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Abstract

Here we report on the straightforward modification of an optically transparent electrode
with self-assembled siloxane functionalized fullerene molecules. We demonstrate that
these molecules form an ultrathin and homogenous electron selective layer on top of the
fluorine doped tin oxide (FTO) electrode. We show that fullerene-modified FTO is a
robust photoanode for the mixed cation PSCs, reaching over 15% of stabilized power
conversion efficiency in a flat junction device architecture by a scalable, low
temperature and reliable process.

Introduction

Perovskite solar cells (PSCs) have already exceeded the threshold of 20% stabilized
efficiency.["3] Most of the efforts now must be focused on the development of device
architectures which can guarantee reliable solar cells and a quick industrial scale-up.

Compact anatase titanium dioxide (cTiO) is normally used as the electron transporting
layer (ETL) because it can easily block holes while at the same time it provides a
uniform and smooth surface to support perovskite growth.[l However, it requires high
temperature sintering!! (at least 450 °C) and it is well known to induce electrical
instabilities. Such limitations of TiO; ETL have been overcome by employing fullerene-
based molecules like C60 and its derivative Phenyl-Cé61-butyric acid methyl ester (PCBM)
prepared as thin layers in direct and inverted architectures®®l, generally together with
another hole blocking layer.’'"1 — _The exact phenomenon leading to such an
improvement is still the subject of a debate among experts in the field but it seems
quite evident that fullerene derivatives act as a passivating species for interface trap
states and improve the charge extraction. [They effectively reduce interface
recombination and counteract the anion migration that originate from iodine-rich trap
states and which amplify the capacitive hysteretic contribution.P 7 & “]P Deploying
fullerene as a stand-alone thin ETL layer between the FTO and perovskite considerably
reduces hysteretic behavior through the favorable energy band alignment, resulting in a
better electron extraction as well as improved hole blocking properties. Since in the
conventional n-i-p configuration the photoactive perovskite is solution processed on top
of the ETL, the layer incorporating fullerene or its derivatives needs to be indestructible
during further processing with polar aprotic solvents (normally DMF, DMSO or GBL). If
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this criterion is not opportunely met, the quality and reproducibility of the final device
is greatly reduced due to a dissolution of the fullerene film as recently reported in a
paper working on fullerene-based ETL engineering.!"™! Last, but not the least, fullerene-
based derivatives are still quite expensive (roughly 300 eur/g in a scale-up grade) and
their synthesis on a large scale for commercial applications remains a major
challenge.l'" For this reason, keeping the expensive material consumption as low as
possible would be ideal.

The aforementioned problems have been approached so far by covalently binding
fullerene molecules to the ETL.I'"S Another possible solution would be a direct
functionalization of the underlying transparent electrode. One of the most used

methodologies for the covalent modification of conductive ceramics such as ITO and FTO
is the silanization technique. Silane molecules are generally cheap, easy to handle, and
they can be quickly bound to oxygen containing substrate surfaces using standardized
recipes either via dip coating, spray coating or CVD, which makes the silanization
approach a well-recognized technology in industrial coating applications.['! The
silanized layers show long-term stability to moisture, UV, heat and solvent resistance if
opportunely cured, together with a good adhesion to many different substrates.['7> 8] By
controlling the humidity condition of the process, it is possible to tune the thickness of
the functional layer, from a monolayer (-dry) to a thick cross-linked multilayer.['"l- Of
course, this can alter the chemical and electronic properties of the modified substrate
as well as the processability and quality of the coating.

Some of us have already demonstrated the possibility of decorating C60 with alkyl
siloxane moieties by employing azomethine ylides cycloaddition reactions and
subsequently of covalently modifying silica nanoparticles and films with good yields.
There are several works in_the literature concerning the use of other fullerene-based
compounds as electron extraction molecular materials in PSCs; Wojchiechowski and co-
workers have recently presented the use of a crosslinked silanized fullerene molecule
for creating a thick fullerene layer as an ETL for PSCs.["”] The crosslinking of the spin
coated silanized fullerene layer was, in their case, initiated by exposing the layer to
vapors of trifluoroacetic acid.

Here we show the possibility of a direct functionalization of the semitransparent
electrode by the formation of an electron transporting layer through a silanization-
promoted self-assembled ultrathin layer. We use a scalable dip coating technique, which
demonstrates the fabrication of a conformal, chemically robust layer resulting in_a
highly reproducible devices.

Results and Discussion

In Scheme 1 we report the anchoring mechanism of N-[3-(triethoxysilyl)propyl]-2-
carbomethoxy-3,4-fulleropyrrolidine, hereby named as Sil-C60, on bare FTO. The
synthesis of Sil-C60 has been carried out following a slightly modified procedure with
respect to the one previously reported by some of us,['® allowing to obtain a higher
yield, as reported in the Supporting Information (S.1.).['8 Self-assembly of Sil-C60 on the
surface of an FTO electrode was carried out in a low humidity environment (< 10 % R.H.)
inside a dry box by a direct immersion of the FTO substrates in a diluted (0.1 mg/ml) Sil-
€60 solution (see S.l. for experimental details). The bare FTO surface is activated by
oxygen plasma (02 plasma) in order to increase the amount of hydroxyl surface
terminated groups, boosting the subsequent covalent attachment of Sil-C60. Dry
conditions and quick reactions promote the self-assembly mechanism avoiding the
development of thick cross-linked coatings. After a final curing step at a relatively low
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temperature (110°C), a modified FTO surface is obtained with a covalent self-assembled
layer of functionalized C60 molecules, defined from now on as C60-SAL.
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Scheme 1. Illustration of the fullerene self-assembled layer (C60-SAL) fabrication process, involving the
covalent anchoring of Sil-C60 on an oxygen plasma-activated FTO substrate.

To gather information on the thickness and surface coverage of FTO by means of C60-
SAL we tested this last one— through cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS). Experimental details on electrochemical measurements
are given in the S.l. first-First, the barrier effect towards the diffusion of a charged
redox probe in solution after electrode modification has been studied by means of CV
(Figure 1a).[®) Here, the positively charged redox probe (ferrocene) is employed to
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assess the faradic response of a bare FTO electrode and of a functionalized one: the CV
clearly shows a quasi-irreversible electrochemical process occurring at the bare FTO
surface (AE = 0.24V), whereas almost no faradic current is detected when performing CV
on C60-SAL under the same conditions. These results suggest a complete modification of
the FTO surface by means of Sil-C60 molecules. ?']



a) , : : : ‘ . b)
—_ ':“,
i 9.0x10° — sgo.sAL
o 3 Bare FTO
S 6.0x10°
<C
2 3.0x10°
g
8 0.0
E .3.0x10°
o -6.0x10°
00 02 04 06 08 10
Potential (V vs Ag/AgCl)
4 T T T T T T
c) 6x10 ' ' ' = C60-SAL d) 25 % Ce0-SAL i
4 ~ — = Fitting = = Fitting
5x10" o "N ® BareFTO| e Bare FTO
’ \ —— Fitting 20 Fitting b
4x10° A ‘." Y 1
S 2 154 ]
& 3x10* g | @
o ool o & 10 1
N X 100/ o
1x10' / 50/ ' 51 1
04 i 4
0 150 300 450 600 | 0 N
T T T T 2 1 0 1 2 3 4 5 6
8.0x10° 1.6x10° 2.4x10° 3.2x10° 10 10" 10° 100 10° 10° 10" 10" 10

Z'(Q) Frequency (Hz)
Figure 1. Electrochemical characterization of C60-SAL and bare FTO. a) Cyclic voltammetry (CV) with a
ferrocene redox probe (5 mM in ACN solution); b) equivalent circuit for C60-SAL used for the fitting of
experimental impedance data in panel c) and d); c) Nyquist plot and d) Bode phase plot of C60-SAL
sample; the inset graph in c) shows Nyquist plot of the bare FTO sample. CVs were performed at 25 mV/s
(reference electrode: Ag/AgCl; electrolyte: TBATFB 0.1 M in ACN; EIS performed at 0.46 V versus Ag/AgCl
with 5 mM ferrocene). Fitted parameters are shown in Table S1 and Table S2.

Stability tests, i.e. several CVs in ACN, confirm chemical and electrical resistance of the
modification (Figure S1).

Electrochemical impedance spectroscopy (EIS) also allows to characterize the thickness
of the fullerene layer at a good level of approximation. A simple equivalent circuit
model is used for fitting the experimental data and is presented in Figure 1b. This
circuit is often used for modeling damaged thin coatings in corrosion studies.?? R,
represents the solution resistance, Ry, is the ion resistance through the coating (referred
to pores or pinholes present within the coating), Q. is the constant phase element (CPE)
related to the intact electrode, R. is the charge transfer resistance and Qu is the
pseudo-double layer capacitance. Table S1 and Table S2 summarizes all fitted values for
different samples. It is possible to determine the thickness of the coating starting from
Qu and to estimate the surface coverage starting from R..[?*! Therefore, by fitting the
experimental data in Figure 1c and 1d a pseudo-capacitance value of Cq = 2.74 uF is
obtained that gives a nominal thickness of the silane layer of (3 £0.2) nm. Moreover, the
surface coverage is estimated to be 99.5% from this analysis. The Nyquist plot in Figure
1c and the Bode phase plot in Figure 1d offer a complete view of the mechanisms
involved in the electrochemical reaction at the electrode interface. The bare FTO (black
curve in the inset graph in Figure 1c) shows only one semicircle (i.e. a single time
constant for the phenomenon) related to a modified Randles cell with a well-defined



Warburg element in the circuit, whereas the C60-SAL modified FTO shows two distinct
time [constants. Thus, in agreement with the time constants obtained by fitting the

electrical circuit model in Figure 1b, two RC contributions are shown (Figure 1d, blue

curve): the one at lower frequencies (at about 0.1 Hz) is assigned to the charge transfer
reaction at the interface between the solution and the “damaged” coating (i.e. the
actual electrochemical reaction taking place at the modified real interface), whereas
the higher frequency peak (at about 50 Hz) is due to electrochemical reaction taking
place at the intact ideal capacitive coating interface; in addition, the bare FTO
resonance peak (black curve in Figure 1d) appears at very high frequencies (about 1

kHz). We can finally conclude that the slower phenomena (i.e. the ones at lower

frequencies) occurring at the modified interface are the limiting electrochemical
reactions occurring at the modified electrode, thus explaining the lack of faradic current
in CV in Figure 1a.

Density Functional Theory (DFT) helps in the rationalization of a model for better
describing the topological properties of the C60-SAL. DFT calculations (B3LYP/6-311G**,
see S.|. for details) performed on isolated Sil-C60 show a distance of 1.46 nm between
the plane containing the three oxygen atoms bound to Si and the furthest parallel plane
containing C atoms on the C60 moiety (see Figure 2a). Based on this estimation and on
the outcome of our electrochemical study, which provided a value of 3 nm for the
thickness of the fullerene-based layer on top of FTO, we can infer the actual presence
of a Sil-C60 bilayer covering the FTO surface. In Figure 2b, we propose a possible
structure for the C60-SAL, where above a first monolayer formed through the covalent
binding of Sil-C60 to the activated FTO surface, a second one forms, through
supramolecular self-organization of more Sil-C60 molecules, driven by the formation of
strong -1 interactions between fullerene electron clouds.?4
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B3LYP/6-311G**
Figure 2. a) Minimized geometry of Sil-C60, as calculated through DFT, highlighting the distance between
siloxane oxygen atoms and the opposite edge of C60 (see text). b) Schematic representation of the
possible bilayer structure of C60-SAL formed by the supramolecular self-organization of Sil-C60 molecules
on top of an activated FTO surface.

We assess the chemical stability of the functionalization by comparing the FTO/C60-SAL

substrate with a solution-processed C60 layer as recently presented by-by McMeekin at /
al.[P*Weiciechowski-etal* In particular, we measure the water contact angles of the

modified substrates before and after the treatment of the substrates in a hot (120 °C)
DMF bath, thus simulating potentially damaging conditions for such organic layer during
the perovskite processing. This kind of conditions are used, for example, in a hot casting
technique or a 2-step perovskite deposition technique using precursor solutions at an
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elevated temperature.” The results are summarized in Figure 3 and Table 1, where we
show the wettability images and summary of fitted contact angles, respectively.

C60-SAL

a) b)
n Bare FTO
e)

C60 spin coated -

c)‘ d) ‘_‘

Figure 3. Wettability measurements on FTO modified surfaces with Sil-C60 (C60-SAL) and solution processed fullerene
(C60 spin coated). a) and c) refer to as-deposited samples while b) and d) denote samples after 5’ immersion in a hot
DMF bath; e) refers to a bare FTO as a reference sample.

As highlighted in Table 1, the C60-SAL sample shows high water contact angle before
and after the treatment in a hot DMF bath.?®l The spin coated C60 fullerene sample
shows reduced contact angle after the treatment, with a value which gets close to that
of bare FTO. These results confirm the robust covalent origin of the bond between Sil-
C60 and FTO, whereas in the case of spin coated C60 the layer is only weakly interacting
with the surface, which results in its almost complete dissolution after hot solvent
treatment. Also, the relatively high standard deviation of the contact angle value before
DMF treatment for the C60 spin coated sample reveals an intrinsic inhomogeneity of the
surface coverage following fullerene processing, that may affect the reproducibility
solar cells built upon it.

Contact angle  Contact angle after  Relative decrease (%)
as deposited (°) DMF treatment (°)

C60-SAL |98+£3 85+0.5 11%

C60 spin coated | 76 £10 19.7+0.5 74%

Bare FTO | 201

Table 1. Summary of wettability measurements on samples shown in Figure 3. Error bars refer to at least five
repetitive measurements on the same sample in different areas and three different samples per type.

Wettability measurements performed on the C60-SAL sample (Table 1) suggest a high
yield of modification throughout the FTO surface with Sil-C60 molecules with small
contact angle deviations over the various spots examined, showing the formation of a
conformal and strongly hydrophobic surface. The contact angle on C60-SAL results to be
higher than 90°, a value which is significantly far from that of a eempactTFOc-TiO;
covered FTO surface (about 22°, not shown) and a plasma treated FTO surface (0°, not
shown). The huge change in the wettability of the anode surface due to the presence of




a homogeneously distributed fullerene layer is likely to influence considerably the
process of perovskite growth during device realization.

T R e—

Figure 4. Morphological characterization of perovskite films on various substrates. Cross section (a-c) and surface
morphology (d-f) SEM images of perovskite films formed on a bare FTO (a and d), FTO covered with eempaetFiOc-TiO,
(b and e) and FTO modified by a C60-SAL (c and f). Shaded parts of cross section images mark the FTO (green),
eompaectHOC-TiO, (blue) and perovskite layer (brown). The length of a scale bar for cross section images is 500 nm,
for surface morphology images 1 um.

In order to understand whether the altered surface properties of various substrates
influence the perovskite growth mechanism, we deposited thin perovskite films by spin
coating a mixed cation Cso.175FAo.825Pbl3 precursor, using a solvent quenching technique
(see Supporting Information for experimental details). We acquired both cross section
and surface morphology SEM images of perovskite films deposited on bare FTO (Figures
4a and 4d), FTO covered with eempactTiOc-TiO, (Figures 4b and 4e) and FTO covered
with C60-SAL (Figures 4c and 4f). Software analysis of surface morphology SEM images
shows a gradual increase of the average grain size from bare FTO (250 nm), to FTO
covered with eempaectTiOc-TiO, (270 nm) and then to FTO modified by C60-SAL (300

m). Cross section images revealed less crystalline films formed on a bare FTO and
compact—HOCc-TiO; covered FTO, where smaller crystallites are interconnected into a
continuous film. In the case of a perovskite layer formed on C60-SAL modified FTO,
single perovskite grains proceedgress from the top to the bottom of perovskite layer.
This increase in the crystallinity may lead to a reduction of charge recombination losses
which can happen at grain boundariesries. Unfortunately, formation of a perovskite
layer on less wettable surfaces leads, in our case, to a reduced thickness of the
perovskite layer, which may limit the light absorption (see absorption spectra in Fig S3)
and the corresponding photogenerated current.

In Figure 5 we present a correlation between the contact angle measurements and an '

average perovskite grain size of analyzed films. It seems that an average grain size
increases on less wettable surfaces, in agreement to observations reported
previously.?” However, in the referred work 2-step perovskite processing was used,

wh1le in our case 1- step w1th solvent quenchmg was employed [Hem—weemphas&e—thafe
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Figure 6. Perovskite solar cell characterization. a) J-V characteristics of devices prepared with no or with various ETLs
(as indicated in the legend), presenting backward (solid line) and forward (dashed line) voltage scan direction,
measured with a scan rate of 50 mV/s at the intensity of 1 sun. b) Stabilized power conversion efficiency of the best
devices measured at the maximum power point. c) Stabilized photocurrents (black lines) and PCEs (red lines) of a
typical C60-SAL based device prepared in either dry (solid curves) or humid environment (dashed curves), measured at
the maximum power point of 0.76 V and 0.8 V respectively. d) Device statistics on spin coated C60 and C60-SAL as
ETLs. A star symbol marks the average value and the box encloses measurements within the standard deviation. The
horizontal line inside the box marks the median value. The size of the illuminated area of all devices was 9.38 mm?.

Perovskite solar cells with C60-SAL, spin-coated C60, cempactTFOc-TiO, and bare FTO as
ETLs were fabricated in a direct architecture (i.e. the ETL is deposited directly on the
transparent electrode) and tested. The active layer is a mixed cation
Cso.05FAo.7sMA0 2PbBro3l..7  perovskite, and Spiro-OMeTAD was used as the hole
transporting material. The device was finished by a gold cathode. Figure 6a shows
current density-voltage characteristics of the best devices. The figures of merit of the
solar cells are presented in Table 2. The results show that devices based on FTO covered
with spin coated C60 or with C60-SAL show reduced hysteretic behavior during the
voltage sweep of 50 mV/s in comparison to a conventional eempact—FOc-TiO; based
device or a device without any ETL. It is very well known that the interface between the
compact-TiOc-TiO; and perovskite layer is not an efficient electron extraction interface.
In order to determine the steady state performance of solar cells regardless of the



voltage scan rate, we tracked the power conversion efficiency (PCE) over time at the
maximum power point for each device, as shown in Figure é6b. C60 spin coated and C60-
SAL show stable currents with similar performance, reaching up to 15 % PCE as in the
case of C60-SAL. The sample with FTO only and with eempactTOc-TiO2 (c-TiO2) layer
show lower starting performances at a maximum power point and a reduction over time.
How effective is the anchoring of the functionalized fullerene molecule depends on the
substrate surface termination groups and the environment in which the self-assembly is
carried out. To evaluate the preferred treatment conditions we performed the Sil-C60
self-assembly onto FTO in a dry (< 10% R. H.) or humid (> 60% R.H.) environment. As
presented in Figure 6c, devices produced in humid conditions showed decreased
performance in terms of stabilized photocurrent and PCE at the maximum power point.
We attribute this outcome to a poor bonding of Sil-C60 in the presence of water in the
atmosphere in which the treatment is performed and in the Sil-C60 solution. High
concentration of water molecules in the chemical environment favors the cleavage of Si-
0O-Si bonds by the formation of patched areas of different thicknesses. Poor charge
selectivity in uncovered areas contribute to a higher recombination rate of
photogenerated charges nearby the electrode, effectively reducing the extracted
photocurrent. 28!

Since the C60-SAL showed a better resistance to dissolution compared to a spin coated
C60 and a more uniform surface coverage due to a chemical bonding to the surface, we
analyzed the performance of a large ensemble of devices for both configurations, as
presented in Figure 6d, in order to evaluate the role of chemical resistance on the
reliability of the devices and of the process. As expected PCEs obtained with a spin
coated C60 showed large dispersion of results, while devices produced on C60-SAL
showed more consistent results, with a better average performance. Although the
thickness of the C60-SAL is much lower than the thickness of a spin coated C60 (about
20nm, measured by a profilometer), it acts as a stable electron extraction layer,
presenting significant advantage over the spin coated fullerene ETL.

Bare FTO cTiOo;, C60 spin coated C60-SAL
BWD FWD BWD FWD BWD FWD BWD FWD
Voe (V) 0.97 0.88 1.06 0.92 1.04 1.05 1.04 1.05
Jse (MA/cm?) 16.8 16.7 19.0 18.9 18.6 18.6 19.4 19.2
FF 0.58 0.31 0.71 0.21 0.73 0.69 0.74 0.60
PCE (%) 10.3 5.1 14.5 3.7 14.3 13.6 15.2 12.4

Table 2: Solar cell parameters obtained from the J-V characteristics presented in a Figure 3a.

Conclusions

We show that functionalized fullerene molecules can covalently bind to a clean, oxygen
terminated surface of an FTO electrode, forming a robust, conformal and chemically
inert ultrathin self-assembled film. This is enough to act as efficient and reliable
electron extracting layer in mixed cation perovskite solar cells, reducing the current-



voltage hysteresis and reaching over 15 % of stabilized PCE. Application of strongly
bound fullerene molecules as an interfacial layer not only eliminates the need of any
high temperature processing but also significantly reduces the material consumption
through the mechanism of self-assembly, which renders this approach much closer to an
industrial scale production than any other solution processing technique.
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