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impressive progress in their power conver-
sion efficiency (PCE). A PSC is a solar cell 
with a light harvesting layer composed of 
an organic/inorganic hybrid compound 
with a unique crystal structure of pero-
vskite. In the past decade, the efficiency of 
PSCs has grown rapidly from 3.8% in 2009 
to 22.1%[1] and is far superior to the effi-
ciency of conventional thin-film solar cells 
and comparable to that of single-crystal 
silicon solar cells. The synergistic combi-
nation of ambipolar charge transport prop-
erties, long carrier lifetime, and broadband 
absorption of organic/inorganic lead halide 
with the perovskite structure, is respon-
sible for the exceptionally high PCE.[2] 
The low material cost and solution-based 
processability also makes PSCs economi-
cally attractive. For these reasons, PSCs are 
considered to be a promising candidate for 
next generation solar cells.

Despite the marked progress on device 
efficiency and fabrication methods, the 

instability of PSCs critically hampers the commercialization of 
PSCs. As reported, the lead halide perovskite film is prone to 
damage upon exposure to water, and most PSC devices with an 
organic hole-transporting material (HTM) are not stable under 
thermal stress at high temperature,[3] which must be overcome 
because solar cells will be installed and operated under a harsh, 
outdoor environment when used in daily life.

In this regard, many research efforts have been made to 
enhance the intrinsic stability of the perovskite materials 
against water vapor by tailoring the perovskite materials. 
Seok and co-workers suggested a series of mixed halide pero-
vskite materials consisting of CH3NH3PbI3−xBrx that showed 
improved environmental stability compared to conventional 
CH3NH3PbI3 (MAPbI3).[4] Recently, Karunadasa and co-workers 
introduced a hydrophobic bulky cation into a 3D perovskite lat-
tice to produce a 2D layered structure with higher stability.[5] 
Selective organic layers in PSCs were replaced with inorganic 
charge transporting materials, such as NiOx and ZnO nano-
particles,[6] for which the inorganic oxide materials also act as 
an encapsulation layer to prevent water ingress into the device. 
Many research efforts on improving the intrinsic stability of 
the perovskite materials against moisture have been attempted, 
but those approaches are still far from capable of ensuring the 
long-term stability of the PSC device required for real field 
operations.

The stability of a perovskite solar cell (PSC) is enhanced significantly by 
applying a customized thin-film encapsulation (TFE). The TFE is composed of 
a multilayer stack of organic/inorganic layers deposited by initiated chemical 
vapor deposition and atomic layer deposition, respectively, whose water 
vapor transmission rate is on the order of 10−4 g m−2 d−1 at an accelerated 
condition of 38 °C and 90% relative humidity (RH). The TFE is optimized, 
taking into consideration various aspects of thermosensitive PSCs. Lowering 
the process temperature is one of the most effective methods for minimizing 
the thermal damage to the PSC during the monolithic integration of the TFE 
onto PSC. The direct deposition of TFE onto a PSC causes less than 0.3% 
degradation (from 18.5% to 18.2%) in the power conversion efficiency, while 
the long-term stability is substantially improved; the PSC retains 97% of its 
original efficiency after a 300 h exposure to an accelerated condition of 50 °C 
and 50% RH, confirming the enhanced stability of the PSC against mois-
ture. This is the first demonstration of a TFE applied directly onto PSCs in a 
damage-free manner, which will be a powerful tool for the development of 
highly stable PSCs with high efficiency.
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Solar Cells

1. Introduction

The recent energy crisis in the current petroleum-based energy 
supply has led to much interest in the development of clean and 
renewable energy sources. Among these sources, solar energy 
is one of the most prominent energy sources due to its infinite 
amount, sustainability, and cleanliness. Recently, perovskite 
solar cells (PSCs) have gained substantial attention due to the 
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For this reason, the establishment of a suitable encapsu-
lation method for PSCs against water vapor permeation is 
urgently needed. Yu Han et al. applied a transitional glass lid 
encapsulation onto a PSC.[3c] However, the encapsulated PSC 
only retained 40% of its original efficiency after 20 h at 55 °C, 
80% relative humidity (RH) and one sun illumination. Qi Dong 
et al. also investigated a similar approach, in which the PSC 
was encapsulated with a 50 nm thick SiO2 layer deposited 
by electron beam followed by sealing with cover glass using 
an epoxy glue.[7] The encapsulated device retained 70% of its 
original efficiency after 432 h in an outdoor environment. 
Matteocci et al. did a systematic comparison study of sealing 
methods using epoxy glue.[8] A UV-curable glue with Kapton 
polyimide adhesive was adapted for the encapsulation of PSCs, 
which resulted in stable PSCs for 170 h under 30% RH. The 
UV curable epoxy-based encapsulation method with a glass lid 
is a conventional technique and had long been used to encap-
sulate organic light-emitting devices (OLEDs). However, direct 
UV radiation often seriously damages the PSCs, which is asso-
ciated with the photoanode effect of TiO2 by photogeneration of 
a charge.[9] Moreover, the photocuring reaction is inherently an 
exothermic reaction,[10] which releases a huge amount of heat, 
causing thermal damage to the PSC. Thermal curing at higher 
than 100 °C is also not suitable for most PSCs, which have a 
thermally vulnerable organic HTM.[11] Moreover, side penetra-
tion through the adhesive layer is not a trivial problem.[12] In 
addition, the use of rigid cover glass encapsulation and a rigid 
substrate material must also be avoided to make the entire 
PSC flexible. A solution-processed Teflon layer,[13] transparent 
plastic barriers, such as Viewbarrier (Mitsubishi Plastic, Inc),[14] 
and an Al2O3-coated PET film with a UV-curable adhesive have 
also been used for the encapsulation of PSCs.[15] Recently, Bella 
et al. coated UV-curable fluoropolymer on both the front and 
back contact side of the PSC. The barrier film with fluorescent 
dye downshifted the luminescence and blocked water permea-
tion. The fluoropolymer-coated device showed 6 month stability 
under outdoor conditions.[16] However, developing an effective 
encapsulation method suitable for PSCs still remains elusive. 
The encapsulation method must not cause any thermal damage 
to the PSCs, be free from side-penetration of water vapor, and 
have an excellent water vapor transmission rate (WVTR). In 
addition, it is also desirable for the encapsulation to be mecha-
nically flexible and optically transparent.

In this regard, it is imperative to develop a new type of 
encapsulation method that can satisfy the requirements noted 
above. Thin-film encapsulation (TFE) can be considered as one 

of the alternative candidate techniques for the encapsulation of 
PSCs. TFE is composed of an alternating stack of inorganic and 
organic multilayers,[17] in which the inorganic layer is mainly 
responsible for the barrier performance, while the organic layer 
enhances the flexibility of the barrier film by releasing the inter-
facial stress of the brittle inorganic layer.[18] The insertion of an 
organic layer between the inorganic layers can also effectively 
elongate the torturous path of penetrating moisture and oxygen 
vapors, thereby resulting in an enhanced barrier property of the 
barrier film.[19] The WVTR of TFE can reach up to 10−6 g m−2 d−1 
while maintaining a total thickness of less than 5 µm at most, 
making the encapsulation method suitable for flexible device 
applications. Indeed, the method has been explored intensively 
for the application OLEDs and organic solar cells (OSCs).[20] 
Despite such advantageous characteristics, there have not been 
many studies on the systematic application of TFE to PSCs due 
to the potential damage to the PSC during the deposition of the 
inorganic layer. To fabricate the TFE, many kinds of inorganic 
layer deposition processes such as plasma enhanced chemical 
vapor deposition, sputtering, and atomic layer deposition (ALD) 
have been adopted; however, such methods commonly involve 
a high energy input, either highly reactive plasma or tempera-
tures higher than at least 90 °C, which might severely degrade 
the PSC performance. The challenge lies in the fact that the 
energy input in the inorganic layer deposition is closely related 
to the barrier performance of the TFE. In general, the inorganic 
layer deposition is greatly influenced by the deposition temper-
ature. For example, decreasing the process temperature in ALD 
caused reduced WVTR performance of the TFE.[21] Therefore, it 
is necessary to develop a new method to maximize the barrier 
performance of the TFE while minimizing the PSC damage 
during the deposition of the inorganic layer.

Recently, we have demonstrated an organic/inorganic multi-
layer TFE system with an outstanding barrier property fabri-
cated by initiated chemical deposition (iCVD) coupled with 
the ALD process.[19b,c,22] A pair of Al2O3 inorganic and pV3D3 
organic layers was denoted as a dyad afterward. The WVTR of 
a 3-dyad organic/inorganic multilayer TFE was on the order 
of 10−4 g m−2 d−1 under an accelerated condition at 38 °C and 
90% RH. In the present work, for the first time, we applied 
the multi layer TFE using the iCVD and ALD processes for 
the encapsulation of a PSC to improve the long-term stability 
against a humid environment (see Figure 1). The iCVD process 
was considered suitable for the encapsulation of PSC due to 
its benign process. We investigated the barrier performance of 
the TFE developed in this study as a function of the process 

Adv. Energy Mater. 2017, 1701928

Figure 1. Right) Schematic illustration of the encapsulated PSC, and left) The cross-sectional SEM image of the TFE.
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temperature and time in the ALD process and optimized the 
iCVD and ALD process conditions to minimize the degradation 
of the device performance. As a result, we successfully fabri-
cated a PSC with a substantially enhanced long-term stability 
(for 300 h) under an accelerated condition of 50 °C and 50% 
RH by adopting the multilayer TFE as a reliable encapsulation 
method suitable for PSCs.

2. Results and Discussion

2.1. Low-temperature-Processed TFE

For the ALD of the Al2O3 layer in the TFE, the highest deposi-
tion temperature is usually chosen as long as the device under-
neath is free from damage in order to secure the highest barrier 
performance. For example, a deposition temperature of 90 °C 
was chosen in our previous study for the encapsulation of an 
OLED, which is known to be stable up to 100 °C. In that pre-
vious study, we demonstrated a substantially enhanced OLED 
stability by direct application of the TFE, and device degradation 
was practically negligible. As mentioned earlier, however, most 
PCSs using an organic HTM layer are vulnerable to heat,[13] 
and thus, the process temperature for the inorganic layer depo-
sition must be reduced further. For this purpose, the process 
temperature of the ALD Al2O3 layer in the TFE was changed, 
and the film quality of the inorganic layer was evaluated by var-
ying the process temperature.[23] Figure 2a shows the change in 
the WVTR of 21.5 nm thick ALD Al2O3 films with respect to the 
substrate temperature, which clearly shows a decrease in the 

WVTR by decreasing the deposition temperature. Because inor-
ganic film formation occurs by the reaction of adsorbed reactive 
species in the ALD process, reducing the substrate tempera-
ture causes a decreased reaction rate and prompts the adsorp-
tion of the reactants.[23] To deposit the Al2O3 by ALD, trimethyl 
aluminum (TMA) and H2O were alternately injected into the 
reactor, after which the hydroxyl group in H2O reacts with the 
methyl group in the TMA at the substrate surface to form the 
Al2O3 film. The decreased process temperature considerably 
impedes the reaction between the TMA and H2O to generate 
unreacted residues,[24] which create defects in the resultant 
ALD Al2O3 films.[21,25] Therefore, the increased defect density in 
the ALD Al2O3 film at a low process temperature made the film 
more permeable to water vapor. The WVTR of 90 °C-processed 
films remained on the order of 10−3 g m−2 d−1 while the WVTR 
of 60 °C-processed films increased sharply on the order of  
10−1 g m−2 d−1, clearly showing that the ALD temperature 
strongly influences the barrier performance of the TFE.[19a]

Nevertheless, the low-temperature deposition in the ALD 
process is essential for the encapsulation of heat-sensitive 
devices without damaging them. To address this problem, the 
ALD process was carried out in a way to ensure the complete 
reaction between the TMA and H2O,[21,23–25] by sufficiently 
elongating the purge time. Moreover, excessive H2O adsorp-
tion on the substrate can also be suppressed efficiently. Here, 
the purge time after the H2O injection was increased so that 
the ALD reactants have sufficient time to react with each 
other, even at a low process temperature. The increase in the 
purge time directly affected the WVTR of the TFE (Figure 2b). 
Compared to the control purge time of 15 s, an increase in 
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Figure 2. a) WVTR of ALD Al2O3 vs the substrate temperature with 15 s of N2 purge after H2O injection. b) WVTR dependence on the N2 purge time 
after H2O injection at a fixed substrate temperature of 60 °C. The purge time after TMA is fixed to 15 s. c) The growth per cycle of Al2O3 deposited with 
60 °C ALD. d) The WVTR and the lag time of 1–4-dyad organic/inorganic multilayer TFE. The WVTR values are measured under accelerated condition 
at 38 °C, 90% RH.
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the purge time over 30 s resulted in a dramatic decrease in 
the WVTR on the order of 10−3 g m−2 d−1 with the 1-dyad of 
poly(1,3,5-trimethyl-1,3,5-trivinyl cyclotrisiloxane) (pV3D3) 
(250 nm)/Al2O3 (21.5 nm) TFE deposited by iCVD and ALD, 
respectively. Despite the elongated fabrication time, the pro-
cess temperature for the TFE could be reduced down to 60 °C 
while maintaining an excellent encapsulation performance. 
To ensure a sufficient purge time, a purge time of 45 s was 
selected, and the film quality was observed by X-ray reflec-
tometry (XRR). The density of the Al2O3 with a purge time of 
45 s was 2.8 g cm−3, which is slightly higher than that of the 
Al2O3 with a purge time of 15 s (2.67 g cm−3, Figure S1a, Sup-
porting Information) implying that the defect density of the 
Al2O3 decreases as the purge time increases. The increased 
purge time in ALD also resulted in a decreased surface rough-
ness. The growth per cycle of the Al2O3 thin film with a purge 
time of 45 s was 1.10 Å s−1, and the film thickness increased 
linearly with respect to the ALD cycles, shown in Figure 2c, 
which confirms that the inorganic layer was grown in the 
ALD mode, and CVD-like film growth was suppressed effec-
tively.[23] The amount of unreacted TMA can be monitored 
by checking the residual carbon contents from analysis of 
the X-ray photoelectron spectroscopy (XPS) (Figure S1b, Sup-
porting Information). Only 2.3% of C was detected from the 
Al2O3 layer processed at 60 °C, which is similar to the result 
from the 90 °C ALD,[19c] indicating that the TMA–H2O reac-
tion occurred sufficiently with minimized residual C contents. 
It follows from the analyses that the Al2O3 layer processed at 
60 °C can retain an outstanding film quality comparable to that 
of the recently reported Al2O3-based TFE deposited at a higher 
temperature.[19c,22]

In addition, it is worthwhile to note that the iCVD pV3D3 
layer was deposited first on the water-sensitive substrate prior 
to the Al2O3 deposition, which serves as an ad hoc passivation 
layer to protect the water-sensitive substrate from the ALD pro-
cess that uses H2O as the reactants. The conformal coverage 
characteristics and benign process condition such as the low 
substrate temperature (40 °C) of the iCVD pV3D3 layer are 
also critically helpful to passivate the substrates from damage 
during the deposition of the following layer.[19b] In this regard, 
the thickness of the first organic layer was set to be quite thick, 
800 nm, to achieve efficient passivation.

In this work, we fabricated 1–4 dyads of a multilayer TFE 
composed of a low-temperature ALD Al2O3 (at 60 °C) and 
iCVD pV3D3. As explained above, the first organic passivation 
layer was set to 800 nm, whereas the thicknesses of the other 
organic layers from the second dyad and above were kept to 
100 nm. The Al2O3 film was 21.5 nm thick (200 cycles of ALD). 
Figure 2d shows the WVTR and the lag time according to the 
dyad number of the multilayers. The lag time means the time 
required for the water permeation rate to reach a steady state.[19a] 
The barrier property improved distinctively as the number of 
the dyads were increased. The enhancement in the lag time 
was also prominent, which increased in a linearly propor-
tional manner by the number of dyads, while the improvement 
of the WVTR was decelerated as the dyad number increased. 
Graff et al. described the weak dependency of the WVTR on 
the number of dyads unlike the lag time.[19a] In the case of the 
4-dyad multi layer TFE, the WVTR was 5.3 × 10−4 g m−2 d−1 with 

a lag time longer than 400 h estimated under an accelerated 
condition of 38 °C and 90% RH.

2.2. Application of the TFE to a PSC

Based on the preparation process of a 4-dyad multilayer TFE, 
we first attempted to directly deposit an Al2O3 layer onto the 
PSC by the ALD process, and the effect of the process tem-
perature on the PSC performance was monitored. As shown 
in Figure 3, the PSC device with (2,2′,7,7′-tetrakis-(N,N-di-p-
methoxyphenylamine)-9,9′-spirobifluorene (Spiro-OMeTAD) 
as the HTM exhibited severe degradation during the ALD 
process done at both 90 and 60 °C. It should be noted that 
most PSCs suffer from thermal stress at high temperatures, 
presumably due to the poor thermal stability of the organic 
small molecule-based HTM including the Spiro-OMeTAD 
and additives.[26] Unlike the MAPbI3, which is known to be 
stable up to 120 °C, the Spiro-OMeTAD-based HTM showed 
low thermal stability above 85 °C due to a large drop in glass 
transition temperature (Tg) by the addition of additives into 
HTM, causing a severe recrystallization of HTM,[27] which has 
limited the use of TFE with the conventional, high-tempera-
ture ALD process in PSCs. In this work, we fabricated a PSC 
with poly(triarylamine) (PTAA) as the HTM with improved 
thermal stability, which makes the PSC device compatible 
with TFE generated by the modified low-temperature ALD at 
60 °C. In the case of the PSC with PTAA as the HTM, over 
90% of the original PSC efficiency was maintained even after 
the Al2O3 deposition at 60 °C, whereas a significant degrada-
tion in device performance was observed in the PSC exposed 
to the ALD process at 90 °C. However, the efficiency loss was 
not as considerable as that of the PSC with the Spiro-OMeTAD 
HTM, confirming the excellent thermal stability of the poly-
meric PTAA.[28] The fill factor (FF) of the PSC with the PTAA 
as the HTM was slightly decreased from 77.2% to 71.3% after 
the ALD deposition at 60 °C due to the decrease in the shunt 
resistance (see Figure S2a, Supporting Information). To eluci-
date the possible cause of the device performance degradation 
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Figure 3. Normalized PCE of HTM-varied PSCs after 60 and 90 °C ALD 
process.
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by the ALD process, the PSCs were exposed to various con-
ditions, and the device efficiency was monitored (Figure 4a; 
Figure S2, Supporting Information). When the PSC was 
placed at 60 °C for 3.5 h, corresponding to a total ALD process 
time of 200 cycles without exposure to the ALD precursors 
but with exposure to N2 purge gas, no appreciable decrease in 
efficiency was detected (Figure S2b, Supporting Information). 
The result strongly suggests that the PSC damage by the ALD 
process is not solely due to the thermal damage but also due to 
the injected ALD precursors. A separate exposure of the PSC 
to TMA and H2O clearly shows that H2O is mainly responsible 
for the decreased cell efficiency, but exposure to TMA is prac-
tically damage-free (Figure S2c,d, Supporting Information). 
Because the PSC is extremely sensitive to moisture, the con-
tact with H2O during the ALD process might severely degrade 
the device performance, although the total H2O injection time 
is only 100 s (0.5 s for each ALD cycle for 200 cycles). The 
continuous injection of H2O more severely degrades the PSC 
than the device exposed to real ALD because the Al2O3 film is 
formed in situ, which will serve as the encapsulation layer to 
prevent water penetration into the PSC.

In addition, the PSC damage by the iCVD process was also 
minimal (Figure S3a, Supporting Information). The solvent-
free nature and low substrate temperature of the iCVD process 
enabled the deposition of pV3D3 in nondestructive manner.[29] 
The degradation of the PSC efficiency was further suppressed 
by the first pV3D3 layer prior to the ALD Al2O3 (Figure 4b), 
which confirms the role of the first organic layer as an effec-
tive temporary barrier to protect the PSCs from the following 
ALD process. The pV3D3 successfully blocked the direct con-
tact of H2O with the PSC during the initial growth of the Al2O3 

film. Moreover, the organic layer flattened the substrate sur-
face of the cells to form an excellent interface with the Al2O3 
film without physical and chemical defects on the device sur-
face.[30] The surface of the PSC contains various components 
such as glass, F-doped SnO2 (FTO), PTAA, and a gold elec-
trode. Chang et al. investigated the incomplete passivation of 
an Al2O3 film on a polymer solar cell due to the insufficient 
surface coverage at the boundaries, which led to a rapid encap-
sulation failure.[30] The variation in the surface composition 
might induce non-uniform growth of the Al2O3 layer, which 
can be minimized by the initially deposited pV3D3 layer. The 
AFM images in Figure 4c clearly show the effective planariza-
tion of the iCVD film. The rough surface of the Au electrode 
on the PSC with a root-mean-square roughness (Rq) of 26.2 nm 
becomes extremely smooth by the thick organic layer with 
an Rq of 2.8 nm. The clear boundary of the PTAA, gold, and 
FTO in the pristine PSC disappeared completely by the iCVD 
coating (Figure S3b,c, Supporting Information). In the iCVD 
process, the monomer vapor adsorbs on the cooled substrate 
surface first, and the activated initiator reacts with the adsorbed 
monomer to form a polymer film. The surface growing mecha-
nism based on the physical adsorption of the monomer ena-
bles the effective planarization of the pV3D3 coating regardless 
of the surface composition.[31] The nondestructive first organic 
layer coupled with the high-quality ALD inorganic layer depos-
ited at low temperature led to the monolithic integration of the 
high-performance TFE with minimized PSC degradation. The 
resultant average PCE of the encapsulated PSC was as high as 
18.2 ± 1.3%. Figure 4d shows the distribution of the initial PCE 
for 28 cells, confirming the excellent uniformity of the TFE 
integration process.

Adv. Energy Mater. 2017, 1701928

Figure 4. The TFE-applied PSC. a) PCE variation of the PSC exposed to various conditions. Vacuum means that the PSC was exposed to the ALD condi-
tion without reactant injection. TMA and water means that PSC was exposed to each reactant injection for only the time corresponding to the 200-cycle 
ALD process. b) Current density (J)–applied voltage (V) characteristics of PSC before and after encapsulation with 100 nm thick pV3D3 followed by 
21.5 nm thick 60 °C processed Al2O3. The device performance was measured under simulated AM 1.5 solar irradiation. (Intensity = 100 mW cm−2) 
c) A cross sectional SEM image of the encapsulated PSC. Scale bar = 1 µm. The AFM images on the right side were obtained on the gold surface of 
the PSC before (bottom) and after 800 nm thick pV3D3 layer deposition (top). Scale bar = 5 µm. The iCVD polymer layer effectively smoothened the 
rough surface of the PSC. d) PCE distribution of the 28 PSC samples before and after encapsulation.
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2.3. Shelf Life Test for the Encapsulated PSC under Various 
Accelerated Conditions

To enhance the stability of the PSC under a humid environ-
ment, an organic/inorganic multilayer TFE with 1–4 dyads 
was integrated directly into PSCs. The encapsulated cells were 
exposed to an accelerated condition of 50 °C and 50% RH for 
300 h. The result of the shelf life test of the encapsulated PSC 
in Figure 5a shows that the device stability increased mark-
edly as the dyad number of the multilayer was increased. The 
efficiency of the PSC without encapsulation degraded rapidly 
upon exposure to moisture, but the samples encapsulated with 
two or more dyads of the multilayer TFE showed substantially 
improved stability.

The devices without encapsulation retained only 48% of 
their original efficiency after exposure for 300 h. A severe decay 
of the FF from 79.6% to 38.6% and a dominant drop in the 
short circuit current density (Jsc) originating from the increased 
series resistance were observed, as shown in Figure 5b. This 
S-shaped current density (J)–applied voltage (V) curve observed 
in seriously degraded cells, resulting mainly from part of the 
decomposed components or collapsed interface during the 
degradation.[32] Moreover, small bubbles were often observed in 
the encapsulated solar cells on the surface of the TFE during 
the degradation (Figure S4, Supporting Information), presum-
ably due to the volatile CH3NH2 and HI formed from MAPbI3 
during the degradation.[33] Hwang et al. observed that the mass 
reduction of the MAPbI3 perovskite was accompanied by the 
degradation process by the evaporation of the gaseous volatile 
degradation products.[13] The TFE is expected to be capable of 
blocking the vaporizing-out of the decomposed volatile compo-
nents, causing the saturation of the gaseous decomposed com-
ponents inside the cells, which would retard the decomposition 
process.[34] The sample encapsulated with the 4-dyad TFE had 
only a negligible change in the PSC performance after 300 h 
of exposure at 50 °C and 50% RH. (Figure 5c) It maintained 
97% of its original efficiency, and the result corresponds to 
a stability of over 1500 h at an ambient condition (25 °C and 
50% RH) considering the acceleration factor.[35] This is one 
of the best stabilities of PSCs with a PCE greater than 18% 

reported up to now, as shown in Figure S5 in the Supporting 
Information.

3. Conclusion

In summary, we developed a new method to integrate TFE 
directly onto PSCs to enhance the device stability against mois-
ture. The TFE structure and deposition conditions were opti-
mized to maximize the long-term stability of the PTAA-based 
PSC. For this purpose, the ALD process temperature was low-
ered by adjusting the purge time after H2O injection in order to 
minimize the device damage during the TFE deposition step. 
Moreover, the first organic layer via iCVD acts as a primary 
protective film for PSC. The TFE was fabricated at a low tem-
perature using 60 °C-ALD and 40 °C-iCVD processes to deposit 
the pV3D3/Al2O3 multilayers which show an outstanding bar-
rier property with a WVTR on the order of 10−4 g m−2 d−1 at 
an accelerated condition of 38 °C and 90% RH. When applied 
to PSCs, the encapsulation process did not degrade the device 
performance while enhancing the stability significantly. The 
PSC maintained 97% of its initial PCE after exposure to 50 °C 
and 50% RH for 300 h, which is one of the longest PSC shelf 
lifetimes achieved at such a high incubation temperature from 
a PSC with a PCE higher than 18%. To the best of our knowl-
edge, this is the first demonstration of the direct incorporation 
of TFE onto a PSC to substantially increase the device lifetime, 
and we believe that this study can prompt further improvement 
in the PSC lifetime, which is pivotally important for real field 
applications of PSCs in the near future.

4. Experimental Section
Fabrication of Organic/Inorganic Multilayer TFE: The multilayer TFE 

was fabricated by alternatively depositing organic and inorganic layers 
via iCVD and ALD, respectively. During the iCVD process, 1,3,5-trimethyl-
1,3,5-trivinylcyclotrisiloxane (V3D3, Gelest, 95%) and tert-butyl peroxide 
(TBPO, Aldrich, 98%) were used as monomer and initiator to deposit 
poly(1,3,5-trimethyl-1,3,5-trivinylcyclotrisiloxane) (pV3D3). The monomer  
and the initiator were heated to 40 °C and 35 °C, respectively, and 
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Figure 5. a) Shelf life of PSC encapsulated with 1–4 layers of multilayer TFE under an accelerated condition of 50 °C, 50% RH. The numbers in legend 
indicate the WVTR of each TFE with unit of g m−2 d−1. J–V characteristics of b) pristine PSC and c) the PSC encapsulated with 4-dyad TFE with respect 
to the time lapse with reverse scan.
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were fed into the iCVD reactor (Daeki Hi-Tech Co. Ltd) with flow rates 
of 7 standard cubic centimeters per minute (sccm) and 2.9 sccm, 
respectively. The process pressure was maintained at 600 mTorr during 
the deposition. The substrate temperature was maintained at 40 °C, and 
the filament was heated to 140 °C.

Al2O3 film was deposited via ALD, which is described in detail 
elsewhere.[23] Briefly, TMA (99.9999%, UP Chemical Co. Ltd.) and 
deionized H2O were injected sequentially into the ALD chamber. A 
single ALD cycle consisted of TMA pulse for 0.5 s, N2 purging for 15 s, 
H2O pulse for 0.5 s, and N2 purging for 15 to 60 s. For the initial three 
cycles, TMA was injected for 2 s and purged for 30 s to accelerate 
the nucleation step. The base pressure was below 40 mTorr, and the 
substrate temperature varied from 60 to 120 °C.

Barrier Property Measurement—Ca Test: A Ca test was used to 
calculate the barrier property of the TFE. The 50 nm thick Ca film 
was deposited via a thermal evaporator (Daeki Hi-Tech Co. Ltd) 
installed in a glove box filled with N2. Ca (Junsei Chemical, 99.5%) 
was deposited on a slide glass with an area of 25 mm × 25 mm by 
thermal evaporation with the deposition rate of 1 Å s−1. The area of 
the Ca film was 3 mm × 3 mm, and each slide glass contained four 
Ca films. The measured barrier properties from the four samples were 
averaged. On the Ca films, the organic/inorganic multilayer TFE was 
deposited via iCVD and ALD. First, the 800 nm thick pV3D3 film was 
deposited on Ca film. Then, the Al2O3 film was deposited by the ALD 
process as described above. The encapsulated samples were placed 
in a thermohygrostat (TM-EM-065, JEIO Tech) under an accelerated 
condition of 38 °C and 90% RH. Since opaque Ca is oxidized upon 
exposure to water vapor and oxygen to become transparent, the 
barrier property could be visualized by monitoring the oxidized area. 
The oxidized areas were collected by a digital camera (Nikon P300) 
and were analyzed by ImageJ v1.46 (National Institute of Health). 
By plotting the oxidized area, the barrier property was obtained. The 
WVTR could be calculated as[36]

δ)( )(
)(= ⋅ ⋅ ⋅− − n

M
M

h A
t

WVTR g m d
H O
Ca

d
d

2 1
Ca

2

 
(1)

where n represents the molar equivalent of the Ca oxidation reaction 
with a water molecule (n = 2) and δCa is the Ca density (1.55 g cm−3). 
Here, M(H2O) and M(Ca) are the molecular weights of the water 
molecule and Ca, respectively, h is the height of the Ca film, and dA/
dt is the slope of the plotted graph with respect to a Ca-oxidized area 
versus time. The lag time is the x-intercept of the oxidized area-plotted 
graph.

TFE Characteristics: The thickness and density of the 200-cycle Al2O3 
films grown on Si(100) were analyzed by XRR (SmartLab, RIGAKU). 
The atomic percentage of the Al2O3 film was obtained by XPS (K-Alpha, 
ThermoFisher Scientific). The surface roughness of the pV3D3 layer 
on PSC was examined by atomic force microscopy (AFM, NX-10, Park 
Systems). The cross-sectional images of the 4-dyad organic/inorganic 
multilayer were taken by a scanning electron microscopy (SEM, 
Magellan400, FEI).

PSC Fabrication: A 60 nm thick dense blocking layer of TiO2 (bl-
TiO2) was deposited onto an FTO (Pilkington, TEC8) substrate by 
spray pyrolysis deposition carried out using a 20 × 10−3 m titanium 
diisopropoxide bis(acetylacetonate) solution (Aldrich) at 450 °C to 
prevent direct contact between FTO and the hole-conducting layer. 
100 nm thick mesoporous TiO2 (TiO2 nanoparticles: average particle 
size ≈50 nm; crystalline phase = anatase) films were spin-coated onto 
the bl-TiO2/FTO substrate using homemade pastes and were calcined 
at 500 °C for 1 h in air to remove the organic portion. To fabricate 
efficient perovskite cells based on the (FAPbI3)0.87(MAPbBr3)0.13, the 
perovskite solutions were then coated onto the mp-TiO2/bl-TiO2/FTO 
substrate by two consecutive spin-coating steps, at 1000 and 5000 rpm 
for 5 and 10 s, respectively. During the second spin-coating step, 1 mL 
ethyl ether was poured onto the substrate. The perovskite solution for 
(FAPbI3)0.87(MAPbBr3)0.13 was obtained by dissolving NH2CHNH2PbI3 

(FAPbI3) 0.8 g and CH3NH3PbBr3 (MAPbBr3) 0.09 g in 
N-N-dimethylformamide and dimethylsulfoxide (0.8 mL:0.1 mL). PTAA 
and Spiro-OMeTAD were spin coated as hole transport materials. Spiro-
OMeTAD/chlorobenzene (100 mg mL−1) solution with an additive of 
23 µL Li-bis(trifluoromethanesulfonyl) imide (Li-TFSI)/acetonitrile 
(540 mg mL−1) and 39 µL 4-tert-butylpyridine (TBP) was spin-coated on 
(FAPbI3)0.87(MAPbBr3)0.13/mp-TiO2/bl-TiO2/FTO substrate at 4000 rpm 
for 30 s. PTAA (EM index, Mw = 17 500 g mol−1)/toluene (10 mg mL−1) 
solution with an additive of 7.5 µL Li-bis(trifluoromethanesulfonyl) 
imide (Li-TFSI)/acetonitrile (170 mg mL−1) and 4 µL TBP was spin-
coated on (FAPbI3)0.87(MAPbBr3)0.13/mp-TiO2/bl-TiO2/FTO substrate 
at 3000 rpm for 30 s. Finally, an Au counterelectrode was deposited 
by thermal evaporation. The active area of this electrode was fixed  
at 0.16 cm2.

PSC Performance Measurement: The J–V curves were measured using 
a solar simulator (Newport, Oriel Class A, 91195A) with a source meter 
(Keithley 2420) at 100 mA cm−2 illumination AM 1.5G and a calibrated 
Si-reference cell certificated by NREL. The J–V curves for all devices were 
measured by masking the active area with a metal mask 0.094 cm2 in 
area.

PSC Shelf Life Measurement: For measuring the shelf life, the devices 
were placed under a thermohygrostat or on a hot plate in the N2-
atmosphere glove box and removed at a preset time to measure the 
device performance, then placed back. The best data among the four 
samples were selected. The normalized PCE variation over time was 
used to represent the cell performance, and the reverse and forward 
scanned values were averaged to avoid overestimation.[37] The PCEs 
were normalized with their initial values and plotted as a function of the 
storage time.

Degradation Observation of the PSC: The absorption spectroscopy 
of the perovskite on FTO glass was analyzed by UV–vis spectroscopy 
(UV-3600, Shimadzu). XRD (SmartLab, RIGAKU) with a copper Kα line 
source was carried out to compare the crystalline structures of the PSC 
depending on exposure time. The cross-sectional images were taken 
with an SEM.
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