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1. Introduction

Despite the youthfulness of hybrid halide perovskite solar cells, their efficien-

cies are currently comparable to commercial silicon and have surpassed
quantum-dots solar cells. Yet, the scalability of these devices is a challenge
due to their low reproducibility and stability under environmental conditions.
However, the techniques reported to date to tackle such issues recurrently
involve the use of solvent methods that would further complicate their
transfer to industry. Herein a reliable alternative relaying in the implementa-
tion of an ultrathin plasma polymer as a passivation interface between the
electron transport layer and the hybrid perovskite layer is presented. Such a
nanoengineered interface provides solar devices with increased long-term
stability under ambient conditions. Thus, without involving any additional
encapsulation step, the cells retain more than 80% of their efficiency after
being exposed to the ambient atmosphere for more than 1000 h. Moreover,
this plasma polymer passivation strategy significantly improves the coverage
of the mesoporous scaffold by the perovskite layer, providing the solar cells
with enhanced performance, with a champion efficiency of 19.2%, a remark-
able value for Li-free standard mesoporous n-i-p architectures, as well as

significantly improved reproducibility.
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Under the scenario of the climate crisis
caused by human actions,!? the photo-
voltaic field has undergone rapid pro-
gress in the last few years due to the
development of solar devices based on
hybrid metal halide perovskite mate-
rials.}] Currently, these devices have
already achieved competitive efficiency
as commercial silicon cells.! To date,
the most highly efficient perovskite solar
cells (PSCs) have been achieved by meso-
scopic architecture using mesoporous
TiO, (m-TiO,) as electron transport layer
(ETL). The mesoporous scaffold is usu-
ally doped with hygroscopic compounds
such as lithium salt to enhance its elec-
tron mobility.>® Although Li-treatment
increases the performance of perovskite
devices as it improves mainly the open-
circuit voltage and fill factor of the cells,
it also causes greater instability of the
solar devices against ambient moisture
as well as low reproducibility of their photovoltaic param-
eters.”1% Indeed, some of the most important bottlenecks to
overcome nowadays for the practical exploitation of the PSCs
are not related to record efficiency but to both: 1) their the
lack of reproducible fabrication approaches; and 2) inherent
low stability under realistic outdoor conditions (moisture,
UV illumination, temperature, etc.). In the first case, the
dispersion in efficiency for PSCs is far from narrow in the
more acknowledged laboratories, as it has been thoroughly
discussed in reference articles on the topic as Saliba et al.,l”!
Jimenez-Lépez et al.,™ Qiu et al.'?l and many others. In the
second place, the PSCs sensitivity to environmental condi-
tions, especially of perovskite material, imposes the use of a
dry atmosphere glove-box which hampers the large-scale pro-
duction of these solar devices.'>"®l In this context, numerous
researchers have focused on finding passivation materials to
modify interlayers that are not detrimental to the performance
of the devices but that increase their stability. So far, the mate-
rials employed to passivate interfaces include 2D perovskites,
metal oxide compounds, or insulating organic materials.
These reported approaches typically use solutions methods,
however, no alternative vacuum processes scalable to indus-
trial manufacturing have been explored.!'*-21
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In this work, we propose the use of ultrathin plasma poly-
mers as passivating material for the ETL/perovskite interface.
These plasma polymeric films have already been successfully
tested as encapsulating material for protecting PSC against
water and moisture and also as conformal protective layers for
organic supported nanostructures.?>23] The reported plasma
polymerization fabrication technique is solventless, environ-
mentally friendly, and fully compatible with large-scale fabrica-
tion.24 It is worth highlighting the fact that the same material
fulfills different functions in the cell (water protection as an
encapsulant and as a nanometric interface coating to modify
and improve the cell behavior) could be a practical advantage
that can help on the way to the industrially viable production of
perovskite cells.

Here, the plasma films are grown in a single step by remote
plasma assisted vacuum deposition (RPAVD) of adamantane
powder.>?l This molecule is a cage-like hydrocarbon con-
sisting of sp> C—C bonds with the same spatial distribution
that the C atoms in the diamond crystal, which is vacuum sub-
limated in presence of low-power remote microwave plasma.
Applying this method, adamantane-based ultrathin plasma poly-
mers were deposited at room temperature on the mesoporous
titanium oxide (m-TiO,/ADA) without any required pretreat-
ment. Their microstructural characteristics have been observed
by scanning electron microscopy (SEM). The plasma polymer
resulting from this process is highly conformal, homogenous,
compact and chemically inert, as we have already shown in our
previous works.?223 In addition, the ADA films are fully stable
in air and thermally stable up to 250 °C in air. The photovoltaic
behavior of the resulting solar cells has been analyzed under
solar illumination conditions. To confirm the improvement
of the reproducibility of PSCs incorporating the ADA layer, a
statistical analysis has been performed for 20 devices of each
configuration, including three different batches prepared along
3—4 months. Besides, the electronic effect of ADA polymeric
passivation interface has been studied by electrochemical
impedance and photoluminescence measurements.

The long-term stability under ambient conditions has been
also analyzed and compared with those without ADA plasma
polymeric passivation. To our best knowledge, this is the first
reported work in which ultrathin plasma polymers are used at
ETL/perovskite interface for PSC.

2. Results and Discussion

2.1. Adamantane Plasma Polymers on Mesoporous
TiO, Electrode

A set of adamantane plasma polymer layers with different thick-
nesses has been tested as a passivation layer at m-TiO,/perov-
skite interface for conventional n-i-p PSCs. These ADA films
were deposited on top of the mesoporous TiO, layer using the
remote plasma assisted vacuum deposition (RPAVD) reported
in a previous work.2223 A simplified schematic of the deposi-
tion process is shown in Figure 1a. In particular, ADA nano-
composite films of ca. 1, 5, and 15 nm (hereinafter referred to
as ADA-1 nm, ADA-5 nm, and ADA-15 nm, respectively) have
been prepared. The thickness of every ADA layer has been in-
situ monitored during deposition using a Quartz Crystal Mon-
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itor (see experimental section in Supporting Information).2%l

In addition, the thickness was verified by Variable-Angle
Ellipsometric Spectroscopy (VASE), whose spectra were fitted
assuming a Cauchy model. The optical constant of the model, as
well as the thickness, are shown in Table S1, Supporting Infor-
mation. The cross-section SEM image of the thicker ADA film
(m-TiO,/ADA-15 nm) displays the characteristic morphology of
a plasma polymer, forming a compact and conformal layer on
top of the m-TiO, (see Figure S1, Supporting Information).

2.2. m-TiO,/ADA as Electron Selective Contact in Perovskite
Solar Cells

Figure 1a shows a schematic diagram of the device manufac-
turing process for solar devices based on m-TiO,/ADA elec-
trodes: using these electrodes as the ETL, the configuration of
the solar device was completed with RbCsMAFA perovskite
[((FAPDI;)g3(MAPbBI3);; + 5% CsI)+ 5% RbDI] as the active layer
and Spiro-OMeTAD as the hole transport layer (HTL) (see the
Experimental Section for further details).’) m-TiO, electrodes
without ADA films were used as reference samples (ADA-0 nm).
Since deposited ADA films are partly hydrophobic,? the perov-
skite solution does not wet the m-TiO,/ADA samples. Thus, to
achieve the full and homogeneous distribution of the perovskite
film it was necessary to apply a short ozone treatment (hereafter
UV/O; treatment) for 5 min to decrease the contact angle of
the m-TiO,/ADA surface (see Figure S2, Supporting Informa-
tion). On these partially hydrophilic surfaces, the perovskite is
optimally distributed. The UV/O; treatment hardly affected the
surface composition of the polymer layer as seen by X-ray photo-
electron spectroscopy (XPS) analysis. In particular, only the Cls
X-ray photoelectron spectroscopy (XPS) peak revealed a slight
increase in the contribution of carboxyl groups shown at higher
binding energies (Figure 1b). It is also worth highlighting that
the UV/Oj; treatment does not produce a significant decrease in
the ADA thickness, as was verified by Variable-Angle Ellipso-
metric Spectroscopy (VASE) measurements (see Table S1, Sup-
porting Information).

The perovskite film deposited on m-TiO,/ADA electrodes
was analyzed by SEM. Figure S3, Supporting Information,
shows the images taken at the perovskite surface, from which
can be observed two families of grain for all cases. ADA-0 nm
shows the biggest grain size, while ADA samples have a higher
homogeneity. Cross-sectional SEM images of each cell configu-
ration are shown in Figure 2. In all cases, the devices exhibit a
conventional profile in which the perovskite layers present large
and well-defined grains and a thickness of =600 nm (=150 nm
of m-TiO,). We found that the mesoporous particles of TiO,
were less visible in the case of ADA film was incorporated into
the architecture. This effect can be attributed to a better coating
of the m-TiO, by the perovskite layer. It is important to remark
here that the only experimental difference between reference
and ADA samples is the adamantane layer deposition step. In
order to discard the possible effect of the plasma on the sur-
face of the m-TiO,, the reference samples were exposed to sim-
ilar plasma conditions than for ADA preparation, but without
the introduction of the adamantane precursor in the reaction
chamber. After the synthesis of the perovskite layer on top,
no variation with respect to the reference cells was observed
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Figure 1. a) Schematic of the solar cell preparation process for devices based on m-TiO,/ADA electrodes. b) C 1s XPS peaks after and before the UV/O3

surface activation treatment of the m-TiO,/ADA-5 nm surface.

in the microstructure of mesoporous scaffold or in the photo-
voltaic parameters of the resulting solar cells. Bearing this in
mind, the better coating of m-TiO, by the perovskite material
in the presence of the ADA interlayer can be attributed to the
conformal deposition of this polymeric film. However, local
defocusing cannot be fully ruled out as an inductor of micro-
structural differences observed due to the different dielectric
properties of the ADA layer.

In particular, the best coverage at the m-TiO,/perovskite
interface came from the ADA-5 nm sample. This would indi-
cate that the ADA interface is beneficial for improving the
contact between the ETL and the perovskite. This key feature
would lead to higher charge injection and transport, and hence
to a better performance of the whole device.

Figure 3a displays the current density—voltage curves (J-V
curves) of the solar devices for the different studied ADA
cells and references without ADA film measured under Isun
— AM 1.5G illumination. The champion efficiency of 19.2%
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is obtained for ADA-5 nm devices compared to 18.2% for
ADA-0 nm samples. As it can be seen in Figure 3b-e, the
ADA interlayers increase not only the power conversion effi-
ciency (PCE) (Figure 3e) but also the rest of the photovoltaic
parameters of the device: open-circuit photovoltage (Voc) (b),
short-circuit photocurrent density (Js¢) (c), and fill Factor (d). A
significant improvement in the reproducibility of ADA samples
is also observed through testing 20 samples of each configu-
ration (Figure 3b—e and Table S2, Supporting Information). It
needs to be remarked here that such a high amount of samples
have been prepared in three different batches (for both refer-
ences and ADA layers), separated more than one month from
each other. Despite the batch to batch reproducibility in PSCs
is usually very low as reported by other authors, we have tested
different batches to have a more representative sampling. It
is worthy to mention that this statistical analysis is crucial to
unravel the effect of the adamantane-based plasma polymer as
an interlayer due to the reported low reproducibility of PSCs.
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ADA-Onm

ADA-1nm

Figure 2. Cross-sectional SEM micrographs of complete perovskite solar
cells with and without ADA polymer at the m-TiO,/perovskite interface
as labeled.

As a result of the statistical analysis, a significant increase of
Voc was found for ADA-5 nm and ADA-15 nm, that is, for sam-
ples with a polymer thickness greater than or equal to 5 nm
(Figure 3b). In particular, the highest value was obtained for
ADA-5 nm showing a champion V¢ of 1.15 V. In the case of
Jsc, significant differences were found only for ADA layers
above 15 nm (Figure 3c). ADA-15 nm showed the highest Js¢
data of 23.1 mA cm™ versus the 22.5 mA cm™ measured for
the reference sample. On the other hand, the highest impact
of ADA polymer was observed in the FF parameter (Figure 3d).
The best values of FF were achieved for the thickest ADA
layers, with ADA-5 nm having a champion value of 79%. It is
also important to stress herein that such a high fill factor is
remarkable for TiO, ETL without Li-ions doping. In this con-
text, the highest PCEs were obtained for ADA-5 nm samples
(Figure 3e and Table S2, Supporting Information).

Interestingly, the ADA polymer acts as a passivation inter-
layer that positively impacts the hysteresis of ]~V curves as well
(Figures 3f and Figure S4, Supporting Information). The addi-
tion of a thin layer of the adamantane polymer at the interface
reduces the hysteresis index, HL?! by more than half (i.e.,
an average HI =0.13 and =0.05 for reference and ADA-5 nm,
respectively).

To cast some light on this effect, electrochemical imped-
ance spectroscopy (EIS) measurements at open-circuit voltage
were carried out, as shown in Figure 4. We used a red LED
(A =635 nm) as illumination source to ensure that the photo-
generated charges are uniformly distributed inside the perov-
skite layer. This technique allows for discerning the electronic
processes that happen at different frequencies.?®-% The imped-
ance spectrum for a PSC is characterized by the presence of
two signals: one at high frequency (HF, 10°-10° Hz) and the
other at low frequency (LF, <10 Hz). It is generally accepted that
electronic transport and recombination processes affect mostly
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the HF signal while the low one is related to ionic accumulation
and migration.[?”31-33] For this reason, we focus on the study
of the first region. Well-defined arcs were observed in the HF
region determined from the Nyquist plots from all samples as
is typically the case for PSC (Figure 4a). For samples ADA-5 nm
and ADA-15 nm, a lower onset of the Nyquist plots at high fre-
quencies was found, indicating a lower series resistance (Rs)
for these devices. This can be attributed to a better electronic
transfer across the TiO,/perovskite interface, consistent with
the improved perovskite coverage mentioned above.

EIS plots were fitted by means of a simplified Voigt circuit
(shown in Figure 4a) to extract the recombination resistance
and geometrical capacitance associated with the high-frequency
signal (Ryr and Cyy, respectively). We found that the Ryp
values varied exponentially with the open-circuit potential from
increased illumination light intensity, as predicted by the fol-
lowing equation:128:32

()" _Bav
RHF—( ) —Rooexp( kBT) [

where | is the recombination current, V is the photovoltage,
Ry is the resistance at zero potential, f is the recombination
parameter, kg is the Boltzmann constant, and T is the abso-
lute temperature. Figure 4b shows Ryp plot from which no
significant change is inferred in the recombination resist-
ance rates. However slight changes in slope () were observed
(see Table S3, Supporting Information). According to pre-
vious works, the change in the B parameter suggests a dif-
ferent main recombination mechanism inside of the PSC,
although some ionic effects cannot be ruled out.?*3 On the
other hand, Figure S5, Supporting Information, shows that the
high-frequency capacitance is also not significantly altered by
the presence of Adamantane interlayer.

The charge collection efficiency (CCE) in the solar devices
can be also estimated from EIS measures following the

Equation (2):(29:35.3¢]
ek ~[1-Rur(09) 140 2)
Roe (NOC)

where Ryp is the high-frequency recombination resistance
under open circuit (OC) and non-open circuit (NOC) condi-
tions as defined by Equation (1). Table S4, Supporting Infor-
mation, shows the CCE obtained for ADA and reference
samples. We found that the CCE follows the following trend:
ADA-5 nm > ADA-15 nm > ADA-0 nm. Bearing in mind that
the CCE can be compared with the direct measurement of
internal quantum efficiency,?>*® we can assume that the
ADA interlayer induces a beneficial effect on charge transport
dynamics.

On the other hand, EIS analyses were carried out to unravel
the effect of the ultrathin ADA interlayer on the electronic
properties of the m-TiO, material. For this purpose, dye-
sensitized solar cells (DSSCs) based on thicker m-TiO,/ADA
electrodes were prepared, that is, ADA-5 nm and ADA-15 nm
and ADA-0 nm as reference (see Experimental Section for
further details). It is reported that the capacitance measured
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Figure 3. a) Current density—voltage curves of the champion cells of every type (ADA-0 nm, ADA-1 nm, ADA-5 nm, and ADA-15 nm). b—e) Photovoltaic
parameters statistics acquired from 20 different devices for each configuration using analysis of variance. These data were recorded in reverse scans:
b) open-circuit potential; c¢) photocurrent density; d) fill factor; and e) power conversion efficiency. f) Hysteresis index (HI) statistics obtained from

4 different devices for each configuration (see the Experimental Section for more details)

by EIS of DSSC based on TiO, electrodes corresponds to the
trap energy distribution below the conduction band edge of
this material.’’~#"! This capacitance, known as chemical capaci-
tance (C,), shows an exponential variation with applied poten-
tial at open circuit conditions that is associated with a trap-
ping distribution parameter (¢) which ranges between 0.2-0.4
for TiO,-based DSSC. In this way, a change of C,, at a similar
trap energy distribution value, indicates a shift in the conduc-
tion band edge.! For example, this kind of variation can be
observed by using electrolytes with different cation concentra-
tions due to the interaction of the oxide with the surrounding
electrolyte.[*]

Figure 5a shows C, of our samples as a function of applied
potential, obtained from fitting the Nyquist plots. In our case,

Adv. Energy Mater. 2022, 12, 2200812 2200812 (5 of 8)
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there are no differences in the C, between ADA samples and
reference ones. Hence, the electronic properties of m-TiO, are
not affected by the ADA passivation layer.

Figure 5b shows the photoluminescence (PL) spectra of
perovskite deposited on m-TiO, layer passivated with ADA
polymers (reference ADA-0 nm is also added). For a better
comparison of intensity peak, PL data has been normalized
to the absorbance at illumination wavelength (Figure S6, Sup-
porting Information). In this way, it is possible to analyze the
impact of the ADA polymer at the interlayer on both electron
injection and light-harvesting.[*¥l The figure shows a higher PL
peak intensity for the reference than ADA samples. The lowest
PL signal is observed for ADA-5 nm. Bearing in mind that the
PL signal arises from the radiative recombination inside the
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Figure 4. a) Nyquist plots obtained by impedance spectroscopy for ADA
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as the illumination source. b) Resistance element extracted from Nyquist
plots using simple Voight equivalent circuit fitting restricted to the high-
frequency region.

perovskite film, a decreased PL intensity means faster elec-
tron injection from the perovskite layer into the TiO, layer.[*’]
Therefore, a better electron transfer across the m-TiO,/perov-
skite interface is obtained when ADA was incorporated into
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the structure, indicating that the ADA interlayer has a kinetic
rather than a thermodynamic effect on PSCs.

2.3. Cell Stability

In a previous work, ADA films had been used as encapsulation
material (with a significantly higher thickness) for solar cells to
increase cell stability and resistance to moisture and water.??!
This plasma-polymer is very stable against chemical and envi-
ronmental agents.?3! In this work, we have studied the long-term
stability of the cells with ADA polymers at the m-TiO,/perovskite
interface under dark conditions (test I, Figure 6a) and lighting
cycles (test II, Figure 6b) both under ambient conditions (=50%
relative humidity and =23 °C). First, samples were stored in air
and dark for almost 300 h. Under test I, ADA-5 nm kept its initial
PCE value until the end of the experiment while ADA-0 nm lost
15% of PCE after 150 h of storage (Figure 6a). Second, we also
tested the stability of the devices under indoor lighting cycles
for 9 h per day. Figure 6b shows the normalized PCE as a func-
tion of time for the PSCs under test II conditions. For test II,
we recorded the PCE for longer than in test [ (more than 1500 h)
due to the samples stored in dark (test I) and the ones sub-
jected to indoor lighting cycles (test II) showing similar stability
during the first 200 h. Bearing in mind that our samples were
not encapsulated, ADA-5 nm showed good stability after more
than 1000 h showing a retaining of 80% of the original PCE.
However, ADA-0 nm was significantly damaged after 1000 h of
storage. Figure 6¢ shows the appearance of the samples under
test II conditions for more than 2000 h. It is clearly noticeable
how the ADA-5 nm sample shows no obvious signs of degrada-
tion while the reference sample appears completely degraded.

3. Conclusions

Ultrathin adamantane plasma—polymeric films have been incor-
porated to PSCs as passivation material at m-TiO,/perovskite
interface. We have found that the ADA passivation interlayer
results in devices with: 1) higher values for most of the
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3000004 ADA-15nm
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200000

Iniscence
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Figure 5. a) Chemical capacitance data extracted from impedance spectroscopy measurements for dye sensitized solar cells based on ADA samples.
b) Steady-state photoluminescence spectra of perovskite deposited on mesoporous TiO, layer passivated ADA polymer. An excitation wavelength of

450 nm was used.
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Figure 6. Normalized power conversion efficiency as a function of time measured under 1 sun — AM1.5G illumination in the reverse scan using a scan
rate of 100 mV s™". The measurements were carried out at 50% relative humidity and 23 °C for samples stored under dark conditions (a) and for samples
kept under indoor lighting cycles for 9 h per day (b). c) Photograph of the samples after more than 2000 h under test Il conditions.

photovoltaic parameters than reference samples; 2) showing
also huge improvement in the data reproducibility. In par-
ticular, ADA5-nm shows remarkable efficiency up to 19.2% and
fill factor of 79%, taking into account that our devices are free
of the TiO, lithium doping. Second, the photovoltaic data accu-
racy of ADA samples increased to more than 50%.

To confirm the improvement of the reproducibility of PSCs
incorporating the ADA layer, a statistical analysis has been per-
formed for 20 devices of each configuration, including three
different batches prepared along 3—4 months.

The beneficial effect on fill factor seems to come from the
drop of series resistance observed by EIS and the improve-
ment of electron injection found in the PL measurements. In
addition, since the photogenerated carriers are more efficiently
injected into m-TiO, leading to the balance in the flux of charge
transports, the hysteresis of the J-V curve is also reduced
by using m-TiO,/ADA-5 nm electrode. This is attributed to
improved coverage of the mesoporous titanium particles by
the perovskite, as has been observed in the SEM analysis of the
devices. On the other hand, the EIS analysis of DSSC based
on m-TiO,/ADA electrodes proves that the ADA treatment
does not alter the electronic properties of the TiO, electrodes.
From the analysis of our results, we can establish an optimum
plasma—polymer thickness of 5 nm to maximize the perfor-
mance. Finally, the ADA-5 nm samples show a significant sta-
bility increase under environmental conditions in comparison
with the reference devices. ADA-5 nm samples, measured
without encapsulation at ambient conditions, retained 80% of
their initial efficiency in 1000 h.

Adv. Energy Mater. 2022, 12, 2200812 2200812 (7 of 8)

Our results demonstrate the reliability of the plasma tech-
nique for PSCs interlayer passivation. The plasma polymer
fabrication is carried out by a solvent-free process that can be
applied to large areas and/or simultaneous deposition of mul-
tiple electrodes. This type of plasma-based deposition process
can easily be scaled up for industrial manufacturing, which
could help bring PSCs closer to commercialization. In addition,
we have previously proved that the same material can be used
to encapsulate the cells in a final step. The fact that the same
material can fulfill different functions in the cell (water protec-
tion as an encapsulant and as a nanometric interface coating to
improve the cell behavior) could be a practical advantage that
can help on the way to the industrially viable production of
perovskite cells.
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