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Flexible perovskite solar cells (f-PSCs) are emerging as a promising technology for a wide range of applications,
where flexibility, lightweight, and a high power-to-weight ratio are desirable features. To ensure f-PSCs long-
term stability, a suitable encapsulation that provides protection from atmospheric agents (i.e., moisture,
water, and oxygen) without compromising the overall flexibility of the device is required. Thermosetting
polyurethanes (PUs) arise as promising candidates: they are inert toward the perovskite layer, and their curing
reaction can easily be performed at room temperature, directly on the f-PSC. Moreover, minimal modifications
on the precursors’ skeleton can tune flexibility, barrier properties, and transparency. In this work, a low-cost
thermosetting PU resin is successfully implemented as the primary encapsulant for 1 cm? f-PSCs. Two encap-
sulation strategies are proposed: the PU is applied only on the back of the device (i.e., in contact with the metal
electrode) or on both the back and the front, onto the PET substrate. Besides preserving the device flexibility (500
bending cycles without any PCE decrement), the double encapsulation strategy ensures for long term stability
under a highly damp atmosphere (RH > 75 %), reaching T80 of over 550 h (i.e., 23 days), clearly outperforming
the unencapsulated control devices, whose T80 is 6 h.

1. Introduction and semitransparent devices [5], broadening the already wide variety of

possible applications, from Building Integrated Photovoltaics (BIPV) to

Perovskite solar cells (PSC) have experienced an unprecedented
improvement in their power conversion efficiency (PCE) in just a couple
of decades, reaching 26.7 % and thus surpassing monocrystalline silicon
at 26.1 % and all thin film technologies (amorphous silicon, 14.0 % PCE;
CdTe, 23.1 % PCE; CIGS, 23.6 % PCE) [1]. These results have attracted
great attention from both academia and industry, also fuelled by the
extraordinary optoelectronic features of perovskites [2] and the ease of
device fabrication, based on low-temperature solution deposition
methods. PSC bandgap tunability is appealing for both tandem cell
configuration with other PV technologies, mainly silicon and CIGS [3,4],
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Internet of Things (IoT) and consumer electronics, from agrivoltaics to
space [6]. PSCs have been largely demonstrated on flexible substrates,
almost filling the efficiency gap with their rigid counterparts: flexible
n-i-p and p-i-n cells have recently reached PCE of 25.09 % [7] and 24.08
% [81, respectively. Flexibility and power-per-weight ratios as high as
30.3 W g ! [9,10] make these devices perfect candidates for
non-conventional applications, particularly as indoor PV, thanks to their
remarkable indoor efficiency, as high as 32.5 % at 1000 Ix [11].
Although advances in PSC operational stability have been achieved,
efforts are still needed to match the long-term stability requirements for
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commercialization. To this end, besides the research on PSC intrinsic
stability, materials and strategies for the device encapsulation have been
explored to protect the active materials from external instability agents,
such as oxygen and humidity[12-14]. Glass is an excellent barrier to
moisture and oxygen [15,16] but is rigid, heavy, and brittle. Rigid PSCs
are usually encapsulated with a glass sheet, thinner than the conductive
glass substrate, and attached to the device’s back via resins, glues, or
thermoplastic sheets [17]. Yet, the conventional thermoplastic material
used in Si-based PV (i.e., ethylene-vinyl acetate, EVA) readily undergoes
photo-induced degradation, forming acetic acid that degrades the
perovskite active layer [18]. Moreover, thermoplastic materials usually
show low water and oxygen barrier properties, permitting the ingress of
both moisture and oxygen from the device’s edges [12]. Such an issue
could be solved by edge sealing with rubber-like or thermosetting ma-
terials, although this implies an additional processing step.

In this framework, the encapsulation of flexible PSCs poses an
additional challenge since they are manufactured on conductive plastic
substrates, such as PET ITO, which are not as good barriers to moisture
and oxygen as glass. Glass encapsulation for flexible PSCs is not a suit-
able option because it would undermine two appealing features, i.e.,
flexibility and lightweight. A flexible encapsulation solution that fea-
tures high transmittance, low Water Vapour Transmission Rate (WVTR)
and Oxygen Transmission Rate (OTR), good adhesion to the cell stack,
and ensures edge sealing is needed [19] and it would be one of the holy
grails toward the commercialization of f-PSCs.

Recently, Ahmad et al. tested on large-area (1 cmz) flexible PSCs
with 3 different cell architectures, namely p-i-n with carbon electrode, p-
i-n with silver electrode, n-i-p with carbon electrode, the same flexible
encapsulation strategy: polymer-based barrier foils (whose nature has
not been disclosed) on both the front and the back of each cell, ther-
moplastic adhesives to attach them to the cell substrate, a hydrophobic
polydimethylsiloxane-based interlayer and a silicone-based edge
sealant. Albeit this multicomponent encapsulation strategy could be
challenging to scale up, it allows all cells to maintain 85 % of their initial
PCE after a sequence of accelerated aging tests, compliant with the IEC
61215 and IEC 61646, including 1400 h of damp heat, 50 thermal cy-
cles, and 10 cycles of the humidity-freeze test [20]. One should note
that, in the case of storage under conventional environmental condi-
tions, good stability was reached only by reducing the ratio between the
active and the substrate area (<0.02), arguably an unfeasible option for
commercialization. Other studies report similar approaches: a
commercially available thermoplastic barrier film and a transferable
adhesive [21] could extend to more than 500 h the shelf-life of flexible
PSCs under ambient conditions; a polyimide-based Kapton film and a
silicon adhesive [22] protected the devices and retained 96.3 % of their
initial efficiency after 1620 s in water under continuous illumination.
Sprayed plasma-deposited organosilicate barrier layers have also been
demonstrated to be compatible with flexible devices, passing 1000
bending cycles and retaining about 40 % of the initial PCE after 100 h of
accelerated aging in damp heat (85 °C, RH = 85 %) [23]. Some ther-
mosetting polymeric encapsulants, such as epoxidic resins or poly-
isobutylene (PIB), could also be used, but they usually suffer from
moisture release [24].

Among the different classes of polymers, thermosetting polyurethane
resins (PUs) are emerging as promising materials for PSC encapsulation.
PUs stand out thanks to some very promising properties: they are inert
toward the PSK active layer, and their curing reaction can easily be
performed at room temperature, directly on the photovoltaic module, as
the polyaddition reaction does not lead to the formation of potentially
harmful by products for the device [25,26]. Moreover, minimal modi-
fications on the precursors skeleton (i.e., polyol monomer and
di-isocyanate prepolymer) allow to obtain an extensive library of poly-
mers endowed with tuneable flexibility, barrier properties, and
transparency.

The first report on the promising marriage between PU and PSCs
dates back to 2015 when Kaltenbrunner et al. [27] described the use of a
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sprayable PU thermosetting polymer (curing time = 24 h) as the
encapsulant layer for ultrathin PSCs, leading to a PCE as high as 12 %
and a power-to-weight ratio of 23 W g~'. They proved that the appli-
cation of PU does not impact the PCE of the cell, but the lifetime analysis
was very short (<3 h). Fu et al. [28] explored a different paradigm, i.e.,
thermoplastic PUs in conjunction with a glass sheet, showing better
barrier properties than EVA or polyolefin-based interlayers. Yet, one
should note that the glass sheet plays the main barrier role in this ar-
chitecture, with the polymeric interlayer just protecting the cell from
moisture or oxygen entering from the edges. More recently, they
extended the same approach to printed rigid PSCs, showing outstanding
9000 h of stability under operational conditions at 55 °C [29]. A similar
approach was tested by Salado et al. [30], replacing the thermoplastic
PUs with photocurable PU acrylate resins. The encapsulated device
showed improved resilience (Tgg = 18 h vs 2 h for unencapsulated de-
vices) after exposure to water vapours. An innovative approach in which
thermosetting PU plays the role of “internal” encapsulant was recently
proposed [31]: PU monomers (i.e., polyol and diisocyanate) were dis-
solved into the perovskite precursors solution and then let polymerized
in situ, leading to the formation of a highly cross-linked polymeric
network around a crystalline perovskite. As a result, the PU-modified
PSC showed improved stability both after thermal and mechanical
stress.

In the above-reported studies, PUs are generally exploited as
encapsulant coatings to be coupled with a glass cover, with the latter
playing the role of the main barrier. In our previous work [32], we used
instead the thermosetting polyurethane resin as the one and only
encapsulant. There, PU-encapsulated PSCs on glass substrates more than
doubled their stability, compared to unencapsulated devices, when aged
according to ISOS-D1 protocol, and retained 94 % of their efficiency
after 2500 h under indoor aging (1000 lux, room temperature, and RH%
< 65 %).

Taking the cue from these very promising results, here we present the
application of a specifically designed thermosetting PU resin as the sole
encapsulant for flexible PSCs and its long-term stability assessment in
damp environments (see also Table S1 for a comparison with the rele-
vant literature). We tested two different strategies: back encapsulation
(B-ENC), with the PU encapsulant deposited only on the back of the
device, i.e. on top of the metal electrode; back and front encapsulation
(BF-ENC), with the PU also on the PET substrate. The latter showed
longer stability, especially if aged in a humidity-rich environment (RH%
> 75 %). In these conditions, the BF encapsulated champion device has a
Tgo of 23 days (> 550 h), largely outperforming the unencapsulated
device, whose lifetime in the same environment is within the range of a
few hours.

2. Experimental section

2.1. Polyurethanes: formulation, self-standing film deposition, and
characterization

Throughout the screening phase, PUs were obtained by directly
depositing their precursor mixture onto a polypropylene pan and
allowing them to polymerize at room temperature until the polymeri-
zation process was complete, as confirmed by the disappearance of the
isocyanate peak in the IR spectrum. Self-standing films were obtained to
measure the polymerization status by removing them from their sup-
port. Both the diisocyanate (as prepolymer) and the polyol (raw) pre-
cursors were supplied by Demak Polymers. If not specified, all the polyol
precursors contain 1 % w/w ratio of commercially available UV-
stabilizers. The combination of diisocyanate and polyol is described in
the main text (vide infra). Before the polymerization reaction, the pre-
cursors are placed inside a vacuum oven at 40 °C for an hour to remove
the presence of dissolved gasses and humidity. The precursors are then
mixed in the proper weight ratio; the latter is adjusted to have a 1:1 ratio
between the isocyanate functionalities and the hydroxyl ones within the
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precursors. Then, the mixture is stirred vigorously, taking care not to
incorporate air to avoid the formation of bubbles in the final polymer.
Using a diisocyanate prepolymer instead of a simple monomer increases
the polymerization speed, shortening the reaction time even in mild
conditions (room temperature). This is essential for the application as an
encapsulant in PSCs, being the latter subjected to degradation if exposed
to light (e.g., UV curing) or thermal (i.e., high-temperature curing) stress
[33]. The thermosetting PU resins, as self-standing films, were charac-
terized by (i) UV-Vis spectroscopy with an Agilent Cary 300 Bio spec-
trophotometer in a wavelength range of 200-800 nm, with a scanning
speed of 5 nm per second; (ii) thermo-gravimetric analyses with a TGA
Q500 from TA instrument using the same heating ramp (i.e. equilibrium
of the system at 30 °C, followed by an isotherm for 2 min, an increasing
temperature ramp at a rate of 5 °C per minute until 600 °C was reached,
isotherm at this temperature for 10 min) for all polymers; (iii) differ-
ential scanning calorimetry with a DSC Q200 from TA Instrument by
multiple cycles consisting of heating, cooling and a second heating: the
ramp used consists of an equilibrium of the instrument at —40 °C, an
increasing temperature ramp of 10 °C per minute until 100 °C is
reached, isotherm for 5 min, rebalancing of the instrument to —40 °C,
isotherm for 5 min and again a heating ramp as the first one. The glass
transition temperature (Tgy) was identified at the point of maximum
slope of each trace. Thermal ageing was performed by storing the
self-standing films in a ventilated oven at 85 °C, whereas during
UV-ageing the samples were continuously irradiated with a UV lamp
(Dymax EC-5000 Lamp).

2.2. Flexible PSCs: device fabrication and characterization

All the materials have been purchased at the highest degree of purity
available. All solvents were purchased from Sigma Aldrich if not
differently specified. ITO PET substrates (15 Q/sq) were chemically
etched and cleaned by ultrasonication with isopropanol and water for
15 min in each solvent. Then, the electron transport layer SnO, was
obtained via spin coating of a SnO2 nanoparticle aqueous dispersion
(15%w, Alfa Aesar) at a speed of 6000 rpm for 35 s. After annealing at
100 °C for 1 h, substrates were brought into an N»-filled glove box for the
perovskite layer deposition. The perovskite precursor solution was
prepared by mixing 166 mg FAIL, 21.6 mg MABr, 87.1 mg PbBry, 547.4
mg Pbly and 19.4 mg of CsI and adding N-N dimethylformamide (DMF)
and dimethyl sulfoxide (DMSO) at a volume ratio of 3.16 and then
leaving it to stir for 12 h at room temperature. The spin-coating depo-
sition of the perovskite was performed at 1000 rpm for 10 s, followed by
a high-speed step at 5000 rpm for 30 s. During this last step, 150 pL of CB
was dropped as anti-solvent onto the spinning substrate. The samples
were annealed at 100 °C for 1 h. Poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine (PTAA) was used as the hole transport layer:
10.5 pl of LiTFSI (171 mg/ml in Acetonitrile (ACN)), and 5.6 pl of 4-tert-
butylpyridine (TBP) were added to 12 mg of PTAA dissolved in 1 ml of
Toluene. The solution was spun at 1500 rpm for 35 s dynamically. The
devices were finished by thermally evaporating 90 nm of gold as the top
electrode. Lastly, encapsulation of PSCs was performed according to our
previous paper [32]: 0.2 g of the mixture of isocyanate and polyol in the
correct w/w ratio (i.e. 98:100, in the case of DG4, vide infra) was
drop-casted onto the back of the device (i.e.,, back-contact side) and
spread all around the cell with a specific caution to not cover the con-
tacts. Then, it was polymerized for 24 h at room temperature and in
ambient conditions; indeed, after one day, the curing of the polymeric
encapsulant was almost complete, and the device could be handled
safely, albeit the complete polymerization is reached after 4 days. This
leads to the formation of a 300 pm-thick layer on top of the device. To
perform the back-and-front encapsulation, the cell was flipped, and 0.2 g
of the PU precursor mixture was drop-casted onto the PET side to cover
it completely. The front layer (300 pm) was polymerized for an addi-
tional day; then the cells were measured and subjected to ageing. It is
worth mentioning that, for the timeframe of the encapsulation process,
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the other devices were stored in a controlled environment to prevent any
degradation thus ensuring a fairer comparison. Schematic representa-
tion of the encapsulation process is reported in Fig. S1.

Photovoltaic measurements were carried out under a class A solar
simulator (ABET Sun 2000) at 1000 W m 2 irradiation, AM1.5 (scan rate
60 mV/s) with artificial solar spectrum AM 1.5 G whose lamp was
calibrated with a pyranometer. The devices were masked with an
aperture of 1 cm? to define the active working area. All electrical con-
tacts have been covered with silver paste. The external quantum effi-
ciency (EQE) spectra were collected as a function of wavelength using an
optical power density-based measurement system (Arkeo from Cicci
research s.r.l.) under the irradiation of 300 W Xenon lamp (Mod.70612,
Newport). The light soaking stability test was performed under 1 sun
illumination by tracking the MPP, through a dedicated system (Cicci
research s.r.1.), composed of a white LED array (4200 K), tuneable up to
2000 Wm ™2 of optical power density, and a high-speed source meter
unit. Electrochemical Impedance Spectroscopy has been recorded with a
dedicated system (Cicci research s.r.l.) in dark conditions and biasing
the devices at MMP (i.e. 850 mV).

A homemade set-up was used to perform ageing of the flexible PSCs
in a highly damp atmosphere. More in detail, a desiccator (total volume
2 L) was used as a climatic chamber; on the bottom of the desiccator, an
over-saturated solution of NaCl (80 g in 200 mL, solubility 358 g/L at
293 K) was stored, leading to an overall RH = 75 % at 298 K [34]. The
homemade climatic chamber was let equilibrate for 24 h until a constant
value of RH (75 + 1 %) was reached. Both temperature and RH were
continuously monitored with a hygrometer (model 30.5002 by TFA
Dostmann). The former ranged between 293 and 300 K, whereas the
latter was always higher than 75 % (maximum recorded value 79 %).
The devices were placed on a custom-made holder in the climatic
chamber, avoiding direct contact with the solution. Both temperature
and illumination level were not strictly controlled, thus the devices
experienced regular day-night cycles of the laboratory. The devices’
efficiency was measured under 1 Sun illumination at regular intervals by
extracting the cells from the climate chamber. PSCs were re-inserted in
the climatic chamber right after the JV measurement was completed. To
perform ageing in a medium damp atmosphere, the same set-up was
used, but NaCl was replaced with Nal (400 g in 200 mL, solubility 1842
g/L at 298 K), leading to a controlled RH% = 38 + 1 % at 298 K. Bending
tests were conducted by manually bending the device in ambient con-
ditions around a rod with a radius of 5 mm or 2.5 mm and measuring the
device under the solar simulator after a number of repeated cycles.

3. Results and discussion

Taking the cue from our previous paper, in which we developed a PU
thermosetting resin for the encapsulation of rigid, glass-based PSCs, we
developed six new PU formulations to identify the most suitable
encapsulant for flexible PSCs. We combined six different diisocyanates
and three different polyols, as summarized in Table 1, to formulate six
aliphatic thermosetting polyurethane resins.

Aliphatic PUs have been preferred over aromatic counterparts due to
their higher thermal stability and more tuneable flexibility, making
them perfect candidates for the encapsulation of flexible devices [21].
Additionally, aliphatic resins have been claimed as more sustainable,
when bio-derived, than aromatic ones [35]. It is important to recall that
the molecular structure of the isocyanate and polyol precursors as well
as the amount of reactive isocyanate moieties would impact dramati-
cally some key features of the resulting resins, such as the transparency
and the glass transition temperature (i.e. the flexibility) [36]. To criti-
cally evaluate the properties of all the mixtures and to select the most
suitable one(s) to be implemented as an encapsulant, we resolved to a
preliminary screening consisting of the analysis of the thermal (Ther-
mogravimetric Analysis, TGA, and Differential Scanning Calorimetry,
DSC) and optical (UV-Vis absorption spectroscopy and ellipsometry)
properties of the resins, as well as their stability when subjected to



F. De Rossi et al.

Table 1

Combination of polyol and isocyanates to obtain six different mixtures and
screening parameters (thermal and optical) for the thoughtful choice of PUs
toward the application of flexible PSC.

Thermal Optical characterization
characterization
Polymers formulation TGA DSC UV-Vis Ellipsometry

Sample  Polyol Isocyanate Tsos Ty Toss5 n [adim.]
[°C] [°C] [%]

DG1 XP541%  XH3000 257.8 -8.19 86.0 1.475

DG2 XP581 XH181 266.4 53.06 83.9 1.495

DG3 XP541 HX3000 249.7 —8.20 83.0 1.477

DG4 XP541 XH102 259.0 8.73 83.5 1.491

DG5 XP541 XH101- 252.7 6.26 80.2 1.488

HA
DG6 XP541 XH181 265.2 22.53 85.1 1.503

2 in this polyol no UV-stabilizers have been added.

thermal and radiative ageing procedures.

Considering their possible application as an encapsulant on both the
PSCs’ sides, the resins should show an extremely high transmittance
throughout the visible spectrum, to not filter any solar radiation to the
PSK active layer if applied onto the PET substrate. As reported in Fig. 1a,
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in which the UV-vis spectra (transmittance mode) of self-standing films
are collected, all the resins showed a very high transmittance in the
400-850 nm range, approaching or even surpassing the 85 % threshold.
DG1 differs from the other resins due to a substantially blue-shifted (ca.
—100 nm) absorption cut-off due to the absence of UV stabilizers. The
latter are conventionally incorporated within PU-based coating formu-
lations to ensure longer stability to radiative damage, preventing the
yellowing of the resins, which could jeopardize both mechanical and
optical properties [37]. Indeed, when subjected to UV stress, DG1 suffers
some degradation, as witnessed by the modification of the absorption
cut-off throughout the ageing time (Fig. S2). In contrast, all the other
resins show very good optical stability up to 1000 h under similar
conditions, as highlighted by the steadiness of their UV-vis spectra
(Fig. 1a). These results pose doubts about the possible exploitation of
DG1 as an encapsulant for f-PSCs.

An additional parameter to be evaluated is the refractive index (RI)
of the polymer. As expected by their chemical similarity, only a minor
variability in the RI values for the different resins could be evidenced,
with DG6, DG2, and DG4 showing the most promising values (RI =
1.503, 1.495, and 1.491, respectively, (Table 1). As a matter of fact,
these values approach PET’s RI (i.e., 1.56) [38] and therefore they
should minimize the optical losses at the PU-PET interface, maximizing
the light reaching the perovskite active layer [39].
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Fig. 1. a) UV-vis spectra of the selected polyurethane resins. b) Thermogravimetric analysis of PU formulations. ¢) Transmittance % at 555 nm for each resin over
time during 85 °C thermal stability test d) Absorbance cut-off values for PUs over time during 85 °C thermal stability test.
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Besides their optical properties, encapsulants should also present
wide thermal stability in PSCs’ operational temperature range (10-85 °C
[40]). Good encapsulants should not undergo any degradation within
this range: as shown in Fig. 1b and summarized in Table 1, all the resins
have remarkable thermal stability, with a Tse, (i.e., the temperature at
which they suffer a 5 % weight decrease) well above the operational
limit, ranging from 250 °C (DG3) to 266 °C (DG2). Taking into account
the polymeric nature of the investigated resins, another critical param-
eter to be checked is the glass transition temperature (Tg), which in-
dicates the temperature at which a polymer undergoes a phase transition
from a “glassy’’ brittle state to a rubbery one or vice versa. Such a
transition would alter the mechanical properties of the coating [41], and
thus, it should be outside the operational temperature range. Addi-
tionally, Tq is correlated with the flexibility of a thermosetting resin: as a
rule of thumb, the lower the T, is, the more flexible the resin [41].
Therefore, resins with a Ty below the lower operational temperature
limit should be preferred over those with a T above the upper opera-
tional temperature value (Fig. S3). With this in mind, both polyol and
isocyanate precursors and their combinations were specifically selected
to maximize flexibility, i.e., minimizing Ty and allowing the resins to be
coupled to the flexible substrate [42]. As can be seen in Table 1, both
DG2 and DG6 experiment with a relatively high Tg, also within the
temperature operational range (53 °C and 22 °C, respectively), not
allowing their application as encapsulants for flexible PSCs.

To further prove the resistance of our coatings, the self-standing films
of the PU resins were subjected to prolonged thermal stress at 85 °C
(ISOS D-2 [43]), during which the transmittance of the film at 555 nm (T
%s550m) Was monitored. All the resins, but DG1, show a remarkable
resilience to thermal stress, as proved by the consistency of the UV-Vis
spectra both in terms of T%jss5nm (Fig. 1¢) and absorbance cut-off values
(Fig. 1d). Indeed, only a negligible decrement of T%ss5nm (<2 %) could
be observed after more than 800 h at 85 °C, whereas the absorbance
cut-offs remain unchanged. On the other hand, DG1, although compa-
rable with the other resins in terms of T%ss55,m, shows an unusual
evolution of the absorption cut-off (Fig. S2), denoting a degradation of
the polymer. Once more, this could be ascribed to the absence of UV
stabilisers, which also play the role of thermal stabilizers [26].

At the end of the screening phase, some resins were discarded: DG1
because of its lower thermal and UV stability, whereas both DG2 and
DG6 due to too high Tg, accounting for a more rigid nature of the
polymer that could negatively affect the flexibility of the encapsulated
PSCs. Among the remaining formulations, DG4 was preferred over DG3
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and DG5 because it showed the best trade-off between RI and T%ss5nm
(ie.,, 1.491 and 83.5 %, respectively). On the one hand, the promising RI
of DG5 (1.488) is jeopardized by the lower T%ss5nm (80.2 %); on the
other hand, DG3 has a good transmittance (83.0 %) but a too low RI
(1.477), likely leading to poorer light management. Moreover, the pre-
liminary trials in drop-casting DG3 on a PET substrate led to longer
curing time and the formation of bubbles. Therefore, DG4 (PU from now
on) was selected as an encapsulant for flexible PSCs and directly
implemented in complete devices.

Before performing any ageing tests, we assessed the effect of the PU-
based encapsulation process on the performance of f-PSCs with 1 cm? of
active area. Fig. 2a reports the JV (current density-voltage) curves of the
most performing pristine and encapsulated devices, with Vo¢ ranging
between 1.087 V and 1.152 V and Jsc between 17.6 mA cm 2 and 18.2
mA cm 2, leading to an overall PCE around 12.5 %. Box plots summa-
rizing the photovoltaic figures of merit are reported in Fig. S4. The main
difference consists in a 5 % increase in the Vo¢ value which perfectly
aligns with our previous findings on PU-encapsulated rigid PSCs [32].
To further support this, we performed some electrochemical impedance
spectroscopy (EIS) measurements on both unencapsulated and encap-
sulated devices. The results, graphed as Bode’s plot (i.e. applied fre-
quency vs impedance phase) in Fig. S5, evidenced a shift of the
low-frequency (LF) peak toward higher frequency values for PU-coated
device compared to unencapsulated one. According to the literature
[44], the LF region is representative of ion transport at the interface: as
such, a faster characteristic time (i.e. a peak located at higher frequency)
is symptomatic of a reduced interfacial recombination events leading to
a higher Voc.

Interestingly, the encapsulation process using a single PU layer on
the Au back electrode of the cell does not significantly impact the per-
formance of the devices (coded as B-ENC): the JV curves are almost
identical before and after the encapsulation, proving the inertness of our
resin to the active layers. If an additional PU layer is also deposited on
the front PET side of the cell (BF-ENC), the Jgc slightly decreases, from
18.1 mA cm 2 to 17.6 mA cm 2 (—2%). To better clarify this effect, we
performed some IPCE measurements. As shown in Fig. 2b, the IPCE
spectrum and the integrated current density of B-ENC remain un-
changed after the encapsulation process. On the other hand, a limited
loss in IPCE of BF-ENC is observed below 400 nm, also resulting in a
slight decrease of the integrated current density. This effect is ascribable
to the presence of UV absorbers in the PU film, which partially filter the
higher energy components of the incoming radiation, when deposited on
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the front of the device (PET side). As described in the previous section,
UV absorbers were proven to be fundamental in avoiding any light-
induced degradation of the PU coating (see Fig. S6); thus, their mini-
mal filtering effect is an acceptable fee to pay for a long-lasting coating.
To further prove that the encapsulation process does/did not lead to a
significant degradation in the device performance, we carried out Sta-
bilized Power Output (SPO) measurements under 1 sun illumination, in
ambient conditions. As shown in Fig. S7, the unencapsulated F-PSC
reached almost 80 % of its initial efficiency after only 5 min of testing;
on the contrary, both encapsulated F-PSCs showed better performance
over time: the back encapsulated device stabilized after 1 min at 10 %
higher power than the starting value; the back and front encapsulated
device experienced a much higher increase at the very beginning,
achieving a power output 30 % higher than the initial one, which then
slowly decreased to just a 10 % higher value than the beginning. More
importantly, the application of the encapsulant layer(s) does not impact
the overall flexibility of the final devices (Fig. S8).

Once the compatibility of the selected PU and the f-PSCs has been
proved, UNENC, B-ENC and BF-ENC devices underwent different sta-
bility tests. Light soaking under continuous illumination at 1 Sun was
performed while tracking the MPP of 3 cells for each type, whose active
area was masked to 1 cm?. Regardless of the encapsulation, all devices
reached T80 within the first 10-15 min; afterward, UNENC and B-ENC
kept degrading, whereas the BF-ENC showed a slower degradation rate
(Fig. S9). The data confirm that PET substrates have poor barrier
properties, as already well known: in a previous report, the same cell
stack was built on glass rather than PET and encapsulated with PU only
on the back side, since glass is a perfect barrier; in that case, unencap-
sulated and encapsulated cells lasted longer, reaching T80 in 1 and 4 h,
respectively [32].

The data also point out that these PUs on their own cannot function
as an effective encapsulant in simulated outdoor conditions, i.e. light
soaking at 1 sun irradiation. Still, they could be a viable primary sealant
to safely handle devices and protect them from humidity and oxygen
during storage before deployment and operation. Also, PUs have the
features (Table 1) to be exploited as the only encapsulant in indoor
applications. That is why the optimization of the most performing PU
reported here has been made considering the application as primary
encapsulant mainly for low-light applications. For exploitation in out-
door conditions, further studies are currently underway to obtain
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effective flexible polyurethane thermosetting resins.

To assess the effectiveness of the PU both as primary sealant and only
encapsulant for indoor applications, damp tests at different levels of
relative humidity (RH) were carried out. A medium damp atmosphere
(RH = 38 %) was first selected for ageing tests, since it is a reasonable
humidity value in some indoor environments where f-PSCs could be
successfully exploited to power IoT (Internet of Things) devices. A value
of RH around 40 % is ideal for both habitations and working places [45]
and it is optimal for the conservation of artistic manufactures, ancient
old manuscripts, and museums. It is important to recall that the thermal
expansion/contraction of the polymeric coating could play an important
role in downgrading the barrier properties of the encapsulant. However,
in the present case, the very low thermal expansion coefficient of the
thermosetting polyurethane resin (i.e. < 1*10~4K! [46]) coupled with
the quite narrow temperature range explored (293-300 K) would lead to
coating (2.5*2.5 cm?) elongation as long as 15 um. This relatively small
value is unlikely to impact the barrier properties of the coatings.
Moreover, the very high similarity between the thermal expansion co-
efficient of the PU and the ITO/PET [47] would ensure similar elonga-
tion without compromising the adhesion of the coating to the substrate;
as such, thermal expansion is not a critical factor in determining the
success of flexible perovskite solar cell encapsulation with thermosetting
polyurethanes.

As summarized in Fig. 3, within the first week (ca. 150 h) of ageing,
no significant differences could be observed when the most performing
devices of the different architectures are compared, with the two
encapsulated devices showing a higher variability of the PV parameters.
This behaviour has been already reported in the literature [32] and is
related to the curing time required by the PU coating for complete
polymerization. After this period, the UNENC shows a faster decrement
in performances with a Tgg [43] value of 205 h (8.5 days), also coupled
with a yellowing of the active layer caused by the formation of Pbl, and
hydrated perovskite phases [48].

On the other hand, encapsulated devices are more stable: B-ENC is
twice as stable as the unencapsulated counterparts, with a Tgy value
reached after more than 17 days (413 h). However, the more dramatic
stability improvement is related to the presence of a double encapsula-
tion. Indeed, BF-ENC (red circle in Fig. 3) is stable for almost 100 days
(Tgp = 2306 h), more than 10 times longer than the unprotected device
and more than 5 times compared to B-ENC. The difference in
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(normalized) PCE values (Fig. 3a) is mainly related to the change in Jg¢
(Fig. 3b) and in FF (Fig. 3d), whereas the V¢ (Fig. 3¢) remains constant
for all the devices. In the single encapsulated PSC, the modest barrier
properties of PET (WVTR = 3.9-17 gm 2 d ! and OTR = 1.8-7.7 cm®
m2d Y [49] coupled with the relatively small thickness of the sub-
strate (180 pm) very likely cause the ingress of both moisture and oxy-
gen from the substrate edges and consequent degradation of the cell. The
RH% conditions of the first ageing test are relatively mild. Since
photovoltaic devices could experience more stressful conditions with RH
% approaching 70 % in some specific indoor applications [50] and even
higher values in outdoor or in greenhouses [51], we proposed a second
ageing test in a highly damp environment, i.e. RH% > 75 %. Based on the
previous data, we decided to compare pristine and BF-ENC devices only.
The results, reported in Fig. 4, evidence the importance of a proper
encapsulation of the devices: the PCE of UNENC (Fig. 4a) drops to zero
in less than 1 day (normalized PCE after 10 or 12 h is 0.5 and 0.06,
respectively) as a result of the swift decrease of all photovoltaic figures
of merit (especially Jsc, Fig. 4b and Vo, Fig. 4c) and accounting for very
severe degradation of the device.

On the other hand, BF-ENC, after a very severe decrease in PCE (—40
%) within the first 5 h, mainly related to a drop in the FF (—35 %,
Fig. 4d), completely recovers the initial PCE after 1 day. This trend is
very similar to the one observed for samples aged at RH% = 40 %. After
the performance recovery, the device is stable, reaching Tgo after 23
days of aging. As highlighted in Fig. S7, this value (i.e. 552 h) is more
than 90 times longer than that of the unencapsulated counterpart.
Moreover, the device failure is mainly due to a decrement in FF pointing
toward a degradation of the contacts. Indeed, silver contacts are the only
part of the device not covered by the PU resin and thus directly exposed
to humidity [21]. Besides this, the presence of the encapsulant layers
force us to use crocodile cables to contact the cells during the mea-
surements. The latter, while ensuring an optical electrical contact, are
quite invasive for the silver coating causing microcracks which lead to a
higher moisture and oxygen exposure. This has been confirmed by
testing small area devices (0.1 cm? with a smaller contact) which show a
very fast degradation associated to FF drops regardless the presence of
the encapsulant (data not shown).

To further prove that the main reason for the performance drop in
encapsulated devices is due to a technological issue (i.e., exposed con-
tacts), we performed an additional stress test, dipping the devices in
deionized water (DI). More in detail, we compared the behaviour of (i)
an unencapsulated cell (UNENC), (ii) an encapsulated device whose
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contacts are not protected and NPC-BF-ENC (iii) a fully encapsulated
device cut in two, Half-PC-BF-ENC. Selected frames of a video moni-
toring this test are reported in Fig. S8. As expected, UNENC turns yellow
a few seconds after adding DI, proving PSK’s degradation into Pbl,.

The same was observed for the unencapsulated areas of NPC-BF-PSC
closer to the contacts. On the other hand, the presence of a PU coating
fully covering Half-PC-BF-PSC ensures much better stability. After 3
min, some opaque areas begin to be visible in NPC-BF-ENC, likely ac-
counting for some infiltrated water. In contrast, Half-PC-BF-PSC starts
to suffer minimal yellowing from the cut side of the cell. After 15 min,
considering Half-PC-BF-PSC, the Pbl, formation is extended only
throughout the cut side, whereas other areas of the cell seem not to
suffer any degradation; on the other hand, the Pbl, resulting from the DI-
induced degradation of UNENC, begins to dissolve into water. At the end
of the experiment (after 1 h), almost all the PSK layer of UNENC (con-
verted into Pbly) is dissolved into DI, whereas only minor further
degradation (compared to t = 15 min) could be observed for both NPC-
BF-ENC and Half-PC-BF-PSC, implying a minimal dissolution of both Pb
and I into water. This evidence is very promising considering the
increasing concern about the possible environmental Pb contamination,
especially in the case of device failure [52].

Eventually, some bending tests were performed to prove the adapt-
ability of (encapsulated) devices to unconventional applications. Albeit
the perovskite active film has not been specifically modified to with-
stand mechanical strains, the polymeric encapsulation layer is expected
to play a protective role, especially in preventing the delamination of the
different layers. Indeed, when subjected to bending test (bending radius
= 5 mm) the BF-ENC clearly outperforms the unencapsulated device
(Fig. 5). Whereas the latter suffers from an immediate drop in perfor-
mance leading to 55 % of the initial PCE just after 10 cycles, the positive
effect of the PU encapsulation is evident: PCE of BF-ENC device is almost
unchanged for the first 300 bending events and it drops to 86 %, 58 %
and 36 % of its initial value only after 500, 750 and 1000 bending,
respectively (Tables S1-2). The drop in efficiency of unencapsulated
devices is caused by both a drop in FF (delamination at the interfaces)
and Jsc (strain within the active layer), whereas only Jsc seems to be
responsible for the loss of efficiency in BF-ENC, further supporting the
protective role of the polymeric layer. In particular, the Jg¢ decrease is
very limited during the first 150 bending cycles, suggesting that the PU
layer could play a self-healing role at least in the early stage of the test
and with relatively mild bending. When increasing the stress by
reducing the bending radius to 2.5 mm, the PU layer was not able to
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stabilize the device performance: BF-ENC reached 90 % and 50 % of
initial PCE just after 33 and 150 bending, respectively (red asterisks in
Fig. 5), a trend once more dictated by the Jsc one. Albeit promising,
these results highlight the necessity of some stabilizing agent, within the
active layer, able to mitigate the stress induced by more severe bending.

4. Conclusions

We reported on the use of specifically designed thermosetting poly-
urethane resins as the only encapsulant for flexible perovskite solar cells.
The most promising formulation has been chosen between six resins,
showing the best trade-off between high transparency (T > 83 %) and
remarkable thermal and UV resistance, also showing refractive index
and flexibility comparable to the substrate. This polyurethane resin,
coded as DG4, has been then implemented as an encapsulant in large
area (1 cm?) f-PSCs using two different approaches: single (only back)
and double side encapsulation (back and front). It is worth noticing that,
as a result of the thoughtful selection of the PU resin, its application onto
the PSC does not meaningfully impact neither the overall cell perfor-
mance nor its flexibility. The double side encapsulation strategy has
been proven to be the most effective to protect the device from medium-
high humidity levels (RH = 40 %) in simulated indoor environments,
showing a Tgg as long as 2300 h (>3 months) and largely outperforming
both the single-encapsulated device (Tgy = 400 h) and the unencapsu-
lated PSC (Tgp < 200 h). These data prove the importance of a double-
side encapsulation strategy for flexible devices, due to the relatively
low barrier properties ensured by the PET substrate. The proposed back-
and-front encapsulation proved to be fundamental also when the devices
were subjected to a highly damp environment (RH =~ 80 %). The
encapsulated device showed a Tgg as long as 550 h (23 days), which is an
almost one-hundred-fold increase compared to the pristine f-PSCs.
Moreover, the PU-based encapsulation ensures a good resilience to
bending stress, with the device maintaining its initial performance after
500 bending cycles (at 5 mm bending radius), outperforming the
unencapsulated device whose PCE drops down to 25 % of its initial value
just after just 75 bending cycles. The dipping of encapsulated devices
into water evidences how the weaker point of the proposed strategy is

the unprotected electrical contacts that work as the main path for
external stressors (i.e. water, moisture and oxygen) to enter the cell and
cause permanent degradation. Using wires to transfer the electrical
contacts away from the cell substrate could allow a total coverage of the
device, including the contacts areas, maximizing the protection from the
external environment and, at the same time, minimizing lead (and other
contaminants) leakage in case of device failure. We are currently
working both on the contact externalization and on the optimization of a
new PU formulation to enable the long-term operativity of {-PSCs even
in outdoor applications.
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