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ABSTRACT

Highly performing mixed Sn/Pb-metal halide perovskite solar cells (PSCs) are among the most promising options to reduce Pb content in
perovskite devices and enable, owing to their reduced bandgap, the fabrication of all-perovskite tandem solar cells. Whereas pure-Pb perov-
skite devices exhibit efficiency up to 25.5%, alongside a high open-circuit voltage (~1.2V), Sn-Pb PSCs still show lower performances
(22.2%) due to higher open-circuit voltage losses. Here, we introduced 2,3,4,5,6-pentafluorophenethylammonium cations in a perovskite
active layer of composition (FASnI3)5(MAPDI3), 5 to obtain highly oriented films with improved thermal stability. The treated films exhibit
merged grains with no evidence of 2D structures, which could help to reduce the trap state density at the surface and grain boundaries. Solar
cells fabricated with the fluorinated cation added to the active layer displayed reduced trap-assisted recombination losses and lower back-
ground carrier density, which leads to enhanced open-circuit voltages with respect to the reference samples and the active layers incorporat-
ing unfluorinated phenethylammonium cations. The best device reached an efficiency of 19.13%, with an open-circuit voltage of 0.84V,
which is substantially improved with respect to the reference sample showing 17.47% efficiency and 0.77 V open-circuit voltage. More impor-
tantly, the fluorinated cations” addition is instrumental to improve the device’s thermal stability; 90.3% of the solar cell initial efficiency is
maintained after 90 min of thermal stress at 85 °C in a nitrogen atmosphere.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0083642

I. INTRODUCTION
Metal halide perovskites (HP) have attracted massive interest from

layer in single junction solar cells, exhibiting an astonishing record power
conversion efficiency (PCE) of 25.7%, approaching closely the perfor-

5,6

However, the
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the scientific community in the last 12 years owing to their excellent
absorption coefficient,’ long charge carrier diffusion length,” small exci-
ton binding energy,” and high charge carrier mobilities,” which make
them extremely attractive as active layers for optoelectronic devices.
Nevertheless, it is predominantly for their use in solar cells (SCs) that the
attention of a large world-wide community has been focused on these
materials. Pb-based compounds have been intensely studied as active

mance of single crystalline silicon solar cells (26.7%).
presence of a significant amount of Pb in these materials, accompanied
by the ionic nature of the chemical bonds involved, raises concerns about
the environmental and human toxicity,” which ultimately could hamper
the commercialization of perovskite solar cell (PSC) (HP-SC) devices.

To address these issues, research attention has recently shifted
to lowering the Pb-content in HP-SCs by using alternative metals.

Appl. Phys. Rev. 9, 021407 (2022); doi: 10.1063/5.0083642
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Tin turned out to be the most fitting candidate to fabricate Pb-free
PSCs, considering the similar electronic configuration to that of lead
and the closest similarity in size. Moreover, halide perovskite based on
tin exhibits high optical absorption and excellent charge carrier
transport.s

Nevertheless, Sn-based perovskite solar cells up to date have
shown limited efficiency, mainly due to the intrinsic Sn-vacancies and
Sn** oxidation that create a self p-doping of the material, which has
been shown to be one of the factors limiting device performance.” In
the last few years, an extensive effort has been made to reduce Sn*t
formation in Sn-based perovskite thin films. One of the most success-
ful methods involves the addition of a small amount of 2D metal
halide perovskites in the 3D perovskite precursors mixtures, which
results in an effective reduction of Sn*" oxidation.'’ The application
of this method together with surface passivation protocols has led to
the record efficiency of 14.81% for fully Sn-based solar cell."’

An important physical property of a solar cell’s active layer mate-
rial is its bandgap. The one of lead iodide-based perovskite lies
between 1.45 and 1.55eV, depending on the A site cation that is
used.'” According to the Shockley-Queisser limit, to maximize the sin-
gle junction solar cell performances, the ideal bandgap should be
somewhat lower between 1.2 and 1.4 eV. Different authors observed a
bandgap bowing when Pb*" cations are partially substituted by Sn*",
which lowers the bandgap from 1.5 to 1.2 eV."” Therefore, the mixed
Sn/Pb-perovskite is not only an ideal material for single junction devi-
ces but is also suitable as a back cell in an all-perovskite tandem
device."* Furthermore, the presence of Pb promotes the so-called self-
passivating effect,”” which increases the stability of the HP-SC and
reduces Sn*" oxidation, and consequently, the self p-doping.'®'”
Despite their high current density (~32mA cm2)'® owing to their
narrower bandgap, single junction of mixed Sn/Pb-HP-SCs exhibit a
lower power conversion efficiency (21.74%)"® than Pb-based HP-SC.
The lower performances of mixed Sn/Pb-based devices are mainly
related to the large open-circuit voltage (Vo) loss (0.3 V), ' which has
been attributed to short carrier lifetime,'” high trap state density,® and
the rapid oxidation of Sn*".'****" Recently, the addition of bulky
organic cations [phenethylammonium, 3-(aminomethyl)piperidinium,
and formamidine sulfinic acid] has been widely used to reduce the
Sn** formation and to passivate both the electron-donating and
electron-accepting defects at the grain boundaries.”' ** This strategy
led to an enhancement in the V¢ from 0.77 to 0.88 V.” The efficacy
of the use of bulky organic cations to enhance PCE and Vo of perov-
skite solar cells was underlined by Hayase’s group,'® who implemented
a post-treatment passivation method using ethylenediamine (EDA).
These authors demonstrated that EDA could lower the Sn*" content
by bonding with uncoordinated Sn and passivating the I vacancies
present on the perovskite surface. Furthermore, by introducing Br™
anions in the Pb/Sn perovskite, they reached a record efficiency of
21.74% with a Vo of 0.86 V and 0.39 V V¢ loss.

Recently, Lin et al.”* explored the dynamic process of passivator
adsorption on grain surfaces of phenethylammonium, phenylammo-
nium, and 4-trifluoromethyl-phenethylammonium (CF3-PA). The
authors claimed that 2D perovskite, Lewis bases/acids, and Zwitterions
have an insufficient defect passivation, where a certain amount of sur-
face area remains un-passivated due to the incomplete passivating
agent adsorption into the defective sites during the film formation.
The CF3-PA cations possess an enhanced adsorption into the defective
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sites on grain surface during the film crystallization, assuring a com-
plete passivation. The champion device exhibited a PCE of 22.2%,
which represent the actual record of mixed Sn/Pb perovskite solar
cells.

Among the various chemical groups that could give an advantage
as components of cations, the fluorine atom is of particular interest. In
fact, the introduction of molecules containing this chemical group
could improve the device’s moisture stabili'[y.ZS Moreover, the substi-
tution of the hydrogen atoms by the highly electronegative fluorine
atoms in organic cations induces a large dipole moment, which
increases the polarization in the crystal lattice’® and may be beneficial
for charge carrier separation and transport in solar cells. Fluorinated
cations have been implemented in lead (4-fluoro-phenethylammo-
nium iodide)”””” and tin perovskite (2-fluoro-phenethylammonium)*
solar cells. However, a comprehensive analysis of the influence of fluo-
rinated cations on mixed Sn/Pb-perovskites has received limited atten-
tion thus far. As only exception, Li and co-workers”” incorporated a
small amount of 2-(4-fluorophenyl)ethylammonium cations in
(MAPDIL;), 75(FASnl;), 25-based  perovskite solar cells, delivering a
PCE of 17.51% with a V¢ of 0.79V. The improved device perfor-
mance was attributed to the formation of a 2D/3D heterostructure
that exhibited a preferential alignment perpendicular to the substrate.

In this work, we incorporated a small amount of 2,3,4,5,6-penta-
fluorophenethylammonium cations (SFPEAI) in MAsFA5Sng5Pbg 513
perovskite, demonstrating an improvement in PCE from 17.47% to
19.13% and in V¢ from 0.77 to 0.84 V, when compared to the control
devices that do not contain 5FPEAI The addition of 5FPEAI cations
induces superior crystallinity of the 3D perovskite grains and a preferen-
tial orientation toward (1 0 0) and (2 0 0) planes while reducing diffrac-
tion from the (1 2 0/1 0 2) planes, as confirmed by grazing-incidence
wide-angle x-ray scattering (GIWAXS) measurements. The improved
ordering of the crystal planes is the leading cause of the enhancement of
the perovskite structure’s robustness and integrity, which is expected to
reduce the amount of tin vacancies and the consequent background car-
rier density. Furthermore, the highly crystalline films show larger grains
and a reduced density of defect states. Finally, the Sn-Pb perovskite solar
cell using the fluorinated long organic cation shows much higher ther-
mal stability with respect to the control devices, retaining 90.3% of its
initial efficiency after 90 min of thermal stress at 85°C as compared to
66.2% for the control.

Il. RESULTS

In Fig. 1(a), the chemical structure of the S5FPEA cation is shown,
which is used in this work as an additive to fabricate solar cells with
MA5FA(5Sn05Pbg sI5 as the active layer [Fig. 1(c)], using a planar p-
i-n structure with an 0.04 cm* active area, as depicted in Fig. 1(b). We
introduced the fluorinated molecules in the perovskite structure in an
out-of-stoichiometry way, dissolving x mol% of 5SFPEAI in the perov-
skite solution (5SFPEAMA, 5FA 5Sn 5Pby 513). The best control device
without 5FPEAI (x=0) exhibited a PCE of 17.47%, with a V¢ of
0.77 V, a short-circuit current (Jsc) of 30.66 mA cm 2, and a fill factor
(FF) of 74.19% (see the supplementary material, Table SI). Upon add-
ing 1.25mol. % of fluorinated molecules, the V¢ increases to 0.79 V,
bringing the PCE to 18.29%. However, the best device is obtained
when using a molar concentration of 1.5% of 5SFPEAL With this com-
position, a PCE of 19.13%, with a V¢ of 0.84V, a Jsc of 30.93 mA
cm 2, and a FF of 73.89% is reached. This PCE is confirmed by
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steady-state measurement, showing a power conversion efficiency of
about 18.6% over 100 s (see the supplementary material, Fig. S4). By
increasing the concentration further up to 2 mol. %, a decrease in PCE
is observed, mainly due to a decreased Jsc from 30.93 to 29.96 mA
cm 2 and 28.5mA cm 2, for 1.5, 1.75, and 2 mol. % of 5SFPEA, respec-
tively. This is most probably due to the low conductivity of the fluori-
nated molecule, which at high concentration could act as a barrier for
charge transport. For comparison, we also implemented phenethylam-
monium iodide (PEAI) as additive in the precursor mixture, keeping
the same concentration (1.5 mol. %) used for the fluorinated counter-
part. In this case, the devices exhibited a Vo of 0.80 V, with a Jsc of
31.22mA cm 2 a FF of 73.52%, and a PCE of 18.43%. Figure 2(a)
shows the J-V curves measured in reverse mode (the forward mode is
reported in Fig. S5) of the best devices fabricated with 0 mol. % of
5FPEAI (control), 1.5 mol. % of 5FPEALI and 1.5 mol. % of PEAI
From the J-V curves measured under AMI.5 solar spectrum
(100 mW cm > light intensity) illumination, it is evident that the Voc
of the mixed Sn/Pb-HP-SCs improves upon the addition of the differ-
ent organic cations, moving from 0.77 V for the control device to 0.80
and 0.84 V for PEAI and 5FPEAI, respectively. The J-V curves of the
three devices in the dark conditions are shown in the inset of Fig. 2(a).
The dark current density in reverse bias of the 1.5 mol. % 5FPEAI solar
cell is about one order of magnitude lower as compared to the control
device. On the contrary, the solar cell using PEAI as additive shows a
similar diode behavior and leakage current of the control device.

scitation.org/journallare

FIG. 1. Schematic representation of (a)
the chemical structure of the 5FPEAI mol-
ecules, (b) the device structure of the fab-
ricated solar cell PEDOT:PSS = poly(3,4-
ethylene  dioxythiophene)-poly(styrene
sulfonate), BCP = bathocuproine, (c) the
crystal structure of MAg sFAg5SngsPbo sl
perovskite, and (d) the proposed passiv-
ation role of the fluorinated cations.

These results indicate a potential role of 5FPEA and the PEA cations
[Fig. 1(d)] in reducing trap-assisted recombination, which leads to an
enhanced V.

The 5FPEAI-treated and the control devices show a similar EQE
spectrum, which gives rise to similar calculated Jsc values for the two
solar cells [Fig. 2(b)], namely, 30.33 and 30.55 mA cm 2, for the con-
trol and the 5FPEA-treated device, respectively. Both values agree with
the short-circuit current as measured from the JV characteristics. The
similarity of the EQE spectra is not surprising, as also the UV-vis
absorption show identical spectra for the three different compositions
[see the supplementary material, Fig. S6(a)], confirming that the inor-
ganic (photoactive) lattice is unaltered and the large organic cations
(PEA or 5FPEA) are not incorporated into the perovskite structure.
Interestingly, a different color of both modified thin films [with PEAI
and 5FPEAL, Fig. S6(b)] is observed right after thermal annealing. This
aspect is not fully clarified, because in terms of absorbance, the three
films present a similar spectrum. The different hue could be caused by
the presence of a wrinkled structure, but this was only observed on the
5FPEAI-based perovskite layers (see the supplementary material, Fig.
§7).”” Further characterization needs to be performed in order to
explain this aspect.

The statistical analysis performed on 40 devices is shown in
Figs. 3(a)-3(d); in addition to the good reproducibility of the solar
cells, we can notice that the average PCE of devices with 1.5mol. % of
5FPEAI is 18.6% = 0.2%, which is substantially higher than the

Appl. Phys. Rev. 9, 021407 (2022); doi: 10.1063/5.0083642
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FIG. 2. (a) Current density-voltage (J-V) characteristics of perovskite solar cells
fabricated with 0 mol. % of SFPEAI (control, black curve), 1.5mol. % of PEAI (blue
curve), and 1.5mol. % of 5FPEAI (red curve) measured under AM1.5 solar spec-
trum (100 mW cm~2 light intensity) illumination. The inset graph shows the semi-
logarithmic dark J-V curves of the three different devices. (b) External quantum
efficiency (EQE) spectra and integrated Jsc of the control device (black curve) and
the 5SFPEAI-based solar cell (red curve).

average efficiency of the control devices 17.1% = 0.3%. The improve-
ment in V¢ from 0.76 = 0.02 to 0.82 = 0.02 V when 5FPEAI is added
to the perovskite precursor solution is clearly the main important fac-
tor that leads to the increased PCE. Moreover, the statistical analysis
exhibits that the 5FPEAI-treated solar cell has a lower Jsc average
value, probably due to the insulating nature of the long organic cation.

To understand the reasons behind this significant Vo improve-
ment in 5FPEAI containing device, light intensity-dependent Ve
measurements, impedance spectroscopy, and Mott-Schottky analysis
were performed on both types of devices (Fig. 4).

In the semilogarithmic plot of the V.. vs light intensity, shown in
Fig. 4(a), the 5FPEAI device shows a lower slope with respect to the
reference device. The lower slope is an indication of a reduction in

scitation.org/journal/are

trap-assisted recombination losses.”’ From the dependence of the V.
on the illumination intensity, it is also possible to extract the diode ide-
ality factor through the following expression:

Voo x n%Tln(IL M

where k is the Boltzmann constant, T is the temperature in kelvin, q is
the elementary charge, I is the light intensity, and # is the ideality fac-
tor. The control device displays an ideality factor equal to 1.43, while
the 5FPEALI solar cell shows a lower value of 1.17, indicating that
bimolecular charge carrier recombination is dominant in the 5SFPEAI-
based perovskite devices.

From the impedance spectroscopy (Z', Z") measurements, per-
formed at short-circuit conditions [Fig. 4(b)], we observed a reduction
of charge carrier recombination. The charge carrier recombination
resistance (Ry, see the supplementary material, Fig. S8) in the control
device is equal to 258.4 kQ, which is considerably higher than the value
obtained for the 5SFPEAI-based device (12.1kQ, see the supplementary
material, Table SII), indicating that the bulk recombination of the
charge carrier is reduced in the treated solar cells.

Using Mott-Schottky analysis [Fig. 4(c)], we measured the varia-
tion of the background charge carrier in the two types of devices,

2 kT
crl=— = (v+v-"2), 2
qAZSVSoND( " q ) @

where q is the elementary charge, A is the device geometric area
(0.09 cm?), & and ¢, are, respectively, the vacuum and relative permit-
tivity, and Np, is the background charge carrier density. The relative
permittivity has been calculated using the following equation:

dc
v (©)
where d is the thickness of the active layer (=500 nm) and C is the
measured capacitance. The control device showed a background
charge carrier density of 1.5 x 10" cm ™, which is in agreement with
the results reported in literature (1.08 = 0.11 x 10'%),”" while the
5FPEAI-based perovskite solar cell exhibited an almost twofold reduc-
tion (7.7 x 10" cm ) with respect to the control device. This lower
carrier density shows the ability of 5SFPEAI to reduce the oxidation of
Sn** and consequently the density of Sn vacancies. We believe that
the decreased Sn vacancy density also determines the smaller leakage
current observed in the J-V curves measured in the dark conditions
[Fig. 2(a)]. Summarizing, the device characterization presented above
indicates that 5SFPEAI molecules act as a sort of passivating agent that
reduce the trap-assisted recombination losses and the Sn vacancies
density, resulting mainly in an increased Voc. However, it is not clear
how this “sort of passivation agent” works at the microscopic level: is
it really a passivation agent that reacts with dangling bonds exposed at
the perovskite surface or is the working mechanism more complex?

To answer these questions, we analyzed the XRD diffractograms
of the control and passivated films, using both PEAI and 5FPEAI [see
the supplementary material, Fig. S9(a)]. All three films exhibit two
main diffraction peaks located at 14.1° and 28.4°, which correspond to
(1 0 0) and (2 0 0) crystal planes of the cubic 3D
(FASnI;)o5(MAPDI;)o5 perovskite structure (see the supplementary
material, Table SIII), respectively. The SFPEAI-based perovskite films
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FIG. 3. Statistical distribution of (a) Jsc,
(b) Vo, (c) FF, and (d) PCE for 20 devi-

1.5% 5IFPEAI ces fabricated with 0 (control, black
boxes) and 1.5mol. % of 5FPEAI (red

boxes) molecules.
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exhibit higher intensity peaks than the PEAI-based sample and
the control film [Fig. S9(b)], demonstrating a higher degree of
order. Furthermore, films treated with 5SFPEAI display a preferential
orientation of the crystalline grains as evidenced by the reduction of
the (12 0)/(1 0 2) peak located at 24.5° [Fig. S9(c)].

A better understanding of the crystalline structure of the thin
films is obtained by angle-resolved GIWAXS measurements (Fig. 5).
GIWAXS patterns were taken both close to the film’s surface (using a
small incident angle of 0.4° providing about 50 nm of penetration
inside the films) and in the bulk (using a large incident angle of 2° pro-
viding about 350 nm of penetration) of the three deposited films. All
the studied films exhibited preferred orientation of the crystallites with
their 100 planes oriented parallel to the surface. A minor population of
crystallites that have their 111 planes oriented parallel to the substrate
are present in all cases (described as 100/111 plane and 200/111 plane
in Fig. 5). The control (FASnl3),5(MAPDI;), s film exhibited the low-
est degree of orientation with a larger contribution from a
Debye-Scherrer isotropic ring centered at q, ~ 1.2 A that is associated
with randomly oriented crystallites. This signal can be seen to be
superimposed on the arc-like reflections from the oriented crystallites
[Fig. 5(a)]. On the contrary, the modified films, both with PEAI and
5FPEALI, show more pronounced diffraction spots for the {1 0 0}, {0 1 0},
and {1 0 0}/111 plane peaks [Figs. 5(c) and 5(e)], revealing a higher
degree of crystallite orientation. A similar trend is detected throughout
the bulk of the materials [Figs. 5(b), 5(d), and 5(f)].

The improved order in the treated films can be better visualized
when comparing the intensity line cuts along the quasi-vertical q,
direction and the intensity distribution along the azimuthal angle (see
the supplementary material, Figs. S10, S11, and S12). We focus the

1.5% 5FPEAI

analysis on the peak intensity and the full-width half maximum
(FWHM) of the {1 00}, {2 0 0}, {0 1 0}, and {1 0 0}/111 plane peaks.
The peak intensity and FWHM are two reliable parameters useful to
characterize the perovskite film’s degree of order. The {1 0 0}/111
plane peak presents a higher intensity for the SFPEAI passivated films
with respect to the PEA-treated and control compounds in both
the surface and bulk of the material, as shown by the GIWAXS
intensity line cuts along the quasi-vertical q, direction [see the sup-
plementary material, Figs. S10(a), and S10(b)]. The angular profiles
further underline the enhanced intensity of both {1 0 0} peaks with
(100) and (111) planes parallel to the substrates [Figs. S11(a), and
S11(b)]. Moreover, Fig. S11(a) clearly shows the reduced contribu-
tion of the Debye-Scherrer ring located at q, = 1.2 A, indicating a
reduction of randomly oriented crystallites in the treated films. The
higher peak intensity for the PEAT and 5FPEALI films is evident after
normalization of the angular profiles at ¢, ~ 1 A and q, ~ 0.5A
[see the supplementary material, Fig. S11(b)]. A similar trend could
be also observed for the other signals present in the GIWAXS
pattern.

To determine the FWHM of the different peaks, we performed a
fit of the intensity profiles alongside the azimuthal y-angle for the
GIWAXS data collected for the bulk of the films (see the supplemen-
tary material, Fig. S12). The diffraction spots in Fig. S12 can be fitted
using Gaussian functions as follows:
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FIG. 4. (a) Light intensity vs Vioc measurements of the control (black curve) and
1.5mol. % SFPEAI devices (red curve). (b) Impedance spectra recorded in the dark and
at short-circuit conditions of both control (black curve) and treated (red curve) solar cells.
The continuous line represents the fitting, while the dots are the experimental data. (c)
C 2 vs applied voltage of the devices fabricated without (black curve) and with (red curve)
1.5mol. % of 5FPEAI molecules. Measurements were performed in the dark conditions.
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where x. is the center of the Gaussian, A is the area, and w is the
FWHM of the function. The FWHM for the {1 0 0} peak is reduced
upon the addition of the larger cations, going from 14 for the control
films to 12 and 11.9 for the PEAI and 5FPEAI-treated films, respec-
tively. A similar trend was observed for the {1 0 0}/111 plane peak (see
the supplementary material, Table SIV). Finally, the GIWAXS images
revealed no presence of any signal located at low q, values around
05A"" that would be associated with low-dimensional 2D struc-
tures.”*”” These signals were detected neither on the surface nor in the
bulk of the passivated films (PEAI or 5FPEAI) [see the supplementary
material, Figs. $10(c) and S10(d)]. Two possible explanations could be
formulated here: first, the low quantity of bulky cations could create a
limited amount of low-dimensional perovskite, that is, difficult to
detect by x-ray diffraction techniques; second, PEAI or 5FPEAI mole-
cules are improving the film crystallinity without creating a 2D struc-
ture due to the low concentration with respect to the other ions in the
perovskite structure. Since it is well known that tethering ammonium
cations prefer to distribute themselves along the grain boundaries and
at the interface with substrates,””*" the second hypothesis seems
more likely to be true.”

To clarify which is the right scenario, we fabricated films with
higher 5FPEAI and PEAI concentration (20 mol. %). The XRD analy-
sis performed on these films revealed the presence of four peaks
assigned to (020), (040), (060), and (080) planes [see the supplemen-
tary material, Figs. S13(a)-S13(c)]. These additional peaks have been
assigned to the presence of lower dimensional perovskite phase,”
revealing that when the cations concentration is 1.5mol. % 5FPEAI
and PEAT only improve the crystallinity.

Summarizing, we can conclude that the bulky organic cations
help the crystal lattice to orient preferentially along the h00 direction,
improving the order of the (FASnI;)y5(MAPbI;), s material.

After having obtained a deep understanding of the crystallinity of
the samples, now the surface is left for our SEM investigation (Fig. 6).
The control film showed a compact morphology with few pinholes
and well-defined grain boundaries [Fig. 6(a), see the supplementary
material Figs. S14(c) and S14(d)]. Likewise, the FPEAI film shows
good surface coverage and exhibits similar grain sizes (see also AFM
in Fig. S15). Previous studies proposed that structural defects such as
dangling bonds or vacancies preferably form at the grain boundaries
rather than in the bulk.”"***' Therefore, non-radiative recombination
mainly occurs at the grain boundaries. The addition of a small amount
of 5FPEAI fuses the grains together and seems to blur the grain
boundaries [Figs. 6(b) and 6(c)]. The higher magnification SEM
images on both control and 5FPEAI-based perovskite films [Figs. 6(c),
6(d), S14(c), and S14(d)] clearly show the fused grains and the wrin-
kled structure present in the 5FPEAI-based perovskite films.
Moreover, the 5FPEAI films present fewer pinholes with respect to the
control films. Figures S14(a) and S14(b) show the SEM images of
PEAI-treated perovskite films for comparison. Similar to the 5SFPEAI-
treated films, also these samples showed lower pinhole formation, but
the grain fusion is less evident than in the case of the samples treated
with the fluorinated derivatives. Obviously, both the decreased number
of pinholes and the fused grain boundaries are characteristics that are
very beneficial for the device’s scalability and performance. Moreover,
the surface roughness is reduced going from 29.39 to 21.69 nm for the
control and 5FPEAI passivated films, respectively (Fig. S15 and the
supplementary material, Table SV). This decreased surface roughness

Appl. Phys. Rev. 9, 021407 (2022); doi: 10.1063/5.0083642
Published under an exclusive license by AIP Publishing

9, 021407-6

pd-aul|uo™ L™ L0v1.20/29%96+91/279£800°G/€90 1 0 L/1opAPd-8jo e/ 1de/die/Bio die'sgnd;/:dny woly papeojumoq


https://www.scitation.org/doi/suppl/10.1063/5.0083642
https://www.scitation.org/doi/suppl/10.1063/5.0083642
https://www.scitation.org/doi/suppl/10.1063/5.0083642
https://www.scitation.org/doi/suppl/10.1063/5.0083642
https://www.scitation.org/doi/suppl/10.1063/5.0083642
https://www.scitation.org/doi/suppl/10.1063/5.0083642
https://www.scitation.org/doi/suppl/10.1063/5.0083642
https://www.scitation.org/doi/suppl/10.1063/5.0083642
https://scitation.org/journal/are

Applied Physics Reviews

100/111plane

010
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might also play a role in the different visual appearance of the films
when seen by the naked eye.

To verify our assumption on the scalability of the solar cells, we
fabricated devices with active area of 0.04, 0.09, 0.25, and 0.80 cm>.
Figure S16 shows the J-V characteristics of the best control and
5FPEA passivated devices. All the parameters are summarized in
Table SVI. When the active area increases, both devices exhibit a
decrease in efficiency mainly due to a reduction in FF and Jsc. A higher
series resistance causes this reduction. The control device with an
active area of 0.8 cm” showed a PCE of only 7.48%, which constitutes
a relative loss of 56.54% with respect to the 0.04 cm” active area device.
The 5FPEAI-treated device, on the other hand, shows an efficiency of
10.88%, which is only a 43.12% decrease with respect to the 0.04 cm?
device. This is indeed what we expected, considering the reduced den-
sity of pinholes and surface defects. For the FF, the dependence on the

1 15
q, (A7)
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FIG. 5. GIWAXS images of the fims depos-
ited on @ PEDOT:PSS layer recorded at an inci-
dent angle of 04°: (a) (FASnls)os(MAPDly)qs,
() PEAgo15(FASNI3)os(MAPbI3)os, and (e)
5FPEA 015(FASNI3) 5(MAPbI3)y 5. GIWAXS
of the same films recorded at 2° as incident
angle: (b) control, (d) PEA-, and (f) 5SFPEA-
treated perovskite films.

active area is also strong; in the case of the SFPEAI perovskite, the FF
goes from 73.89% to 50.15% when the area scales from 0.04 to
0.80 cm?. On the contrary, the control device showed a FF reduction
from 73.68% to a mere 39.51%. The considerably higher FF of the
5FPEAI 0.8 cm® perovskite solar cells with respect to the control device
is due to the lower series resistance in the former (14.78 and 17.83 Q
cm? for passivated and control devices, respectively).

Finally, after all the material and device characterization
described above, we can answer to the previously formulated questions
on the role of 5SFPEAI molecules in the perovskite system. Essentially,
an improved crystallinity and a lower trap state density have been
observed for the treated films. We believe that during the perovskite
film formation from the precursor solution, the fluorinated molecules
migrate to the solution/air and solution/substrate interfaces. Here, the
few 5FPEAI molecules present in the system coordinate to the
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(a) (b)

periphery of Sn/Pb halide octahedra and later to the edges of the grow-
ing crystals, forcing a better alignment of the crystals with the (100)
plane-parallel to the substrates. This behavior has been reported previ-
ously in tin halide perovskite with the use of PEAI molecules.”” The
presence of 5FPEAI molecules on the surface could also help to reduce
the A"/I" vacancies located at the perovskite surface. Moreover, the
different morphology analyzed through the SEM could be an indica-
tion of an altered crystallization of the 5SFPEAI-treated films and, a
potential presence of the SFPEA™ cations at the surface.

An important objective for perovskite solar cells is to improve their
long-term thermal and environment stability. Figures 7(a) and 7(b)
show the stability of our devices in a N, atmosphere and under thermal
stress at 85 °C, respectively. The unencapsulated 5SFPEA-based solar cell
exhibits better long-term stability with respect to the control unencapsu-
lated device, retaining 86.5% of its initial efficiency after being stored in

(a) (b)

scitation.org/journallare

FIG. 6. SEM images on (a) control sample
and (b) 5FPEAl-based perovskite films.
Higher magnification SEM images, 3 um
(c) and 1um scale (d) on the
5FPEAI 015MAg 5FAg 5Sng 5Pbyg 513 film. All
the films have been deposited on an ITO/
PEDOT:PSS substrates.

a N, atmosphere (O, < 0.1 ppm, H,O < 0.1 ppm) for 28 days. Under
the same condition, the control device drops from initial PCE down to
74.6%. The improved stability in N, is attributed to the reduction in
grain boundaries and surface defect density in the 5SFPEA-based device.
Several previous studies have reported that the fast device degradation
can be directly correlated with the grain boundaries; interestingly, this is
also happening in the absence of oxygen (vide infra).">*

The 5FPEAI-treated device displays a small drop (9.7%) of its ini-
tial PCE after 90 min of continuous thermal annealing, while the con-
trol device exhibited a 33.7% loss of its initial efficiency. It is generally
believed that the thermal instability of these materials is due to the
evaporation of small organic cations, mostly from the grain bound-
aries.” The 5FPEAI-treated sample has a lower number of these weak
regions from which loss of the organic cation can take place.
Furthermore, it is also possible that the presence of the longer organic

1.0F m—i

VRN FIG. 7. (a) Stability test of the control

90.3% (black curves) and 5FPEAl-based (red
curves) perovskite solar cell stored in a N,
inert atmosphere at room temperature
(25°C). (b) Stability test of the same devi-
ces under thermal stress at 85°C in a N,
66.2% | inert atmosphere.
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molecule as passivating agent on the surface hinders the desorption of
the small organic cation. Experiments on thermal stress of the PEA-
based perovskite solar cells (see the supplementary material, Fig. S17)
show that this composition maintains only 74.3% of its initial effi-
ciency, while this is 90.3% for the 5SFPEA-based devices. These results
again underline the important role of the fluorination of the cation in
improving the performance and stability of perovskite solar cells.

A further testament to the improved material stability of the pas-
sivated samples is found in their respective photoluminescence spectra
(see the supplementary material, Fig. S18). Aside from the main emis-
sion peak of (FASnl3)y5(MAPbI;)os around 975nm, an additional
high-energy emission feature was found to develop in the range
700-750 nm range upon exposure of the sample to a pulsed 400 nm
laser (50 uW, 76 MHz) in N,. This feature is particularly pronounced
for the control film, both on quartz as well as on PEDOT: PSS,
whereas it is only present for the PEA film on PEDOT:PSS and not
observable at all in the case of 5FPEA. The emergence of this high-
energy peak upon photo-excitation points to material decomposition
that is effectively suppressed when 5FPEA cations are introduced into
the system. We would also like to highlight at this point that no high-
energy emission from low-dimensional perovskite phases could be
observed in the photoluminescence spectra of the PEA and 5FPEA
films, confirming that the small quantity of these cations does not
allow to form low-dimensional phases.

Finally, to understand how these photo-induced changes would
impact device stability, we traced the PL intensity of the perovskite
films cast on PEDOT:PSS over time (see the supplementary material,
Fig. S19). At t=0, right after unblocking the laser, the PL intensity
from the control film is higher than that of the PEA and 5FPEA films
owing to the efficient charge extraction in the latter. Interestingly,
while the control film shows a continuous decrease in PL intensity
owing to photo-induced degradation, the two long cations samples
exhibit distinctly different behavior. Both the PEA and 5FPEA show
an initial increase in their PL intensity, which we interpret as a photo-
healing effect as we have previously reported for several different per-
ovskites.”” " This initial photo-healing is followed by a continuous
degradation as observed for the control sample. It is interesting to
point out that while the magnitude of the healing effect is larger for
the 5FPEA film than for the PEA film, both materials show a qualita-
tively similar response to prolonged light exposure.

11l. CONCLUSIONS

In conclusion, we demonstrated that the use of 2,3,4,5,6-
pentafluorophenethylammonium cations in (FASnI3)ys(MAPbI;)o 5
perovskite substantially improves the V¢ of solar cells. The champion
device shows a Vo of 0.84 V and a PCE of 19.13%. The addition of a
small amount of 5FPEA cations gives rise to the homogenous growth
of crystalline and well-oriented perovskite grains. The enhanced crys-
tallinity and the fused grains appear as the main reason for the reduc-
tion of the number of grain boundaries, the lower background carrier
density, and the decreased trap-assisted recombination losses with
respect to the control devices. In addition, the improved crystallinity
of the perovskite layer alongside the reduced trap state density on the
perovskite surface caused by the addition of 5FPEA cations reduces
the photo-induced degradation and enhances the device’s thermal
stability. As expected, the improved quality of the film is fundamental
to improve the device scalability, with 57% and 43% loss in efficiency

scitation.org/journal/are

when scaling the active area from 0.04 to 0.8 cm?, for the control and
5FPEA-based device, respectively. We believe that these results will
open the way toward a more intense investigation of the use of fluori-
nated molecules in Pb/Sn perovskite solar cells, which have the poten-
tial to surpass the efficiency of Pb-based perovskite devices.

IV. EXPERIMENTAL METHODS
A. Fabrication of PSCs

ITO glasses (30 x 30 mm?) were washed using soapy water and
subsequently sonicated in de-ionized water, acetone, and isopropyl
alcohol (IPA). The ITO glasses were then dried in air at 130 °C for
10min to remove the excess IPA. After drying, the ITO-coated
glasses were treated with UV-Ozone for 30 min. A PEDOT:PSS layer
was then spin-coated at 3000 rpm for 60 s and annealed at 140 °C for
20 min. The final solutions were prepared by mixing the MAPbI;
solution with the FASnI; (1:1 molar ratio) solution in a N,-filled glo-
vebox. The MAPbI; solution was prepared by dissolving 1.4 mmol of
Pbl,, 1.4 mmol of MAI, and 0.048 95 mmol of Pb(SCN), in 0.9 ml of
dimethylformamide (DMF) and 0.1ml of dimethyl sulfoxide
(DMSO) (DME:DMSO = 9:1). The FASnI; was prepared by dissolv-
ing 1.4mmol of FAI, 1.4mmol of Snl,, and 0.14 mmol of SnF, in
0.8 ml of DMF and 0.2 ml of DMSO (DMF:DMSO = 4:1). In the final
MA(sFAq5PbgsSngsI; (1.4 M) solution was added 0.021 M of
S5FPEAI or PEAI to realize 5FPEAI 5;sMAsFAq5PbgsSngsl; and
PEAg 01sMAg sFA sPbg sSng 515, respectively. The filtered solutions
(80 ul for each substrate) were spin-coated at 4000 rpm for 60 s in a
N,-filled glovebox with O, and H,O concentration of <0.1 ppm.
0.5 ml of diethyl ether was dropped 15 s after the start of the spinning
process. After preparation, perovskite films were immediately
annealed at 100 °C for 10 min on a hotplate. Then, the samples were
transferred to a vacuum chamber where 60 nm of Cgy and 6 nm of
BCP were evaporated at 5 x 10”7 mbar. Finally, 100 nm of Ag was
evaporated on top of BCP layer under a pressure of 10~® mbar.

B. Characterization
1. -V characteristics

The J-V curves of the perovskite solar cells were measured in a
N, filled glovebox (O, < 0.1 ppm and H,0O < 0.1 ppm). The standard
test conditions (295 K, AM 1.5 G solar illumination) have been applied
to measure all devices using a Keithley 2400 source meter and a
Steuernagel Solar constant 1200 metal halide lamp. The light intensity
was calibrated by using a Si reference cell. A shadow mask (0.04, 0.09,
0.25, and 0.8 sz) was used to exclude lateral contributions beyond
the device area.

2. EQE measurements

A home-build setup was used to measure the external quantum
efficiency (EQE) of the fabricated solar cells. In our setup, a xenon
lamp is used as light source, which is guided through three filter wheels
to cover a spectral range from 400 to 1400 nm. The wavelength inter-
val is of 20 nm and 30 nm for values smaller and bigger than 680 nm,
respectively. After the filter wheels, the light is chopped and focused
on the sample. All the measurements are performed in nitrogen atmo-
sphere. The obtained photocurrent is measured using a lock-in ampli-
fier (Stanford Research Systems, Model SR830 DSP lock-in amplifier).
For the calibration of the photon flux, a set of Newport optical power
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detectors (Newport Model 818-SL and Model 818-IR) have been used.
Finally, the integrated Jsc value is multiplied by the calculated mis-
match factor value (1.07) due to the slightly different spectral
responses of the perovskite and the silicon solar cells used to calibrate
the setup.

3. Impedance measurements

The capacitance-voltage (C-V) measurements are performed
using a Solarton 1260 impedance gain-phase analyzer. Specifically, we
carried out the measurement under dark conditions, applying a AC
drive voltage with a frequency of 10 kHz and an amplitude of 10 mV,
while the applied DC bias is swapped in the range of —0.2 to 1 V. The
C-f measurements are performed using a SP-200 bio-logic potentio-
stat equipped with an electrochemical impedance spectroscopy ana-
lyzer. An ac voltage, with a 10 mV amplitude, is applied at zero voltage
(short-circuit condition) under 1 sun illumination.

4. GIWAXS measurements

GIWAXS measurements are carried out using a MINA x-ray
scattering instrument with a Cu rotating anode source (4 = 1.5413 A).
To collect all the different patterns, a Vantec500 detector (1024 x 1024
pixel array with pixel size 136 x 136 um) placed 93 mm away from the
films. The perovskite films are placed in reflection geometry at certain
incident angles o; with respect to the direct beam using a Huber goni-
ometer. The «; angles are set to 0.4° and 2.0° to probe the thin film
structure at the surface (50 nm) and inside (350 nm) the layer. For the
calculation, the densities of 3.95g cm > is used for all the perovskite
compounds.”® A silicon substrate with native oxide on top has been
used to calibrate the direct beam center position on the detector and
the sample-to-detector distance. GIXGUI Matlab toolbox has been
implemeflted to analyze and correct the GIWAXS geometry of the raw
pattern.“

5. SEM measurements

SEM images were recorded using a NovaNano SEM 650 with an
acceleration voltage of 18 kV.

6. XRD measurements

XRD patterns of the three different perovskite films (Fig. S9)
were recorded in air without any encapsulation (moisture about 20%,
temperature about 20 °C) on a Bruker D8 Advance x-ray diffractome-
ter with a Cu K source (2 = 1.54 A) and a Lynxeye detector.

7. UV-vis measurements

A Shimatzu UV-Vis-NIR spectrophotometer (UV 3600) was
used to record the UV-vis spectra of the fabricated films without
encapsulation.

8. AFM measurements

A Bruker Multimode eight microscope with ScanAsyst air probes
(resonant frequency 70 kHz, spring constant 0.4N m ') was used to
investigated the perovskite film morphology in air. Micrographs were
recorded using a scan rate of 0.912 Hz with a resolution of 512 samples

ARTICLE scitation.org/journal/are

per line. The data were later analyzed with Gwyddion-free scanning
probe microscope (SPM) [AFM, scanning near-field optical micro-
scope (SNOM)/near-field scanning optical microscopy (NSOM),
scanning tunneling microscopy (STM), magnetic force microscopy
(MEM), ...] data analysis software.

9. PL measurements

PL measurements were obtained by exciting the sample with the
second harmonic (400nm) of a mode-locked Tiisapphire laser
(Mira900, coherent) operating at a repetition rate of 76 MHz. The
beam profile was spatially restricted by passing it through an iris, after
which the beam power was modulated by an adjustable neutral density
filter. The photoluminescence was collected and dispersed by a mono-
chromator with a 50 lines mm ™' grating, The dispersed spectrum was
subsequently captured using a Hamamatsu image CCD (ImageEM).

SUPPLEMENTARY MATERIAL

See the supplementary material for captions of supporting Figs.
S1-S19 and for Tables SI-SVL.
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