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40 Abstract

43 A compromise between high power conversion efficiency and long-term stability of hybrid
45 organic-inorganic metal halide perovskite solar cells is necessary for their outdoor photovoltaic
application and commercialization. Herein, a method to improve the stability of perovskite solar
50 cells under water and moisture exposure consisting in the encapsulation of the cell with an
52 ultrathin plasma polymer is reported. The deposition of the polymer is carried out at room

temperature by the remote plasma vacuum deposition of adamantane powder. This encapsulation
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method does not affect the photovoltaic performance of the tested devices and is virtually
compatible with any device configuration independently of the chemical composition. After 30
days under ambient conditions with a relative humidity in the 35% — 60% range, the absorbance
of encapsulated perovskite films remains practically unaltered. The deterioration in the
photovoltaic performance of the corresponding encapsulated devices becomes also significantly
delayed with respect to devices without encapsulation when vented continuously with very
humid air (RH > 85%). More impressively, when encapsulated solar devices were immersed in
liquid water, the photovoltaic performance was not affected at least within the first 60 seconds.
In fact, it has been possible to measure the power conversion efficiency of encapsulated devices
under operation in water. The proposed method opens up a new promising strategy to develop

stable photovoltaic and photocatalytic perovskite devices.

Introduction

Due to the excellent optoelectronic properties of hybrid organic-inorganic metal halide
perovskites,"™ the photovoltaic field has undergone a rapid progress in the last decade.
Perovskites were first introduced in the field as sensitizers in dye-sensitized solar cells with
promising results but very poor stability due to dissolution of the perovskite in the liquid
electrolyte.” Stability and efficiency was dramatically improved by introducing a solid-state hole
conductor and a mesoporous TiO2/perovskite layer.>’ Currently, the certified power conversion
efficiency of perovskites solar cells (22.1%)® is comparable to the photovoltaic performance of
other thin-film photovoltaic technologies (Si, CdTe, GaAs). Nevertheless, in spite of this
progress, the poor-term stability of photovoltaic perovskite complicates their commercialization.

Degradation processes in these devices are not only related to the intrinsic properties that
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determine the thermal and/or electrical stability (device configuration and perovskite
composition),”*° but also it is strongly affected by environmental factors (moisture, light, oxygen

and temperature).""*? Specifically, under moisture exposure, as a consequence of, mainly, the
. . . + .
reaction between water molecules and methylammonium cations (CH3NH3 ) which acts as a

Brensted/Lewis base, the perovskite tend to be hydrolyzed back to the precursors giving rise to
morphological and crystal structural changes, optical absorption decay and the deterioration of
the electronic properties that determine the photovoltaic performance of perovskite solar cells.*”
15

Different strategies have been employed to prevent the degradation and improve the device
stability due to the sensitivity of perovskite materials towards ambient moisture. Many of them
imply the modification of the perovskite composition by the insertion of ions to achieve a more
stable crystal structure,” the addition of water soluble polymer in the perovskite precursor
solution,'® the employment of buffer layers between perovskite films and electron or hole

719 or even the substitution of the Spiro-OMeTAD layer by other more

selective layers
hydrophobic hole selective material®*%. On the other hand, different materials have also been
employed to encapsulate complete perovskite solar devices and avoid moisture exposure. This is
the case of carbon nanotubes,”® hydrophobic polymer®*, atomic layer deposited Al,Os films* or
even using sealing glass as barrier layer.”® Nevertheless, the greatest breakthrough in terms of
stability has recently been achieved by engineering an ultra-stable 2D/3D perovskite junction.”’

Although successful, many of these approaches involve expensive and complex deposition

processes and even restrict the photovoltaic performance of perovskite solar devices.



oNOYTULT D WN =

Here, we investigate a simple solvent-free polymer encapsulation method for perovskite solar
cells using a conformal plasma polymer thin film. This organic layer is formed by the remote
plasma assisted vacuum deposition of the solid precursor adamantane (ADA). The synthesis is
carried out at room temperature and under a low power plasma activation to avoid energetic
species or UV radiation of the plasma to reach the substrate surface. This methodology has been
successfully applied in recent articles for the fabrication of photonics films based on organic
dyes and small functional molecules working as optical sensors, optical filters, tunable
photoluminescence emitters and lasing gain media.”®>* This deposition process is compatible
with opto- and micro-electronics components and can be scaled to large deposition areas and to
wafer scale fabrication.**** To our best knowledge, this is the first report where the deposition of
an organic plasma nanocomposite thin film is employed to encapsulate perovskite solar cells.
The ADA precursor molecules (CioH;¢) consist of single C-C bonds with four connected
cyclohexane rings arranged in the armchair configuration (Scheme S1 in the Supporting
Information section). This material is very effectively plasma polymerized under remote

conditions allowing the deposition of homogenous and compact ADA thin films characterized

for being insoluble in water and thermally stable up to 250 °c. Additionally, these deposited

films show a high transmittance (<90%) in the low-energy region of the visible spectrum (A >

300 nm).>%3*

2. Experimental Section
2.1. Fabrication of perovskite solar cells
Perovskite solar cells were fabricated on FTO-coated glass (Pilkington—TEC15) patterned by

laser etching. Before use, the substrates were cleaned using Hellmanex® solution and rinsed with
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deionized water and ethanol. Thereupon, they were ultrasonicated in 2-propanol and dried by
using compressed air. The TiO, blocking layer was deposited onto the substrates by spray
pyrolysis at 450 °C, using a titanium diisopropoxide bis(acetylacetonate) solution (75% in 2-
propanol, Sigma Aldrich) diluted in ethanol (1:3.5, v/v), with oxygen as carrier gas. The TiO,
compact layer was then kept at 450 °C for 30 min for the formation of anatase phase. Once the
samples achieve room temperature, a TiO, mesoporous layer was deposited by spin coating at
2000 rpm during 10 s using a commercial TiO, paste (Dyesol, 30NRD) diluted in ethanol (1:5,
weight ratio). After drying at 100 °C for 10 min, the TiO, mesoporous layer was heated at 500
°C for 30 min and later cooled to room temperature. Subsequently, a pure methylammonium
(MAPDI;) solution were prepared to be deposited by spin coating using a methodology recently
reported.® Then, Spiro-OMeTAD was deposited as hole selective material by dissolving 72.3
mg in 1 mL of chlorobenzene as well as 17.5 pL of a lithium bis (trifluoromethylsulphonyl)imide
(LiTFSI) stock solution (520 mg of LiTFSI in 1mL of acetonitrile), and 28.8 pL of 4-tert-
butylpyridine (TBP). The Spiro-OMeTAD was spin coated at 4000 rpm for 30 s. Finally, 60 nm

of gold was deposited as a metallic contact by thermal evaporation under a vacuum level

between 1-10-6 and 1-10_5 torr. All the deposition processes were carried out outside the

glovebox under environmental conditions.
2.2. Deposition of adamantane nanocomposite thin film

The encapsulation process was carried out in a microwave plasma reactor, detailed

29,36

elsewhere, which was pumped down to base pressure of 10°° torr before and after deposition.

The deposition system consists of an electron cyclotron resonance (ECR) plasma reactor with
two separated zones for plasma and remote deposition. In the plasma zone, an argon microwave

plasma (power 150 W and pressure 107 torr) is sustained and confined thanks to a set of
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magnets. The substrate holder, a thin metallic grid, is placed in a downstream configuration at a
distance z = 9.5 cm from the glow discharge, according the scheme included in Ref*® The
samples were fixed to the back side of the holder where they are not directly exposed to the
remote plasma discharge. A scheme of this geometrical arrangement is included in the
supporting information of Ref.®® there the configuration used in the present investigation is
referred to as “back”. Adamantane (Scheme S1) powder from Sigma-Aldrich was used as
precursor. The precursor supply system includes an external glass ampoule which is heated
during the deposition process in order to dose a given vapor pressure of this monomer into the
system.

2.3. Characterization of films and devices

Current-voltage curves were measured under a solar simulator (ABET-Sun2000) with an AM
1.5G filter. The light intensity was calibrated at 100 mW-cm™ using reference mono-crystalline

silicon solar cell with temperature output (ORIEL, 91150). A metal mask was used to define an

. 2 . . .
active area of 0.16 cm™. The current-voltage curves were obtained in reverse scan using a scan

rate of 100 mV-s™ and sweep delay of 20s. For current-voltage curves of encapsulated devices

immersed in water, a white-LED was used as illumination source.

For optical characterization, UV-Visible absorption spectra were recorded by using a Cary 100
UV-Vis spectrophotometer (Agilent) in the range of 400-850 nm. For structural characterization,
Scanning Electron Microscope (SEM) images of the samples were performed using a Zeiss
GeminiSEM-300 microscope working at 2KeV. Water contact angles measurements were
performed depositing 5 pL. drop of distilled water on the surface. For structural characterization,
X-ray diffractograms were acquired in a Panalytical X’PERT PRO instrument in the Bragg-

Brentano configuration.
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10 3. Results and Discussion

The mesoporous-perovskite device configuration has been employed in this work to analyze
15 the potential of the ADA nanocomposite thin film as barrier layer for the encapsulation of solar
17 cells. For this device configuration, a TiO, mesoporous layer (mTiO;) deposited onto a TiO,
compact layer (cTiO;) and a Spiro-OMeTAD layer were employed as electron and hole selective
22 materials, respectively. A CH3NH;3Pbl; film (MAPI) deposited under a relative humidity of 35%
24 was employed as photoactive material according to a recent report.®> The encapsulation of the
solar cells was carried out by remote plasma assisted deposition of ADA nanocomposite films
29 with a thickness ca. 200 nm (see Supporting Information section for further experimental details)

31 (Figure 1A and S1).
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Figure 1. (A) Cross-sectional SEM images of reference (FTO/cTiO)/mTiO,/MAPI/Spiro-OMeTAD/Au)
and encapsulated (FTO/cTiO,/mTiO,/MAPL/Spiro-OMeTAD/Au/ADA) devices. (B) Digital photograph
of both devices showing contact angles — Note the insets showing the water drop on surface that evidence
the different colorations. (C) Photovoltaic parameters statistics in terms of number of samples and
frequency for reference (30 samples) and encapsulated (20 samples) devices under 1 sun — AM 1.5

illumination in reverse scan with a scan rate of 100 mV-s™.

The low affinity to water of the ADA layer was determined by static water contact angle

(WCA) measurements. Water contact angles depend on both chemical composition and
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roughness of the surface, with hydrophobic/hydrophilic materials depicting WCA higher/lower

than 90°.%” Water angle contacts of 46° and 82° were obtained when the droplet was deposited

on top of the Spiro-OMeTAD layer and ADA thin film for reference and encapsulated devices,
respectively (Figure 1B). In this case, the apparent contact angle value for the ADA layer
deposited on the solar cell is slightly lower than 90° corresponding to a partially hydrophobic
surface. In contrast, Spiro-OMeTAD presents a hydrophilic behavior. On the other hand, the
deposition method consists in a room temperature free-solvent process that provides fully
conformal and transparent layers without stressing or damaging the interface with the support or
substrate. The growth of the ADA film is assisted by a microwave plasma in a downstream
configuration, i.e. out of the glow discharge, which ensures the compatibility with the deposition
on thermal-sensitive and delicate materials.”>*° Therefore, considering the hydrophobic behavior
of ADA material, the blocking of water diffusion through ADA thin film towards underlying
layers could be attributed to the formation of an extremely compact, conformal and defect-free
(cracks, voids and grain borders) film. These are critical advantages from the point of view of the
device encapsulation as evidenced by comparison of the insets in Figure 1B. Thus, the droplet on

the ADA surface does not turn yellow in contrast to the drop on the reference surface. The
yellowish color is due to Pbl, solution in the water droplet and it can only be attributed to the

diffusion of water molecules through Spiro-OMeTAD layer and, consequently, to the perovskite

degradation>**

The contact angle results together with the blocking of water diffusion make
evident the favorable chemical properties of ADA molecules to protect the active film of the
perovskite solar cell against environmental moisture.

To rule out that the deposition of ADA thin film affects the photovoltaic performance of

perovskite solar cells and to confirm that the gold layer still makes good contact, current-voltage
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curves were measured for both reference and encapsulated devices and their photovoltaic
parameters were extracted and analyzed (Figure 1C). In fact, no significant change was observed

in the power energy conversion efficiency for the two device configurations. In particular,

average photovoltaic performances of 14.8% and 14.7% were achieved under 100 mW-cm_2

simulated AM 1.5G irradiation for reference (Jsc: 19.9 mA-cm-z, Voc: 1020 mV, Fill Factor:

0.73) and encapsulated (Js: 20.1 mA~cm'2, Voc: 1015 mV, Fill Factor: 0.72) devices. Therefore,

the deposition of ADA thin film does not produce any detrimental effect on the processes and/or

properties that determine the photovoltaic performance.
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Figure 2. (A, B, C) Absorption spectra and normalized absorbance kinetics at (D, E, F) 475 nm and at (G,
H, I) 725 nm of reference (glass/mTiO.,/MAPI/HSL) and encapsulated (glass/mTiO,/MAPI/HSL/ADA)
samples before and after different moisture exposure times and conditions: (A, D, G) Test I - under

environmental conditions (35%<RH<60%) and darkness, (B, E, H) Test II - under air flow with a RH
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>85% in darkness and (C, F, I) Test III - under environmental conditions (35%<RH<60%) and

illumination.

Since it is well-known that environmental conditions affect mainly the perovskite active layer
of the solar cells devices, the efficacy of ADA thin film as encapsulation method was
investigated by analyzing the optical properties of reference and encapsulated perovskites
films.*®**° This was done by looking at the changes of absorption spectra with respect to moisture
exposure time. For this, three different stability tests were devised. Figure 2 shows the UV-Vis
absorption spectra and decay kinetics for reference (glass/mTiO,/MAPI/HSL) and encapsulated
(glass/mTiO2/MAPI/HSL/ADA) perovskite under different environmental conditions (relative
humidity and illumination) at room temperature. Considering the absorption spectra of Pbl,,*
the decay kinetics was analyzed at 475 nm and 725 nm. In all cases, slower decay kinetics was
observed for encapsulated devices. When samples were stored in darkness under environmental
moisture with a relative humidity in the range of 35% - 60% (Test I), the absorbance of
encapsulated samples remains almost unaffected even after 25 days (Figure 2A). In contrast, the
absorbance of reference samples does not only decrease but also changes its wavelength
dependence. For longer moisture exposure times, the characteristic peak at 500 nm attributed to
the formation of Pbl, is more marked which is brought to light with a color change from brown
to yellow*" (Supporting Information, Figure S2). Although the absorbance kinetics at 425 nm for
both reference and encapsulated samples is similar during the first 15 days (Figure 2D), the fact
is that reference devices decay faster after that time. This rapid degradation of reference devices
in Test I is more visible at 725 nm (Figure 2G). When the samples were exposed to higher values
of moisture (RH > 85%) in darkness (Test II), a significant absorbance decay was only observed

for reference samples (Figure 2B). In this case, the relative humidity was controlled by adjusting

11
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the flow of vapor carrier gas and employing a relative humidity sensor to control the RH level

(Supporting Information, Scheme S2). After 9 hours in these extreme conditions, absorbance

decays of 40% and 20%, at 425nm and 725nm respectively, were observed for reference samples

just after 2 hours of moisture exposure. In spite of these results, an absorbance decay was

detected for both reference and encapsulated devices when were exposed under environmental

moisture and illumination (Test III — Figure 2C). The impact of the coupled effect of moisture

and illumination on the perovskite stability gives rise to a more severe and faster degradation.*

Nevertheless, encapsulated devices show clearly slower degradation kinetics (Figure 2H and 2I).

It is worth of noting how, after 192 hours, the absorbance of the reference sample has lost more

than 50% of his absorption capacity displaying the characteristic yellowish coloration of a fully

degraded perovskite. In contrast, except for some yellow spots at the top of the sample,

encapsulated samples preserve their original brownish coloration (Supporting Information,

Figure S2).
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Figure 3. (A) X-Ray diffraction of reference and encapsulated samples after 25 days of exposure to

environmental moisture (35%<RH<60% - Test 1) in darkness. The CH;NH;Pbl; perovskite peaks are

12
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labelled with green starts. The cyan square corresponds to Pbl,. (B) Enlarged view of the Pbl, and the

main perovskite peaks after normalization at the maximum intensity.

In addition to the optical measurements, an XRD analysis has been performed. The resulting
XRD patterns of reference and encapsulated devices exposed to a prolonged moisture exposure
(35%<RH<60% - Test I) are shown in Figure 3. The pattern of the freshly synthetized perovskite

layer was also included for comparison and reference. The spectrum of the latter shows the

characteristic XRD peaks of the CH3NH3Pbl3 perovskite at 14.1°, 20.0°, 28.5°, 31.9°, and 40.6°

alongside the Pbl, diffraction peak at 12.7°.%%*** After prolonged moisture exposure (25 days),

this latter feature is the only one observed for reference devices, which indicates the whole
degradation of the CH3;NH;Pbl; perovskite phase into Pbl,. On the contrary, the perovskite
diffraction peaks are preserved in the encapsulated sample. Figure 3B compares the relative
diffraction intensities of perovskite and Pbl, for the three samples in more detail showing just a
rather negligible increase in the Pbl, peak for the encapsulated sample after the 25 days of
exposure.

To confirm the efficacy of encapsulation by ADA, the photovoltaic performance of full
photovoltaic devices with reference (FTO/cTiOy/mTiOo/MAPI/HSL/Au) and encapsulated
(FTO/cTiO2/mTiO2/MAPI/HSL/Au/ADA) configurations has been measured at standard

conditions following exposure to humid air. In particular, the moisture-induced degradation
process was carried out by storing reference and encapsulated devices in a chamber with an air

flow with a RH > 85% in darkness (Test II) and measuring the current-voltage curve at different

13
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times (Figure 4). The time evolution of the photovoltaic parameters in a typical experiment is

shown in Figure S3 (Supporting Information)
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Figure 4. Photocurrent density-voltage curves for reference and encapsulated devices before and after
exposure to humid air (Test II) for different times. Current-Voltage curves were measured under 1 sun —

AM 1.5 illumination in reverse scan with a scan rate of 100 mV-s™.

As observed in Figures 4 and S3, exposure to very humid air (RH > 85%) provokes a dramatic
drop of performance in the devices with no encapsulation. This is in contrast with the result
obtained for the encapsulated device, which withstands much better the test. It is important to
mention that to measure the IV curve it is necessary to perforate the adamantane film on top of
the gold back contact. This introduces an unavoidable additional leaking route for ambient
moisture when the device is placed back to the climatic chamber. We have minimized this
technical issue by measuring the IV curve only three times (after 5, 9 and 24 hours of moisture
exposure)

Figure 4 shows that in the first IV curve recording (5 hours, no perforation of the film yet) the

performance of the encapsulated device remains basically the same whereas an efficiency drop

14
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of 75% was observed for the reference device. After 24 hours the reference device is practically

dead but the encapsulated device still retains 70% of the starting efficiency. The efficiency drop

in both devices is due to the joint deterioration of the three parameters J., V,. and fill factor

(Figure S3).

Considering the ability of ADA thin films as effective barrier layer to avoid the moisture-
induced degradation of perovskite solar cells, we also investigated the water resistance of
encapsulated devices. The immersion in water of reference devices produces the immediate
dissolution of perovskite films (Figure 5SA and 5B). Consequently, the reference devices suffer a
color change from brown to yellow which does not only produce the decrease of the absorbance
spectrum, but also the change of shape due to the formation of Pbl,.** Similar spectra were
observed in Figure 2A for the longest moisture exposure times for reference films. However,
after 60 seconds immersed in water, encapsulated devices do not suffer from any apparent visual

change. This is in line with the measured absorbance spectra before and after water immersion.

15
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Figure 5. (A) UV-Vis spectra and (B) digital photographs of reference and encapsulated devices before

and after an immersion in water of 60 seconds. (C) Photocurrent density-voltage curves for reference and
encapsulated devices before the water immersion. Current-Voltage curves were performed under 1 sun —

AM 1.5 illumination in reverse scan with a scan rate of 100 mV-s™.
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To further confirm the blocking of water molecules diffusion through ADA thin film, the

power conversion efficiency of encapsulated devices after 60 seconds immersed in water was

oNOYTULT D WN =

also measured (Figure 5C). Reference and encapsulated devices present the same photovoltaic
10 parameters before water inmersion. However, only the current-voltage curve for encapsulated

devices could be measured after water immersion (Figure 5C). An average photovoltaic
15 performance of 14.1% (Jy.: 20 mA-cm'z, Voe: 1020 mV, Fill Factor: 0.69) was obtained under
18 standard conditions (1 sun — AM 1.5 illumination). An efficiency drop of just 5% with respect to
20 the power conversion efficiency of devices before water immersion was detected. This efficiency

drop has been mainly attributed to a small decay of fill factor which could be due to a possible

25 water infiltration trough contact points or the edges of the devices, as mentioned above.

17
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Figure 6. (A) Photocurrent-voltage curves for encapsulated devices performed in air and under water
after 60 seconds as water immersion time. Photocurrent-voltage curves were performed using a white-
LED as illumination source in reverse and forward scans with a scan rate of 100 mV-s™. The inset shows
the normalized photocurrent-voltage curve. (B) Digital photograph of encapsulated under water and

illumination.
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Finally, in relation to photoelectrochemical applications and a possible future use of perovskite

devices for water splitting and production of H, as energy source,'”*?

the photovoltaic
performance of encapsulated devices were measured under photovoltaic operation while
immersed in water (Figure 6). The current-voltage curve was measured after 60 seconds under
water showing only a small decrease of the short-circuit photocurrent and open-circuit
photovoltage. The decrease of both photovoltaic parameters with respect to the ones measured
before water immersion points to a reduction of light intensity as consequence of dispersion or
reflation losses due to the water/glass interface. This assumption was corroborated by the
normalization of the current-voltage curves by the short-circuit photocurrent. As shown the Inset
of Figure 6A, no significant difference was observed between the current-voltage curves
measured in air and under water. For longer immersion times water infiltration is observed
through the edges of the devices. Since this can be easily solved by further design developments

(work underway), the employment of ADA thin films as encapsulation method opens up a new

possibility window for the use of perovskite devices in photoelectrocatalysis applications.

4. Conclusions

An effective encapsulation method of perovskites solar devices using an adamantane
nanocomposite thin film deposited by remote plasma-assisted vacuum deposition method has
been reported. This solvent-free polymer deposition technique allows for good electrical contact
and does not affect negatively the photovoltaic parameters that determine the power energy
conversion efficiency of the devices. An improvement of perovskite stability has been
demonstrated not only under moisture exposure and illumination, but also when devices where

exposed to humid air and even immersed under water. This deposition technique can be easily

19
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up-scaled to large deposition areas and is virtually independent of the composition of the cell
elements. We envisage that the encapsulation methodology presented here will have a positive
impact in the future development of stable and efficient cells, both in photovoltaics and water-

splitting research.
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