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We report on a perovskite solar module with an aperture area of 4 cm? and
geometrical fill factor of 91%. The module exhibits an aperture area power
conversion efficiency (PCE) of 13.6% from a current—voltage scan and 12.6%
after 5 min of maximum power point tracking. High PCE originates in pinhole-
free perovskite films made with a precursor combination of
Pb(CH;CO,),-3H,0, PbCl,, and CH;NH;I.

Broader context

Recently, significant progress has been made in organometallic halide perovskite solar cell

research, boosting the record certified power conversion efficiency (PCE) up to 20.1%.
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However, most high PCEs of perovskite solar cells are recorded on small areas, typically

around 0.1 cm?. Therefore, it is of great importance to demonstrate high efficiency large area
perovskite solar modules. One of the key challenges for up-scaling perovskite solar cells is to
fabricate pinhole-free, uniform perovskite films on large areas, using scalable deposition
techniques. In this work, we developed a new precursor system of Pb(CH;CO,),-3H,0, PbCl,,
and CH5NH;I to address this. We obtained pinhole-free, highly crystallized perovskite films

using a one-step spin-coating method followed by 10 min thermal annealing. The high quality

of the perovskite film enables us to demonstrate a 4 cm? aperture area perovskite module
(geometrical fill factor 91%) with a PCE of 13.6%, which is the highest value reported so far.
Our approach is compatible with up-scalable deposition techniques, and thus paves the way for

large-scale fabrication of highly efficient perovskite modules.

Perovskite solar cells have been intensively investigated in recent years, resulting in a significant
technological and scientific progress. So far, the highest certified power conversion efficiency (PCE)

of perovskite thin-film solar cells surpassed 20%, approaching the record PCEs of commercialized
thin-film technologies based on CIGS or CdTe.12 However, most high PCEs of perovskite solar cells

are recorded on small areas, typically around 0.1 cm?. The PCEs of large area perovskite solar cells,

especially modules, still lag behind those of small area devices.®4

One of the key challenges for up-scaling perovskite solar cells is the fabrication of pinhole-free,
uniform perovskite films on large areas with high reproducibility: using scalable deposition
techniques such as blade-coating and other roll-to-roll applicable processes. In the early stage of
perovskite solar cell development, non-uniformity of the solution processed perovskite films often

resulted in small area devices with a large deviation of PCEs, making histograms necessary for a

thorough reporting.>=2 As a consequence, considerable research on the development of new

fabrication approaches of perovskite films is being conducted to gain control of the morphology and

crystallization.222-% For example, the PCE and reproducibility of small area devices have been

remarkably boosted by widespread use of two methods: the two-step spin-coating method with anti-
solvent washing, and the Pbl, seeded two-step method.!214 However, the up-scaling of these two

processes in linear coating techniques remains questionable, since both methods increase the
complexity of processing. Therefore, one-step fabricated pinhole-free perovskite films with high
crystallinity still remain desirable for up-scaling perovskite solar cells.

Despite the challenges mentioned above, perovskite solar modules have been presented with
active area PCEs up to 13%, which is an important step towards the commercialization of perovskite

solar cells.l>2* However, there is a lack of data on the tracking of the maximum power output for

perovskite solar modules, which has proven to be essential, considering the hysteresis of perovskite

solar cells.2 Moreover, there are still limited reports of perovskite solar modules with high aperture

area PCEs due to the reported low geometrical fill factors (the ratio of the active area to the aperture
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area). In this paper, we focus on the development of photoactive layers for modules with a high
aperture PCE. We demonstrate the fabrication of pinhole-free perovskite films with high
crystallinity, resulting in an aperture PCE of 13.6% in a planar junction perovskite solar module with

an area of 4 cm?. The module shows a geometrical fill factor of 91%, from which an active area
PCE of 14.9% can be calculated. Moreover, it also shows an aperture PCE of 12.6% (active area
PCE of 13.8%) after operation at maximum power point (MPP) for 5 min.

The module is composed of 4 serial-connected sub-cells of 1 cm? aperture area each (Fig. 1a).
The sub-cells are combined by a standard serial interconnection geometry with three patterning steps
(Fig. 1b), which leads to a photovoltaic dead spacing of around 0.43 mm between adjacent active
areas of 4.57 mm width (Fig. S1, ESIt). This ensures a geometrical fill factor of 91%, combined
with a minimized power loss induced by the sheet resistance of the transparent contacts. The stack
layout of the devices is illustrated in a scanning electron microscope (SEM) cross section image
(Fig. 1c). Starting from an ITO coated glass substrate, TiO, was deposited at low temperature by

reactive electron beam evaporation to form the electron transport layer, without further treatments.2

The active layer, a homogeneous CH3NH3Pbl;_,Cl, film, was fabricated using a one-step spin-

coating process followed by a 10 min annealing step at 130 °C. A short annealing time is preferable

for large-scale fabrication of perovskite solar cells.22 To complete the devices, doped 2,2',7,7'-

tetrakis(V,N-di-p-methoxyphenylamine)9,9’-spirobifluorene (Spiro-MeOTAD) and Au were used as

the hole transport layer and the top electrode, respectively.
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Fig. 1 (a) Photograph of the backside of the
perovskite module consisting of 4 sub-cells with

a total aperture area of 4 cm?. (b) Scheme of the
interconnection of the sub-cells in the perovskite
thin-film solar module with the patterning of the
ITO bottom contact (P1), the series connection of
adjacent cells (P2) and the Au top contact
patterning (P3). ETL: electron transport layer;
PAL: perovskite active layer; HTL: hole
transport layer. (¢) Cross-section SEM image
showing the actual layer structure of a device.
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In order to fabricate efficient modules, compact and pinhole-free perovskite layers with high
crystallinity are of utmost importance. To achieve this, we developed a new precursor combination
including Pb(CH;CO,),-3H,0, PbCl, and CH3;NH;I for a one-step process, in which the mole ratio

of Pb and CH3NH;I is kept constant to 1 : 3. The mixture of Pb(CH;CO,),-3H,0 and PbCl, in our
method combines the advantages of both lead sources, namely, fast crystallization and better

perovskite film morphology. On one hand, Pb(CH;CO,),-3H,0 as a lead source for perovskite film

formation ensures smooth perovskite layers in a short annealing time,® even though the fast
crystallization process leads to perovskite crystals with a small grain size. On the other hand, the
incorporation of chlorine using PbCl, or CH3;NH;Cl in the Pbl, and CH;NH;1 precursor system has
been studied by different groups, indicating that the presence of chlorine can enhance the perovskite

crystal formation and hence influence the morphology and properties of the perovskite film.2=2

Particularly, carrier diffusion lengths exceeding 1 um have been reported for CH;NH;Pbl;_,Cl,
films.22 However, the previous one-step fabrication of CH;NH;Pbl;_Cl, using PbCl, needs long
annealing time, and often results in films with pinholes, which is disadvantageous for module

fabrication.2
In the new precursor system presented in this work, we achieved highly crystallized, pinhole-free
perovskite films with PbCl, molar fraction of around 20-30% in the lead source. Fig. 2 shows the

top-view SEM images of the perovskite films made with 4 representative PbCl, molar fractions,
while SEM images for more PbCl, fractions can be found in Fig. S2 (ESIf). From the SEM images,
we found that the PbCl, fraction in the lead source has crucial impact on the crystal grain size and

pinhole area of the perovskite film. The average grain size of the perovskite crystals increases with

the PbCl, fraction in the mixture (Fig. 2e, black curve). For the PbCl,-free precursor solution, the
perovskite grain size is in the range of 100—300 nm with an average size of 222 nm (Fig. 2a), which
is similar to the sizes reported in the literature.2 However, with the PbCl, fraction being 20% in the

lead source, the grain size significantly increases (Fig. 2b). Even larger grain sizes of several

micrometers can be obtained with increasing PbCl, fraction (Fig. 2c¢ and d). The larger grains result
in less grain boundaries, which has been shown to increase the performance of perovskite solar

cells.**=¢ Moreover, the larger grain size also indicates improved crystallization of the perovskite
film, which is confirmed by the XRD pattern (Fig. 3a). The measured films show the same
perovskite structure, fingerprinted by the XRD peaks located at 14.1°, 28.4°, and 43.2°. Those peaks
can be assigned to the (110), (220) and (330) facets of CH;NH;Pbl;_ Cl,, respectively. The intensity

of the XRD peaks related to the perovskite structure increases together with the PbCl, fraction,

consistent with the SEM results.
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Fig. 2 Top-view SEM images of perovskite films
made with representative PbCl, molar fractions
in the mixed lead source: (a) 0%; (b) 20%; (c)
40%; and (d) 60%. (e) The crystal grain size and
pinhole area in the perovskite films as a function
of PbCl, fraction: calculated from the SEM

images shown in Fig. S1 (ESIT). The shadowed

area indicates the PbCl, fraction region for

pinhole-free perovskite films. The average grain
size is calculated using an intercept method
based on the ASTM E112 standard.
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Fig. 3 XRD pattern of the perovskite films made

with different PbCl, molar fractions in the mixed

lead sources: (a) full scan from 10° to 50°; (b)
zoomed-in pattern of the XRD curves shown in
(a) at the diffraction angle between 12.4° and
12.9°. The XRD peak at 12.67° can be assigned

to PbIz .Q

The PbCl, fraction in the mixed lead source also influences the pinhole area in the perovskite
film (Fig. 2e, red curve). The pinhole area first decreases with an increase in PbCl, fraction, and
pinhole free films are obtained at the PbCl, fraction between 20% and 30%. However, the
incorporation of a high PbCl, fraction in the mixed lead source results in the appearance of large

pinholes and cracks in the perovskite films (Fig. 2¢ and d). This is probably caused by the
mechanical stress induced due to the large and fast crystal growth in the perovskite film during

annealing. Therefore, although a high PbCl, fraction of 40% or 60% can lead to large crystals, these

cracks and pinholes will reduce the shunt resistance of perovskite solar modules and are detrimental
for module fabrication. Moreover, the zoomed-in XRD pattern (Fig. 3b) indicates diffraction peaks
assigned to Pbl, for the samples fabricated with PbCl, fractions of 40% and 60%. Previous research

has shown that CH;NH;Pbl;_,Cl, made from PbCl, tended to degrade into Pbl, under high
temperature thermal annealing.2’ The results in Fig. 3b imply that the perovskite films made from
relatively low PbCl, fractions are thermally more stable when annealed at 130 °C. Therefore, we

conclude from the above SEM and XRD characterizations that the new precursor system with a

PbCl, molar fraction of around 20-30% as part of the lead source is likely to be the most promising

precursor composition to fabricate high-quality perovskite films suitable for module fabrication.
The advantages of the optimized new precursor combination to synthesize CH;NH;Pbl;_ Cl,

films are screened first in small area devices. Fig. 4a compares the photovoltaic parameters of the

devices using perovskite films made from the representative PbCl, fractions of 0%, 20%, 40%, and

60%. The evolution of the device performance is consistent with the trends observed from SEM and
XRD data. Compared to the devices made from pure Pb(CH;CO,),-3H,O0 as the lead source, all the
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photovoltaic parameters increase for devices using the mixed lead source with the PbCl, fraction of
20%, due to the improved morphology and crystallinity. However, with the PbCl, fraction increased

to 40% and 60%, the device performance continues to decrease, due to the cracks and pinholes in

the perovskite films.
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Fig. 4 (a) The average photovoltaic parameters

of small area devices made with different PbCl,

fractions in the lead source: data calculated from
12 devices on the same substrate for each
composition. (b) The J—V curves scanned in
different voltage sweep directions on a typical
device using the mixed lead source with PbCl,

fraction of 20%: the scan directions are indicated
by the arrows; the inset is the corresponding
EQE curve. (c) A PCE histogram of 108 devices
using the mixed lead source with PbCl, fraction

of 20%, showing an average performance of
16.0% + 0.4%. (d) The evolutions of the PCE
values over time, measured by an MPP tracker:
the initial data of the devices are given in Table
S1 (ESIt).
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Fig. 4b shows the J-V curves scanned from different directions and the corresponding external

quantum efficiency (EQE) of a typical device using the mixed lead source with a PbCl, fraction of

20%. When scanned from forward biased to reverse biased, it shows a short-circuit current density

(Jio) 0of 21.8 mA cm™2, open-circuit voltage (V) of 0.98 V, fill factor (FF) of 78%, and thus
resulting in a PCE of 16.7%. When scanned from the opposite direction, it gives a J, of 21.8 mA cm

2, V,.0f0.97 V, FF of 75%, and thus a PCE of 16.0%, which is slightly lower. The current density

calculated from the EQE equals to 20.2 mA c¢m 2, resulting in around 7% mismatch as compared to
the value obtained from the J-J scan. By virtue of the high uniformity and reproducibility of the
perovskite film, the small area devices made using the optimized method show an average PCE of
16.0% + 0.3%, calculated from 108 devices (Fig. 4c). This small variation in device performance
indicates the high level of uniformity, which is desired for the processing of perovskite solar
modules.

Due to the hysteresis of perovskite solar cells, we also report the PCE evolution of the devices
during a continuous operation at the maximum power point for 5 min under 1 sun conditions (Fig.
4d). The detailed photovoltaic parameters obtained from the J~V scan can be found in Table S1
(ESIt). The device made with pure Pb(CH3;CO,),-3H,0 as the lead source shows a fast degradation
resulting in an efficiency of 7.4% after 5 min, while the PCE values of the devices using a mixture
of Pb(CH3CO,),-3H,0 and PbCl, are rather constant during the recorded time frame. Here, the

device with the optimized PbCl, fraction of 20% shows the highest PCE of 16.1% after 5 min of

continuous illumination. Considering that the same device structure, electron transport layer, and
hole transport layers are used for all the devices, we relate the behavior under maximum power point

tracking to the crystal grain size of the perovskite films. This assumption is supported by a recent
report on the inverse relationship between perovskite crystal sizes and hysteresis.2%3 We also note
that the presence of CI™ may have a beneficial impact on reducing non-radiative recombination sites

in the perovskite films,® which are likely to also contribute to the hysteresis in the J-V curves.
From all the results shown above, we can confirm that pinhole-free and uniform perovskite films

with good electrical properties are achieved, and therefore we fabricated perovskite modules using

the optimal precursor combination. Fig. 5a shows the equivalent J~J curve for a perovskite solar

module, using the 1 cm? aperture area of a sub-cell for the derivation of the current density and the

number of sub-cells for the voltage determination. When scanned from the forward bias to reverse
biased, the module exhibits a J,, of 19.9 mA cm™2, V., of 0.91 V, FF of 75%, and thus PCE of
13.6%. When scanned from the opposite direction, the J. and V. remain the same, but the FF
decreases to 69%, resulting in a lower PCE of 12.5%. Compared to a typical 0.13 cm? small area
device, the module shows a 9% lower J. and a 7% reduced V.. The loss in J is mainly related to

the active area lost due to the sub-cell interconnections, which is around 9% of the aperture area.

The reduced V. can be the result of imperfections in the interconnections and small shunts.
Considering the hysteresis, we show the evolution of the PCE and the change of MPP over 5 min of
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continuous illumination (Fig. 5b). The module shows a nearly constant PCE within the measurement
time, giving a PCE of 12.6% after 5 min. While only a small change is observed in the module
efficiency during the MPP tracking, the voltage of the MPP is dropped from 2.8 V to 2.71 V for the
whole module. On one hand, such a drop in MPP voltage can be related to the overestimated initial
set point obtained from the J—V scan. On the other hand, the light soaking and the temperature of the

module during the long-time measurement also have effects on the module MPP.
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Fig. 5 (a) Comparison of the equivalent J-V
curve of the 4 cm? perovskite solar module with

a typical 0.13 cm? small area device. The arrows
indicate the J—V scan direction. (b) PCE and
MPP voltage of the module as a function of
operation time, measured by a MPP tracker. The
initial set point for MPP is 2.8 V.

In summary, we have presented a 4 cm? aperture area perovskite module with a PCE of 13.6%
from the J—V scan and 12.6% after 5 min of MPP tracking. The module has a geometrical fill factor
0f 91%, giving an active area PCE of 14.9%. The high PCE is based on a highly crystallized
pinhole-free perovskite film, which can be fabricated using a new precursor combination containing
Pb(CH;CO,),-3H,0, PbCl,, and CH;NH;I. Such a composite lead source combines the advantages
of both Pb(CH;CO,),-3H,0 and PbCl,: the former enables a fast crystallization time of within 10
min, while the latter leads to crystal grains of micrometer scale. The optimal PbCl, molar fraction in
the lead source composition is around 20-30%. Our one-step fabrication approach is compatible
with up-scalable deposition techniques, and thus paves the way for large-scale fabrication of highly

efficient perovskite modules.
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