. The 
perovskite layer absorbs 532 nm light efficiently, resulting 
instant temperature rise and evaporation of the material, 
which breaks the ICO film on the top due to the thermal 
mechanical stress. As ICO is a brittle ceramic material and 

Fig. 11  TLM analysis of different contact condition. FTO + Ag, P2 
line with 23/30/41  μm contact width respectively, and P2 line with 
tweezer

Table 4  TLM measurement results of different P2 recipe

Transfer 
length (mm)

Contact resist-
ance (Ω)

Specific contact 
resistance (Ω⋅mm

2)

FTO + Ag 1.72 1.46 20.81
P2 23 μm 4.85 8.09 140.3
P2 30 μm 3.16 7.87 70.29
P2 41 μm 3.07 6.54 66.35
P2 tweezer 4.75 3.64 158.84
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only a small portion of PVSK layer underneath ICO needs 
to be removed, the power density requires to break ICO 
is much lower than that used in P2 scribing process. The 
remaining perovskite film in P3 line would not affect the 
device performance as long as ICO is cut cleanly and well 
isolated.

OM images of P3 lines with various laser power densities 
are shown in Fig. 13. The zigzag fragmentation marks at 
the edges of P3 line are due to the characteristics of ceramic 
material. The ripple-like patterns are indication of mechani-
cal stress in ICO film after laser scribing. P3 line width is 
positively correlated to the laser power density, and the chip-
ping area also is increased with the increasing laser power 
as shown in Fig. 14. The lowest power density of 2.5 × 104 
kW/cm2 was selected in order to minimize the P3 line width, 
thus to minimize the dead area.

With a fixed laser power density at 2.5 × 104 kW/cm2 , 90, 
75, 65% overlap ratio were used to scribe P3 lines. There 
was no much change of chipping area as shown in Fig. 15. 
The remains in P3 line was determined by EDS as shown 
in the SEM image of Fig. 16. Data in Table 5 indicates that 
there are remains of perovskite layer and  NiOx in P3 line, 
and at the center of the P3 line no Pb and I were detected, 
but  NiOx is still present.

3.4  Part IV. Fabrication and Evaluation of Solar 
Module

Bifacial perovskite modules were made on a 2 × 2 cm2 sub-
strate. The modules consisted two 5 mm cells connected 
in series. With fixed P1 and P3 process parameters (P1 
8.78 × 105 kW/cm2 and 91% overlap ratio, P3 2.5 × 104 

Fig. 12  SEM image and EDS 
elemental analysis of P2 line 
scribed by a tweezer
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kW/cm2 and 65% overlap ratio) three different P2 process 
parameters were used to test the effect of contact width 
as shown in Table 6. The performances of the modules as 
well as the control group (0.09 cm2 cell) are summarized 
in Table 7.

The average active area PCE of the control sample (0.09 
 cm2) is 13.8% and the average FF is 70.5% as shown in 
Table 7. When the contact width increased from 23 μm 
(recipe 1) to 30 μm (recipe 2), the average FF of module 
increased from 60.1 to 68.2% and the average PCE increased 
from 9.5 to 11.6%. However, the further increase of the con-
tact width to 41 μm (recipe 3) did not improve FF or effi-
ciency. With contact width of 41 μm (recipe 3) the average 
FF is 66.0 % and the average efficiency of 11.0%. It is prob-
ably because the contact resistance at P2 interconnection 
was no longer the limiting factor of the total series resistance 
even the contact width (area) increased at P2.

Fig. 13  OM image of P3 lines at different pulse power density a 2.5 × 10
4 , b 4 × 10

4 , c 5.99 × 10
4 , d 7.7 × 10

4 , e 8.99 × 10
4 , f 1.15 × 10

5 
kW/cm2

Fig. 14  Width of P3 line and chipping area as function of laser power 
density
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P1 and P3 had scribed the back and front electrodes 
with good isolation and shunting resistance are fairly 
high in the mini-modules. The bottom three rows show 

the module performance when the light was incident from 
ICO side of the same groups of modules, showing com-
parable short circuit current. External quantum efficiency 
(EQE) of the cells was measured and showed in Fig. 17.

J-V curves, FF and active area PCE with the above reci-
pes are shown in Figure 18a, b and. Laser process with 
recipe 2 and 3 are able to achieve FF about 68% with the 
highest at 72.4%, similar to the small-area control sample. 
PCE of the two recipes are about 11%, about 2% lower 
than control sample mainly due to the lower  Jsc which 
might be attributed to the non-uniformity of the perovskite 
layer formed by spin coating process. The box charts in 
Fig. 18c, d showed the statistical data of various samples, 

Fig. 15  OM image of P3 scribing line with a 90%, b 75%, c 65% overlap ratio, at a fixed laser power density of 2.5 × 10
4 kW/cm2

Fig. 16  SEM image of P3 line with 2.5 × 10
4 kW/cm2 laser pulse 

power density and 65% overlap ratio

Table 5  Elemental analysis of 
different locations across P3 
line

Position Element (%)

O Si Ni Sn I Pb

Spectrum 1 0.6 0.3 0.1 65.6 19.4 13.9
Spectrum 2 25.7 0.2 23.4 43.3 4.4 2.93
Spectrum 3 30.3 – 9.8 58.1 0.9 1.0
Spectrum 4 27.8 0.0 4.6 63.8 2.5 1.3
Spectrum 5 27.0 – 15.4 49.4 4.0 4.3
Spectrum 6 21.4 0.1 21.4 37.0 13.5 6.6

Table 6  List of process parameters of P2 are used in the fabrication 
of module

Laser power density 
(kW/cm2)

Overlap ratio 
(%)

Contact 
width 
(μm)

Recipe 1 1.51 × 10
5 80 23

Recipe 2 2.64 × 10
5 73 30

Recipe 3 3.41 × 10
5 75 41
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implying good stability of the laser processes based on 
our nanosecond pulsed laser. The highest PCE of mini-
modules is 12.5% and the best FF is 72.4%.

A picture of bifacial perovskite module and an OM 
image of three scribing lines are shown in Fig. 19. The 
line width of P1 was about 22 μm, the line width of P2 was 
50 μm, and P3 line included about 80 μm of fragmentation 
width on both sides, and the overall dead zone width was 
294 μm, reaching GFF of 94% with cell width of 5 mm.

4  Conclusion

We have demonstrated that a nanosecond pulsed laser with 
wavelength of 532 nm could successfully perform P1, P2 
and P3 scribing processes in the fabrication of perovskite 
solar modules. Compared with picosecond laser and fem-
tosecond laser it was more suitable for mass production 
because of its lower cost and more stable process window. 
Experimental parameters such as laser power and overlap 
ratio were systematically studied. The quality of scrib-
ing process on the films and devices were characterized 
with EDS as well as electrical measurement. The opti-
mal P1 recipe to scribe FTO films was at a power den-
sity of 8.78 × 105 kW/cm2 and 91% overlap ratio yielding 
excellent isolation. The laser power density of 1.51 × 105 , 
2.64 × 105 , 3.41 × 105 kW/cm2 were applied to P2 process 
which formed contact widths of 23, 30 and 41 μm respec-
tively. EDS element analysis indicated successful removal 
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Fig. 18  a J–V curve of semi-transparent bifacial small area sample and modules, b J–V curve of ICO top electrode small area sample and mod-
ules (light incidents from ICO side). c Box charts of the FF, d box charts of the active area efficiencies

Fig. 19  a A picture of bifacial perovskite solar module; b an OM images of the three scribing lines
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of the perovskite layer as well as NiOx layer without dam-
aging FTO films underneath. P3 was operated at 2.5 × 104 
k W/cm2 and 65% overlap ratio to isolate the transparent 
back electrode ICO. The dead zone width (from P1 to P3) 
was less than 300 μm, reaching GFF 94% with 5 mm cell 
width. An active area efficiency of 12.5% was achieved on 
the champion module and the best FF was 72.4%.
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