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HIGHLIGHTS

e Demonstrated room temperature thin film encapsulation using thermally grown SiO,.
e Demonstrated encapsulation of perovskite solar cells without thermal decomposition.
e The thermally grown silicon dioxide nanomembrane is superior moisture barrier.

o The encapsulated perovskite solar cell was stable for 31 days underwater.

ARTICLE INFO ABSTRACT
Keywords: Recently, perovskite solar cells (PSCs) have been attracting attention as the most promising alternative to con-
Perovskite solar cells ventional photovoltaics, mainly due to their high power conversion efficiency (PCE) of 25.7%. However, prior to

Room temperature encapsulation
Thin-film encapsulation

Water barrier

Long-term stability

commercialization, problems with their long-term stability caused by moisture should be solved. Accordingly,
encapsulation is a crucial strategy for enhancing the long-term stability of PSCs, meaning a well-established
strategy that includes an excellent barrier that protects them from the external environment while minimizing
any damage during encapsulation is required. In this study, a room temperature thin-film encapsulation (RT-TFE)
strategy is applied by transferring a defect-free thermally grown silicon dioxide nanomembrane (t-SiOy NM),
which is a well-known superior water molecule barrier, onto the PSCs. The average PCE of the devices decreased
by only 0.012% with a standard deviation of 0.4249 during the entire encapsulation process, which was achieved
by minimizing any thermal degradation of the photovoltaic components, including the perovskite and hole
transport layers. This t-SiO2 NM successfully protected the PSC from external water molecules in an underwater
condition for 31 days at room temperature, which is the longest reported survival time of encapsulated PSCs. As a
result, the RT-TFE PSC maintained more than 98% of the initial efficiency.

1. Introduction high carrier mobility, long carrier diffusion lengths, low exciton binding
energy, and adjustable bandgap [1-5]. In addition to these excellent

Organic-inorganic lead halide perovskite is known as an exceptional optoelectronic properties, lightweight and flexible perovskite solar cells
light absorption material for photovoltaic devices due to its excellent (PSCs) can be fabricated on flexible thin films with low manufacturing
photoelectronic properties, including a high light absorption coefficient, costs due to the possibility of solution processing, offering an attractive
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commercial advantage as next-generation photovoltaics [6-11]. Since
the first PSC was reported in 2009, their power conversion efficiency
(PCE) has rapidly increased from 3.8% to 25.7%, and photovoltaics
based on perovskite are currently in the spotlight as a promising alter-
native to silicon-based solar cells [12,13]. However, despite their high
PCE, flexibility, and low manufacturing costs, the most challenging issue
facing PSCs is long-term stability, which must be resolved before they
can be commercially practical in outdoor environments [14-16]. The
major factor that impedes the lifetime of PSCs is instability caused by
moisture from external environments [17,18]. Due to the high reactivity
between the organic-inorganic halide perovskite materials and water
molecules, the photoactive perovskite layer is irreversibly decomposed
by moisture, directly resulting in permanent performance degradation
of the photovoltaics [19,20]. To prevent this performance degradation
caused by moisture, numerous extrinsic encapsulation strategies for
completely protecting PSCs from water molecules in external environ-
ments have been studied, usually by placing a physical barrier on the
outermost layer of the PSCs [21-30].

Encapsulation not only directly protects the device from external
moisture, but also blocks the leakage of toxic heavy metals and traps the
volatile gas to restrict endogenous decomposition of the perovskite [22,
31,32]. The encapsulation layer of PSCs should have low water and
oxygen molecule transmittance, high dielectric constant and trans-
parency, thermal stability, chemical inertness, and mechanical robust-
ness [33]. In particular, the water vapor transmission rate (WVTR),
which is the main performance indicator of the encapsulation barrier,
should be within the range of 1 x 10 2to 1 x 10°® g m~2 day ! to
effectively prevent moisture ingress [34]. Furthermore, during the
entire encapsulation process of PSCs, their intrinsic performance must
be protected from external interventions such as unwanted UV, inci-
dental heat, and high-energy plasma ions [29,35-37].

Traditionally, glass has been used as an encapsulation material in the
glass-to-glass cover encapsulation method due to its superior water
barrier property (WVTRgjass < 1 X 107%gm~2 day ). Here, hot-melting
film, UV or heat-curable epoxy, and glass-frit are used as the adhesive
materials [38]. However, cover encapsulation is inherently bulky and
heavy, rendering it unsuitable for flexible PSCs. Furthermore, when the
photovoltaics and barrier cover are bonded, external energy, such as UV
or heat, must be injected to cure the adhesive materials, which can
degrade the PSCs [23-26,34,39,40]. Fu et al. encapsulated PSCs using
three hot-melting films (polyurethane, polyolefin, and ethylene vinyl
acetate) with glass sheets [41]. However, during the encapsulation
process, when the laminating temperature of the hot-melting sheet
reached 90 °C, performance degradation of the PSCs was induced
through changes in the interface of the solar cell. Moreover, at tem-
peratures higher than 100 °C, deterioration of the devices occurred due
to the decomposition of the perovskite layer. Similarly, during the
process of hot press sealing for cover encapsulation using poly-
isobutylene, a decrease in the performance of devices occurred [23].
Matteocci et al. reported that UV irradiation used for epoxy curing
during encapsulation reduced the PCE of PSCs [24]. When TiO»-based
PSCs are exposed to UV, degradation of the photovoltaics is caused by
trap-assisted recombination at the TiO, interface. Martins et al.
demonstrated low temperature laser-assisted glass frit encapsulation
[27]. Despite the short-term and local laser irradiation, local heat during
the sintering of the glass frits induced thermal degradation in the hole
transport materials (HTMs).

Generally, thin film encapsulation (TFE) is used for organic opto-
electronic devices such as organic light-emitting diodes and organic
photovoltaics that must be protected from moisture and oxygen
[42-46]. In contrast to glass-to-glass encapsulation using rigid glass
sheets, TFE consisting of single or multi-stacked nanomembranes using
chemical vapor deposition (CVD) or atomic layer deposition (ALD) can
be applied to flexible devices due to its mechanical flexibility [45,47].
Accordingly, TFE provides a promising strategy for enhancing the
long-term stability of flexible PSCs based on solution processes on
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flexible substrates [22,29,44,48,49]. However, since the TFE layer has a
higher WVTR than a thick and rigid glass sheet, it is relatively difficult to
achieve reasonable high long-term stability of the solar cells against
external moisture. In the early stage of TFE development, single or
multiple layers composed of inorganic nanomembranes, such as SiOy,
SiNy, Al,O3, HfO,, ZrO,, and TiO,, were deposited on PSCs using CVD or
ALD [50,51]. However, preparing nanomembranes deposited by CVD
and ALD that are free from defects creating pathways for external
molecules, such as voids, pinholes, and particles, is very difficult [52].
Furthermore, to minimize the defects in the encapsulation layer, TFE
requires either a high temperature in vacuum deposition processes [21,
22] or high-energy ions in plasma-enhanced deposition processes, which
can also result in the degradation of PSCs [29]. Accordingly, the high
temperature processes of inorganic TFE are unsuitable for encapsulating
PSCs. To encapsulate PSCs more effectively, hybrid TFEs with alter-
nating organic and inorganic layers have been studied [22,29]. In a
hybrid TFE, multiple inorganic layers robustly prevent water and oxy-
gen transmission, while the organic layers cover defects in the interface
of the inorganic layers [53]. Therefore, hybrid TFEs can provide a longer
penetration path and better encapsulation performance than
single-component TFEs, even with relatively low temperature
manufacturing processes [54,55]. Lee et al. demonstrated a hybrid TFE
that was achieved by stacking poly-1,3,5-trimethy-1,3,5-trivinyl cyclo-
trisiloxane and Al;O3 deposited layer-by-layer using initiated chemical
deposition and ALD at a relatively low temperature (<60 °C) [22]. The
encapsulated PSC maintained 97% of its initial PCE after 300 h at 50 °C
and 50% relative humidity (RH). Wang et al. proposed a multi-layer TFE
strategy utilizing an alucone layer to protect PSCs from oxidant pre-
cursors and oxygen plasma during plasma-enhanced ALD [29]. The PSCs
were encapsulated with multi-layers of alucone and Al;O3 deposited at
50 °C, causing minimal degradation of the photovoltaic cells due to heat.
At 30 °C and 80% RH, the encapsulated PSC retained 96% of its original
PCE after 2000 h. However, with all these various low temperature TFE
strategies for preventing the thermal degradation of PSCs, the perfor-
mance of the PSCs decreased during the encapsulation process.
Furthermore, degradation of the PSCs inevitably accelerated as the
deposition temperature was increased further to achieve high barrier
performance [22,29,56]. Thus, a novel TFE strategy based on a low
temperature encapsulation process that ensures the high performance of
PSCs without any degradation is highly desirable.

Herein, we demonstrate a novel room temperature thin-film encap-
sulation (RT-TFE) strategy to enhance the long-term stability of PSCs.
This is achieved by encapsulating the PSCs with a thermally grown sil-
icon dioxide nanomembrane (t-SiO3 NM) (<500 nm) grown at 1100 °C,
which could not be applied in the fabrication of the conventional PSCs.
Silicon dioxide grown at a high temperature (>800 °C) on a single
crystalline silicon surface by thermal oxidation is a defect-free material
that is well known as a superior barrier to water molecules [52,57,58].
In this work, we transferred t-SiO, NM with its previously-mentioned
superior barrier performance to PSCs at room temperature while mini-
mizing any thermal degradation of the photovoltaics. The average PCE
value of the 17 employed devices, which were typical thermally unstable
MAPbDI3/2,2/,7,7'-tetrakis (N,N-dip-methoxyphenylamine)-9,9’-spirobi-
fluorene (Spiro-OMeTAD) based n-i-p type PSCs, only changed by
0.012% after the entire RT-TFE process. We evaluated the performance
of the t-SiO, encapsulation layer using an electrical calcium test. The
t-SiOz NM was an excellent water molecule barrier, recording a water
transmission rate (WTR) of 1.53 x 10~ g m~2 day ! when directly
exposed to DI water at 85 °C. Moreover, the t-SiO encapsulation layer
prevented liquid-state water molecules from penetrating the PSC for 31
days at room temperature and the device maintained more than 98% of
its initial PCE. Our RT-TFE approach effectively improved the long-term
stability of PSCs based on MAPbI3/spiro-OMeTAD, which is particularly
sensitive to heat and moisture, and successfully encapsulated the devices
without causing any damage.
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2. Result and discussion
2.1. Room temperature thin-film encapsulation process

Thin-film encapsulation by applying an extrinsic moisture barrier to
the outermost layer of PSCs is an outstanding strategy for enhancing
their long-term stability. In a typical solution-based process for thin-film
PSC fabrication, an annealing process is needed to form each compo-
nent, as well as organic-inorganic hybrid perovskite and organic HTM
crystallization [59,60]. However, PSC components, especially HTMs,
are susceptible to stress from unwanted external heat during TFE pro-
cesses [61,62]. Thus, careful application of annealing during the
encapsulation processing of the fabricated PSCs was required. Accord-
ingly, we adopted the RT-TFE strategy to enhance the long-term stability
of the PSCs while minimizing any damage to the devices.

Fig. 1a shows an exploded schematic diagram of the RT-TFE PSC. The
encapsulation barrier for protecting the perovskite solar cells from
external moisture comprises three layers. The top layer is a t-SiOg

«----— SU-8 buffer layer

-- Kwik-Sil adhesive layer

-~ Perovskite solar cell

c

i ) Prepare handling wafer

vi) Remove handling wafer

«-----—-- SiO, encapsulation layer

ii) Wet oxidation

v) Bonding encapsulation layer
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encapsulation layer, which protects the device from extrinsic instability.
The thin intermedium layer is a SU-8 buffer layer (~4 GPa) to prevent
any mismatch in Young’s modulus between the top layer (~57 GPa) and
the bottom layer (~1.5 MPa). The bottom layer is a Kwik-Sil adhesive
layer, to form bonds between the PSC and silicon dioxide, SU-8 bilayer.
The detailed device layer configuration of the RT-TFE PSC is presented
in a schematic diagram of the structure in Fig. 1b. The cross-sectional
scanning electron microscopy (SEM) images of the device’s top layers
identify the outermost 500 nm t-SiO layer. Fig. 1c displays an illus-
tration of the six main steps of the RT-TFE process, the details of which
appear in the experimental section. i) The process starts with pre-
polishing a handling silicon wafer to a thickness of 100 pm. ii) The
pre-polished wafer is then subjected to thermal oxidation at ~1100 °C to
grow silicon dioxide (500 nm) for the moisture barrier. iii) Sequentially,
a solution-processed UV curable epoxy is deposited through surface
treatment and is then spin-coated and cured. iv) The silicone adhesive is
applied to the buffer layer. v) Next, the encapsulation layer stacked on
the handling wafer is bonded to the desired target PSC in a glove box in a

b Defect-free, ultrathin
encapsulation layer

SuU-8 104m
Kwik-Sil 14/m
Au 100nm

Sno, 40mm
FTO 600nm
Glass
iii) Spin coating SU-8
L3

=
l

iv) Spin coating Kwik-Sil

== Ssi = Sio, — su-8

[ Kwik-Sil g==3 PSC —] Glass

Fig. 1. RT-TFE strategy for PSCs: a) exploded-view schematic of the key functional layers of the RT-TFE PSC; b) (left) illustration of the entire RT-TFE PSC structure,
(right) cross-sectional SEM image of the defect-free, ultrathin 500 nm t-SiO, NM encapsulation layer; c) fabrication process of the RT-TFE with t-SiO, NM on a PSC.
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nitrogen environment. vi) Finally, the handling silicon wafer is etched
using an XeF; etcher. The XeF; etcher is a tool that is mainly used in the
field of micro electron mechanical systems manufacturing, where it is
used to perform isotropic dry etching of Si at room temperature in a pure
chemical process with high selectivity [63].

2.2. Application of RT-TFE to PSCs

Spiro-OMeTAD is commonly used as an HTM for high-efficiency and
intrinsically stable PSCs, because of its appropriate electrical properties
[64,65]. Although spiro-OMeTAD is relatively stable at room tempera-
ture compared to other HTM materials, the thermal stability is very poor
due to a low glass transition temperature (Tg) of approximately 125 °C
[60,66]. Moreover, dopants of spiro-OMeTAD, such as Bis(tri-
fluoromethylsulfonyl)imide lithium salt (Li-TFSI) and 4-tert-Butylpyri-
dine (t-BP), further lower the Ty and enhance the hygroscopicity of
spiro-OMeTAD [67-70]. To avoid the previously mentioned degradation
of perovskite solar cells, we demonstrated the RT-TFE strategy to
minimize thermal and moisture degradation during the encapsulation
process. Then, the properties of the encapsulated PSC through the
RT-TFE process were evaluated.

Fig. 2a shows the current density-voltage (J-V) curves of an encap-
sulated solar cell. Each parameter was measured before and after
encapsulation of the device. The pristine cell had a V. value of 1.07 V, a
Jsc value of 21.95 mA cm’z, and a fill factor (FF) of 80.10%, while the
RT-TFE cell had a Vo value of 1.05 V, a Jy value of 22.40 mA cm ™2, and
a FF value of 79.39%, yielding PCEs of 18.87% and 18.76%, respec-
tively. We noted that the PCE drop ratio after encapsulation was only

a
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0.11%. As shown in Fig. 2b, the PSC had a similar external quantum
efficiency (EQE) before and after encapsulation within the solar spec-
trum. The integrated J. values over the AM 1.5G solar spectrum were
also calculated. The integrated Jege,sc Over AM 1.5G solar spectrum for
both cells were comparable, at 21.22 and 21.29 mA cm ™2 before and
after encapsulation, due to preservation of the spiro-OMeTAD layer
during the RT-TFE process. Reactive ion etchers generate incidental heat
due to the physicochemical etching methods conventionally used in
silicon etching processes. In contrast, our encapsulation strategy using
the XeF; etcher, which is a pure chemical etching method at room
temperature, successfully prevented the deterioration of HTM and
resulted in minimal degradation of the PSCs (Fig. S1). In Fig. 2c, the 17
PSCs fabricated using the RT-TFE strategy exhibited distinguished
reproducibility according to the statistical distribution, with only a
0.012% average efficiency loss and a standard deviation of 0.4249. The
encapsulated samples did not exhibit any visual changes compared to
the pristine sample, as displayed in Fig. 2d.

2.3. Electrical calcium test to evaluate the performance of tg-SiO2
encapsulation layer

To evaluate the water barrier performance of t-SiO,, the WTR was
studied by applying t-SiO, with a thickness of 500 nm on the 100 nm
calcium samples. The same thicknesses of parylene C, sputter-deposited
SiO9, PEVCD-deposited SiO», and three layers of 50 nm/127 nm Al,03/
parylene C pair encapsulation layers were also studied as the control
group. Here, 1 cm? of calcium samples were encapsulated with a water
barrier having an area of 2.25 cm? in the same manner as the RT-TFE. A

b
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=
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8 >
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Fig. 2. Characteristics of PSC before and after RT-TFE: a) J-V curves of the PSC before and after encapsulation; b) EQE spectra and integrated current density of the
PSC before and after encapsulation; c) histograms of the efficiency change distribution of 17 samples of PSCs after RT-TFE, fitted with Gaussian distributions (red
line); d) photograph of front-side (top) and back-side (bottom) PSC, before (left) and after (right) encapsulation. The encapsulated area is 3.74 cm? in the red box.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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resin mold with a window of 1 cm? on the bottom was then fixed to the
encapsulated calcium samples using a UV-curable epoxy. Subsequently,
the resin mold was filled with DI water and the silicone lid was covered
to minimize water evaporation.

Fig. 3a displays optical microscope images of calcium samples
encapsulated with t-SiO, and other reference layers before and after
exposure to DI water at room temperature. Although the calcium in all
the control samples was oxidized in a pin-hole manner after a few mi-
nutes from reacting with water molecules that had passed through the
encapsulation layer, the t-SiO5 encapsulated calcium sample maintained
its initial state. In Fig. 3b, the normalized resistances of all the samples
were measured during a water permeation test at room temperature. In
humid condition, the WVTR value increases as the RH% increases due to
simultaneous adsorption and desorption of water molecules in the at-
mosphere on the encapsulation surface [71,72]. In case of underwater
conditions, the WTR test is considered the harshest environment to
evaluate the water resistance because liquid water can fully cover the
encapsulation surface regardless of desorption. The same as for the
general WVTR, the number of liquid water molecules penetrating
through a unit area of the encapsulation layers per unit of time was
calculated according to the following equation [73].

WTR [g m’zday’]] =—n

o (Mp,0 /Mci) ® pe, ® 6cq @ [d(1/R) /dt] @ (Sca / Swindow)- (€D)]
Here, the value of n is 2, as determined by the degradation reaction of
calcium to permeate water; My,o and M, are the molecular weights of

H,0 (18 g mo1 1) and Ca (40 g mol 1), respectively; Pcq and o¢q are the
density (1.55 g cm™>) and resistivity (3.4 x 10~% Qm) of calcium,

a Perylene C Sputter SiO,
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respectively; S¢, is the area of the Ca (10 x 10 mm?); and S,imdow is the
transmission area of the water (10 x 10 mmz) defined by a resin mold.
The value of d(1/R)/dt was calculated according to the slope of the
normalized Ca resistance plot. The WTR values of the encapsulation
barrier films under direct water contact are summarized in Table 1. The
WTR of the three coupled layers of Al;03/Parylene Cwas 7.12 x 10 2 g
m~2 day ™!, which was the best performance in the control groups. Un-
like the control groups, the Ca cell with a t-SiO layer exhibited almost
no degradation behavior and maintained a low resistance under direct
exposure to water at room temperature. Because the Ca was not oxidized
sufficiently, the resistance of Ca with t-SiO; did not sufficiently change
to allow calculating the slope for WTR. As shown in Fig. 3¢, to measure
the WTR of the t-SiO, encapsulation layer, an acceleration test was
conducted by heating the slide glass substrate of the calcium sample to
85 °C on a hot plate. At 85 °C, penetration of water molecules occurs
more strongly than at room temperature, which accelerates the oxida-
tion of the calcium cell [52]. As a result of the acceleration test, the
average WTR of the t-SiO, water barrier was 1.53 x 1075 g m~2 day .

Table 1
WTR of various encapsulation barriers to evaluate performance under DI water
exposure.

Materials Thickness [nm] WTR [g m~2 day ']

Parylene C 500 1.94 x 10! (at RT)

Sputter SiO, 500 2.48 x 107! (at RT)

PECVD SiO, 500 2.10 x 107! (at RT)

Al,0O3/Parylene C 50/115 x 3 7.12 x 102 (at RT)

t-Si0, 500 1.53 x 1072 (at 85 °C)
PECVD SiO, Hybrid t-Si0,

v
133 min

10

—@— Perylene C

Perylene C)

RIR,

0 60 120 180 240 300
Time (min)

[+
10
-8 1-Si0, @ 85°C glass substrate
8k
6k ' Resin
& wall
@ n—— UV-curable
4p epoxy
— 1-Si0, —
2

0 20 40 60 80
Time (h)

Fig. 3. Electrical calcium test for evaluation of t-SiO, NM moisture barrier: a) optical microscope images of calcium samples before and after electrical calcium test.
b) normalized resistance vs. time curve of the calcium samples with various thin-film encapsulation materials exposed to DI water at room temperature. c) accel-
erated test result of calcium sample with the t-SiO, encapsulation layer exposed to DI water at 85 °C. PRoom temperature range from 22 to 25 °C.
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2.4. Stability test of RT-TFE PSC

To verify the enhanced long-term stability under harsh environ-
mental conditions of PSCs fabricated using RT-TFE, the surfaces of the
encapsulated PSCs were directly exposed to DI water. First, the stabil-
ities of the encapsulated and non-encapsulated devices exposed to DI
water were compared. To confirm the degradation of the PSCs immersed
in DI water, we observed the spiro-OMeTAD region, not the Au electrode
region, using optical microscopy, as displayed in Fig. 4a. Before the
devices were underwater they were maroon, which originated from the
spiro-OMeTAD/perovskite layer [74]. After 1 min, the unencapsulated
device turned bright red due to the degradation of the perovskite layer.
After 1 h, the perovskite layer almost dissolved, and the device changed
from maroon to blue, which originated from the spiro-OMeTAD layer
(Fig. S2). After 24 h, the perovskite layer fully disappeared and the
spiro-OMeTAD layer was partially delaminated in some parts. Finally,
only the SnO; layer remained [75]. In contrast, the encapsulated PSC
was not changed by water after 31 days, indicating that the encapsulated
PSC did not degrade at any layer. Fig. 4b shows the J-V curves of our
best-performing cell exposed to DI water at room temperature for 31

wio
encapsulation

encapsulation
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days. The t-SiO, moisture barrier blocked the penetration of moisture;
hence, the PSC exhibited only a negligible change in performance after
31 days of exposure to water. As shown in Fig. 4c—f, the PCE changed
from 17.29% to 16.94%, FF from 74.82% to 76.35%, Js. from 22.27 to
21.88 mA cm 2, and V. from 1.04 to 1.01 V after 31 days. Moreover,
the RT-TFE device maintained 98.98% of its initial efficiency after 31
days of exposure to DI water at room temperature. The performance was
maintained at the same level as that of the RT-TFE PSCs exposed to an
ambient environment (25 °C, RH 50%) over 31 days (Fig. S3). This was
the longest-surviving TFE PSC reported to date, in terms of exhibiting
excellent long-term stability in an underwater environment (Table S1).
Furthermore, this superior t-SiO; barrier directly blocked water mole-
cules and exhibited great potential for applications in PSCs for outdoor
use and floating solar panels.

3. Conclusion
In summary, we report on RT-TFE PSCs for enhancing long-term

protection against the penetration of water molecules by encapsu-
lating photovoltaic cells with 500-nm-thick t-SiO; NM at room
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Fig. 4. Stability of RT-TFE PSC exposed to underwater condition at room temperature: a) optical microscope image of pristine PSC and RT-TFE PSC exposed under
water over time; b) J-V curves of submerged RT-RFE PSC from days 0-31; c—f) device parameters of RT-TFE PSC during the stability test: ¢) PCE, d) FF, e) Jsc, f)Voc.
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temperature to minimize the performance degradation of devices. The
defect-free SiO2 NM was grown on a handling wafer through thermal
oxidation at 1100 °C and was sequentially stacked with a buffer layer
and an adhesive layer. By transferring the prepared encapsulation layer
to the PSC in an inert environment and removing the handling wafer
through an XeF, etcher, all processes could be performed at room
temperature. After encapsulation, the RT-TFE PSCs only displayed an
average PCE decrease of 0.012% compared to their initial state. When t-
SiO, was integrated with the device, it exhibited excellent WTR,
approximately 1 x 107> g m~2 day !, and water molecule blocking
properties under the 85 °C acceleration condition. Furthermore, the
outermost layer of RT-TFE PSC, t-SiO2 NM, successfully protected the
device from water molecules at room temperature for 31 days and
maintained more than 98% of its initial PCE. Our research suggests that
the RT-TFE strategy is the first demonstration of a damage-less encap-
sulation process for PSCs with an inorganic nanomembrane moisture
barrier grown under a high temperature. Furthermore, our encapsula-
tion method of transferring thermally grown oxide on a solar cell sug-
gests the possibility of achieving scale-up by transferring it to multiple
cells. This would provide a new commercialization route to prolong the
lifetime of large-area PSCs by protecting the devices from rain and snow
which are common in outdoor environments as well as humid condi-
tions, rendering them suitable for applications in aquatic environments
such as floating solar panels in the near future.

4. Experimental section
4.1. Materials

All the materials were purchased from commercial companies. The
SnO colloid precursor (tin (IV) oxide, 15% in Ho0 colloidal dispersion)
was purchased from Alfa Aesar. The Pbl, was purchased from TCI. Bis
(trifluoromethylsulfonyl)imide lithium salt (Li-TFSI) and the anhydrous
solvents were purchased from Sigma-Aldrich. Methylammonium iodide
(MAI) was purchased from GreatCell Solar. 2,2',7,7'-tetrakis (N,N-dip-
methoxyphenylamine)-9,9'-spirobifluorene (Spiro-OMeTAD) was pur-
chased from LumTech. SU-8 2010 was purchased from Microchem.
Kwik-Sil was purchased from World Precision Instruments. Finally,
polydimethylsiloxane (PDMS, Sylgard 187) was purchased as a two-
component kit containing base and curing agent from Dow Corning.

4.2. Perovskite solar cells (PSCs) fabrication and characterization

The patterned fluorine-doped thin oxide (FTO) glass was sequen-
tially cleaned by ultra-sonication for 15 min in detergent, deionized (DI)
water, acetone, and isopropyl alcohol (IPA). The cleaned FTO glass was
then treated with UV/ozone for 30 min. An electron transport layer
(ETL) was deposited by spin-coating SnO; solution (diluted with DI
water to 2.75%) on the prepared substrate at 3000 rpm for 30 s,
annealed at 150 °C for 30 min, then UV/ozone treated for 20 min.

To prepare the MAPbI3 perovskite precursor solution of 1.2 M, a
mixed powder consisting of MAI (190.8 mg) and Pbl, (553.2 mg) was
dissolved in 1 mL mixed solvent of dimethylformamide (DMF) and
dimethyl sulfoxide (DMSO) (volume ratio of 4:1). The precursor solution
was then spin-coated onto the substrate at 1000 rpm for 5 s and 5000
rpm for 50 s. In the second step, 800 pL of chlorobenzene was smoothly
dropped onto the film at 45 s remains in the 5000 rpm spinning process.
After deposition, the film was directly annealed at 100 °C for 15 min in
an N-filled glove box.

The spiro-OMeTAD solution was prepared by dissolving 91 mg spiro-
OMeTAD in 1 mL chlorobenzene after adding 20.9 pL of Li-TFSI in
acetonitrile (517 mg/mL) and 35.4 pL of 4-tert-Butylpyridine (t-BP). The
prepared solution was then spin-coated on the perovskite layer at 3500
rpm for 40 s. As a counter electrode, 100 nm of Au was deposited by
thermal evaporation through a shadow mask under high vacuum con-
ditions (under 10~° Torr).
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4.3. Room temperature thin-film encapsulation(RT-TFE) process

Preparation of the encapsulation layer for RT-TFE began with a
thermally grown 500 nm SiO3 (t-SiO2) layer fabricated by wet oxidation
(in 02/H20) at 1100 °C performed on a standard silicon wafer (675 pm
thickness, 6 inch diameter, SILTRON). Through a mechanical grinding
process, the thickness of the wet-oxidized wafer was then reduced to less
than 100 pm (5 pm thickness deviation, back side polished like a mirror,
Freemteck). Reactive ion etching (RIE, Young Vacuum System) with O,
plasma activated the SiOy surface. Subsequently, spin coating, soft
baking, UV irradiation, and hard baking of the negative photoresist SU-8
2010 with a thickness of 10 pm were performed. After activating the
surface of the SU-8-like SiO, using RIE, spin-coating Kwik-Sil with a
thickness of 14 pm was conducted in a glove box filled with Ny gas.
Then, the PSC and the prepared encapsulation layer were immediately
bonded by applying a pressure of approximately 50 kPa using a metal jig
(Kistech) and cured at room temperature. A 100 pm thick bulk wafer was
removed using a XeF, Si release etcher (SPTS Technologies) with XeF;
gas, leaving an encapsulation layer.

4.4. Photovoltaic performance measurement

The current density-voltage (J-V) curves of the PSCs were measured
using a Keithley 2602A Source Meter under simulated AM 1.5G illu-
mination (100 chm_z) with a solar simulator (K3000 model,
McScience) calibrated by a standard Si reference cell (K801S-K067,
McScience). The active area of the devices was defined as 0.0875 cm?
using a square patterned mask during the measurements. The external
quantum efficiency (EQE) spectrum was measured using an incident
photon-to-current conversion efficiency (IPCE) consisting of a Xenon
lamp (Newport, 450 W) as a light source and a monochromator.

4.5. Electrical calcium test

The patterned aluminum (Al) and calcium (Ca) electrodes were
deposited on the glass substrate at 150 and 300 nm, respectively. The
patterned Ca area was measured as 1 x 1 cm?. The encapsulation process
was conducted in a glove box using RT-TFE. Each encapsulation layer
was deposited on a single crystal silicon wafer (100 pm thickness, 1.5 x
1.5 em? area). The parylene C encapsulation layer (500 nm thickness)
was prepared by using a parylene coater (LAVIDA, Femto Science) at a
deposition temperature of 230 °C. Each SiO; encapsulation layer (500
nm thickness) was prepared by using a sputter (KVS-T8860, Korea
Vacuum), plasma-enhanced chemical vapor deposition (PECVD)
(URECA 2000, Jusung Engineering) with deposition frequency 13.56
MHz and temperature of 180 °C. Furthermore, an Al,03/Parylene C (50/
115 nm thickness) encapsulation layer was prepared using atomic layer
deposition (ALD) (Large-area ALD system, I Tech U) with a deposition
temperature of 150 °C and a parylene coater (LAVIDA, Femto Science)
with a deposition temperature of 230 °C, which was repeated three
times. The encapsulated Ca cells were attached using a resin mold filled
with 1.5 ml of DI water. The active area exposed to water was measured
as 1 cm?. The electrical resistance (R) of the Ca was measured using a
multimeter (Agilent) in underwater conditions at 25 and 85 °C,
respectively.

4.6. Stability test

For the direct water contact resistance test, a resin mold filled with
1.5 ml DI water was covered on the unencapsulated/encapsulated
perovskite solar cell in an No-filled condition. The unencapsulated/
encapsulated perovskite solar cells were then attached to the mold,
which was filled with 1.5 ml of DI water. The active area exposed to
water was measured as 0.6 cm? and the stability test was conducted
under dry conditions at room temperature.
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