Encapsulation for long-term stability enhancement of perovskite solar cells
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Abstract

Perovskite Solar Cells (PSCs) have achieved power conversion efficiencies (PCEs) comparable to
established technologies, but their stability in real-life working conditions — including exposure to
moisture, heat and light - has still not been decisively demonstrated. Encapsulation of the cells is
vital for increasing device lifetime, as well as shedding light on the intrinsic degradation process of
the active layers. Here we compare different sealing protocols applied to large area cells (1 cm?,
average PCE 13.6%) to separate the extrinsic degradation, due to the external environment, from
the intrinsic one, due to the materials themselves. Sealing methods were tested against accelerated
life-time tests — damp-heating, prolonged heating and light-soaking. We thus developed and tested a
novel sealing procedure that makes PSCs able to maintain a stabilized 10% PCE after heat, light

and moisture stress.

1. Introduction



Together with efficiency and cost, the stability is one of the crucial factors to validate photovoltaic
(PV) technologies [1, 2]. Perovskite solar cells (PSCs) represent a promising PV technology due to
the high power conversion efficiency (PCE) already reached in few years of intensive research [3]
and the cost-effective materials and fabrication process [4-10]. Nevertheless, PSC stability is still a
major issue which need to be solved for an effective industrial exploitation.

Measurement protocols focusing on the solar cell stability have been identified for conventional
(IEC standards [11]) and organic (ISOS standards [12]) PV technologies. Although, there is not yet
a specific stability protocol for PSCs, stability studies have been recently performed [13-16] and
several key elements were identified as impacting the stability of PSCs. [17-19] The degradation
mechanisms are mainly related to oxygen and moisture (environmental stability), [15, 20, 21]
temperature and intrinsic heating under applied voltage (thermal stability) [22-24] and light (photo-
stability). [25-28]

The aim of the paper is the investigation of robust and cost-effective sealing procedures to stabilize
the PSC devices under several Accelerated Life Time (ALT) tests, such as damp-heat, light-soaking
and temperature stress. Both intrinsic stability (related to the constituent materials and dopants) and
the extrinsic stability (affected by the sealing procedure) will be discussed.

Environmental stability studies have mainly focused on the degradation of PSCs induced by
moisture, which can rapidly degrade the organometal halide perovskites. In particular,
methilammonium (MA) lead triiodide (MAPDI3) perovskite immediately decomposes into MA, HI
and PBI; in a wet environment due to its solubility in water. [21] The insertion of bromine atoms in
the perovskite structure (MAPbBr«I3x) can increase the environmental stability, as reported by Noh
et al. [20] The moisture induced degradation can be reduced by optimizing the constituent materials,
[29-34], the architecture of the cell [25, 35-38], the interfaces [27, 39-42] and the environment
conditions during the fabrication steps [43, 44]. In particular, the use of carbon-based materials as
Hole Transporting Layer (HTL) and back-contact can protect the perovskite layer from moisture

infiltration due to its highly hydrophobic nature [13, 16, 45]. In the literature, moisture resistance is



usually evaluated using shelf life tests of non-encapsulated cells. Sealing of the cell is, however, a
requirement for the device normal operation and should be considered to assess the stability of the
cell [46, 47].

The thermal stability is assessed analyzing material, interfaces and sealing properties under heating
and cooling cycles. Early degradation of PSCs induced by thermal cycling has been investigated by
Divitini at al. [22] combining TEM and electrical characterization, finding a reversible behavior of
cell performance under thermal cycles between 20 °C and 90 °C and no chemical/morphological
changes of the perovskite layer until 150°C. At higher temperature, TEM analyses shows a clear
lead and iodine migration toward the device interfaces. A superior thermal stability was showed by
Sutton et al using fully inorganic perovskite structure (CsPblBr) with a stabilized efficiency of
5.6%. The results show that the replacement of the organic cation (MABr) with a inorganic one
(CsBr) prevents the thermal induced degradation at 85°C for 250 hours as confirmed through UV-
Vis absorbance and X-Ray Diffraction (XRD) spectra [48]. The thermal stability is also influenced
by the temperature dependence of the electrical properties of Spiro-OMeTAD as showed by
Malinauskas et al. for solid-state dye sensitized solar cell. The results show a temperature (60°C)
induced formation of large Spiro-OMeTAD crystalline domains leading to a decrease of PV
performance (-60%) after 120hours [49]. Light stability of PSCs, i.e. the effect of the light
exposure on the optical/electric properties of the cell, has been investigated by several authors and
has been addressed as the main stability issue of PSCs [11, 12]. It is known that UV light induces
the degradation of the mesoscopic TiOz-based PSC devices due to trap-assisted recombinations.
Leijtens et al. proposed that the UV-aged cells suffer from a deep trapping of injected electrons
within available sites in the TiO> [25]. Then, a decrease in the short-circuit current Jsc is showed
due to the charge recombination with oxidized Spiro-OMeTAD species on the pus-ms time-scale as
proven using transient absorption spectroscopy. This degradation mechanism was showed for both
mesoporous/planar TiO> devices indicating that the light induced trap sites in the TiO> constitute a

rapid degradation pathway for photo-generated electrons, leading to lower charge collection



efficiency. Although the use of UV filters could suppress the UV-induced degradation, further
optimization of the ETL materials and ETL/Perovskite interface is required. Li et al. show that CsBr
used as interfacial modifier on the surface of the TiO2 ETL delays the UV-induced degradation of
the TiO»-based PSC devices due to the reduced chemical reactivity of TiO; and the reduced defect

density at the perovskite/TiO> interface [50].

Organometal trihalide perovskite also shows photo-instability under light exposure in the visible
wavelengths (LED lamp) when the stability test are performed in air. Bryant et al. show rapid
decrease of the PV performance under continuous illumination in dry air of unsealed MAPbIs-based
PSC (80% relative decrease after 4h), while a negligible PCE decrease was observed in a nitrogen-
filled box (around 5% relative decrease after 4h) [51]. The author claims that the presence of
oxygen acts as main degradation factor during the light stability test: oxygen induces the formation
of deep trap sites in the compact and mesoporous TiO» layers as previously showed for UV-induced
degradation. Photo-induced degradation was also reported from Wei et al. showing the detrimental
effect of the continuous light exposure using both planar and mesoscopic architectures [27]. The
PCE values of planar PSCs decreased from 18% to 2.4 % after 180 minutes of exposure time. This
rapid decrease is related to the light soaking that leads to insufficient hole extraction at HTL/Au
electrode interface. Interestingly, the re-deposition of the Au electrode on degraded devices causes a
remarkable recovery of the PV performance, of around 80% for both PSC architectures. Sanehira et
al. show that the use of MoOx (15nm) as interlayer between Spiro and the metal electrodes
increases the light stability of PSC devices. In fact, a planar PSC device using 15nm-thick MoO,/Al
electrode shows lower PCE decrease (-60% with respect to the initial value) with respect to an Al
electrode after 120h of light soaking [52]. Several authors also considered the combined action of
light-soaking and temperature. Bush et al. show the effect of the low/high temperature (35°C and
100°C, respectively) on the stability of semi-transparent and opaque PSC during a light soaking test
at Maximum Power Point (MPP) for perovskite/silicon tandem solar cell. Interestingly, the semi-

transparent cell shows a Tgo lifetime (defined as the time where the PCE measured under stability



test is 80% of the initial value) of 124h at 100°C without additional sealing. The sputtered ITO
back-contact shows better light, thermal and environment stability than the opaque ZnO/Al/Ag
backcontact. At the same stress conditions, extremely fast degradation of the opaque cells (Tgo~0.1
hour) was correlated to the metal corrosion induced by the degradation of the perovskite layer at
high temperature [53].

Katz et al. reports the induced degradation of MAPbX3 (I,Br) films, not packaged in devices, by
exposure to concentrated sunlight of 100 Sun at relatively high temperature (45-55°C). The study
shows the superior light/thermal stability of MAPbBr3; perovskite, where no photo-bleaching was
observed after 1 hour. The author claims that the light and thermal induced degradation mechanisms
are highly correlated to the perovskite structure [54].

Recently, Domanski et al. reported a further process for the thermal induced degradation. A
light/thermal stress was performed at 75°C under a white LED source using a MPP tracker. On a
short timescale (12hours), the author claims that degradation is caused by the electrode migration
on the perovskite film (50% relative decrease after 12hour using an unsealed device) [55].

These works have clarified some specific effects influencing stability of PSCs, but it was not always
possible to distinguish between degradation induced by intrinsic stability of the materials and
interfaces and degradation influenced by the poor encapsulation conditions (when used). Moreover,
each of the works mentioned above was describing a particular ALT test without comparing, on the
same PSCs batch, all the three main ALT test, namely light-soaking, damp-heat and temperature
stress. The scope of the present work it to fill this gap and to report on the development of an
optimized encapsulation strategy and on a comprehensive study of intrinsic PSCs stability assessed

using the three main ALT tests.

2. Results and Discussion



Large area (1.05 cm?, Fig. 1a) PSCs are fabricated using a solvent engineering method [56] (see SI).
The PCE dispersion graphs of the entire PSC set (23 cells) measured in reverse scan, forward scan
and 180s-long MPP tracking are reported in Fig. 1b (average photovoltaic parameters are in Table
S1). As expected, the results show that the PCE values extracted at the MPP condition are lower
than the same under reverse scan where the current is slightly overestimated by the capacitive effect
on the cell [57, 58]. This is confirmed comparing the Jsc values under forward and reverse scan
with respect to the Jupp values extracted from the MPP tracking (Fig. S1).

After the initial characterization, PSCs are glass-glass encapsulated using several sealing procedures
(SPs), varying sealing material and curing strategies as described in the experimental section and
schematically reported in Tab.1. Encapsulated cells are tested under stress conditions as reported in

the following.

2.1 Shelf-life Test

The impact of the sealing procedure (SP-A,SP-B, SP-C and SP-D) on the performance of the cells is
evaluated comparing the PCE values prior (t=0h) and after the sealing process, considering a
stabilization time (dark and 30% RH) of 20h as reported in Tab. 1. SP-A (Surlyn 60) shows a
remarkable decrease of the PCE value (-32.4%) due mainly to the decrease of the current density (-
16.4%) and the FF values (-13.7%). A similar impact of the this sealing procedure is also observed
by Burschka et al. where a PCE decreased from 12.5% (unsealed PSC) to 8.2% (PSC sealed with
Surlyn) was reported [59]. This is mainly due to the heating of the cell at the curing temperature
(100°C) of the thermo-plastic sealant. In fact, a PCE decrease of only -7.6% is obtained when the
cell is sealed at room temperature applying a pressure of 0.4 bar.

SP-B (UV-curable glue deposited on whole active area) shows a lower PCE decrease (-18%) with
respect to SP-A. No visible chemical reaction between glue and the active materials is noted using a
fresh batch of glue. The PCE decreases could be related both to the UV light exposure and to the

UV-induced heating. In fact, the UV illumination could rapidly degrade the TiO2-based perovskite



solar cell due to trap-assisted recombination of the photo-generated electrons in the TiO2 [25]. To
evaluate the contribution of the UV-induced heating (up to 70°C for a light soaking of 40 s) to the
PCE degradation, the UV curable-glue is deposited on the edge of the protective glass only. Then,
the active area is masked to avoid the UV light exposure during the curing process. In this way, the
sealed device shows only a PCE reduction of 10% with respect to the initial value. Thus we can
conclude that both UV light exposure and UV-induced heating contribute almost with the same
weight to the degradation of PSCs sealed with SP-B.

SP-C sealing determined a similar decrease of the photovoltaic performance (14.3%). In this case,
the glass-glass methacrylate glue (Henkel) is cured upon light exposure using a Xenon lamp at 1Sun
intensity for 10s. The decrease could be related to the reaction of the active layers with vapors
outgassing from the glue during the light-assisted curing as previously reported from Han et al.[14].
To prevent chemical components of the glue affecting the active layers, Kapton polyimide adhesive
is used as first step in the SP-D before gluing glass-to-glass as realized in SP-C. Kapton is
commonly used for electronic and photovoltaic applications due to the excellent properties in terms
of its chemical/temperature resistance [60, 61]. The Kapton film is covered with a silicon-based
adhesive to permit the lamination of the perovskite solar cell over the whole active area. The
reduction of PCE for SP-D after 20h from the sealing is only 4% of the PCE before sealing. SP-D
sealing is the only approach that resulted in a lower degradation, after 20h, than the unsealed
device. To confirm this point, we measured the PCE prior and after SP-D sealing process on the
batch with 23 PSCs of Fig.1b. The results show that SP-D has a minimal effect (-1.5%) on the PCE
of the cells (Fig.S2).

For all the sealing procedures, shelf-life test continued for 170 hours (Fig. 1¢). The degradation of
the unsealed PSCs, as well as SP-A, SP-B and SP-C, is very significant, ranging from -58% of SP-
A to -22.5% of SP-B and SP-C. On the contrary, SP-D preserved cell performance over the 170

hours.



A shelf-life test of 1500 hours under dark and low humidity condition (30% RH) is performed using
a batch of six large area PSCs sealed with SP-D (Fig. 1d). The initial PCE value is referred to the
first IV measurement after the sealing procedure. The results show slightly higher PCE after 1350h
with respect to the initial PCE (+3%) but 10% lower with respect to the maximum obtained after

100h as reported in Fig. 1d.

2.2 Damp-Heat Test

Due to the superior sealing properties, SP-D is used for a damp-heat test (humidity test) with a
temperature in the range 40-50°C and 95% Relative Humidity (RH). Lateral degradation due to the
permeation of the water vapors from the edges is one of the critical issues for such test [62, 63]. To
increase the moisture resistance of SP-D, a sealant (Threebond glue) is deposited on the edge
between the FTO and the protective glass and UV cured for 40s. The active area of the cell is
protected during UV irradiation with a black adhesive. We refer to this improved sealing procedure
as SP-DES . The damp-heat test is performed on five devices (three SP-DES, one SP-D cell and one
unsealed cell). The results of the test is reported in Fig. 2a, together with pictures of stressed devices
(Fig. 2b) before and after the 104 hours test. As expected, the color of the unsealed device turns
from dark brown to yellow after a few minutes of the damp-heat test. After 7 hours, the unsealed
cell shows a completed hydration of the perovskite layer and only a light pink color is left due to the
oxidation of the Spiro-OMeTAD layer. The cell with SP-D shows a remarkable PCE decrease in the
first 32h (-30%) but not related to the lateral degradation of the perovskite layer. From 32h to 104h,
the PCE shows a strong decrease (-95%) related to the moisture-induced degradation of the
perovskite layer due to the sealing failure at the glass edges. This is clearly showed in the front side
image of PSC with SP-D in Fig. 2b, where the perovskite turned from black/brown to yellow. PSCs
sealed with SP-DES show a less pronounced PCE decrease with respect to SP-D in the first 32h (-

22%) that further reduces to only -5% from 32h to 102h. Cells with SP-DES do not show any lateral



degradation as confirmed by the front-side image of the PSC, which remains black/brown also after
104 h of damp-heat. This proves the effectiveness of the edge sealant as moisture barrier. The PCE
reduction observed in the first few hours for PSCs sealed with SP-DES is not related to moisture but
to the temperature stress, as discussed in the following.
2.3 Thermal Test

In order to study the intrinsic effect of the temperature on the PSCs performance, a 250h-long
thermal test is performed at 60°C (from O to 124h) and 85°C (from 124h to 250h). A batch of six
PSCs with SP-DES are stressed in an oven in dark with a relative humidity level of 25 RH% (dry-
heat). The normalized average PCE value is reported in Fig.3a.

An early PCE degradation (-7% of the value before heating), is observed after Sh at 60°C mainly
due to the decrease of the Voc (Fig. 3a) and FF (Fig. 3c). From 5h to 124h, the normalized PCE
shows a linear decrease with a slope of -0.1%/hour mainly induced by the FF decrease. The
reduction of FF is due to the increase of the series resistance of the cell under thermal stress (see
Fig.S3a-b). According to our previous TEM investigation, the CH3NH3Pbl; perovskite composition
is not changing during the thermal stress at 60°C [22]. This is also confirmed by the negligible
decrease of the Jsc value (less than 1%) in the first 124h. Increasing the stress temperature up to
85°C the PCE reduction slope increases to 0.21%/hour. In this case the main responsible are the
reduction in FF and Jsc. We can associate this PCE decrease to the intrinsic thermal instability of
the Spiro-OMeTAD layer. It has been already reported that the transport properties of Spiro-
OMEeTAD are affected when the film is heated at 60°C due to the partial transformation from
amorphous to crystalline phase[49]. To demonstrate the detrimental effect of the temperature on the
doped-Spiro-OMeTAD layer, the rectifying behavior of FTO/doped Spiro-OMeTAD/Au diode-like
device is assessed under thermal stress (60°C) for 234 hours. We observe an enormous increase of
the diode forward resistance up to +80% after 172 h of thermal stress (see SI, Fig. S4). This clearly
indicated that the temperature affected the transport properties of the Spiro-OMeTAD HTL.

Furthermore, the electrode migration is another detrimental factor referred to the thermal test. We



clearly see this effect on a diode-like device stored at 60°C for 236h in dark where the dark I-V
became resistor-like as confirmed in Fig.S4. This is already showed from Domanski et al. stressing

the device under light exposure at 75°C without sealing after 12h [55].

2.4 Light-Soaking

Light stability of the PSC is strongly dependent to the intrinsic factors (perovskite structure, the
ETL and HTL layers and back-contact) and also to extrinsic ones such as environment conditions.
By exploiting the sealing properties of SP-DES we are able to correlate the light-soaking stability of
PSCs to the only intrinsic factors. In particular, we are able to correlate the intrinsic stability of
PSCs under light-soaking stress to the dopant materials of the Spiro-OMeTAD. As already shown
in literature, the oxygen doping (hereafter called O Doping)[64] and cobalt-based compounds
(FK102 and FK209) help to improve the charge transport properties of the Spiro-OMeTAD
increasing the photovoltaic performance with respect to pristine Spiro-OMeTAD [65-67].

A set of large area PCSs are fabricated with O, FK102 and FK209 doping (see SI and Fig. S5 for
photovoltaics performance of the cells) and stressed under light-soaking conditions at MPP. Figure
4a shows the behavior of PCE as a function of light-soaking time for a single cell of the HTM
dopants batches.

By comparing the linear decrease of the PCEs extracted at MPP for each doping mechanism, the
FK102 shows lower degradation rate (-0.013%/min) with respect to the PSCs with O> doping (-
0.053%/min) and FK209 (-0.030%/min). Furthermore, we found that the transient PCE in the MPP
measurement (from Os to 10sec) is related to the hysteresis effect of the PSC in agreement with the
results reported by Unger et al. [58]. This is clearly showed by the transient profile of the current
densities at MPP condition (Jmpp) reported in Fig.4b. For each doping, the value of the hysteresis
index (Tab. S2) is well correlated with the Jmpp decrease prior the steady-state condition. Thus, the

doping mechanism in the Spiro-OMeTAD is a key point to improve the carrier extraction rate at



the perovskite/doped-Spiro-OMeTAD decreasing the hysteresis effect and enhancing the light

stability [43, 68, 69].

Finally, the long-term light-soaking test is performed using FK209 as Spiro-OMeTAD dopant. The
test is performed using an automated system to dynamically track the MPP under an equivalent
optical incident power of 1 Sun. The white LED source permits to limit the optical excitation to the
visible spectrum (450 to 750 nm) evaluating the light stability of the CH3NH3Pbl; perovskite
without considering the degradation processes induced from UV and IR components. A similar
setup was also used by Burschka et al. [59] using white LED lamp and from Lejitens et al.[25]

using a Xenon lamp with a 435nm-UV cut-off filter at Voc bias condition.

Figure S5a reports the PCE evolution at MPP during the long-term light soaking test. The cell
showed an initial PCE of 13.4% measured using class A Sun Simulator (AM1.5G, 1 Sun). The PCE
rapidly decreased in the first three hours of the ageing test reaching 10.8% and then the cell
recovered until PCE of 13.7%. After 40 hours, the device shows a linear PCE decrease with a slope
of -0.018%/hour until the end of MPP tracking time (250 hours), corresponding to Tgo = 148hours.
The same plot reports the normalized trends of Jsc, Voc and FF acquired with an I-V scan every 20
minutes. The Voc shows a shallow drop of 5% if compared to the 15% and 20% suffered by Jsc and
FF, respectively. The picture of the aged device (Fig.5b) shows clearly the light-induced
degradation of the perovskite layer around the active area. In order to investigate the origin of the
light induced degradation, we conducted a combination of steady state and transient measurements
before (black curves) and after (red curves) the stability test. The J-V characteristics of the stressed
PSC show, beside the discussed Jsc reduction, a higher hysteresis with respect to the fresh cell (Fig.
5¢). Moreover, the values of the dark current shows a reasonable increase for the aged device that is
more evident in the low voltage range (0 to 0.6 V) where trap-assisted phenomena are generally
more evident [70] (Fig.5d). This is an indication that more recombination channels of the free

carriers are activated during the photo-induced degradation. To further study the relation between



light soaking and the recombination phenomena, transient photo-voltage (TPV) measurements are
performed [71]. Figure Se shows the normalized TPV decay from a steady state condition of 1 Sun
to dark where the lines represent the three exponential fitting. The aged device shows a faster decay
as highlighted by the reduction of one order of magnitude in the time constants (t3 from 10.8 to 0.9
s). Considering that the Voc decay mainly results from the free-carrier recombination at
Perovskite/HTL interface [72], this indicates that the visible light exposures has an evident effect on
the creation of additional recombination channels as just observed in the dark J-V analysis. The
figure 5f reports the TPV rise test where the Voc is recorded passing through steady state dark
condition to 1 Sun. The temporal profile can be associated to the efficiency in the electron transfer
from the perovskite to TiO2 (injection), and the hole transfer from the perovskite to the HTL
(regeneration). The aged device shows a similar normalized trend that only differs in the fast regime
(1 to 100 ms) where a slower rise profile appear. This is another indication that the hypothesized
degradation of the perovskite layer can have a justification in the lower capability for the injection
of the photo-generated charges. Complementary information regarding the recombination
phenomena are extracted from the light intensity dependence of the Voc [73); in particular the open-
circuit condition forces the photo-generated carriers to recombine within the cell. Figure 5g shows
that for low level of illumination (Pinc < 2 mWem™) the aged device has a Voc slope four times
higher than the fresh device (448 and 159 mVdec!). In this regime the trap states of the
TiO2/perovskite layer play a crucial role thanks to the lower density of charge, therefore we can
argue that the light exposure improves the formation of photo-induced trapping sites in the
Perovskite structure as just reported in recent works [74-76]. Further evidence is the similar slope of
the Vocin the intermediate and high intensity range (Pinc > 2 mWem™) where the high level of free-
charge density suppresses the trapping and de-trapping phenomena. The same test is conducted
under short circuit condition (Jsc) in order to highlight the charge collection under different level of
illumination. The figure 5h shows similar trends of Jsc that were fitted by a power law respect Pinc.

The dependence of Jsc with light intensity is characterized by a linear dependence (y ~ 1) for both



fresh and aged devices with a reduction in the slope (a) from 0.2 to 0.12 AW-!. This is a final
indication that the photo-generated charges are not fully extracted at the contacts; we use this as a

further proof of the presence of light induced trap states in the perovskite layer.

Unlike in the short time light-soaking stress [76], we do not observe a total recovering of the initial
efficiency after storing the device in dark (see Fig. S7). A PCE of 11.4% (-15% with respect to
initial efficiency) is measured after 14h hours storage, while after 800h in the dark the device shows
a PCE of 10.2%, limiting the decrease to 24% of the initial value, thus showing the beneficial effect
of the SP-DES sealing procedure. Finally, we point out that the perovskite degradation is not related
to the sealing failure but it is an intrinsic effect of the light exposure. In particular, the light stress
induces the migration of iodine from the MAPbI3 perovskite leading to the formation of Pbl, or
other products as new trapping centers inside the perovskite layer[77] reducing charge collection
efficiency at the MAPbI3/Spiro-OMeTAD interface[17].
2.5 STEM analysis

Scanning Transmission Electron Microscopy (STEM) is performed in order to investigate changes
under different stress conditions on four cells sealed with the SP-D method. As shown in Figure 6,
the morphology of the perovskite layer does not exhibit significant changes after 100h damp-heat,
100h thermal and 220h light soaking, confirming the results of the photovoltaic characterization.
The perovskite capping layer appears quite regular and smooth in the four devices. The infiltration
in the titania mesoporous layer is incomplete in same areas; we ascribe these imperfections to the
up-scaling of the solvent engineering method to large area cells. Remarkably, STEM images do not

show Spiro-OMeTAD degradation, sometimes visible as voids induced by air exposure[67].

3. Conclusions
To assess the stability of PSC technology it is necessary to separate the intrinsic degradation of
materials and interfaces forming the cells from the one caused by the external factor such as

environmental conditions, moisture etc. To this end, similarly to the approach for other thin film PV



technologies, it is necessary to develop an effective and rugged encapsulation method for perovskite
solar cells and modules. The aim of this work is to develop such encapsulation strategy by testing
several sealing procedures and comparing them by using accelerated life tests on encapsulated cells.
Considering the importance of sealing protocols for the scaling-up of the perovskite technology, we
only consider large area cells with an active area of 1.05cm? fabricated by solvent engineering, with
an average PCE of 13.6% (batch of 23 PSCs) with a maximum PCE of 15.4%.

We find that, beside the sealing materials, the sealing procedure itself is also crucial for PSCs. In
fact, thermal stress, UV curing, and high pressure, typically used in the sealing protocols, can
damage the PSCs resulting in a net loss of efficiency after encapsulation. By comparing 5 different
glass-glass sealing procedures we identify an optimal procedure (SP-D) based on the use of Kapton
as primary sealing and glue bonded glass as secondary sealing. An additional edge sealing is used to
improve the resistance to moisture (SP-DES). The optimized sealing procedure is able to maintain
the initial PCE value over 1300 hours of shelf-life, while unsealed PSCs had a PCE decrease of over
20% already in the first 50 h.

The SP-DES is then exploited to assess the intrinsic stability of PSCs under different accelerated
life time tests, comprising damp-heat, dry-heat and light soaking. Thanks to the edge sealing, the
humidity is not affecting the integrity of the cell and the observed PCE reduction is mainly related
to the temperature (40-50 °C). In fact, long time temperature stress is affecting the efficiency of
PCE. We find a reduction of PCE of 0.1%/hour at 60 °C and 0.21% at 85 °C, mainly related to the
degradation of Spiro-OMeTAD HTL. For both damp heat and thermal tests, there is no visible
degradation of the CH3NH3Pblz layer, while, on the opposite, light soaking test induces visible
intrinsic degradation of the CH3NH3Pbl;. A relative reduction of PCE of 0.14%/hour is found for
the light-soaking test with a Tgo (time to reduce the efficiency to 80% of the initial value) of 140 h.
A thorough transient analysis of photovoltaic parameters shows an increase of photo-induced trap

sites during the light soaking stress.



We point out that the proposed cost-effective sealing technique is suitable for the industrial
development of perovskite-based optoelectronics devices such as solar cells, led emitting diodes
and photo-detectors. It permits to evaluate the intrinsic stability of the perovskite devices with a
direct correlation to constituent materials and their interfaces. Moreover, an effective sealing
strategy allows a rigorous comparison of further material/fabrication improvements of perovskite

technology.
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Sealing Sealing decrease at PCE
Curing Step
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encapsulation) 170h
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Hot press
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,g/ plastic Foil
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= UV Light
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UV-Curable UV lamp,
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Tab.1. Sealing procedures (hereafter called SP-A, SP-B, SP-C, SP-D and SP-DES) for the encapsulation of
the large area cells and their effect on the PCE value after 20 and 170h of shelf-life (dark, 30% relative
humidity). Schematic of the sealing strategies is also reported including the conditions the cells are exposed
to during the sealing procedure.
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Figure 1. a) Image of large area PSC cell. b) Normal dispersions of PCE obtained measuring 23 large area
cells under reverse scan (red curves), forward scan (green curves) and 180s-long MPP tracking (blue curves).
¢) Short-term shelf life test varying the sealing procedure. The duration of the test was chosen in according
with the Tgo parameter defined in the introduction section. After 170h only SP-D and SP-DES procedures
showed longer Tso time. d) Long-term shelf life test (more than 1300h), using the sealing procedure SP-D.
The devices were stored at low humidity (30%RH) in dark.
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Figure 2. a) PCE behavior of the aged sealed and unsealed cells during 102h of the humidity test at 95%RH
and 40-50°C temperature. b) Photographs of cells under test for different sealing procedures. The first row
shows (back side) the fresh cell while second and third row show the back and front of the aged cell (104 h),

respectively.
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Figure 3. Evoution of the normalized photovoltaic parameters under thermal stress in a oven for 250 hours.
The temperature is 60°C for the first 124hours and then set to 85°C between 124 hour and 250 hour. a)
Normalized PCE. Linear fittings are reported for both temperatures: 60°C (red line) and 85°C (blue line). b)
Voc (black squares), Jsc (red circles), Fill Factor (circles).
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Figure 4.a) I-V characteristics of sealed cell varying the p-doping method (O, doping, blue curve; FK102,
green curve and FK209, red curve) realized before the short-term light soaking test. b) The PCE results were
reported during Short-term light soaking test (35minutes) at MPP for each doping-method. The I-V

characteristic were measured every 3 minutes under forward scan direction (10mV as step voltage).
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Figure 5. a) Temporal trend of the PCE over the 250 hours of stability test with MPP tracking; the right axes
reports the Voc, Jsc and FF extracted every 20 minutes by a J-V scan. b) The optical images of the active
area before and after the stability test; c¢) Forward and reverse scan of J-V curves before (black) and after
(red); d) the J-V under dark condition on a semi-log plot; e) Transient Photo-Voltage (TPV) decay test from
1 Sun to dark condition; the line represents the fitting with a three-exponential function, the extracted time
constants are reported. f) TPV rise test from dark to 1 Sun condition, g) Voc versus the optical incident
power (Pmc) from 0.001 to 1.5 Sun; the dashed lines are the logarithmic fitting. h) Jsc versus the optical

incident power (Pic) from 0.001 to 1.5 Sun where the dashed lines are the power law fittings.



Figure 6. High angle annular dark field scanning transmission electron microscopy (HAADF STEM) images
of a fresh cell (a) and cells sealed employing the SP-D method after 100 h damp heat (b), 100 h thermal (¢)
and 220 h light (d) exposure. Scale bar applies to all images. The blue labels report PCE values for the 4

devices before and after stress tests.



Vitae

Fabio Matteocci was born in Rome, (Italy) in 1983. He received the Degree in
Electronic Engineering from the University of Rome “Tor Vergata” (Italy) in
2009 and his Ph.D. degree in electrical engineering from the Center for Hybrid

and Organic Solar Energy (CHOSE) in 2014. He is a researcher at CHOSE lab.

s
He is mainly working on the development of scalable realization processes for thin-film

photovoltaic technologies such as solid-state DSCs and perovskite solar cell.

(CHOSE). His research activity concerns the development of advanced electro-optical

Lucio Cina received the M.Sc. degree summa cum laude in Electronic
Engineering at University of Rome “Tor Vergata” (Italy) in 2009 and his Ph.D.
degree from the Center for Hybrid and Organic Solar Energy (CHOSE) of Lazio

region in 2013. He is currently post-doc researcher of Prof. Aldo Di Carlo group

characterization systems for hybrid photovoltaic devices. He also deals with degradation process
test by using electrochemical impedance analysis and improved-LBIC mapping, in particular

Perovskite based Solar Cells (PSC).

Enrico Lamanna received his M.S. degree in Electronic Engineering from the
University Rome of Tor Vergata. He is now a candidate to become Ph.D. student
in Electronic Engineering at the University of Rome Tor Vergata (Centre for

Hybrid and Organic Solar Energy — CHOSE). His research interests currently

include the development of perovskite solar cells, with focus on silicon/perovskite tandem devices.



Stefania Cacovich is currently a PhD student of the Electron Microscopy group
in the department of Materials Science and Metallurgy, University of
Cambridge, working under the supervision of Dr Cate Ducati. She obtained a

BSC and MSC in Materials and Chemical Engineering from the University of

Trieste, Italy. Her research focuses on the application of the latest developments in analytical
TEMs and data processing for the characterisation of nanostructured composites for energy

application, in particular hybrid perovskites for photovoltaic devices.

Giorgio Divitini obtained his Bachelor’s and Master’s degrees in Physics from
the University of Milan, Italy, before receiving a PhD in Materials Science from
the University of Cambridge, UK. He is currently a post-doctoral research

associate at the University of Cambridge, working on electron microscopy for

the characterisation of nanostructured materials and devices.

Paul Midgley is Professor of Materials Science and Director of the Electron
Microscopy Facility. He is a Fellow of the Royal Society and a Professorial
Fellow at Peterhouse. Before moving to Cambridge in 1997, he held two

Research Fellowships in the H.H. Wills Physics Laboratory at the University of

Bristol, He has studied a wide variety of materials by electron microscopy and developed a number
of novel electron microscopy techniques. His recent research has concentrated on electron

tomography, electron holography, energy filtered TEM and precession electron diffraction.



Caterina Ducati is a Reader in Nanomaterials and part of the Electron
Microscopy group in Cambridge. She grapduated in Physics in Milan in 1999,

and received her PhD in Engineering from Cambridge in 2003. After a postdoc

under the supervision of Prof Paul Midgley, she was awarded a Dorothy
Hodgkin Fellowship in 2004, and a Royal Society University Research Fellowship in 2007. She
was appointed to a Lectureship in Materials Science in 2009. She is interested in energy materials,
and in particular photoactive nanostructured compounds for applications in photovoltaics and

photocatalysis, but also in novel nanomaterials for electrochemical cells.

Aldo Di Carlo received his degree in Physics (with honors) from the University
of Rome "La Sapienza" (Italy) in 1991 and his Ph.D. degree from the Technische
Universitdt Miinchen (Germany) in 1995. He is currently a Full Professor of

Optoelectronics and Nanoelectronics at the University of Rome "Tor Vergata"

(Italy), and since 2006, he has also been co-director of the Centre for Hybrid and Organic Solar
Energy (CHOSE). His research activity mainly concerns the study of electronic transport and
optoelectronic properties of nanostructured and organic semiconductor devices and their

fabrication.



