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tic encapsulation of perovskite
solar cells: the route to commercialization†

Seyedali Emami, Jorge Martins, Dzmitry Ivanou and Adélio Mendes *

Though perovskite solar cells (PSCs) are rapidly emerging into the photovoltaic (PV) community, their long-

term stability raises huge concerns for their future commercialization. PSCs are sensitive to humidity and

temperature. A hermetic encapsulation is crucial for PSCs not only to prevent them from external

environmental effects but also to avoid leakage of Pb-containing materials of the cells. An advanced

laser-assisted glass-frit encapsulation method is developed to seal HTM-free PSCs. The long-term

stabilities of the laser-sealed devices are examined under harsh environmental conditions of humidity

and temperature exposure tests. The hermetically sealed PSCs have passed 70 thermal cycles (�40 �C to

85 �C) and 50 h damp heat (85 �C, 85% RH) tests according to the IEC61646 standard. The power

conversion efficiency of hermetically encapsulated PSCs remained constant for 500 h under humid air

feeding exposure (80 � 5% RH); non-hermetically encapsulated devices degraded after ca. 50 h. This

work indicates that the hermeticity level of an encapsulation plays a key role in the stability of the

devices in a humid environment. Therefore, a hermetic encapsulation is vital for the industrialization of

PSCs.
Introduction

Perovskite solar cells (PSCs) were rst reported in 2009 by
Kojima et al.1 with power conversion efficiency (PCE) of 3.8%. In
only 10 years their PCEs have reached values as high as 25.2%
for a single junction and 28% in monolithic tandem with
silicon.2 To date, most of the research effort has been intensely
focused on achieving high PCEs and little attention has been
paid to long-term stability. High PCEs and a simple fabrication
method allow perovskite solar cells to be a strong candidate for
entering the photovoltaic (PV) market. However, the future
commercialization of PSCs relies on long-term stability assur-
ance. Most of the long-term stability research is dedicated to
perovskite materials and device structure modications
neglecting PSC encapsulation. Here, we show the crucial
importance of hermetic encapsulation for the long-term
stability of PSCs.

The most common instability sources of PSCs are tempera-
ture and humidity.3 To pass the requirements of the common
PV standard tests such as IEC61646, PSCs must be stable at the
temperature range of �40 �C to 85 �C and relative humidity of
85%.4 Therefore, the device should be fabricated with thermally
stable materials and properly sealed to avoid humidity and
moisture related issues. The thermal stability of PSCs depends
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on the device structure. Common PSCs include an electron
transport layer (ETL), a mesoporous scaffold, a perovskite
absorber, a hole transport material (HTM) and a back contact.
While most ETLs and scaffolds are thermally stable, perovskite
absorbers and HTMs decompose at elevated temperatures.5

Perovskite absorbers are commonly synthesized using cations
such as methylammonium (MA), formamidinium (FA) and Cs
along with Pb. The most widely used MAPbI3 is stable up to
120 �C,6 while FAPbI3 and Cs0.10FA0.90Pb(I0.83Br0.17)3 display
better thermal stability.7,8 Nevertheless, all of the aforemen-
tioned perovskites are thermally stable at 85 �C; hence they
would pass the requirements of the IEC standard. In contrast,
widely used organic HTMs such as spiro-OMeTAD (2,20,7,70-
tetrakis(N,N-di-p-methoxyphenyl-amine) 9,90 spirobiuorene)
decompose at ca. 70 �C.9 Other HTMs such as PTAA (poly(-
triarylamine)), CuSCN (copper(I) thiocyanate) and CuPc (copper
phthalocyanine) show thermal stability at 85 �C.8,10–12 In this
context, HTM is the most vulnerable part of the device for
passing industry related standards.

Since perovskite materials are capable of transporting both
electrons and holes,13 PSCs can be fabricated without the HTM
layer.14,15 HTM-free structures are a promising candidate for
commercialization of PSCs due to their simple air processed
fabrication. These devices are fabricated by the inltration of
a perovskite crystal precursor into screen printed mesoporous
stacked layers of TiO2 scaffold/insulation layer (e.g. ZrO2, Al2O3)/
back contact (e.g. Au, C). A fully screen printed HTM-free
mesoscopic TiO2/ZrO2/C device with a mixed cation perovskite
of 5-ammoniumvaleric acid (5-AVA) and MA reached a certied
This journal is © The Royal Society of Chemistry 2020
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PCE of 12.8% and 1000 h stability in ambient air.16 The
hydrophobic carbon back contact in this structure improves the
stability issues of the cell in a humid environment, while lack of
an HTM makes the devices stable up to the thermal stability of
the perovskite absorber (i.e. above 85 �C). A study by Grätzel
et al. showed that the performance of HTM-free PSCs can be
even further improved through humidity and thermal exposure
(HTE) treatment.17 They showed that ca. 115 h of 70 � 5% RH at
40 �C treatment of the cells would assist the crystal growth of
perovskite at the TiO2 scaffold.17 The hydrophobic carbon back
contact acts as a blocking mesh to avoid penetration of liquid
water while permitting diffusion of water vapor through ZrO2 to
assist the irreversible (5-AVA)0.05(MA)0.95PbI3 crystal growth not
only in TiO2 but also in the entire mesoporous media.17

Although intense effort is being made by many researchers
for developing PSCs stable in humid environments, successful
commercialization of these PV devices requires encapsulation.
Thus, encapsulation plays a key role in the transition of PSCs
from laboratory scale devices to real outdoor commercial
panels. In this context, a suitable airtight encapsulation can be
used to avoid humidity and oxygen exposure of the PSCs,
regardless of the device structure. There are three levels of
hermeticity for an encapsulation: (i) gross leak, (ii) non-
hermetic and (iii) hermetic. The gross leak test is commonly
performed by tracing liquid penetration into the cavity of an
encapsulated sample immersed in a liquid (e.g. dye). A sample
with no gross leakage must be further examined with a gas (e.g.
helium) for ne leaks. According to the MIL-STD-883 standard,
a sealing with helium leak rate lower than 5� 10�8 atm cm3 s�1

is considered as hermetic.18

In addition, the long-term stability of a hermetic sealing
must be examined by simulated climatic tests to ensure >20
years lifetime of the encapsulation. The long-term stability of
the sealing is commonly studied by environmental cycling tests
as described in IEC61646.4 These tests include:

- Thermal cycle test: �40 �C to 85 �C (no RH control);
- Damp heat test: 85 �C and 85% RH.
The long-term stability of an encapsulation is, perhaps, even

more critical than its initial hermeticity. Though several seal-
ants display hermeticity initially, few of them can retain their
hermeticity aer stability tests.19

To date, various sealants and sealing methods have been
used for PSCs. The sealing method can be divided into two
major categories: (i) thin lm in which a thin protective layer is
deposited on top of the cell;20 (ii) edge seal in which the sealant
is placed around the cell and it is bonded to a cover substrate.21

For the thin lm encapsulation method, the coefficient of
thermal expansion (CTE) of the protective layer should be close
to the components of the cell, to avoid mechanical damage
during stability tests.22 In contrast, the edge seal method is
more reliable for stability tests; however, this method
commonly requires additional thermal or light curing steps;
therefore, the additional curing step should not affect the
performance of the device.

The most widely used edge sealants for PSCs are epoxy resin
and thermoplastics. UV illumination can degrade perovskite
solar cells containing a TiO2 layer.23 Thus for UV curing of epoxy
This journal is © The Royal Society of Chemistry 2020
resin the active area must be masked to avoid performance
losses in the device.21 In the case of thermal curing epoxy
sealants, the heating step can cause contamination to the cell
due to outgassing of the epoxy.24 Thermoplastic bonding is
commonly achieved at ca. 140 �C in 10 min to 20 min under an
applied mechanical force. In this context, sealants such as EVA
(ethylene vinyl acetate)22 and a combination of polyolen
“ENLIGHT” with butyl rubber25 display superior performance
aer thermal and damp heat stability tests.

Glass frit encapsulation is an alternative edge sealant to
thermoplastic sealing. While common thermoplastics are
neither hermetic nor long-term stable, glass frit encapsulation
displays a unique hermeticity even aer stability tests according
to IEC61646.19 Similar to thermoplastics, glass frit bonding is
achieved through thermal treatment. Most glass frits have
a bonding temperature above 380 �C; higher than the thermal
decomposition of the perovskite solar cells. To decrease the
process temperature of the encapsulation a laser-assisted seal-
ing method can be used. This method uses a laser beam to
locally heat up the sealant material to its melting point while
the device is kept at a lower process temperature.

Laser-assisted material processing has been widely used for
various industrial solutions. One of the highlighted advantages
of laser-processing is its localized material processing feature.
Therefore, for laser-assisted encapsulation of solar cells, the
active area of the device is not required to be masked for
avoiding performance losses due to sealant processing. Laser-
assisted glass frit encapsulation for solar cells was rst re-
ported in 2012 by Mendes et al. for dye-sensitized solar cells
(DSCs).26 A detailed description of a laser-assisted sealing
method can be found elsewhere.19,26,27 Briey, the laser-sealing
apparatus consists of three major components: (i) a heating
source (e.g. hot plate or furnace) to heat up the specimen to the
process temperature; (ii) a laser source to deliver the heat
required to locally melt/bond the sealant; and (iii) laser radia-
tion optic elements to control the emission velocity and beam
focusing during the encapsulation process. During laser radia-
tion, the temperature at the sealing line must rise to values
slightly above the bonding temperature of the glass frit to
achieve the sealing. This happens in a matter of few dozens of
milliseconds and the external heating source assists the
encapsulation process by lowering the thermal gradient on the
substrate.

Glass frit encapsulation relies on the CTE match of the frit
and substrates. For PSC application the substrates are made of
a transparent conductive oxide (TCO) coated soda-lime glass
substrate with a CTE of ca. 9 � 10�6 K�1; therefore the CTE of
the glass frits must be close to this range.

During the laser processing, the minimum Laser-Added (LA)
temperature difference required to achieve sealing is the
difference between the bonding point of the sealant (i.e. glass
frit) and laser-assisted process temperature:

DTLA,minimum ¼ Tbonding � Tprocess (1)

To achieve high quality bonding with no delamination and
cracks, DTLA should not surpass the thermal shock resistance of
J. Mater. Chem. A, 2020, 8, 2654–2662 | 2655
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the encapsulation conguration (Fig. 1). The thermal shock
resistance of a material depends on various properties such as
CTE, thermal diffusivity, elastic modulus, tensile strength,
thermal conductivity, fracture toughness, heat transfer coeffi-
cient, sample size and thermal shock duration.28 The encapsu-
lation conguration comprises substrates and sealants. Since
the thermal shock resistance of the substrates is limited to the
properties of the soda-lime glass, the properties of the glass frit
materials determine the overall resistance of an encapsulation
conguration. The laser-assisted sealing method mechanism is
based on the laser beam radiation absorbance of the glass frits.
Since the glass substrate is transparent at the laser emission
wavelength, the glass frits are the main heat transfer media of
the encapsulation conguration. Therefore, the thermal
conductivity of glass frits denes the thermal shock resistance
of the encapsulation conguration. Glass frits with higher
thermal conductivity would provide higher thermal shock
resistance to the sealing conguration.

Common glass frit compositions include oxide materials
such as SiO2, B2O3, Bi2O3, ZnO, V2O5 and PbO. The parameters
with more inuence on the sealing process temperature are the
bonding temperature and the thermal conductivity of the glass
frits. A possible strategy for increasing the thermal conductivity
of glass frits is to add silver nanoparticles to their composition.
However, adding Ag to the frit would lead to electrical
conductivity along the sealant.

Laser-assisted glass frit sealing can produce long-term stable
hermetic encapsulation.19,27 Moreover, the glass frit laser-
sealing process can be applied to encapsulate large devices.27

Therefore, this process can provide a scalable hermetic encap-
sulation for PSC application. A desired laser-assisted sealing for
PSC application should be electrically insulating and should
display a process temperature below 140 �C.

The previously reported room temperature laser sealed
encapsulation with Ag based glass frits was not compatible for
PSC applications due to its electrical conductivity.19 We have
Fig. 1 Experimental temperature history of Tsealant (on the sealant)
during a laser-assisted sealing process for a Tprocess (i.e. device
temperature) and Tbonding (melting/bonding temperature of the
sealant) of 100 �C and 380 �C, respectively.

2656 | J. Mater. Chem. A, 2020, 8, 2654–2662
recently reported a laser-assisted glass frit encapsulation
method at 120 �C process temperature.27 In the present work,
several glass frit materials were studied to further decrease the
sealing process temperature to 100 �C. Decreasing the process
temperature requires not only a detailed study of glass frit
material properties but also re-optimization of laser emission
parameters.

To date, the most effective encapsulation method reported is
by McGehee et al. in which the authors used a relatively wide
sealant material (15 mm); therefore, current collectors were
required for charge collection.25 An industrially compatible
encapsulation solution for PSCs must not affect the performance
of the cells and should be as narrow as possible to minimize the
cost. Here we report a laser-assisted glass frit encapsulation
method of HTM-free PSCs at a process temperature of ca. 100 �C.
This scalable encapsulation method is compatible with the
fabrication process of PSCs and does not require additional
current collectors. The current process temperature is compatible
with HTM-free PSCs while it can also be applied to any other PSC
device conguration such as conventional HTM-based or inver-
ted cells with superior thermal stability.

Materials and methods
Device fabrication

HTM-free devices were fabricated by the sequential screen print
deposition of mesoporous layers of TiO2, ZrO2 and carbon back
contact. The perovskite absorber is then inltrated into the
mesoporous structure by dropcasting the precursor solution on
top of the carbon layer. Similar to TiO2, ZrO2 and C, glass frits
are also required to be sintered aer screen printing. Therefore,
the sintering steps of the glass frits and components of the
device must be compatible to avoid thermal degradation of both
sealant and the cell components.

The substrates (TEC 7 from Greatcell Solar) were ultrasoni-
cally washed in distilled water and detergent. Aer drying, the
substrates were further cleaned with UV–O3 for 20 min. Then,
a precursor solution of titanium diisopropoxide bis(acetylacet-
onate) in anhydrous 2-propanol was used to deposit a compact
TiO2 blocking-layer by spray pyrolysis at 450 �C. Aerwards, a 2
� 2.5 cm2 rectangular shape with 4 mm linewidth of glass frit A
was screen-printed and sintered at 500 �C. Then, the meso-
porous layers of TiO2 (T165/SP from Solaronix) and ZrO2 (ZT/SP
from Solaronix) were screen-printed and annealed at 500 �C,
respectively. Aerwards, a 2 � 2.5 cm2 rectangular shape with
1 mm linewidth of glass frit B was screen-printed and sintered
at 400 �C. Then, the carbon back contact (Elcocarb B/SP from
Solaronix) was screen-printed and sintered at 400 �C. Finally, 5
ml of (5-AVA)0.05(MA)0.95PbI3 in GBL precursor solution (from
Solaronix) was dripped on top of the mesoporous structure and
sintered at 70 �C. The cover glass substrate was cleaned as
described for cell substrates, before screen-printing and 450 �C
sintering of a 2 � 2.5 cm2 rectangular shape with 1 mm line-
width of glass frit C. For large area devices, the glass frit size and
precursor solution volume were 4 � 4 cm2 and 20 ml, respec-
tively. The entire device fabrication process was performed
under atmospheric conditions with an RH range of 40% to 60%.
This journal is © The Royal Society of Chemistry 2020
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Devices were subjected to humidity and thermal exposure
(HTE) to improve their performance. A saturated salt solution
environment was used for HTE treatment before encapsulation.
Treatment was carried out by placing the cells inside a desic-
cator lled with a saturated solution of NaCl to achieve ca. 70%
RH at 40 �C inside a furnace, Fig. S1a (ESI†).

HTM-based devices were fabricated according to procedures
described elsewhere.8,10
Fig. 2 Schematic view of (a) the triple layer glass frit laser-assisted
sealing configuration, and (b) encapsulated HTM-free PSC device.
Glass frit properties and conguration

As mentioned before, the composition of the glass frit denes
its thermal conductivity and its thermal shock resistance during
the laser-assisted sealing process. A simplied method was
used to compare the thermal conductivity of glass frits, Fig. S2
(ESI†). Tables S1 and S2 (ESI†) present the properties of several
studied glass frits and their laser-assisted sealing conditions. To
achieve an encapsulation conguration with suitable thermal
conductivity, a multi-layer glass frit sealant conguration was
used for encapsulation. Table 1 shows the characteristics of the
glass frits used for the present work. Glass frits A and B were
sequentially deposited on the device substrate while glass frit C
was deposited on the cover glass substrate. Therefore, the laser-
assisted bonding was achieved through sealing glass frit B to
glass frit C. The thicknesses of screen printed glass frits aer
sintering are ca. 17 mm, 22 mm and 13 mm for glass frits A, B and
C, respectively. The total thickness of the encapsulation aer
the laser-sealing process is ca. 52 mm.

It is worth mentioning that glass frits B and C can be laser-
sealed at a process temperature of 120 �C.27 However, to
decrease the process temperature, glass frit A was added to
increase the overall thermal conductivity of the encapsulation
conguration. Fig. 2 illustrates the schematic view of glass frit
congurations and the PSC device structure.

During the laser-sealing process, the laser beam is radiated
through the cover glass; therefore, the temperature required to
achieve the bonding is the bonding temperature of glass frit B to
melt and seal to glass frit C. Each of the triple layer glass frit
plays a different role; glass frit C, with the highest thermal
conductivity, can withstand rapid thermal stress due to direct
radiation of the laser beam; glass frit B has the lowest meting
point to minimize the bonding temperature; nally, glass frit A
acts as the thermal shock absorbing layer. The width of the
screen printed sealing line for glass frits B and C is 1 mm. The
heat affected zone (HAZ) during the laser emission is ca. 2
mm.19 Therefore, during the laser process the temperature at
the sealing line reaches values slightly higher than 380 �C, while
2 mm away from the sealing line the temperature at the
Table 1 Properties of glass frit materials

Glass frit Composition
CTE �
10 �6/K�1

Bonding temperature/
�C

A SiO2$B2O3$PbO 7.8 430
B TeO2$V2O5 8.4 380
C BaO$SiO2$PbO$Ag 9.0 450

This journal is © The Royal Society of Chemistry 2020
substrates is equal to the process temperature. Thus, to maxi-
mize the advantage of better thermal conductivity of glass frit A,
this frit was deposited with 4 mm width – Fig. 2a.

Laser-assisted encapsulation

The laser-assisted sealing process was performed with an in-
house apparatus described elsewhere.19 Briey, the apparatus
consists of a continuous wave laser source (l ¼ 1070 nm), a 2D
galvanometer scan head, an f-theta lens, and a hot plate to
provide the processing temperature during the laser-sealing
process. The laser-assisted encapsulation process was carried
out by heating the cells to the desired sealing process temper-
ature for various dwell times. The design of experiments
methodology was used to optimize the effect of the encapsula-
tion process on the performance of the PSC device. The optimal
laser-sealing conditions were: 41 W power and 210 mm s�1

scanning velocity at ca. 0.6 mm spot size.

Hermeticity test of the encapsulated device

The hermeticity of the optimized encapsulation method was
measured according to the MIL-STD-883 standard.18 A previous
study27 showed that this test method is only valid for devices
with an internal cavity area <5.5 � 5.5 cm2. The cavity areas of
the cells for the present work are 2 � 2.5 cm2 and 4 � 4 cm2;
therefore, the MIL-STD standard is valid. The leak rates of the
encapsulated packages were measured according to method
1014.13, A2. For method A2 the leak rates must be reported in
the equivalent air leak rate (L). The equivalent air leak rate (L)
rejection limit for the encapsulation under study is 1 � 10�7

atm cm3 s�1 Air. Leak rates higher than 1 � 10�5 atm cm3 s�1

Air are considered as gross leakages. The test conditions for
a ne helium leak rate were 5 h of He bombing at 2 bar. More
details on the leak rate measurement method can be found
elsewhere.27

Long-term stability tests

Climatic tests according to IEC61646 were performed in an
industrial climatic chamber (Fitoclima from Aralab). Fig. S3
(ESI†) shows the temperature and humidity history for the
climatic tests. The humid air feed was produced by humidifying
a 450 mL min�1 dry air feed to a cylindrical column lled with
distilled water. The humid air was then fed to a 17.5 � 17.5 � 6
J. Mater. Chem. A, 2020, 8, 2654–2662 | 2657
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cm3 stainless steel chamber where the devices were stored. The
temperature of the chamber was kept constant using a hotplate,
and the humidity level was monitored with a humidity sensor.
Fig. S1b (ESI†) shows the scheme of the humid air exposure
chamber apparatus. Three groups of devices (with different
hermeticity levels) were tested for humid air feeding exposure:
no sealing, non-hermetic sealing and hermetic sealing. The
quality of the laser-sealed devices depends on the laser emis-
sion power and scanning velocity. Usually, optimized laser
conditions produce a high quality crack-free sealing; however,
in some cases the nal sealing may include defects such as
cracks and delamination. If a device with minor defects on the
sealing passes a gross leak test, its hermeticity would be cate-
gorized as non-hermetic.
Characterization

The current–voltage (J–V) curves were recorded using an elec-
trochemical workstation (Zahner Zennium) under AM1.5 illu-
mination of 100 mW cm�2 using an Oriel class ABA LED solar
simulator (MiniSol LSH 732 from Newport). The illumination
light was calibrated with a Si reference cell. The scan rate for J–V
curves was 4 mV s�1 and the masked devices (ca. 0.2 cm2 and 1
cm2 mask area for small and large device sizes, respectively)
were soaked with light for ca. 60 s before measurements. The
reectance spectra of the cells were measured with a UV-VIS-
NIR spectrophotometer (Shimadzu UV-3600). The incident
photon to current conversion efficiency spectra were recorded
without biased light illumination using a semi-automatic
station (Newport). The XRD spectra were collected on a Phi-
lips X'Pert MPD diffractometer (Cu Ka radiation). The SEM
images of the glass frit sealing were acquired with a benchtop
microscope (Phenom XL).
Fig. 3 Contour plot of the desirability function of the responses for the
RSM model to optimize the encapsulation procedure.
Results and discussion
Encapsulation optimization

The process temperature and dwell time of the laser-assisted
sealing procedure can affect the performance of the PSC
devices. Therefore, a response surface methodology (RSM)
model with two-factor variables (sealing process temperature
and heating dwell time) and three-factor response (sealing
quality, sealing reproducibility and sealing process effect on the
performance of the PSC device) were considered, to minimize
the mentioned effect. Table S3 (ESI†) shows the factors of the
model; the intervals for sealing process temperature and heat-
ing dwell time were 80 �C < T < 120 �C and 20 min < t < 60 min,
respectively. The response interval range was 0 to 10. For sealing
quality, the response was rated based on the visual inspection of
the encapsulation aer laser processing. For sealing reproduc-
ibility, the response was based on the reproducibility of the
sealing experiments. Finally, the sealing procedure effect on the
PSC performance was ranked by analyzing the photovoltaic
parameters of the cell before and aer the encapsulation.
Design expert 10 soware was used for tting the responses of
the model. Table S4 and Fig S4 (ESI†) show the predicted
response functions and their contour plots.
2658 | J. Mater. Chem. A, 2020, 8, 2654–2662
To optimize the multi-response process, the desirability
function was applied to the three responses of the RSM model.
The weight factors of the response for the desirability function
of the sealing effect on the PSC, sealing quality and reproduc-
ibility were 0.5, 0.375 and 0.125, respectively. Therefore, the goal
was set to minimize the performance loss of the cell and achieve
high quality encapsulation with a reasonable reproducibility
rate.

As shown in Fig. 3, the highest desirability conditions can be
achieved at 95 �C < T < 105 �C and 25 min < t < 40 min. The
optimal condition is for ca. T ¼ 100 �C and t ¼ 35 min with
a desirability value of 0.82.

HTM-free fully printable PSCs were used for the current
study, due to their simple air processed fabrication method and
their potential for commercialization. Therefore, the optimal
conditions of the RSM model are mostly valid for HTM-free
devices with TiO2/ZrO2/C and (5-AVA)0.05(MA)0.95PbI3 perov-
skite absorber. As shown in Fig. S4 (ESI†) the highest encap-
sulation quality and reproducibility response are achieved at
higher process temperatures and dwell times, while the nega-
tive effect on the HTM-free PSC is more pronounced at
temperatures higher than ca. 105 �C.

As mentioned, humidity and thermal exposure (HTE)
improve the performance of HTM-free PSCs. Fig. S5 and S6
(ESI†) demonstrate the effect of HTE on the performance of
the devices. While there was no change in the Voc aer the HTE
treatment, a notable increase in the Jsc and PCE of the devices
was achieved. For FF the results indicate a decrease aer the
HTE; however, since the J–V curves of fresh cells have a so-
called “bump” (Fig. S6†), the FF values for these cells should
contain false positive errors while aer HTE the results
contain no such error. Aer the HTE treatments, the cells were
sealed according to the optimal conditions of the RSM model.
As shown in the J–V curves of Fig. S6 (ESI†), the performance of
the device remained unchanged aer the encapsulation
process. Fig. 4 presents the statistics for the photovoltaic
parameters (Voc, Jsc, FF and PCE) of the tested devices before
and aer sealing.
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Statistics of photovoltaic parameters for a batch of 10 devices
before and after the encapsulation process (after stabilization of the
cells). Boxes present the standard deviation and line bars indicate the
maximum and minimum values.

Fig. 5 Leak rates for encapsulated devices of cavity size 2 � 2.5 cm2,
sealed with glass frit vs. Surlyn.

Fig. 6 Changes in the photovoltaic parameters of the hermetically
encapsulated PSCs after thermal cycle and damp heat tests.
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To obtain stabilized cell performance, the results shown in
Fig. 4 are for cells aer ca. 7 days of their fabrication (or HTE
treatment) and encapsulation process. The average results
showed a slight improvement of Voc, FF and PCE; and a minor
decrease in Jsc. However, the standard deviation of the parame-
ters aer encapsulation has increased, which was assigned to the
recrystallization of the perovskite during the heating step of the
sealing process. The Voc improved from 0.74 � 0.02 V to 0.76 �
0.04 V, the Jsc decreased from 18.61 � 1.17 mA cm�2 to 18.29 �
2.10 mA cm�2, the FF improved from 0.57 � 0.05 to 0.59 � 0.05,
and nally PCE improved from 7.82� 0.79% to 8.21 � 1.49%. In
general, the performance of the HTM-free PSC improves during
several days aer their fabrication date.16 Therefore, the overall
improvement of the cells aer encapsulation may be due to the
combination of perovskite recrystallization during the sealing
process, and common stabilization improvements of the devices.

Hermeticity

The hermeticity of the encapsulated packages was measured
according to the A2 method of the MIL-STD-883 standard. Two
batches of encapsulated devices were used to perform the her-
meticity test; (i) optimized laser-assisted glass frit, and (ii)
thermoplastic. Fig. 5 compares the equivalent air leak rate (L)
for the optimized laser-assisted glass frit sealed devices to
devices sealed with Surlyn thermoplastic. The Surlyn sealed
sample displayed leak rates higher than the rejection limit and
hence it was considered as non-hermetic. Other authors have
reported the non-hermeticity behavior of Surlyn for PSC appli-
cation;21,22 however, to the best of our knowledge, this is the rst
report on its leak rate. In contrast, the developed laser-assisted
glass frit sealing is hermetic. As shown in Fig. S7 (ESI†) there are
no pin-holes in the scanning electron microscope (SEM) image
of the sealing, which is the characteristic of high sealing quality
that agrees with the results of the hermeticity test.

Long-term stability tests

HTM-free devices similar to the present study display 1000 h
stability under illumination without encapsulation.16 Therefore,
This journal is © The Royal Society of Chemistry 2020
the stability of the encapsulated devices of this structure was
investigated under industry standard tests and harsh humidity
conditions. The long-term stability analysis was divided into
two groups of experiments: (i) climatic tests: stability of the
hermetic encapsulation according to the IEC61646 standard
and (ii) humid air feeding exposure: effect of humidity on
hermetic and non-hermetic encapsulation.

Climatic tests of 70 thermal cycles and 50 h damp heat
according to IEC61646 standard were performed on hermeti-
cally laser-sealed devices. As shown in Fig. 6 the IEC standard
tests had minimal effect on the hermetically sealed devices.
Since the encapsulation is hermetic, there should be no
humidity related effects on the cells during these tests. While
the temperature during the damp heat test is set to 85 �C, the
temperature change from 85 �C to �40 �C of the thermal cycle
caused slight decrease in the PCE of the devices. This could be
due to the CTE mismatch between components of the device
(TiO2, ZrO2 and carbon), which can cause displacement of the
perovskite absorber in the scaffold and therefore grain
boundary recombination. The CTE mismatch effect during the
J. Mater. Chem. A, 2020, 8, 2654–2662 | 2659
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Fig. 8 J–V curves of a hermetically sealed PSC, before and after 500 h
humidity aging test.
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thermal cycle test has also been reported by other researchers.22

The climatic test results showed that the encapsulation method
is effective for elevated humidity and temperature cycling
conditions.

The effect of humidity on encapsulated devices with three
hermeticity levels of “no sealing”, “non-hermetic sealing” and
“hermetic sealing” was investigated through humid air (80 �
5% RH) feeding exposure of the devices for 500 h. The humid air
feeding procedure ensures the forced entry of humidity to the
cavity of encapsulated devices under study. As shown in Fig. 7a
the performance of the “no sealing” devices rapidly dropped
during the rst hours of the humid air feeding test, while “non-
hermetic sealing” cells showed losses aer 50 h, and nally
“hermetic sealing” PSCs retained their performance for 500 h.
Fig. 7b shows the 500 h history of the normalized photovoltaic
parameters for a “hermetic sealing” device.

As shown in the photograph of Fig. S8 (ESI†), aer 40 h of
aging the dark black colored perovskite absorber of “no sealing”
cells changed to a yellowish color. The “non-hermetic sealing”
cells showed a black to grey color change aer 135 h of aging. The
X-Ray Diffraction (XRD) of the “no sealing” sample indicates
a strong PbI2 peak, while the spectra for the “non-hermetic” device
are quite similar to those of the fresh reference device – Fig. S9
(ESI†). The incident photon-to-electron conversion efficiency for
the “non-hermetic” device shows a decrease of photocurrent
quantum yield in the spectral region from 350 to 800 nm, which is
the indication of the partial decomposition of the perovskite to
PbI2 29,30 (Fig S10a†). Furthermore, the grey colored perovskite and
lead iodide mixture of the “non-hermetic” sample shows a higher
reectance value compared to the pure black colored perovskite –
Fig. S10b.† As mentioned before, the “bump” effect of the J–V
curve of fresh devices can be corrected through HTE treatment.
Therefore, if a device is encapsulated without HTE treatment, the
“bump” effect on the J–V curve can be corrected only if the sealing
is “non-hermetic”. As shown in Fig. S11 (ESI†), the humid air
feeding affects the J–V curve of the “non-hermetic” cell aer 21 h
of the stability test and gradually lowers the performance of the
cell. In contrast, there are no changes in the J–V curves of the
hermetically sealed device during the 500 h stability test.
Fig. 7 Humidity aging for 500 h of (a) hermetic, non-hermetic and no
sealing devices; (b) photovoltaic parameters for a hermetically laser-
assisted sealed PSC.

2660 | J. Mater. Chem. A, 2020, 8, 2654–2662
Regardless of HTE treatment before encapsulation, the perfor-
mance of the cell should remain unchanged during the humidity
stability test. However, the HTE treatment before sealing not only
boosts the performance of the devices but also results in
hysteresis-free devices – Fig. S12 (ESI†). Fig. 8 shows current vs.
applied potential curves of a HTE treated hermetically sealed
device before and aer the humidity stability test.

Large area device

The scale-up potential of the developed encapsulation method
was shown by increasing the size of the devices from an internal
cavity area of 2 � 2.5 cm2 to 4 � 4 cm2. Increasing the active
area of the devices commonly results in PCE reduction due to
the sheet resistance of the electrodes (FTO and carbon back
contact). As shown in Fig. S13† the performance of the large
area device remained unchanged aer the encapsulation
process, which conrms that the encapsulation is scalable.
HTM-based device

Finally, the optimal encapsulation conditions (ca. T¼ 100 �C and
t¼ 35 min) were applied to encapsulate HTM-based PSCs. Device
structuresmeso-TiO2/Cs0.10FA0.90Pb(I0.83Br0.17)3/HTM/Au with two
HTM materials PTAA and CuSCN were selected due to better
thermal resistance. Despite the short thermal exposure time at
100 �C – 35 min, the performance of the devices drastically
dropped aer the encapsulation – Fig. S14.† Since the annealing
temperature of the perovskite absorber (Cs0.10FA0.90Pb(I0.83-
Br0.17)3) is 100 �C, the performance loss of the HTM-based PSCs
are due to the thermal instability of HTM layers at 100 �C. As
other authors reported good thermal stability for HTMs such as
PTAA,8 CuSCN10 and CuPc11 at 85 �C, the future work is to lower
the encapsulation process temperature to <85 �C.
Conclusions

In conclusion, this study showed that hermetic encapsulation is
critical for achieving long-term stability in PSCs. Although there
This journal is © The Royal Society of Chemistry 2020
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are other reports on long-term stable encapsulated PSCs, to the
best of our knowledge, this work is the rst report on an
encapsulation method capable of passing hermeticity require-
ments of the pertinent PV standard tests. The developed glass
frit encapsulation was optimized for not damaging the perfor-
mance of the cells during sealing while achieving the highest
hermeticity level. The hermetic sealing avoids both penetration
of humidity into the cell and leakage of Pb. Moreover, the glass
frit encapsulation process is compatible with PSC fabrication
and does not require additional current collectors for charge
extraction. The advanced encapsulation method uses a narrow
1–4 mm sealing line and the charge extraction is via the TCO of
the substrate. Finally, from an industrialization point of view,
the glass frit deposition is through screen-printing and hence
scalable.

The hermetically encapsulated HTM-free PSC devices
showed no signicant performance losses aer the thermal
cycle and damp heat test according to IEC61646. Furthermore,
the 500 h humid air feeding test indicated no performance
change for hermetic devices, while non-hermetic devices
showed degradation aer the initial 50 h of the test, conrming
the importance of the hermeticity level of encapsulation.
Finally, the performance of all encapsulated PSCs of the present
work remained stable until the present day (more than 15
months – Fig. S15†). Although HTM-free devices are promising
candidates for the industrialization of perovskite solar cells,
their relatively low PCE might be a drawback. In contrast, HTM-
based (e.g. spiro-OMeTAD) devices with superior PCE are not yet
ready to meet the thermal requirements of standard tests
(�40 �C to 85 �C). When HTM-based devices reach that mile-
stone, a hermetic encapsulation similar to the present work at
process temperatures lower than 85 �C would guarantee the
successful commercialization of a highly efficient and stable
PSC.
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