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The efficiency and stability of perovskite module devices are mainly limited by
the quality of scalable perovskite films and sub-cells’ lateral contact. Here,
firstly, we report constant low temperature substrate to regulate the growth of
perovskite intermediate films to slow down the crystallization for obtaining
high-quality homogeneous perovskite films in large scale size, which avoid the
effect of the ambient temperature on the film quality. Secondly, a scribing step
named P1.5 was added before the top function layers deposition, the diffusion
barrier layer can be formed “naturally” at the interconnection interface with-
out introducing any additional materials, which well alleviates the diffusion
degradation process. As a result, our inverted perovskite devices exhibit a very
small efficiency loss with area expansion comparable to other photovoltaic
devices (for example, Cadmium Telluride), the perovskite module (aperture
area 14.61 cm?) shows a certified quasi-steady-state power conversion effi-
ciency of 22.73%, and the module maintaining over 90% of its initial efficiency

after 1000 hours of continuous operation under illumination.

After 15 years of fast development, the efficiency of the small size of
perovskite solar cells (PSCs) was already over than 26%', for exploring
the potential application of PSCs, developing efficient large-area
devices is emergent.

Significant progress has been achieved for the perovskite solar
cell modules, while it is still falling behind the small-size device effi-
ciencies, which mainly could be due to the imperfect quality and uni-
formity of the perovskite layer in large-scale areas. To address this
issue, different strategies for controlling the crystallization process,
especially by using the high boiling temperature additive or the
solvent, could coordinate with the lead halide>™. For example, Yang
et al’ used the additive diphenyl sulfoxide (DPSO) to enhance the
nucleation barrier and stabilize the wet precursor film, and delivered
a certified steady-state efficiency of 16.63% with an active area of
20.77 cm? Yoo et al.® ensured the balance between fast nucleation
and slow crystal growth in the precursor solution by adding n-
cyclohexyl-2-pyrrolidone (CHP) solvent and 17.53% mini-module

certified steady-state efficiency (aperture area 30.98cm? was
achieved; Bu et al. **°. utilized the N-methylpyrrolidone (NMP) solvent
to coordinate with lead iodide to form a stable adduct and further
added MACI additives to regulate the formation of the intermediate
phases, achieving a laboratory reverse efficiency of 20.5% (aperture
area 22.4 cm?). Recently, by embedding lead chelation molecules at the
perovskite/hole transport interface to reduce the amorphous region at
the buried interface, a 21.1% certified steady-state efficiency of the
module (aperture area 26.9 cm?) has been demonstrated”. Despite
this, there is still a lot of room for power conversion efficiency (PCE)
improvement of perovskite modules, and the efficiency loss with area
amplification is still greater than that of other types of photovoltaic
devices’.

Another critical issue is module stability, to construct high PCE
perovskite modules, three-step scribing (P1, P2, and P3) is usually
needed to connect multiple sub-cells in series, but this traditional
scribing design results in lateral direct contact between the perovskite
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and the metal electrode (near P2)*”, resulting interdiffusion and
instability">™°. To avoid this issue, before metal electrode deposition, a
diffusion barrier layer (DBL) has been introduced by additional coat-
ings such as two-dimensional nanostructured graphitic carbon
nitride'”, atomic layer deposited tin oxide®® or in situ reaction-
generated lead oxide”, which improved the stability of the modules.
From the perspective of simplifying the manufacturing process of
renewable energy technologies and improving module stability,
developing simple solutions to construct effective DBLs is important
to lower the barriers toward commercialization.

Herein, firstly, we show a simple low-temperature substrate
growth (LTSG) solution to deposit high-quality homogeneous crystal-
linity large-area perovskite, and more importantly, the process is inert
with the ambient temperature (environment temperature during spin-
coating/vacuum chamber/annealing) variation. As a result, the absolute
value of PCE decreases by only about 0.75% for each order of magni-
tude increase in the device area of our inverted structural devices.
Secondly, we designed a simple one-step P1.5 scribing and “naturally”
introduced an effective DBL without additional deposition. According

a Precursor wet film Ink supply

: |

Substrate o-o Slot-die
head
~ or [
<__ -
Spin-coating Slot-die coating

(e.g. 3s)
b
C
d
e

Fig. 1| Films fabrication and morphology characterizations. a Schematic dia-
gram of the fabrication process of perovskite films using low-temperature sub-
strate growth (LTSG). e.g., exempli gratia. Optical photos (b) and (d) and SEM

Low temperature substrate growth
(LTSG)

to these two strategies, a certified quasi-steady-state PCE of 22.73% was
obtained for the inverted structure PSCs mini-module (aperture area
14.61cm?). In addition, after 1000 h of operation at the maximum
power point (MPP), the module can retain over 90% of its initial PCE.

Results

Homogeneous perovskite films deposition for large area

We chose FAg.93MA(.02CS0.05Pbl2.04Bro 06 as absorbing layer® 2% The
schematic diagram of the fabrication process of our perovskite films is
shown in Fig. 1a, and the detailed experimental process is included in
the experimental section. Firstly, we obtained a flat precursor wet film
by spin coating or slot-die coating. Note that the spin coating here is
set up as a short-time (e.g., 3 s) process, and the same as the slot-die
coating with a precursor wet film with almost no solvent volatilization,
aiming to approximate the reality of future industrial coatings. We
then use the vacuum extraction method” > to remove the solvent and
obtain the intermediate film. Generally, perovskite nucleation growth
can affect the quality of the intermediate film, which in turn affects the
quality of the annealed perovskite film*>*5%1>?° Here, to slow down the

Intermediate film
l Vacuum pumping Perovskite film
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images (c) and (e) of the intermediate films and perovskite films corresponding to
different LTSG temperatures.
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Fig. 2 | Characterization of perovskite films fabricated by LTSG. XRD (a) and (b)
and TRPL (c) and (d) results of perovskite films obtained at different LTSG tem-
peratures (10 to 30 °C). The peaks corresponding to the black inverted triangle are

2 Theta (degree)

from the FTO substrate. € XRD of perovskite films fabricated at 26 °C and 35 °C
ambient temperature, while the LTSG temperatures were both 18 °C. a.u., arbitrary
units. f The optical photo of the 5 cm x 5cm large area perovskite film.

growth of the intermediate film for obtaining homogeneous film in
large scale size, we regulate its growth using low temperature sub-
strate growth (LTSG, Fig. 1a) process by simply lowering the substrate
temperature.

We found that the color of the intermediate film gradually became
darker as the LTSG temperature increased from 10 to 30 °C (ambient
temperature about 26 °C) (Fig. 1b), and the optical absorption intensity
became stronger (Supplementary Fig. 1), indicating there is a phase
transition under higher LTSG temperature. It is easy to understand that
the higher temperature not only enhances the solvent extraction but,
more importantly, provides energy for the nucleation and growth of
perovskite.

We checked the morphologies of the intermediate films before
annealing, we found that the films were dense when the LTSG tem-
peratures were below 18 °C, while large pinholes were formed over
18 °C (Fig. 1c). These could be explained that the intermediate films
growth is partially frozen at low temperature, while higher tempera-
ture could result in unwanted faster nucleation and growth.

We also checked the morphologies of the perovskites obtained
after annealing the above intermediate films. From the microscopy
images (Fig. 1d), it can be found that as the LTSG temperature
decreases, the film surface becomes darker and brighter, under higher
LTSG temperature, the perovskite film become gray. Consistent with
the intermediate film states, we found that the perovskite films showed
dense and high crystallinity while processed at LTSG temperatures not
exceeding 18 °C, while at higher temperatures, even though the crystal
size is larger, the films exhibit more pinholes (Fig. le). The cross-
sectional SEM results confirmed that the LTSG strategies can deliver
uniform, non-porous and large crystal size at moderate LTSG tem-
perature (Supplementary Fig. 2).

We have also carried out the X-ray diffraction to check the crys-
tallinity of the perovskite films, it can be found that the perovskite films
we obtained are all black phases (Fig. 2a). It is very interesting that the
(110)/(310) peak intensity ratio for the perovskite film processed at
LTSG-18 ° C is the highest (Fig. 2b), indicating that preferred orienta-
tion processed at LTSG-18 °C. It is reported that the preferred

orientation of the diffraction peak near 14 ° is beneficial to increasing
carrier mobility and reducing defect density”>. Photoluminescence
(PL) results (Supplementary Fig. 3) show that the perovskite film fab-
ricated with an LTSG-18 °C has the strongest PL peak, indicating that
the film has the lowest defect state density. In addition, it was also
found that as the LTSG temperature increased to 30 °C, the PL peak
position red-shifted from 797 nm to 809 nm, which was speculated to
be related to defects. The time-resolved photoluminescence (TRPL)
results (Fig. 2c, d) show that the perovskite film fabricated at an LTSG-
18 ° C has the longest carrier lifetime (846 ns), which decreases to 636
and 229 ns as the LTSG temperature decreases to 10 °C and increases
to 30 °C, respectively. This further indicates the improvement of the
crystal quality of the perovskite film while the nucleation growth of the
intermediate film is delayed at moderate LTSG temperature.

We also investigated whether the LTSG is affected by ambient
temperature. When we prepared the intermediate films at different
ambient temperatures, such as under the ambient temperature of
26 °C or a higher temperature of 35 °C, we found almost no difference
in the XRD diffraction peaks (Fig. 2e), SEM morphologies (Supple-
mentary Fig. 4), and device performance (Supplementary Fig. 5, see
below for device structures), indicating that the LTSG is insensitive to
the surrounding environment.

Based on the LTSG technique, we fabricated large-area perovskite
films on a 5cmx5cm FTO substrate, it can be clearly seen that the
perovskite film is pretty uniform and mirror-like (Fig. 2f). In order to
check the uniformity of the obtained perovskite film, we divided the
substrate into 9 parts, and the tested steady-state PL, TRPL, absorp-
tion, and XRD patterns were almost overlapping or similar in these 9
regions (Supplementary Fig. 6). SEM morphology in different areas
and at different scales also show uniform and similar morphologies
(Supplementary Fig. 7). These results confirmed that the large-area
perovskite film formed by this LTSG is homogeneous.

After obtaining a high-quality perovskite layer, we first con-
structed small size (0.102 cm?) device with the structure of FTO/NiO/
Me-4PACz/perovskite/PEACI/PCBM/SnO,/Cu (Supplementary Fig. 8).
The device based on the perovskite film fabricated under LTSG-18 °C
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Fig. 3 | Construction of diffusion barrier layers (DBLs) by P1.5, and modules

performance. a Schematic diagram of the structure of a module with a DBL built at
the interconnection interface by P1.5. UIPL is the upper interface passivation layer.
b Image of a module. ¢ Forward and reverse scan /-V curves of modules with and
without P1.5 (DBL). d Comparison of the device PCE from small size to large size.

The dotted line represents a 0.8% decrease in the absolute value of PCE for each
order of magnitude increase in area. e Certified quasi-steady-state /-V measure-
ment conducted at Newport, including the performance parameters. The certified
aperture area of this module is 14.61 cm?.

condition showing the best device efficiency, we obtained 24.93%
under reverse scans with the open circuit voltage of 1.187V, short
circuit current density of 25.39 mA/cm? and fill factor of 82.75% (Sup-
plementary Fig. 9).

P1.5 “naturally” builds DBL and module performance

In the traditional perovskite module fabrication process, P2 cutting
should be carried out after depositing all the functional layers, and
then the metal electrode was deposited to connect each sub-cell in
series*'>*°, This process leads to an unavoidable halide-metal electrode
contact interface where diffusion reactions occur, which limits the
stability of the module” ™, We add an additional cutting process after
perovskite layer growth, named P15 (Fig. 3a and Supplementary
Figs. 10, 11, 12). After P15, function layers of PEACI and PCBM/SnO,
were deposited, and then P2 was carried out, since the width of P15 is
slightly wider than that of the P2, the top function layer will still remain
and the diffusion barrier layer “naturally” formed (Supplementary
Fig. 13). Compared with the reported halide-metal electrode interface
modification solutions with the introduction of additional
materials”’™"?, the advantages proposed in this study is that one addi-
tional step of simple scribing process is required, and P1.5 has no
negative effect on the efficiency, which will be shown later.

Based on the above-mentioned LTSG and P1.5 strategies, we fab-
ricated a perovskite solar module (aperture area 14.625 cm?) with 6
sub-cells on a 5cmx5cm substrate (Fig. 3b). Typically, the laser
scribing process is performed in ambient air. We found that the devi-
ces with and without P1.5 show similar efficiency and low hysteresis
(Fig. 3¢ and Supplementary Table 1), indicating there is no significant
degradation even though pattering the perovskite layer with high
energy lasering. The performance statistics of the 22 perovskite
modules we fabricated are shown in Supplementary Fig. 14, inferring
that the device showed good reproducibility, with an average PCE of
22.79% for these modules, the best PCE is 23.2%. Considering the
geometry fill factor (GFF) of 94.7% (Supplementary Fig. 15), the active

area PCE of our best module is 24.5%, which is close to the performance
of our small-size devices.

It is reported that the absolute value of PCE of different types of
photovoltaic devices (such as silicon and CdTe) decreases by about
0.8% with every order of magnitude increase in device area. We cal-
culate that the absolute value of PCE of our device decreases by 0.75%
for every order of magnitude increase in aperture area (The aperture
area increases from 0.0737 to 14.625 cm?, the efficiency loss is 1.73%),
which is comparable to the efficiency loss of other types of photo-
voltaic cells, and is better than other reported perovskite cell module
works (Fig. 3d and Supplementary Table 2)**7810111931-3¢ By comparing
the performance parameters of our champion PCE small-area and
large-area devices (Supplementary Table 3), we noticed that the main
loss comes from the loss of short circuit current density. Therefore,
increasing the geometric fill factor in the future is an important way to
further reduce efficiency losses. We sent the best module to an
accredited laboratory (Newport, USA) for certification. This module
provided a certified quasi-steady-state PCE of 22.73% (Fig. 3e and
Supplementary Fig. 16), which is the highest certified steady-state PCEs
of perovskite solar modules with aperture areas >10 cm? among all
reported works (Supplementary Fig. 17 and Supplementary
Table 4)6,7,11,19,3]*33,35,36.

We also tested the LTSG and PL.5 strategies when do slot-die
coated perovskite films with the same device structure, a PCE of
22.96% was achieved with an aperture area of 14.625cm? (Supple-
mentary Fig. 18), indicating the universal and general usage of the
strategies for future applications towards commercialization.

P1.5 (DBL) improves module stability

We investigated the stability of unencapsulated modules aging in air
(25 °C temperature and 30-40% humidity). After aging for 328 h
(Fig. 4a and Supplementary Fig. 19), we found that the module without
P1.5 decreased to 60% of the initial PCE, with the FF, /sc, and Vo loss
are 29.6%, 9.9%, and 5.2%, respectively, the module with P15 still
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Fig. 4 | Stability of unencapsulated modules. a Aging stability tracking of modules in ambient air (25 °C, 30-40% humidity). b Optical micrograph of the interconnect
region of the modules after aging for 328 h in ambient air. ¢ Long-term MPP operational stability results of modules under simulated 1-sun illumination in a N, glove box.

maintains 82% of the initial PCE, with FF, /sc, and Vo loss are 12.2%,
4.9%, and 1.9%, respectively. Optical microscopy testing was per-
formed on the interconnect region after aging (Fig. 4b), and it was
found that the module without P15 showed significant corrosion
degradation near P2 and in the active area of the adjacent sub-cell
(P1 side). While for the module with P1.5, no significant degradation
was observed. It is also worth noting that there is no significant
degradation in the vicinity of the P3 side away from P2 in both devices
(Fig. 4b). This suggests that this corrosion degradation is related to the
direct contact between the metal and the perovskite, and not just
caused by water and oxygen in the air. DBL constructed by
P1.5 suppressed the diffusion and avoided the metal-halide reaction.
We have carried out light beam-induced current (LBIC) measurements
for the device with and without P1.5, we found that after air aging, the
P15 device has a more uniform, bright, and clear response image
compared to the non P15 device (Supplementary Fig. 20), further
demonstrating the anti-degradation effect of P1.5 (DBLs).

We further performed accelerated aging tests at 85 ° C (nitrogen
(N,) atmosphere) for unencapsulated perovskite modules. The module
without P1.5 decays to 46.8% of the initial PCE after aging for 442 h,
while the modules with PL5 still maintain 66.7% of the initial PCE
(Supplementary Fig. 21). In order to observe the diffusion behavior
more intuitively, we use an SEM with energy dispersive X-rays for
elemental analysis (Supplementary Fig. 22). After 100 h of thermal
aging, the I-Cu interdiffusion in the perovskite/Cu sample occurred at
the direct perovskite/electrode contact and extended to the entire
perovskite/metal layer. While the halide-metal interdiffusion is largely
hindered by the DBLs.

Benefiting from the well-inhibited diffusion degradation process,
it is very encouraging that the maximum power point tracking (MPPT)
stability of our module is greatly improved (Fig. 4c). The module with
P1.5 maintains over 90% of its initial PCE after 1050 h of continuous

operation under simulated one solar illumination (N,, about 40 °C)
with the initial efficiency of 22.4% (when tested under room tem-
perature), while module without P1.5 only maintains below 80% of its
initial PCE after 610 h of operation (Fig. 4c). We noticed that the loss of
PCE of P1.5 module after MPPT mainly comes from the decrease of
open circuit voltage (Supplementary Fig. 23), which could be due to
the passivation layer degraded.

In summary, we have developed a low temperature substrate
method to regulate the growth of perovskite intermediate films for
obtaining high-quality homogeneous perovskite films, this simple
strategy addressed the difficulty in controlling ambient temperature.
For enhancing the mini-module device stability, a P1.5 method has
been invented for forming a “natural” buffer layer to suppress the
diffusion degradation process. As a result, the perovskite module
(aperture area 14.61 cm?) shows a certified quasi-steady-state power
conversion efficiency of 22.73%, which is the highest efficiency up to
now for similar sizes of devices. The module maintains good stability
under continuous operation under illumination. The approaches
found in this study will push forward the perovskite large-size device
for practical applications.

Methods

Materials

NiO, nanoparticle powders (particle size around 10 nm), lead iodide
(Pbly), formamidinium iodide (FAI), methylammonium chloride
(MACI), phenethylammonium chlorine (PEACI), cesium iodide (Csl),
lead bromide (PbBr,), methylammonium bromide (MABr), PCBM were
purchased from Advanced Election Technology Company in China.
N-methylpyrrolidone (NMP), dimethylformamide (DMF), chlor-
obenzene (CB), and isopropanol (IPA) were purchased from Sigma
Aldrich. All the chemicals are used directly without further
purification.

Nature Communications | (2024)15:6679
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Perovskite film fabrication

The FA0.93MA0‘02CSO.05Pblzhg4Br0‘06 (].5% MACI and 5% excess Pblz)
precursor in DMF:NMP (6:1 volume ratio) was deposited on the FTO/
HTL substrate (small area 1.5cm x 1.5cm, large area 5cmx5cm) by
spin coating or slot-die printing. The 1.6 M precursor solution was
deposited on the FTO/HTL substrate at 4000 rpm for a short time of
3 s under a spin-coating process. Under the slot-die printing process,
the precursor solution concentration is 1.3 M, the distance between the
FTO/HTL substrate and the slot-die lip is 0.25 mm, the printing speed is
5mm/s, and the liquid supply rate is 0.1 ml/min. Then all the obtained
perovskite precursor wet film was moved to a vacuum chamber and
pumped at about 20 Pa for 60 s. In a vacuum process, the growth of the
intermediate films is regulated under a low substrate temperature (e.g.,
18°C). It is then annealed at 110°C for 15min to obtain a
perovskite film.

Perovskite solar cell fabrication

Glass/FTO substrate was ultrasonically cleaned sequentially with
detergent, deionized water, acetone, and IPA. The substrate was
cleaned with UV-ozone for 10 min before use. A 15 mg/ml NiO, aqu-
eous solution with added H,0, (40 mol% of NiO,) was spin-coated on
the substrate at 1500 rpm for 30 s and annealed at 150 °C in ambient air
for 10 min. Spin-coat 0.5 mg/ml Me-4PACz IPA solution on NiO, at
4000 rpm for 30's and anneal at 100 ° C for 10 min. Perovskite films
were deposited on the substrate as detailed above. 1 mg/ml PEACI IPA
solution was deposited on the perovskite at 4000 rpm for 30's and
annealed at 100 °C for 10 min, and then 20 mg/ml PCBM CB solution
was spin-coated at 2000 rpm for 30 s. The substrate was then trans-
ferred to the atomic layer deposition (ALD) system for SnO, layer
deposition, the deposition parameter can be found in elsewhere®.
Finally, Cu film as an electrode was deposited by thermal evaporation.

Large area mini-module fabrication

Compared with the fabrication of each functional layer of a small-area
solar cell, except for the corresponding increase in the amount of
solution, other parameters remain unchanged. A perovskite module
with 6 series sub-cells was fabricated on a glass/FTO substrate with a
size of 5 cm x 5 cm. The series interconnection of modules was realized
through P1, P15, P2, and P3 lines (Fig. 3a and Supplementary Fig. 10).
The role of P1.5 is to create a horizontal diffusion barrier layer (DBL) in
a simple, efficient, and natural way. Pattern the lines using a laser
scribing system with a wavelength of 532 nm, a frequency of 100 KHz, a
power of 7.2 W, and a pulse width of 16.3 ns. P1, P1.5, P2, and P3 are
scribed before cleaning the FTO substrate, after perovskite deposition,
and before and after evaporation electrodes. The widths of P1, P1.5, P2,
P3, and dead area are 50, 141, 73, 68 and 395 um, respectively. The
geometric fill factor (GFF) is 94.7%.

Characterizations

The XRD patterns of the films were obtained on a D8 ADVANCE system
(Bruker Nano Inc.) using Cu Ka radiation (1=1.5405A) as the X-ray
source. The ultraviolet-visible absorption spectra were acquired using
a Cary 5000 spectrometer. Steady-state PL and time-resolved PL
(TRPL) spectra were measured by an FLSI000 spectrometer. The
scanning electron microscopy (SEM) images were acquired using a
field-emission scanning electron microscopy (FEI NanoSEM650),
which uses an electron beam accelerated at 0.5 to 30kV, enabling
operation at a variety of currents. The /J-V characteristics of the devices
were obtained using a Keithley 2400 Source Meter under simulated
one-sun AM 1.5G illumination (100 mW/cm?) with a solar simulator
(Enlitech, SS-F5-3A), and the light intensity was calibrated by means of
a KG-5 Si diode. The aperture areas of metal masks for small-area and
large-area devices are 0.0737 and 14.625 cm?, respectively. The devices
were measured both in reverse scan (1.2Vto 0V, step 0.02Vor7.2Vto
0V, step 0.02V) and forward scan (OV to 1.2V, step 0.02V or OV to

7.2V, step 0.02V). The EQE was measured using an Enlitech EQE
measurement system (QE-R3018). We sent the best module to an
accredited laboratory (Newport, USA) for certification. The MPP
operation stability test of the module under continuous white LED
illumination was carried out in a nitrogen glove box. Module thermal
stability aging experiments were performed on a hot plate at 85°Cina
nitrogen glove box. Module ambient air aging experiments were per-
formed in ambient air at 25 °C and 30-40% humidity.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data generated or analyzed during this study are included in the
published article and its Supplementary Information. Additional data
are available from the corresponding author upon request.
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