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ABSTRACT: Although the power conversion efficiency of perovskite solar cells
(PSCs) reached up to 25% that made them comparable to the commercial solar cells,
they are facing issues toward commercialization, especially their short lifetime.
Remarkably, the most important key factors that regulate the durability of the devices
are moisture, light, and heat. In this work, prolonging the device lifetime is focused by
designing a flexible moisture-blocked and temperature-controlled encapsulation system.
In this regard, a thermally adjusted phase change material is embedded in a polymer
encapsulation layer to avoid the moisture diffusion, rapid temperature fluctuation, and
undesired crystalline phase change of the perovskite layer in the PSCs under the
operation condition. As a result, a 2 year stable device is achieved, whereas the
reference device loses more than 50% of its performance after 10 days. Surprisingly, the
charge transport resistance and recombination rate show no significant change during
450 days of storage, which confirms no increase in the defect density.

■ INTRODUCTION

Organic−inorganic hybrid perovskite solar cells (PSCs) have
attracted a wide attention of researchers because of the
exceptional light-absorbing, facile, and affordable processing
methods and superior electrical properties such as high charge
carrier motilities and long diffusion length. Interestingly, PSCs
represent a promising growth in the performance merely in a
few years of intensive research.1 In 2009, the power conversion
efficiency (PCE) of 3.81% was first achieved in PSCs.2 Ten
years later, a PCE as high as ∼25.2% was obtained through
continuous attempts in controlling the formation of the
perovskite layer and optimization of the device structures.3

Though the PCE of the PSCs has reached the PCEs of the
traditional solar cells such as silicon based devices, their short
lifetime or low stability has still remained as the main issue and
the essential requirement for the commercialization.4

Despite the fact that there is no specific stability protocol for
PSCs yet, several key elements were identified as the
degradation reasons.5,6 The degradation mechanisms are
significantly related to oxygen and moisture diffusion (environ-
mental stability),7,8 temperature and intrinsic heating under
the operation condition (thermal stability),9,10 and light
(photostability).11,12 Different strategies have been made to
improve the stability of PSCs such as the modification of the
perovskite material composition or deposition process,
replacement of the mesoporous layer, use of different additives
and/or charge-transport materials,13 surface treatments and/or
interfacial layer engineering,14 use of carbon-based electrodes,

and some behavior toward the elimination of the moisture
effects.15 As stated, moisture is one of the main vital
degradation reasons that causes a complex effect on the
perovskite film formation and degradation, especially at higher
temperatures.16−18 Besides, a proper humidity level is
indispensable for achieving high-quality films and subsequently
enhancing the optoelectronic properties.19,20 However, Noh
and co-workers suggested that moisture degrades the PCE of
unencapsulated PSCs and causes device failure and meanwhile
recommended that PSCs should be fabricated in a controlled
atmosphere.21

Temperature is another authoritative degradation reason
that has a tremendous effect on the components of the PSCs.
In addition to the enhancement of the degradation reaction
rate because of temperature rise, crystal phase transition of the
perovskite materials would occur through the device
operation.22 In fact, the presence of phase transitions is
consistent with the perovskite nature of the materials.23 There
are two phase transitions classified as the high-temperature α-
phase and the intermediate temperature β-phase. CH3NH3PbI3
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(MAPbI3), the widely used perovskite material in optoelec-
tronic devices, adopts β-phase at room temperature that
converts to the α-phase in temperatures higher than 50 °C.22

Thus, the reversible phase transition of CH3NH3PbI3 from a
tetragonal to a cubic phase that can occur through the
operation of the device cells strongly affects the thermal
stability and photostability of PSCs.22 Therefore, the lack of
stability issue can be overcome by protecting the device against
the moisture diffusion and temperature rise during the
operation. The encapsulation of the device by polymer resins
is a widely utilized strategy to prevent the diffusion of water
and oxygen molecules into the devices and extend their
lifetime. So far, various encapsulation systems were employed
to delay the degradation that occurred because of the moisture
diffusion, although thermal effects were not concentrated in
these systems.24 Transparent epoxy resins have been used for
some electronic applications because of their low cost, high
processing facility, and moderate toughness and because they
can be easily cured with heat or ultraviolet (UV)
irradiation25,26 by the addition of thermal initiators or
photoinitiators, respectively. Han et al.27 applied a transitional
glass lid encapsulation onto the PSC. The encapsulated PSC
retained 40% of its original efficiency after 20 h at 55 °C in an
80% relative humidity (RH) and under 1 sun illumination.
Dong et al. also investigated a similar approach, in which the
PSC was encapsulated with a 50 nm thick SiO2 layer deposited
by an electron beam, followed by sealing with a cover glass
using epoxy glue.28 The encapsulated device retained 70% of
its original efficiency after 432 h in an outdoor environment.
Matteocci et al. performed a systematic comparative study of
sealing methods using epoxy glue. UV-curable glue with a
Kapton polyimide adhesive was adapted for the encapsulation
of PSCs, which resulted in stable PSCs for 170 h under a 30%
RH.29 According to the stability test of the encapsulated
CH3NH3PbI3 devices stored in a glovebox and measured
under ambient conditions (20−25 °C; RH of 25−40%) for
2500 h, the devices reserved more than 85% of the original
PCE.30 In another study, after 2 months of storage under the
ambient atmosphere, the encapsulated CH3NH3PbI3−xClx
device retained 90% of its initial PCE.31 Likewise, the
encapsulated MAPb1−xCaxI3-based device with x = 5% showed

a stabilized PCE of 13.3% for over 2 months. The PCE
retained 85% of the initial value for a period of over 2 months
in the dark and under a RH of 60−70% at room temperature.32

Research progress indicates that developing an effective
encapsulation method suitable for PSCs has still remained
elusive.
A successful encapsulation system should act as both a

moisture barrier and a heat absorber simultaneously, while the
aforementioned employed systems comprising polymer resins
are naturally thermal insulators that work as barriers for the
transfer of the long thermal wavelengths. However, they
protect the device against moisture and other corrosive gas
molecules, and the device temperature is higher compared to
that of the unencapsulated device. It is also desirable for the
encapsulation system to be mechanically flexible and optically
transparent. So far, encapsulation of PSCs regarding the
temperature controlling and heat-transfer management has not
been performed. It should be noted that the undesired effect of
the encapsulation systems based on polymer materials on the
temperature regulation of the devices has not been considered.
It is obvious that the decrease of the temperature of a
photovoltaic (PV) module can boost the device performance.
Generally, some techniques, such as air cooling and water
cooling, are utilized to cool the commercial PV module to
maintain a lower operating temperature.33 Many numerical and
experimental studies have been conducted to find out the most
efficient and low-cost hybrid PV/T system. Recently, a phase
change material (PCM)-based method for PV thermal
regulation has attracted much attention from researchers. In
this regard, because the elevated operating temperatures
reduce the solar to an electrical conversion efficiency of silicon
PV devices, a PV module was directly connected to a PCM-
filled glass tank. The PV−PCM system is a hybrid technology
in integrating PV panels and PCMs into single modules to
achieve higher solar energy conversion efficiency.34 Until now,
the PV−PCM system has been used just for silicon-based solar
cell modules that are being employed commercially. PCMs can
absorb/discharge a large amount of energy over a limited
temperature range during phase change. Further, PCMs are of
interest for use in applications such as thermal energy storage
and thermal management of systems, as well as for active and

Figure 1. (a) Schematic illustration of the PSC structure, (b) energy diagram of the device components, (c) J−V characteristic of one of the
fabricated devices, (d) SEM cross-sectional image of the device, and (e) top-view SEM and (f) topography images of the CH3NH3PbI3 perovskite
layer.
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passive cooling of electronic devices. In fact, the PCM will act
as a latent and sensible heat storage medium. It should be
noted that using the aforementioned PV−PCM system for
cooling the perovskite devices is not possible because of the
lack of compatibility with the device structures and lack of the
flexibility. Further, the explained system is not able to prevent
the diffusion of moisture and oxygen molecules into the
devices and just acts as a temperature controller.
In this work, we protect PSCs against both temperature rise

and water and oxygen molecules by designing a new shielding
system. In fact, the challenge of the linking of PCMs and
perovskite devices which are completely different from silicon
solar cells is overcome by combining PCM as a cooling agent
with a polymer resin that acts as a PCM holder and a moisture
and oxygen blocking layer. The designed new encapsulation
system is utilized to control the device temperature under the
operation condition, prevent the moisture and oxygen diffusion
into the device, and subsequently prolong the lifetime of the
devices. Remarkably, the perovskite devices encapsulated using
the designed protecting system show no loss in their
performance after 450 days of storage. Both the PV system
and encapsulation system comprising moisture and oxygen
barriers and heat absorber materials are characterized using
optical, electrical, and thermal analyses.

■ RESULTS AND DISCUSSION

Figure 1a,b shows the schematic illustration of the PSC with a
fluorine-doped tin oxide (FTO)/bl-TiO2/mp-TiO2/
CH3NH3PbI3/P3HT/Au structure and the energy levels of
its components, respectively. As presented in the scanning
electron microscopy (SEM) cross-sectional image (Figure 1d),
TiO2 and P3HT are employed as the electron-transporting
layer (ETL) and hole-transporting layer (HTL) that sandwich
the CH3NH3PbI3 layer as the photoactive absorber layer.
Figure 1e,f shows the morphology and topography images of
the perovskite layer deposited via a two-step method,
respectively. The root mean square of the surface of the PSK
layer is estimated to be around 50 nm. As the P3HT layer is of

low thickness (50 nm) compared to the high roughness PSK
layer, the topography of the perovskite layer is dominant. The
J−V characteristic of one of the fabricated devices is presented
in Figure 1c that shows an open-circuit voltage (VOC) of 0.9 V,
a short-circuit current density (JSC) of 21.10 mA/cm2, and a fill
factor (FF) of 63%, which lead to a PCE of 12.03%.
To protect the device against the diffusion of water and

oxygen molecules and temperature rise under the operation
conditions, the devices are encapsulated using two different
systems that are schematically presented in Figure 2. The first
is a thin layer of a transparent UV-cured resin that just blocks
the diffusion of moisture and oxygen molecules into the
devices from the cathode side (Figure 2a). The second is
designed not only to block the diffusion of water and oxygen
molecules but also to control the device temperature and
prevent the temperature rise during the operation under sun
illumination (Figure 2d). In this system, poly(ethylene glycol)
(PEG) is selected as a suitable PCM that is embedded in the
polymer resin. It should be noted that the miscibility of the
resin and PEG is considered to design an efficient cooling
system with no leakage of PEG during melting under sunlight
illumination. In the designed cooling system, resin acts as both
a barrier for moisture and oxygen and a chamber for PCM to
prevent its molecule leakage during the solid−liquid phase
change of PCM. Thus, the curing method is considered to
provide the formation of a nonuniform blend of resin and PEG
after cross-linking. In this regard, during the photocuring of the
epoxy resin under high-power UV light that is illuminated from
the top side of the encapsulation layer, PEG molecules migrate
to the downside of the layer and separate from the resin layer
top surface (Figure 2e). It seems that the fast cross-linking of
the resin can also facilitate this phase separation of the resin
and PCM through the curing process. The cross-sectional
images obtained from optical microscopy clearly show the
sealing of PCM by the resin in a 1:1 ratio (Figures 2e and S1).
It should be noted that samples encapsulated by the blend of
PEG/resin with a 2:1 ratio are damaged after curing because of
the PEG leakage (Figure S2). On the other hand, it is desired
to add PCM into the cooling system as much as possible.

Figure 2. (a) Schematic illustration, (b) optical image, and (c) transmission spectrum of the encapsulation system based on pure resin and (d)
schematic illustration, (e) optical image, and (f) transmission spectrum of the encapsulation system comprising resin and PEG1000 as cooling
agents.
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Thus, among the 1:1, 2:1, and 1:2 ratios of PEG/resin, the
ratio of 1:1 is chosen as the beneficial amount of PCM in
cooling effect.
It is worth noting that the transparency of the cooling

system is considered in the selection of materials. The
transmission spectra of the moisture and temperature
protecting systems are exhibited in Figure 2c,f. As observed,
the cooling system shows more than 45% transparency of the
visible light that is desired for controlling the temperature and
stability of the devices. In fact, passing photons through the
solar cell modules cannot be ignored, so it would be better to
provide a transparent encapsulation layer not to trap the light.
Temperature range and the amount of heat that PEG can

absorb during the melting process and release during
solidification are the key factors that determine the efficiency
of the designed system. The differential scanning calorimetry
(DSC) diagrams of the encapsulation systems are employed to
estimate the aforementioned thermal behavior of the
encapsulation systems. Figures 3a, 4b, S3, and S4 present the

DSC diagrams of pure resin, pure PEG, resin/PEG1000, and
resin/PEG2000 blends. The extracted data related to the
thermal behavior of the systems are summarized in Table 1.
No peak is observed in the DSC curve of the pure resin that
confirms that the resin is fully photocured. Further, the onset
and end points for the melting process in the cooling system
containing PEG1000 are at 24 and 36.9 °C, respectively. It can
absorb around 54.81 J/g of the released heat from the device,
though a higher ΔH can be achieved by changing the sample.
Because of the phase separation of the resin and PEG in the
designed cooling system, the selection of the sample for DSC
analysis is crucial. The melting temperature range for the
PEG2000/resin cooling system is 43−60 °C with a melting
peak located at 54.7 °C and a melting enthalpy of around 57 J/
g. In addition to the heating cycles, the cooling cycles that
exhibit the solidification behavior of the systems are also
presented in Figures S5 and S6.

To determine the effect of the designed cooling system on
the temperature regulation of the PSCs, four types of devices
including reference cell, encapsulated with just the resin cell,
encapsulated with resin/PEG1000, and encapsulated with
resin/PEG2000 systems are checked thermally under 1 sun
illumination (Figure 4a). The trend of the temperature
increment in all samples is exhibited in Figure 4a,b. As
observed, the maximum temperatures for the reference device,
encapsulated devices by the resin, resin/PEG1000, and resin/
PEG2000 are 41.2, 49.3, 36.6, and 46.9 °C, respectively.
Remarkably, the lowest and highest temperature differences are
observed for the devices encapsulated by the resin/PEG1000
blend and just resin that are around 7 and 19 °C, respectively.
In fact, the heat generated in the device during the operation is
trapped in the encapsulated device because of the insulation
feature of the polymer resin (the thermal conductivity of epoxy
resin is around 0.2 W/mK) that is confirmed by observing the
fastest temperature rise and the maximum temperature for the
device encapsulated with just resin (Figure 4, Table 2). As
observed in Figure 4c, the temperature of the device
encapsulated by resin/PEG1000 shows an ascending trend
after 35 min that indicates the full melting of PCM. Thus, the
heat trapping is an issue in almost all optoelectronic devices
encapsulated by the polymer resin that is the widely utilized
method for the device protecting against moisture and oxygen
molecules. Actually, the performance (η) of the devices is
strongly dependent on the operation temperature through the
following relations reported in the literature (eq 1).35

T T1 ( )c Tref ref m refη η β= [ − − ] (1)

where T and η are the temperature and PCE, respectively, and
βref is the temperature coefficient of the PV module. It should
be noted that these relations reported for traditional solar cell
modules and the performance loss through the degradation of
the device components have not been considered.
Moreover, comparison of the thermal behavior of the

devices encapsulated by resin/PEG1000 and resin/PEG2000
reveals that the resin/PEG2000 system is not as much efficient
as the resin/PEG1000 system in the temperature controlling of
the device that is attributed to the melting temperature range
of the last one obtained from the DSC curve. In fact, the
melting point of PEG2000 is 55 °C that is higher than the
maximum operating temperature of the PSCs (Figures S3−
S6). As shown, by using a suitable PCM and structure, the
temperature increase of the device under sun illumination,
especially through the hours of a day when the sun intensity is
high, can be prevented efficiently.
In fact, the optical and electrical losses during the PV

process act as the source of the heat generated in the device.
Because the layer thicknesses in PSCs are comparable with the
wavelength of the incident photons, the optical interference
effects play an important role in the multilayer structure
behavior that determine the final light absorption efficiency
and loss in the device. As presented in Figure 5a, around 15%
of the incident light (100 mW/cm2) is reflected from the FTO
side. Thus, the incident energy (Ġ) into the fabricated device is
around 85 mW/cm2. Further, the CH3NH3PbI3 layer in this
device absorbs around 50% of the incident light that is
approximately equal to 40 mW/cm2. The achieved 10%
efficiency for the device reveals that around 10% of the
absorbed light is converted into electricity and the rest is lost
optically and electrically through the charge recombination

Figure 3. (a) DSC curves of pure resin and resin: PEG1000
encapsulation layers and (b) DSC curves of pure resin and resin/
PEG2000 encapsulation layers.
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that acts as the heat source. Accordingly, the energy balance in
the device can be written as

G R100̇ = − ̇ (2)

G E Qelectrical loss
̇ = ̇ + ̇ (3)

where Ėelectrical is the electrical energy generated in the device
and Q̇loss is the thermal energy generated by optical and
electrical losses. Q̇loss is a combination of the thermal energy
stored in the device and the released thermal energy from the
device that is considered to be managed by the cooling system.
As stated, the optical and electrical analyses reveal that around
75% of the incident light is lost. It proves the importance of
thermal energy management in these devices, especially
organic-based ones.
To evaluate the effect of the new designed protecting system

on the lifetime of PSCs, several solar cells are fabricated at the

same time and conditions and subsequently encapsulated.
Figure 6C presents the normalized performance of the devices
during 830 days of storage under the ambient condition with a
28% RH. Figures 6a,b and S7 show the J−V characteristics of
the nonencapsulated, resin-encapsulated, and resin-/PCM-
encapsulated devices before and after the aging process for 450
and 830 days under the ambient condition. Also, the extracted
PV characteristics are summarized in Table 3. Surprisingly, the
device protected by the moisture- and oxygen-blocked and
cooling system containing a resin/PEG1000 mixture shows no
significant loss in its PCE. The pure resin-encapsulated device
shows about 30 and 50% reduction in its performance after
450 and 830 days, respectively (Figure 6c), while the
unencapsulated device suffers from more than 50% reduction
in its PCE after just 10 days of storage under the ambient
condition. As clearly observed, the device encapsulated by
resin/PEG2000 is not as much efficient as resin/PEG 1000
that can be attributed to the undesired temperature range
confirmed by the DSC curve (Figure 3). Moreover, the resin-/
PEG1000-encapsulated device shows better stability under
continuous illumination compared to the reference device
(Figure S9). Figure S8 presents the stability behavior of the
reference device and encapsulated device kept under a RH of
85% that confirms the efficient moisture blocking effect of the
encapsulation system. The enhancement of PCE and changes
occurring in the J−V characteristics of the devices through the
storage can be related to the passivation of the available defects
in the structures. In the perovskite materials, an anionic Pb−I
antisite defect on a PbI2-terminated surface and a cationic Pb
cluster on a MAI-terminated surface were defined as two
surface defect sites to generate deep charge traps.36 On the
other hand, it was known that during the formation and
storage of the perovskite layer, halides and cations are lost from
the perovskite crystal, resulting in undercoordinated Pb atoms
on both the surface and grain boundaries of the film and

Figure 4. (a) Temperature profile of the devices under operation and (b) temperature−time diagram under 1 sun illumination.

Table 1. Thermal Behavior of the Different Systems Used as
Encapsulation Layers

type melting point (°C) enthalpy of melting J/g

resin
PEG1000 42.1 197.4
PEG1000/resin (1:1) 32.8 54.8
PEG2000 55.9 203.8
PEG2000/resin (1:1) 54.7 57.7

Table 2. Thermal Behavior of the Encapsulated Devices

device initial slope ΔT (°C) t = 11 min

just resin 0.162 19
resin and PEG2000 0.128 17
reference 0.048 12
resin and PEG1000 0.028 7
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vacancy sites are formed that act as electronic trap sites.37

Because the resin used for encapsulation of the device was
cured by high-power UV, it seems that the UV light inserts into
the perovskite layer and passivates the surface defects and grain
boundary defects by dissociating adsorbed hydroxyl groups
and water molecules in the device. It is proposed that under
UV irradiation, the adsorbed water molecules can be
dissociated into the oxygen, hydrogen, and hydroxyl radicals

that can passivate the dangling bonds in the perovskite
crystals.38 Another possible mechanism for the observed
behavior is related to the presence of oxygen molecules in
the bulk and interfaces of the perovskite device that were
adsorbed during the device fabrication and encapsulation. As
reported, the oxygen molecules can efficiently passivate the
available defect sites in the perovskite materials.39

Figure 5. (a) Total reflection of the incident light from the FTO side of the complete device, (b) absorption and reflection of the perovskite layer,
and (c) schematic of the energy conversion in the device layers.

Figure 6. (a,b) J−V characteristics of the unencapsulated device, pure resin-encapsulated device, and moisture-blocked and temperature-controlled
encapsulated device in fresh condition and after 450 days of storage. (c) Statistical normalized PCE of the devices during 830 days of storage under
the ambient condition with a 28% RH.
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To understand the electrical changes in the encapsulated
device during the storage, the impedance spectra of the fresh
device and stored device for 450 days are recorded under
illumination at open-circuit condition. Besides, the impedance
spectrum of the fresh device without encapsulation is depicted
in Figure S10. To extract the device parameters, the spectra are
fitted by the equivalent circuit presented in Figure 7. In this

model, the high-frequency arc is fitted by resistance R1 coupled
to capacitance C1. The low-frequency arc is fitted by C2 and R2
that represent the parameters associated with the contact to
the perovskite. Capacitances and resistances extracted by fitting
the equivalent circuit model are summarized in Tables 4 and

S1. No significant change is observed in the electrical
properties after 450 days of storage. C2 which is due to the
diverse dipolar mechanisms such as CH3NH3

+ or PbI6
octahedra reorientation,40 and cooperative ionic off-centering,
decreases after 450 days of storage. The low-frequency
capacitance (C2) is associated with the electronic and ionic
accumulation at the electrode interfaces.40 Further, the
recombination resistance (R2) of the device after 450 days is
slightly higher than that in the fresh condition. It can be
concluded that the protection of the device from moisture and
temperature rise inhibits the degradation of the materials and
accumulation of defect sites in the bulk and the interfaces. The

semicircle observed in the higher frequency region can be
related to the charge transport (R1) of the HTL, ETL, and
their interfaces with the PSK active layer and extraction in the
Au contact. As reported in Table 4, there is no significant
change in R1 of the fresh and aged devices because of the same
structure.

■ CONCLUSIONS
In summary, a new moisture- and oxygen-blocked and
temperature-controlled encapsulation system was designed
based on polymer resin/PCM to prolong the lifetime of the
perovskite devices and prevent the crystalline phase transition.
This system included the polymer resin as the moisture and
oxygen barrier and PEG molecules as the temperature adjuster.
Surprisingly, the device encapsulated with the designed
protecting system (resin/PEG1000) retained its initial
performance after 450 days of storage, while the resin
encapsulated showed 20% decrease in its initial PCE and the
unencapsulated device lost its performance completely in this
period of time. It was evidenced that the resin encapsulation
system that is widely used in the optoelectronic devices acts as
a barrier for releasing the heat produced because of the optical
and electrical losses during the device operation. In this regard,
the device encapsulated by pure resin reached the highest
temperature compared to the unencapsulated device, encapsu-
lated with resin/PEG1000, and resin/PEG2000. Remarkably,
the lowest temperature rise during the operation of the device
was resulted for the resin/PEG100 encapsulation system
because of the suitable thermal design. The desirable
protection of the devices by the resin/PEG1000 encapsulation
system was confirmed by the electrical analysis that showed no
significant changes in the recombination and transport
resistances after 450 days of storage.

■ EXPERIMENTAL SECTION
Solar Cell Fabrication. To fabricate PSCs, FTO-coated

glass substrates are etched and cleaned with deionized water,
acetone, and isopropanol, respectively. After drying the
substrates at 100 °C for 30 min, they are coated with a
compact blocking layer of TiO2 (bl-TiO2) by spin-coating a
mild acidic solution of tetraisopropyl orthotitanate in ethanol,
followed by annealing at 500 °C for 30 min. The compact layer
is treated by TiCl4 solution and annealed at 500 °C for 30 min.
Then, the mesoporous TiO2 (mp-TiO2) layer is deposited by
spin-coating the TiO2 paste at 5000 rpm for 30 s and annealed
at 500 °C for 30 min. After the treatment of the TiO2 layer by
TiCl4, as already described, the perovskite layer is deposited on
it via a two-step process from the PbI2 precursor solution (1 M
in anhydrous dimethylformamide) and CH3NH3I solution (7
mg/mL in anhydrous isopropyl alcohol) by a spin-coating

Table 3. PV Characteristics Extracted from J−V Curves Presented in Figure 6

device Jsc (mA/cm2) Voc (V) FF PCE (%) Rs (Ω cm2) Rsh (Ω cm2)

fresh Unencapsulated 23.21 0.83 0.53 10.16 8.7 375.9
just resin 22.62 0.87 0.52 10.25 9.3 200.8
resin and PEG1000 23.22 0.85 0.5 10 9.3 500

after 450 days Unencapsulated 2.40 0.7 0.2 0.34 123.6 689
just resin 16.25 0.81 0.46 6.03 17.6 117.6
resin and PEG1000 18.52 0.93 0.58 10.01 7.8 1282

after 830 days Unencapsulated 0.079 0.9 0.21 0.015 15777 8241
just resin 18.71 0.65 0.38 4.52 17.87 120
resin and PEG1000 18.99 0.92 0.45 7.9 7.8 101

Figure 7. Impedance spectra of the device encapsulated by the resin/
PEG1000 blend in fresh condition and after 450 days of storage in
ambient conditions. The inset shows the equivalent electrical circuit
model used for data fitting.

Table 4. Electrical Properties of the Fresh Devices and
Stored Devices for 450 Days

device
Rs
(Ω) R1 (Ω) R2 (Ω) C1 (F) C2 (F)

fresh 10 355.6 290 4.16 × 10−8 1.84 × 10−3

after 450 days 13 350.5 320.6 2.45 × 10−8 9.1 × 10−5
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method. Poly-3-hexylthiophene (P3HT) is used as the HTL
that is spin-coated from 10 mg/mL solution of P3HT in
chlorobenzene. Finally, a 100 nm thick Au layer is deposited
on top of the P3HT film by a thermal evaporator
(Nanostructure Coating Co. Iran) in vacuum (∼10−5 torr),
yielding an active area of 0.11 cm2.
Solar Cell Encapsulation. To encapsulate the devices, a

UV-curable epoxy-based resin (lab made) is used as both the
moisture and oxygen barrier and as a matrix for PCM.
According to the operational conditions of PSCs, PEG1000
and PEG2000 (produced by Merck Company) are employed
as PCMs. Thus, first, PEG is heated at 45 °C to melt, and then
resin is added. The blends of resin and PCM with various
compositions are stirred for 1 h at 45 °C. To define the
maximum useable percentage of PCM, three blends compris-
ing 1:2, 1:1, and 2:1 weight ratios of PEG/resin are prepared
based on the miscibility behavior of the PEG/resin mixture.41

To prevent the corrosion of the devices because of the direct
contact with the PEG molecules, the device is first covered by a
thin layer (500 μm) of the pure resin, and then a layer of the
PEG: resin blend with a thickness of around 1 mm was added
as the moisture and heat protecting system. The deposition of
the resin layers is performed using a soft brush where the
thickness is controlled by the resin weight per device area. All
curing processes are performed under UV light with λ = 400
nm for 4 min. In the case of the encapsulated devices with
resin, only one layer of the resin is covered on the device and
cured.
Characterization. The morphology and structure of the

films are characterized using Phenom scanning electron
microscopy (SEM) and field emission SEM (TESCAN).
Besides, a Veeco atomic force microscope (CP-Research,
USA) is used to take perovskite layer surface topography
images. The absorption and transmission spectra of the device
layers are recorded by an Avantes UV−visible spectropho-
tometer (AvaSpec 2048, Netherland). In order to investigate
the crystalline nature of the perovskite film, the X-ray
diffraction spectrum is obtained on a Philips diffractometer
(model: X’Pert MPD) equipped with a proportional Xe-filled
detector, Cu tube (λ = 1.54056 Å). Current−voltage (I−V)
characteristics of the fabricated devices are measured by an
Ivium stat potentiostat (XRE model, Netherland) under a
calibrated AM 1.5 solar simulator at 100 mW/cm2 light
intensity (Sharif Solar 10-2, Iran). An IVIUM stat potentio-
stat/galvanostat (XRE model, Netherland) is also utilized to
record the impedance spectra of the devices in the frequency
range of 1−100 KHz under light and bias V = 0 V. Thermal
analysis of the encapsulation systems is performed by DSC
(NETZSCH 200F). Further, the temperature profiles of the
PSCs under the operation condition are recorded by a
thermography camera (model: OLIP ThermoCam P200).
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