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Although perovskite solar cells have achieved great development in the device performance, the device stability
is still a crucial issue hinder the further development. The ion migration is a main reason for the poor stability of
the perovskite solar cells. Here, we use a cross-linking material, polydimethylsiloxane (PDMS) to dope the

fOII)IMHSﬁ ration perovskite layer to improve the operational stability. We systematically studied the effect of curing agent content
ToF-SII%/IS in PDMS on the device performance and stability. The characterization of perovskite film indicates that PDMS

primarily doped in the perovskite layer and as well as enriched at the surface of perovskite film. Doping of PDMS
promoted the crystallization of perovskite phase, leading to increase of short circuit density (Jsc) and fill factor
(FF) of the solar cells. In addition, PDMS doping improved the operational stability of device due to the sup-
pressing the migration of iodide ions during aging. Moreover, the higher content of curing agents used in PDMS,
the better stability of the devices. This work indicates PDMS doping the perovskite layer with a suitable content

of curing agent can produce a better operational stability of the perovskite solar cells.

1. Introduction

The organic-inorganic halide perovskite materials perform extraor-
dinary photoelectric property, such as long charge diffusion length (Shi
et al., 2015, Dong et al., 2015, Chen et al., 2017a,b, Xing et al., 2013),
appropriate bandgap for optical absorption (Stoumpos et al., 2013, Yang
et al.,, 2018a,b, Ergen et al., 2017), and large extinction coefficient
(Snaith, 2013, Chen et al., 2017a,b). Profiting from these advantages,
the halide perovskite has been widely used in the field of photovoltaics
and other optoelectronic devices. Recent year, the perovskite solar cells
(PSCs) have achieved rapid development and the power conversion ef-
ficiencies (PCEs) have been improved from 3.8% to 25.2% in the past
decade (Kojima et al., 2009, Lee et al., 2012, Wang et al., 2019, Yang
et al., 2018b). Despite the great improvement of performance, the poor
stability of PSCs still inhibits the further commercialization (Rong et al.,
2018, Kang et al., 2020). The poor stability of PSCs is mainly originate
from the degradation of the perovskite crystals in the ambient envi-
ronmental due to oxygen (Bryant et al., 2016, Yang et al., 2019), hu-
midity (Song et al., 2016, Yang et al., 2015), heat (Conings et al., 2015),
UV illumination (Leijtens et al., 2013, Shlenskaya et al., 2018), and
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electric fields leaded decomposition, ion migration, interface reaction,
and etc. Among them, ion migration was a main factor influencing the
poor stability of PSCs (Zhou et al., 2020, Xu et al., 2020, Tan et al.,
2020).

Ion migration is considered to be a reason for the poor chemical
stability of the perovskite materials (Kang et al., 2020, Eames et al.,
2015, Guo et al., 2020). In general, the halide ion in perovskite layer will
migrate to the top electrode, resulting in the destruction of perovskite
crystal structure and metal electrode (Boyd et al., 2018, Calado et al.,
2016, Lee et al., 2019, Li et al., 2017a, Yuan and Huang, 2016, Li et al.,
2017a,b, Rivkin et al., 2018). Hoke et al. (Hoke et al., 2015) reported
that MAPb(Brxl;.x)3 perovskite undergo reversible phase segregation
and form rich of Br” and I' perovskite phases under light exposure, which
indicated light inducing migration of halide species in perovskite films.
Kato et al. (Kato et al., 2015) observed that iodine can escape from the
perovskite through the Spiro-OMeTAD and react with a silver electrode
after aging devices in air or Ny. This phenomenon indicated that halide
or halogen migration caused by light, heat, moisture, oxygen, or electric
field can cause degradation of metal and the perovskite absorber (Boyd
et al., 2019). Therefore, how to suppress ion migration is critical for
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Fig. 1. (a) The device structure of perovskite solar cells. The molecular structure of (b) PDMS has been cured, and (c) curing agent. (d) The schematic diagram of the
film formation process of the doped film without curing agent and with curing agent. (e) J-V characteristics and (f) EQE curves of PVSCs with PVSK doped with

different PDMS ratios.

improving the stability of PSCs. The previous works showed interface
modification and doping of the perovskite layer were effective to solve
this problem. Zhou et al. (Zhou et al., 2020) introduced a new polar
polymer, polycaprolactone (PCL) to passivate the grain boundary (GB)
of MAPbDI; perovskite. The devices showed improved stability, remain-
ing 90% of the initial PCE after 400 h storage in ambient, and remained
80% of the efficiency even after 100 h annealing at 85 °C. This effective
GB passivation strategy by PCL suggested a great potential of polymer
additives toward the stability improvement of PSCs. Li et al. (Li et al.,
2020a,b) employed an ultrathin 2D nanosheet of oxo-functionalized
graphene/dodecylamine (oxo-G/DA) to solve ion migration in cesium
(Cs)-formamidine (FA)-methylammonium (MA) triple-cation-based pe-
rovskites. The ultrathin 2D network structure could fit tightly on the
crystals, wrap and isolate the crystals, and thus reduce the migration of
ions within the built-in electric field of the perovskite film. Boyd et al
(Boyd et al., 2018) inserted an ITO interface layer underneath the sliver
electrode as interface layer by sputtering method to separate the metal
electrode from perovskite layer. Using this method, the migration of I
and Ag ion was effectively suppressed, and demonstrated improved
thermal stability at 85 °C.

Among these various interface passivation and perovskite doping
materials, it is conformed that cross-linked materials are potential to
promote the stability of perovskite since it can prevent the permeation of
oxygen and moisture. For example, Huang et al. (Huang et al., 2019)
introduced a novel glued poly (ethylene-co-vinyl acetate) (EVA) inter-
facial layer between the perovskite layer and PCgBM, which could
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balance charge transfer, inhibit ionic migration, and significantly
improve the water resistance of PSCs. Li et al. (Li et al., 2020a,b)
introduced a novel crosslinked PCBM (CL-PCBM) interlayer at the
perovskite/electron transport layer (ETL) interface. The CL-PCBM
interlayer was prepared by UV cross-linking technique, which
improved the quality of the resultant perovskite film and the charge
transfer capability of the ETL. The PSC devices integrating the CL-PCBM
interlayers exhibited superior humidity and UV stabilities. Kim et al.
(Kim et al., 2019) demonstrated that polydimethylsiloxane (PDMS)
could passivate the adjacent grain boundaries (GBs) of the perovskite
crystals. The device can maintain more than 90% of the initial PCE
(15%) after laboratory storage for 5000 h under 70% relative humidity.
Although these works proved doping PDMS could improve the humidity
stability of device, the effect of PDMS doping on the ion migration is still
not clear. In addition, PDMS usually form cross-linked films through
adding curing agents. Therefore, the content of curing agent would
highly impact the crosslink degree. So, it is necessary to optimize the
content of curing agent in PDMS to further improve the operational
stability of the device.

In this work, we systematically studied the effect of PDMS concen-
tration and curing agent content on the device performance and stability
of PSCs. The result demonstrated doping a suitable concentration of
PDMS solution could improve the stability of PSCs without impacting
the device performance. Furthermore, the content of curing agent in
PDMS influenced the device stability as well. The higher curing agent
content enabled better stability of PSCs. The Time of Flight Second Ion
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Table 1

The device performance with PDMS doped perovskite film as the active layer.
Ratio of PDMS to curing agent Voc (V) Jsc (mA cm™2) FF PCEqye (%) PCEpax (%) Rg (Q cm?) Rgy (Q cm?)
ref 1.07+£0.01 20.06 £0.17 0.71 +£0.01 15.24+0.16 15.40 7.31 1387.06
1:0 1.06 +0.02 20.59 +0.47 0.73+0.01 15.93+0.57 16.50 6.65 1489.18
15:1 1.05+0.01 20.57 +£0.41 0.73 £0.01 15.77 +£0.37 16.14 6.73 1555.49
10:1 1.06 +0.02 20.77 £0.34 0.73+£0.01 16.07 +£0.23 16.30 7.00 1888.60
5:1 1.06 +0.01 20.58 +0.60 0.73+0.01 15.92+0.41 16.33 7.01 1588.53
2:1 1.05+0.02 15.63 +0.78 0.68 +£0.2 11.18 +0.56 11.64 7.94 1503.26
1:1 0.98 £0.04 15.12+0.85 0.59+0.3 8.42+0.38 8.80 8.42 942.08

Mass Spectrometry (ToF-SIMS) result revealed that cross-linked PDMS
could prevent the migration process of iodine ions to top electrode and
suppress the formation of Pbl, during the aging period. The character-
ization of perovskite film illustrated PDMS mainly selectively enriched
on the surface of PVSK film. The steady-state fluorescence spectrum
proved that the introduction of PDMS could promote the charge transfer
efficiency at the PVSK/PCBM interface. This work provides a simple
strategy to inhibit the migration of I ions and improve the device sta-
bility through doping the perovskite layer with a cheap and commonly
used cross-link agent PDMS.

2. Experiment sections

PEDOT: PSS (Al 4083) was purchased from Heraeus Ltd. Lead chlo-
ride (PbCly, 99%), Lead iodide (Pbly, 99%), Methylammonium Iodide
(MAL 99.5%) were purchased from Xi’an Polymer Light Technology
Corp. (6,6)-phenyl-Cg;-butyric acid methyl ester (PCg;BM) was bought
from Sigma-Aldrich. PDMS was purchase from Dow Corning Sylgard
184. PDMS and the curing agent were mixed together with different
volume ratios, then chlorobenzene (CB) was added and stirred to form
the diluted solution.

The detailed fabrications process was described as follow: PEDOT:
PSS (4083) hole transport layer was spin-coated on top of glass/ITO
substrate at 3500 rpm for 45 s. Then, the film was annealed at 130 °C for
10min and transferred into the No-filled glove box to deposit the
perovskite film and PCg1BM layers. Before that, the perovskite precursor
solution was prepared by dissolving 103.3 mg of methylamine iodide
(MAI), 310.10 mg of lead iodide (Pbly) and 9.72mg of lead chloride
(PbCly) in the mixture of C4HgO5 (GBL) CoHgOS (DMSO) (7:3 v/v) at

(b)
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50-60 °C and stirred for at least 2 h. The perovskite films were deposited
by a consecutive two-step spin-coating process at 1000 rpm for 10 s, and
at 4000 rpm for 30 s. During the second-step spin-coating at 17 s, 400 pL
antisolvent anhydrous chlorobenzene was dropped onto the center of
the film. The PDMS doped PVSK films were fabricated with the same
route as the pristine film by using the CB solution containing PDMS as
the antisolvent. After that the perovskite layer was annealed at 100 °C
for 10 min. After cooling to room temperature, the PCs;BM solution
(20 mg/mL in chlorobenzene) was spin-coated onto the perovskite film
at 1000 rpm for 45s. Finally, 100 nm-thick Al was deposited on the
PCg1BM film through a shadow mask under a vacuum of 107 torr.

The absorption spectra were measured by the Lamada 750
UV-vis-NIR Spectro-photometer (PerkinElmer). The micrograph was
investigated by Scanning Electron Microscope (SEM, S-4800). Steady-
state and transient-state photoluminescence were tested using the
fluorescence spectrometer (JY Fluorolog-3-Tou). The Time-of-Flight
Secondary Ion Mass Spectrometry (ToF-SIMS) was recorded by TOF-
SIMS 5-100. The J-V characteristics of devices were measured in
glove box using a Keithley model 2400 source measurement unit. The
EQE was measured using a home-made IPCE system consisting of a
150 W tungsten halogen lamp (Osram 64642), a monochromator (Zolix,
Omni-1300), an optical chopper, and an I-V converter (QE-IV Convertor,
Suzhou D&R Instruments) equipped with lock-in amplifier (Stanford
Research Systems SR 830). To better simulate the device under one sun
condition, bias light from a 532 nm solid-state laser was introduced to
the cell simultaneously. A calibrated Si solar cell was used as a reference.
The unencapsulated cells was tested in a sealed box.
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Fig. 2. The contact angel between the PVSK films with diiodomethane, (a) PVSK film, PDMS doped PVSK films with ratios of PDMS to curing agent as (b) 1:0, (c)
15:1, (d) 10:1, and (e) 5:1. (f) The variation trend between contact angel and PDMS.
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Fig. 3. The scanning electron microscope (SEM) images of the PVSK films, (a) PVSK film, PVSK films doped PDMS with ratio of PMDS to curing agent as (b) 1:0, (c)
15:1, (d) 10:1, and (e) 5:1. (f) The X-ray diffraction (XRD) patterns of the PVSK films doped with PDMS with different curing agent contents.

3. Results and discussion

Fig. 1(a) shows the device structure of the perovskite solar cells and
Fig. 1(b) and (c) show the molecular structure of the cross-linked PDMS
and curing agent. Fig. 1(d) depicts the film formation process of PDMS
doped PVSK films. The schematic diagram of doped films with curing
agent and w/o curing agent was illustrated in Fig. 1(d) as well. PDMS
could form a denser cross-linked structure after introducing curing
agent. Different PDMS curing agent contents led to different PDMS
curing behaviors. Thus, we systematically tested the impact of curing
agent content to the device performance and stability. The J-V charac-
teristics and external quantum efficiency (EQE) curves of the devices
with PDMS doped PVSK layers are presented in Fig. 1(e—f), and Table 1
lists the device performance parameters. The reference sample is the
device doped neither with PDMS nor curing agent. The reference device
gave a short circuit current density (Jsc) of 20.06 + 0.31 mA cm’z, an
open-circuit voltage (Vo) of 1.07+£0.01V, a fill factor (FF) of
0.71 £0.01. And a best power conversion efficiency (PCE) of 15.40%
and an average PCE of 15.24% were obtained from reverse scan. With
PDMS doped PVSK films, the devices showed slight improved perfor-
mance. The champion PCE reached up to 16.30% when the ratio of
curing agent was 10:1. The improvement of Jsc and FF for the PDMS

doped PSCs could be ascribed to the reduce of charge recombination due
to the reduced crystals defects. As shown in Table 1, further increasing
the concentration of the curing agent to 2:1 and 1:1, the device per-
formance rapidly decreased to 11.64% and 8.80%. The decrease of the
device performance might be ascribed to the decline of perovskite
crystal quality.

In order to further figure out the impact of PMDS doping to the
crystallization and morphology of the PVSK films. The surface energy,
XRD patterns, and the SEM images of the films were studied. The contact
angle of a drop of diiodomethane on top of these PVSK films was
measured and showed in Fig. 2. It showed a distinct difference in the
contact angle between the doped films and diiodomethane in compari-
son with that the pristine films. As shown in Fig. 2(a), the reference film
without PDMS showed a contact angle of 23°. With PDMS doping, the
contact angle significantly increased to be about 50°. And with the in-
crease of curing agent content, the contact angle increased gradually
from 45° to 54°. A largest contact angle of 54° was observed with doping
PDMS ratio of 10:1 and 5:1. We know polydimethylsiloxane (PDMS) is a
typical low surface-energy material, which would decrease the surface
energy of the films (Ye et al., 2018). However, the perovskite films
would be corroded by water and decompose to Pbl; and MAI though
PDMS was covered on the top of the perovskite films in the work. So, it is
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Fig. 4. The optical characterization of doping perovskite film, (a) UV-vis absorption spectra, (b) steady-state PL spectra, and (c) time-resolved PL spectra of the

PCs1BM/perovskite films.
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Fig. 5. (a-d) The evolution of the device performance of the perovskite solar cells doped with PDMS. The photographs of the aged devices seen from back side, (e)
reference device without PDMS and curing agent; (f) PDMS doped device with PDMS and curing agent ratio of 10:1, (g) PDMS doped device with ratio of PDMS to

curing agent of 5:1.

difficult to test the contact angle of water on the top of the MAPbI3
perovskite films. Thus, only the contact angle between the PVSK films
with diiodomethane was tested herein, and the surface energy can’t be
calculated only with these data. Nevertheless, the gradual increase of
contact angle (Fig. 2(f)) between the perovskite films with diiodo-
methane indicated the films became more hydrophobic. Since PDMS is
typically hydrophobic, the increased contact angle suggested the suc-
cessful doping of PDMS in the PVSK films.

Fig. 3(a—e) show the top-view scanning electron microscope (SEM)
images of the PVSK films. In Fig. 3(a), we found the reference film have
darker grain and brighter grain, which could be ascribed to the perov-
skite and Pbl, phase, respectively. The grain size of the PVSK phase is
approximately 300 nm, and the lead iodide phase has a grain size of
about 200 nm and a width of about 100 nm. For the PDMS-doped PVSK
films (Fig. 3(b—e)), the amount the bright Pbl, phase was greatly
decrease. But PDMS doping did not cause the change of crystals size of
PVSK. The X-ray diffraction (XRD) patterns of the PVSK films were
tested to further investigate the change of crystallization, and results
were showed in Fig. 3(f). The XRDs patterns showed these PVSK films
contained typical diffraction peaks at 12.7°, 14.1°, 28.4° and 31.8°. The
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typical diffraction peaks at 12.7°and 14.1°corresponded to the typical
phase of Pbl, and PVSK, respectively. Compared to the pristine PVSK
films without PDMS doping, the films with PDMS doping showed
weaker diffraction peaks of Pbly, indicating crystallization process of
PbI, are suppressed. As previously reported, the formation of PVSK
crystals was formed by the reaction of Pbl; and MAI in precursor solu-
tion. Thus, it is reasonable to speculate that doping PDMS in the PVSK
films could facilitate transformation from the precursor to perovskite
crystals. (Mabrouk et al., 2017)

Then, the optical properties of the perovskite film after adding PDMS
was investigated. From the UV-Vis absorption spectra in Fig. 4(a), no
significant distinction was observed. The similar absorption spectra
illustrated that PDMS doping did not impact the thickness of perovskite
film. We also tested the photoluminescence (PL) spectra of the PC4;BM/
PVSK film, as showing in Fig. 4(b—c). Steady state fluorescence spectrum
showed the PDMS doped films presented much weaker PL intensity
relative to the pristine films. Specifically, the PL intensity reduced to be
about one third of the reference film. This result revealed improved
charge transfer between PCg1BM and PVSK as the perovskite films were
doped with PDMS. The transient PL spectra of the films (Fig. 4(c))
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The distribution of I element in the aged devices, (d) reference device, (b) (c) doped devices with PDMS ratio of 10:1 and 5:1, respectively.

showed a similar decay curve. According to the transient PL spectra, we
can calculate the average carrier lifetime of the perovskite films through
curves fitting with double exponential decay function. The PVSK films
without PDMS and with PDMS exhibited a similar lifetime of 8-9 ns.
Time-resolved photoluminescence spectra didn’t show an obvious
distinction of fluorescence lifetime.

The operational stability of the devices with different curing agent
contents were tested under continuous illumination in the glove box,
and the evolution of the performance parameters are presented in Fig. 5.
As shown in Fig. 5(a), there were no significant decay of Vpc during
aging time for all the devices. But the Jsc and FF (Fig. 5(b)-(c)) showed
continuous degradation during 200 h’s illumination, which lead to the
performance decay of PCE (Fig. 5(d)). PDMS doping have slowed down
the decay speed, especially for the degradation of Jgc. The reference
device only maintained about 20% of the initial value after 200 h. The
doped devices could maintain 40-60% of the initial Jsc. Moreover, it is
apparent that the higher PDMS curing agent will decrease the decay of
better Jsc. As an optimization, the device with ratio of curing agent
(ratio of PDMS to curing agent of 5:1) maintained about 72% of the
initial value. The PCE decay trends were similar to the Jgc. The pictures
of the aged devices were showed as Fig. 5(e—f). We can see the aged Al
electrode from view of ITO sides, which is because of chemical reaction
between Al electrode and I ions due to I migration. And a similar phe-
nomenon was observed in the PDMS doped device without curing agent
(ratio of 1:0). In contrast, the PDMS doped device with curing agent
ratio of 5:1 did not show the similar phenomenon. The sample w/o
curing agent would not from cross-linked networks. The difference be-
tween the sample with curing agent and w/o curing agent is whether
PDMS was cross-linked or not. So, we can conclude that the non-cross-
linked doping could only slightly improve the durability of device dur-
ing long-term illumination, whereas cross-linked doping was much more
effective. This result indicated it is necessary to suppress ion migration
through cross-linking doping.

In order to further figure out the degradation mechanism of the PSCs.
We use ToF-SIMS to analyze the distribution of elements in the aged
devices. Fig. 6(a—c) show the ToF-SIMS images of the aged devices of the
PVSK w/o0 and with PDMS doping (with ratio of PDMS to curing agent of
of 5:1). By analyzing the changes of Al, C, Si, Pb elements, the
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corresponding interfaces of Al, PCs;BM/PDMS, PVSK and ITO layers
were determined. Similar results were observed in the devices w/o
PDMS and with PDMS ratio of 5:1, indicated the introduction of PDMS
did not cause obvious change of elemental distribution among the de-
vices. However, the ToF-SIMS result showed a big difference in I ion
between these aged devices. For the pristine PVSK without PDMS
doping, obvious signals of I ions could be seen in the PCs;BM layer. It is
evident to see that I ions have migrated into the PCg;BM layer from
perovskite layer. In the case of PDMS doping without curing agent, the
intensity of I ions was lower than that in the pristine PSC. However, the
signals of I ions was still obvious, suggesting the ion migration from the
PVSK to PCg;BM films was partly suppressed. Whereas, there is no sig-
nals of I ions for the crosslinked PDMS doped PSCs (Fig. 6(c)). The
phenomenon clearly showed the doping of cross-linked PDMS in the
PVSK films could effectively prevent the ion migration. In addition, we
can clearly see the enhancement of Si signal in the PDMS doped films
and the interface of PVSK(PCBM)/AlL The result indicated PDMS might
enrich on the surface of PVSK(PCBM) film and within the perovskite
films in the grain boundaries, which have inhibited the migration of I
ion. We also detected the change of surface elements from top electrode
view by SIMS mapping result. The SIMS mapping also showed a sig-
nificant change of I ion between the aged devices in Fig. 6(d—f). The
aggregation of I element on the surface of top electrode was observed in
the reference device. The migration of I ion into the electrode layer is the
main reason for the poor working stability of the reference device. The
sample with un-crosslinked PDMS also showed the aggregation of I,
which indicated that the un-crosslinked PDMS could not prevent the
migration of I ions. However, nearly no signal of I could be observed for
the sample with crosslinked PDMS (with ratio of curing agent of 5:1).
Thus, the better stability of the crosslinked PDMS doped device may
cause by the compact crosslinked PDMS interfacial layer after adding
curing agent. With a higher ratio of curing agent, the degree of cross-
linking increased, and PDMS would become more compact. Therefore, a
better operational stability was achieved with the increase of PDMS to
curing agent ratio from 15:1 to 5:1. But as the ratio exceeds 5:1, the
device performance decreased. Therefore, we can confirm that 5:1 is a
suitable ratio of PDMS to curing agent to promote stability without
reduce performance of device.
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Fig. 7. The schematic diagram of doped PDMS to inhibit migration of I ion, (a) w/o PDMS, (b) with cross-linked PDMS.

According to the ToF-SIMS results, it is reasonable to speculate that
PDMS not only doped in the PVSK layer, which might appear in the
crystal boundaries, but also enriched on top of the PVSK(PCBM) films.
Both the formation of a surface suppression layer and crystal boundaries
bonding reduced ion migration. Thus, the schematic diagram of the
doped PVSK films was showed in Fig. 7. The black arrows stood for ion
migration in the perovskite films. The blue lines stood for the grain
boundaries.

4. Conclusions

In this work, we use polydimethylsiloxane (PDMS), a cross-linking
material, as the dopant and barrier layer to promote the device stabil-
ity. We systematically optimized the content of curing agent in PDMS.
The results indicated that PDMS was not only inside in PVSK film, but
also enriched on the surface of perovskite layer to form an interface
layer, which effectively suppressed the migration of I ion to the upper
layer. The PDMS doping could reduce the PbI, residual phase and pro-
mote the crystallization transition of PVSK. The PDMS doped cell pre-
sented a slight improvement of performance compared to the pristine
devices. The working stability was significantly improved due to the
suppression of migration process. In this work, we testify an effective
cross-linked strategy to improve the stability of perovskite solar cells.
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