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Low-temperature annealed methylammonium-free
perovskites prepared under ambient conditions in
C electrode-based perovskite solar cells¥

Maria Bidikoudi,*® Vassilios Dracopoulos® and Elias Stathatos (2 *?

A study of the optimization of methylammonium (MA) free perovskite compositions, targeted for their
application in hole transport layer (HTL) free perovskite solar cells with a carbon electrode (C-PSCs), is
presented. Initially, through the evaluation of cesium and rubidium inorganic cations or mixtures of them
used to stabilize the formamidinium (FA) based FAPbIlz perovskite to the black, active phase, cesium (Cs)
has emerged as highly promising. Further optimization of the perovskite composition by fine-tuning the
Cs/FA ratio has enabled C-PSCs with power conversion efficiencies (PCE) exceeding 12%. The C-PSCs
present high photocurrent density and FF values, owing to the optimal crystallization, absorption
ability and charge transfer properties, which have been confirmed using spectroscopy methods.
Moreover, MA-free C-PSCs have been prepared entirely under ambient conditions, using low cost and
low perovskite annealing methods, highlighting the potential of FA based perovskites for large area

rsc.li/energy-advances

Introduction

After more than 10 years of intensive research in the field of
perovskite solar cells, advances in chemical compositions,
material tailoring and device engineering have enabled solar
cells that demonstrate a certified power conversion efficiency
(PCE) exceeding 25%," in devices with a typical electron trans-
port layer (ETL)/perovskite/hole transporting layer (HTL)/metal
electrode structure, of either the normal or inverted configu-
ration. However, an alternative type of PSC has shown a notable
increase in the scientific literature during the last 5 years. These
are the PSCs where a counter electrode (CE), typically deposited
on the devices at the last stage of their fabrication by thermal
evaporation of a metal, such as Ag and Au, is prepared using a
low-cost carbon (C) paste and these are referred to as carbon
based PSCs (C-PSCs). By replacing the metal electrode with a C
electrode, apart from the obvious advantage of cost reduction,
the problems that are associated with the metals, such as ion
migration and corrosion,” which penalize the stability of the
devices, are eliminated. Among the device architectures of
C-PSCs, the one that presents a particular interest is the triple
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applications and contributing to the path towards their commercialization.

mesoscopic structure, which comprises a mesoporous oxide
layer serving as the ETL (e.g. TiO,), a mesoporous insulating
layer (e.g. ZrO,) and a mesoporous C electrode. The perovskite
is infiltrated through the triple layer stack and crystallized after
annealing. This device architecture possesses some very pro-
mising features, including the ability to be prepared under
ambient conditions and the ability to function without a HTL,
by exploiting the hole transport capability of both the perovskite
and C electrode. The aforementioned advantages over the typical
PSC structure combined with the high stability that C-PSCs
exhibit, make them ideal for application in large area devices
and favor the leap from lab-scale solar cells to a commercially
available product. For this reason, growing interest and intensive
research in C-PSCs have achieved an increase in PCE values from
6.64%° in their first report in 2013 to over 17%.’

The most widely studied perovskites, which are able to
deliver high PCE values, employ the methylammonium (MA)
cation in single or mixed cations and single or mixed halide
compositions. However, the bandgap of these perovskites,
being >1.5 eV, is not ideal for solar cell applications, since
it is higher than the Shockley-Quessier optimum bandgap of
1.2-1.45 eV,’ imposing a limitation to the maximum attainable
PCE. Moreover, the MA cation’s high hygroscopicity makes it
unsuitable for ambient handling, while it is also thermally
unstable, undergoing phase transitions from a tetragonal to a
cubic phase above 55 °C and degrading above 85 °C, as well as
upon exposure to moisture in the air, due to its low crystal-
lization energy and volatile nature.'®"” The above features

© 2022 The Author(s). Published by the Royal Society of Chemistry
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hinder the application of MA-based perovskites in large area,
“realistic” devices. For this reason, the replacement of MA with
the more stable formamidinium (FA) cation has been pursued
and the turn to MA-free perovskite compositions is highly
acknowledged.

FA-based perovskites are characterized by lower bandgap
values, and consequently extended light harvesting ability, long
charge diffusion length and high photostability."*™*® Even
though these properties are highly desirable for solar cell
applications, the single cation, single halide FAPbI; perovskite
requires a high temperature annealing in order to convert
to the black phase, while it also converts back to the non-
perovskite 5-phase at working temperatures.’” Therefore, it is
crucial in order to take complete advantage of the FA cation’s
favourable properties, to use a mixed-cation approach,
employing a secondary cation to the primary FA cation, as a
stabilizing agent.

Herein, a study of the impact of inorganic cations as
stabilizers of the FAPbI; perovskite is presented. This work
focuses on the preparation of FA-based perovskites under
ambient conditions, using a low-temperature annealing pro-
cess, and their incorporation in HTL-free, carbon electrode-
based perovskite solar cells (C-PSCs) of the triple mesoscopic
structure. The choice of both device architecture and fabrica-
tion method has been such that the outcomes are targeted to
applications in ambient-processed PSCs and modules that can
be fabricated using simple methods such as printing, with the
potential to transfer this technology to the large scale, of which
there are very few reports in the literature (Table S1, ESIt).

To this end, HTL-free, C-PSCs have been prepared under
ambient conditions with no control over temperature, oxygen
and humidity, implementing FA-based perovskites that have
been crystallized at a low temperature (100 °C). Initially a
scrutinizing process of the two inorganic cations of Rb" and
Cs’, as well as a combination of both, was performed and the
effects of their incorporation in FAPbI; C-PSCs have been
studied using crystallography (XRD), voltammetry and spectro-
scopy (UV-vis and electrochemical impedance spectroscopy)
methods. From this study, Cs has emerged as the most promis-
ing; hence, in the second step, the Cs content in perovskites of
the Cs,FA;_,Pbl; composition has been varied in order to
determine the optimum Cs/FA ratio. The optimization process
has yielded C-PSCs with a photocurrent density value higher
than 24 mA cm %, a V,. value exceeding 830 mV, a very
promising FF value of over 0.6 and a final PCE of ~12.2%,
with high reproducibility.

On the one hand, the motivation behind this study is the
uniqueness of the triple mesoscopic structure C-PSCs, which
are HTL-free and metal electrode free, while the entire solar cell
fabrication process is conducted under ambient conditions.
On the other hand, we propose a low temperature and low-cost
fabrication method that can be applied over a large area,
towards the commercialization of this type of PSCs, which
would implement a perovskite absorber with a bandgap close
to the optimal for solar cell applications with a simultaneous
elimination of the unstable MA-cation.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
1. Cation type investigation

The initial step for this study was to scrutinize the effects of
different inorganic cations, as per their capability to stabilize
the FAPbI; perovskite, which is well known to require a high
temperature annealing (150 °C) in order to form the active,
black perovskite phase, while it is also prone to structural
changes and conversion to the inactive a-phase when handled
under ambient conditions. For this purpose, in the literature,
the two most promising and widely adopted inorganic iodides
rubidium iodide (RbI), cesium iodide (CsI) and a combination
of both have been employed in the FAPbI; perovskite precursor
solution and the properties of the resulting perovskites, as well
as the corresponding C-PSCs, have been studied. For simplicity
reasons, the Cs,RbyFA;_, ,PbI; perovskite formulations are
denoted as Rby,, CssRbs and Cs;o, where x and y refer to the
molar percentage of the inorganic cations employed. The %
mol of the organic cation FA" is set to 90 and kept stable.

1.1 Structural properties. In order to elucidate the struc-
tural modifications that the incorporation of inorganic iodides
provokes to the reference FAPbI; perovskite, X-ray diffraction
spectroscopy (XRD) was applied to complete devices of the c-
TiO,/m-TiO,/ZrO,/perovskite/C structure and the spectra were
analyzed and compared (Fig. 1a).

By zooming in on the region between 10° and 15°, where the
peaks of the inactive d-phase of FAPDbI; and the first perovskite
peak (100) appear, we notice a great difference among the
spectra obtained, mainly regarding the photoinactive hexago-
nal §-phase of the FAPbI, peak, present at ~11.7°.*572° A very
intense peak is recorded for the FAPbI; perovskite, clearly
indicating the incomplete formation of the FAPbI; precursor
to the black, active perovskite phase. This is an expected
observation, since it is well known that FAPbI; requires a high
temperature annealing in order to form the active perovskite, in
addition to being highly unstable under ambient conditions,
which is the fabrication method employed in this study.
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Fig. 1 X-ray diffraction patterns of the perovskite films (a) at full range and
(bottom) with a focus at 10-15° (b), 28-33° (c), and 42-46° (d). The "V"
denotes the perovskite peaks and “*” denotes the fluorine-doped tin oxide
(FTO) peaks.
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This peak is noticeably reduced after Rb addition, with a further
reduction after Cs addition and the complete elimination of the
peak is observed after the replacement of Rb with Cs. This can be
attributed to the ionic radius of Cs" (1.81 A), which is smaller
than that of FA" (2.79 A),?* with this size difference promoting the
fine-tuning of the Goldschmidt tolerance factor towards more
structurally stable regions, as it has been previously reported in
the literature.2?>*® In contrast, the size of the Rb cation (1.64 A)**
is too small, thus hindering the formation of the perovskite lattice
and promoting the formation of non-perovskite side phases such
as RbPb(I,_,Br,);.>>*® This result predisposes to an optimum
performance when the Cs,, perovskite is employed as the active
layer in C-PSCs, with expected high photocurrent values owing to
the optimum crystallization. A higher perovskite peak (100) at
14.17° is also noted after the addition of inorganic cations to
FAPDI;, which maximizes for the Cs;o perovskite and is an
additional indication for better crystallization, adding to the
expectation of high photocurrent values for the corresponding
C-PSCs.

By focusing on the region between 27.5° and 32.5°, where
the (200) and (012) perovskite peaks at 28.3° and 31.7°, respec-
tively, appear, an increase in the intensity is again recorded
after the Rb and Cs insertion in FAPbI;, with the highest being
in the case of the Cs;, perovskite. For the (012) peak, small
shifts are also observed towards lower angles, for the Rb
containing perovskites; however, considering their very low
value (<0.1°), they can be classified as within experimental
accuracy rather than containing valuable information.

Finally, the same trend also appears when focusing on the
(220) perovskite peak at 40.38°; therefore, we can conclude that
the optimum crystallization of the perovskite phase, under the
fabrication conditions employed in this study (an ambient
process and low temperature annealing), occurs for the Cs;,
perovskite, which is also expected to yield the highest PCE in
the corresponding devices.

1.2 Optical properties. To further elucidate the changes in
the optical properties that arise from the employment of
inorganic cations, UV-vis absorption spectra were recorded on
perovskite films grown on multilayered c-TiO,/m-TiO,/ZrO,
substrates (Fig. 2a). This structure was chosen in order to avoid
any contributions from the mesoporous C electrode that would
lead to untrustworthy results. The bandgap of each perovskite
was determined by using the Tauc method, where (ahv)® is
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Fig. 2 (a) UV-vis absorption spectra and (b) Tauc plots of the perovskite
films under study (in the inset a focus in the FAPbIs perovskite spectra is
demonstrated for clarity).
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plotted as a function of the energy 4v and the linear region is
fitted, so that the bandgap results from an extrapolation of this
linear fit to the x-axis®”*® (Fig. 2b).

The absorption spectra obtained for the FAPbI; perovskite
distinctively demonstrate that there is no active perovskite
phase formed, under particular fabrication conditions employed
in this study. The absorbance is very low, even though the
bandgap of the perovskite is confirmed to be at 1.47 eV. After
the addition of Rb, there is a significant increase in the absor-
bance values, clearly indicating the increase in the light harvesting
ability of the perovskite film. By introducing Cs and with increas-
ing the amount, a further increase is noted in the absorbance
values, which maximizes for the Cs;, perovskite, indicating the
total replacement of Rb with Cs, suggesting that it will be the
perovskite formulation to deliver the highest efficiency values in
the corresponding solar cells. A simultaneous shift towards longer
wavelengths is also recorded upon the partial or complete sub-
stitution of Rb with Cs, which in turn yields lower values of Eg,
which are closer to the ideal bandgap for solar cell absorbers of
1.4 eV. Thus, we expect that the perovskite with the lowest Ey,
which is in this case Cs;o, will achieve devices with the highest
photocurrent values.

1.3 Solar cell performance. The performance of the as
prepared C-PSCs, incorporating the different MA-free perov-
skites, has been evaluated by applying linear sweep voltamme-
try measurements and plotting the j-V curves of the solar cells
under 1 sun illumination (Fig. 3a). The electrical parameters of
the devices have been extracted from the J-V curves and are
summarized in Table 1.

In the absence of any inorganic cations, that play the role of
“stabilizing” the crystal structure of the formamidinium (FA)
cation, in order for the perovskite active phase to be formed
under low temperature conditions (<150 °C), the FAPbI;
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Fig. 3 (a) Current density—voltage curves of the champion C-PSCs,

incorporating the MA-free perovskites under study, under illumination of
100 mW cm™2 simulated sun irradiation (1.5 AM) and (b) EQE of the
corresponding solar cells.

Table 1 Summary table of the electrical parameters obtained from the
J-V curves of the highest performing C-PSCs under study, in reverse
scanning mode. Integrated photocurrent J,. density is also provided,
calculated from the EQE curve for reasons of comparison

Perovskite Ji. (MAcm ™ ?) Vo (V) FF  PCE (%) Jin. (MAcm ?)
FAPbI, 8.47 0.797 0.39  2.69 8.69
Rby, 11.27 0.834 0.64 5.97 10.05
CssRbs 17.35 0.879  0.48  7.37 15.62
Csyo 24.30 0.834  0.60 12.19 21.87

© 2022 The Author(s). Published by the Royal Society of Chemistry
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perovskite yields a low performing device, when incorporated
in ambient processed, HTL-free C electrode PSCs. In particular,
the V,. value is acceptable, suggesting that the non-radiative
recombination losses are not detrimental for the device perfor-
mance. It is also an indication that the selection of transport
layers is appropriate for the FA-based perovskites and that the
infiltration of the precursor solution is successful.

However, the /. values obtained are distinctively low, justi-
fying that the active phase of the perovskite is not formed, as
also confirmed by the XRD measurements. Moreover, the low
fill factor (FF) values obtained indicate that there are many
charge transport losses occurring in this device, which are
attributed to the reduced capability of FAPbI; to effectively
transport holes, in this HTL-free device configuration.
By inserting a portion of the Rb cation in the perovskite
precursor solution, a substantial increase in the device perfor-
mance occurs. An increase in the V,. values by >35 mV,
combined with an increase in the J,. values by 33% and FF
value of 0.64, which is very high for this particular type of
device, leads to a more than two-fold increase in the PCE of the
Rb,, perovskite-based device, that increases close to 6% vs.
~2.7% for the plain FAPbI; based C-PSC.

Even though this is a significant improvement, the perfor-
mance of C-PSCs remains limited. Bearing in mind that the
Rb,FA; _,Pbl; perovskite films require a high annealing tempera-
ture (150 °C), as reported in the literature,>®>' something that has
been purposely avoided in this study, in order to follow a
construction protocol which will have the ability to be applied
in large area devices, we can attribute this low performance to the
inability of Rb, to effectively be converted to the “black phase”.

With the addition of Cs, a further improvement of the C-PSC
performance is achieved, with the PCE increasing up to 7.37%.
This is mainly a consequence of the significant increase in the
Jsc values, which increase up to 17.35 mA cm 2. This value is
within acceptable limits, suggesting that the active perovskite
phase is formed under the chosen fabrication conditions and
highlighting the synergistic effects of Cs and Rb in promoting
the lattice modification more effectively.>® An increase in the
Voe values is also observed, while, in contrast, the FF presents a
decrease after the addition of Cs.

By eliminating Rb and replacing it with an equimolar
amount of Cs (Csyg), a significant increase is noted in the
performance of the corresponding C-PSCs. A very high photo-
current value of 24.30 mA cm™? is recorded together with a
good V, value of 834 mV and a FF reaching 0.6, which yields a
final PCE as high as 12.19%, the highest that has been recorded
in the frames of this study.

The superior performance and the capability of the Cs;,
perovskite to deliver C-PSCs with enhanced photocurrent den-
sity values are also confirmed from the EQE spectra (Fig. 3b)
that are obtained for the MA-free perovskites with different
inorganic cations. The form of the spectra is that of a typical,
HTL-free, C electrode PSC of the triple mesoscopic structure,
where a decrease is noted beyond 600 nm.***

These results indicate the suitability of Cs, among the
inorganic cations available, to effectively stabilize FA and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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achieve highly crystalline MA-free perovskite films that can be
produced in low temperature and ambient conditions, which
allows their application in HTL-free, C-PSCs with the potential
of large area applications.

An additional feature that has been noted is the good
reproducibility of the devices, as shown in Fig. 4. This is a
feature of great importance, considering that the whole process
of both the perovskite precursor solutions and the consequent
C-PSC fabrication is conducted entirely under ambient condi-
tions, with no control over humidity and oxygen and that we
have chosen to use a low temperature annealing for the
perovskites. Thus, we can conclude that the materials and
methods proposed in this study are suitable for application
on a large scale. The effect of the inorganic cation variation in
the hysteresis of the MA-free carbon electrode based PSCs is
evaluated by plotting the J-V curves in reverse and forward
scanning modes (Fig. 5) and calculating the hysteresis index
(HI) using the formula (Table 2):

. PCERs — PCEgg
Hysteresis Index = T PCEgs (1)
The origin of the hysteresis in PSCs has been attributed to
the unbalanced charge carrier transport, ion migration and
trapping and detrapping of charge carriers.>>>° An interesting
observation has been made for the case of Rb employed as the
inorganic cation, where the R;, perovskite displayed the lowest
HI of 0.08, even though the PCE of the devices remains low.
Combined with the very high FF values obtained, we can
attribute this to the minimum defects in the perovskite film
and the good perovskite film morphology. As it has been
previously reported in the literature, Rb doping has proven to
yield hysteresis-free PSCs**® and this observation is also
confirmed for the particular PSC structure under study, where
no HTL is employed and the Au counter electrode is replaced by
a mesoscopic C electrode. The highest performing perovskite,
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Fig. 5 J-V curves of the highest performing C-PSCs prepared with the
different perovskites under study, in forward and reverse scanning modes.

Table 2 Summary table of the electrical parameters obtained from the
J-V curves of the highest performing C-PSCs under study, in forward
scanning mode

Perovskite  Ji. (mA cm™?) Voe (V) FF PCE (%) HI

FAPDI; 7.87 0.777 0.35 2.16 0.20
Rbyo 12.09 0.861 0.53 5.49 0.08
CssRbs 14.55 0.876 0.41 5.19 0.29
Cs1o 24.54 0.843 0.49 10.09 0.17

Cs4o, also exhibits devices with a HI of 0.17, which is low for
this type of device configuration, that comprises 3 mesoporous
layers while no HTL is employed.

1.4 Electrical characterization. To gain a further insight
into the electrical parameters of the devices, electrochemical
impedance spectroscopy (EIS) measurements were carried out
under illumination conditions with a frequency range from
1 MHz to 0.1 Hz at a forward bias of 0.8 V. The Nyquist and
Bode phase plots that were obtained for the C-PSCs incorpora-
ting the different inorganic cation MA-free perovskites are
presented in Fig. 6 (a and b, respectively) and were fitted in
order to extract the electrical parameters, using the Matryoshka
equivalent circuit®’ > as illustrated in Fig. 7. The data obtained
after the fitting of the experimental data are summarized in
Table 3.

One profound semicircle appears in the high-frequency
region (10*-10° Hz) of the Nyquist plots of all perovskites under
study; however, this element seems distorted for the C-PSCs
implementing the Rb and Cs doped perovskites. This is also
confirmed by the Bode phase plots, where a second small peak
appears in the spectra, in the intermediate frequency region
(10-10" Hz) and is mostly distinct in the Rby, perovskite spectra.

This is related to the time constants of the different pro-
cesses that take place, where the interfacial recombination
observed mainly at intermediate frequencies and the charge
transfer process observed at the high frequency region overlap,
providing a “mixed” signal.
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View Article Online

Paper
1000 70
« Csy = Csy
9001 (@) 200 . CsiRbg| 60 Cs:Rb RS (b)
800 g « Rby, + Rby
7007 §y100 FAPbI, ,:50 FAPbI,
C! 600 . 3 401
>~ 500 ]
H 30
Kot
N 400 £
300 ' 204
200
100 101 J—
= —— | o aaigiiiid
0 100 200 300 400 500 600 700 800 9001000 10° 10' 102 10° 10¢ 10°  10°

Z'(Q) Frequency (Hz)

Fig. 6 (a) Nyquist plots and (b) Bode phase plots obtained from electro-
chemical impedance spectroscopy (EIS) measurements, performed under
illumination, at 0.8 V applied potential, on C-PSCs employing the different
MA-free perovskites under study. A focus on the spectra obtained for the
C-PSCs after the insertion of inorganic cations is demonstrated in the inset
for clarity.

Fig. 7 The Matryoshka (ladder-type) circuit that was used for the fitting of
the experimental data obtained from the Nyquist plots after the application
of EIS measurements.

Table 3 The electrical parameters obtained after fitting of the experi-
mental data of the Nyquist plots of the as-prepared devices

Perovskite R, (Ohm) R.: (Ohm)
FAPDI; 28.19 550

Rby, 30.26 124
CssRbs 36.00 69.7
Cs1o 30.66 65.0

The high frequency region elements are attributed to the
charge transfer process at the perovskite/C interface, consider-
ing that there is no contribution of the HTL in our devices.*®*!
After the fitting of the experimental data, the values of the
charge transfer resistance (R.) are obtained (Table 3) and it
becomes clear that the addition of both inorganic cations
favors the extraction of the charge from the perovskite to the
counter electrode, with a minimum value being recorded for
the Cs,, perovskite, demonstrating that Cs allows for a better
charge collection, which is an additional justification of this
perovskite’s formulation optimum performance.

The series resistance (Ry) element and dielectric contribu-
tions are depicted as the first point of the interception of the
Nyquist spectra with the Z' axis. Similar values are obtained
after the fitting, demonstrating that the variation of inorganic
cations has no significant effect in the series resistance of the
C-PSCs. This is also an important observation, considering
the fabrication process of the C-PSCs under study, where the
perovskite is infiltrated through the 3 mesoporous layers
(TiO,/ZrO,/C) and indicates that the inorganic cations
do not alter the penetration capability of the perovskite
precursor solution, that could be detrimental for the device
performance.*>

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2. Cation structure investigation

The next step towards the exploration and optimization of
MA-free perovskites for their application in C-PSCs of the triple
mesoscopic structure is the optimization of inorganic compo-
nent’s content. More specifically, after having established Cs as
the optimum inorganic cation, we proceeded to the evaluation
of a series of inorganic/organic (Cs/FA) ratios on the perovskite
film properties and their performance in HTL-free, C-PSCs
prepared under ambient conditions and with low-temperature
annealing. For simplicity reasons, the Cs,FA;_,Pbl; perovskite
formulations are denoted as Css (5/95), Csio (10/90), Cs;s
(15/85) and Cs,, (20/80), where the fractions in parentheses
refer to the ratio of Cs/FA (x/1—x).

2.1 Structural properties. With the scope of scrutinizing
the structural differences among the Cs doped perovskites
under study and to compare and correlate the structural
properties with the expected outcomes of the corresponding
C-PSCs, X-ray diffraction spectroscopy (XRD) was applied to
complete devices of the ¢-TiO,/m-TiO,/ZrO,/perovskite/
C configuration and the spectra were analyzed (Fig. 8).

All of the spectra obtained present a distinctive peak at
~26.7°, which is assigned to the FTO substrate.”*"*® Consider-
ing that the intensity of this peak is the same in all measure-
ments, we have used this peak as a reference to assure the
validity of the obtained results (XRD peak origins and inten-
sity). Even though we have used a low-temperature annealing
to fabricate the perovskite films (100 °C), the peaks that
correspond to the black perovskite phase of Cs,FA; ,Pbl;
appear in all the perovskite films under study. In particular,
the most prominent peaks appear at 14.2° 20.1°, 28.3° and
40.5°, which are assigned to the (101), (110), (202) and (220)
planes, respectively. No shift of these peaks is observed with
increasing amount of Cs, which indicates that the increase of
the Cs amount has no effect on the crystal structure,*’*®
bearing in mind that the shifts appearing in the XRD spectra
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Fig. 8 X-ray diffraction patterns of the C-PSCs prepared with the 4
perovskites under study.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Energy Advances

of perovskites come as a result of changes in the crystal lattice
parameters and of the crystal lattice strain.**~>*

When we move from the lowest Cs/FA ratio of 5/95 (Css) to
10/90 (Csio), a noticeable increase is observed for all the
perovskite peak intensities, suggesting a better crystal quality,
and predisposing for a higher C-PSC performance, by obtaining
higher photocurrent values. With a further increase in the
Cs content, the peaks of the d-phase CsPbl; start to appear at
10.2° and 38.4° and with a further increase to the 20/80 ratio
(Csyo) at 13° additionally, which is undesirable for solar cell
applications,> > while at the same time a significant reduction
in the intensity of the (110) and (220) peaks suggests that the
perovskite films have a lower crystal quality, together with a
preferential oriented growth towards the (202) plane. The
absence of the unreacted Pbl, peak at 12.7° is clear evidence
of the complete transformation of the perovskite precursor to
high quality perovskite films, which is of high importance
considering that the whole fabrication process is conducted
entirely under ambient conditions.

2.2 Optical properties. To investigate the effect of the Cs
concentration on the optical properties of MA-free perovskite
films, UV-vis absorption spectra were recorded on the perovs-
kite films grown on multilayered c-TiO,/m-TiO,/ZrO, substrates
(Fig. 9a). The band gaps were calculated from the extrapolation
of a straight line to the X axis on the Tauc plot (Fig. 9b).

The increase in the Cs content from 5% to 10% mol
promotes an increase in the absorbance spectra over the whole
visible range, which correlates well with the XRD measure-
ments that revealed higher perovskite diffraction peaks for this
Cs concentration. This is an additional indication of the
optimum absorption ability of the perovskite film of this
Cs/FA ratio and the corresponding C-PSCs incorporating this
perovskite formulation are expected to yield high photocurrent
values. Further increase in the Cs content results in diminish-
ment of the absorbance values, which can be attributed to the
initializing of the CsPbl; inactive species formation, as also
suggested by the XRD spectra obtained. On the other hand,
the band-absorption edge for all Cs doped MA-free perovskite
films prepared and studied remains unchanged, indicating the
structural intactness of the perovskite lattice, in agreement with
the absence of shifts in the XRD perovskite peaks. Therefore, we
can conclude that the Cs content has no effect on the bandgap
values of the resulting perovskite, while the optimum Cs/FA ratio,
which provides the highest absorption, is 10/90.
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Fig. 9 (a) UV-vis absorption spectra and (b) Tauc plots of the Cs doped,

MA-free perovskite films under study.
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2.3 Solar cell performance. The Cs doped MA-free perov-
skites under study are incorporated in C-PSCs of the triple
mesoscopic structure (FTO/c-TiO,/m-TiO,/ZrO,/perovskite/C)
and their performance is evaluated by applying linear sweep
voltammetry measurements and plotting the /-V curves of the
solar cells under 1 sun illumination (Fig. 10a). The electrical
parameters of the devices are extracted from the j-V curves and
are summarized in Table 4.

Starting from the lowest Cs content 5/95, the highest per-
forming Cs doped MA-free perovskite (Css) based C-PSC exhib-
its a J, value of 22.29 mA cm ™2, with a V.. of 777 mV, and a FF
value of 0.57, which finally yields a PCE as high as 9.84%. This
result is already promising enough, considering that the
C-PSCs are HTL-free and prepared entirely under ambient
conditions, using low cost methods and low temperature
perovskite annealing.

With the increase of Cs and a simultaneous reduction of the
FA content, a systematic increase in the photocurrent values is
observed, in line with the results obtained from both the XRD
and absorbance measurements, confirming that a Cs content
higher than 5% improves the crystallinity of the perovskite
films, leading to optimum light absorption ability and
consequently delivering high photocurrent values in the corres-
ponding devices. These results are also confirmed by the
statistical graphs of the Js. vs. Cs content (Fig. 11a), where it
is observed that the mean value of J,. is systematically higher
for the Cs content over 10% mol, compared to the values
obtained for Cs 5% mol, while the highest mean value is
recorded for the 10/90 Cs/FA molar ratio (Csy,). The trend in
the Js. values as well as the effect of the Cs content on the
performance of the C-PSCs is also elucidated from the EQE
spectra obtained (Fig. 10b).

The V, values do not follow the same trend; as it can be seen
in the statistical graphs of the V,. values with the varying
Cs content (Fig. 11b), the mean value of V,. remains almost
constant, presenting a small increase only for the 10/90 Cs
doped perovskite. A slight enhancement in the FF values is also
observed, the highest ones being recorded for 10/90 and 15/85
perovskites (Csqo and Csys, respectively).

Overall, the perovskites with the Cs content equal to or
higher than 10% mol exhibit higher PCEs compared to the
perovskite with 5% mol Cs, owing mainly to the enhanced J,.
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Fig. 10 (a) Current density—voltage curves of the highest performing C-

PSCs, incorporating the Cs doped, MA-free perovskites under study, under
illumination of 100 MW cm™2 simulated sun irradiation (1.5 AM) and
(b) EQE of the corresponding solar cells.
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Table 4 Summary table of the electrical parameters obtained from the
J-V curves of the highest performing C-PSCs employing the Cs doped,
MA-free perovskites, in reverse scanning mode. Integrated photocurrent
density Jint, is also provided and calculated from the EQE curve for reasons
of comparison

Perovskite Ji. (mAcm™®) Vo (V) FF  PCE (%) Jin. (MAcm?)
Css 22.29 0.777 0.57 9.84 20.06
Csqo 24.31 0.834 0.60 12.19 21.86
Csy5 23.42 0.805 0.63 11.91 21.06
Csyo 24.40 0.843 0.51 10.38 21.96
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Fig. 11 Statistical graphs illustrating the device performance statistics
(> 20 devices for each condition) for C-PSCs incorporating the MA-free
perovskites under study (a) Js., (b) Voc, (c) FF, and (d) PCE, represented
in box-and-whisker plots. Device parameters are obtained from reverse
J-V scans.

valued recorded. More specifically, the 10/90 perovskite com-
position delivers a Ji. value of 24.31 mA cm ™2, combined with a
Voc value of 0.834 V and a FF of 0.6, which results in the highest
PCE obtained in this study of 12.19%. Even though the PCE of
the 15/85 perovskite, which is 11.91%, is very close to the one
obtained for 10/90, we can see from the statistical graphs of the
PCE vs the Cs content (Fig. 11c) that the mean value of the 10/90
perovskite is also higher than the one obtained for 15/85; hence
we can conclude that the optimum Cs/FA ratio is 10/90 for the
MA-free perovskites applied in HTL-free, C-PSCs of the triple
mesoscopic structure.

The hysteresis index (HI) for the highest performing C-PSCs
of each Cs/FA ratio is also calculated, after plotting the j-V
curves in reverse and forward scanning modes (Fig. 12), by
using the formula presented as eqn (1) in a previous page. The
results are summarized in Table 5 and elucidated the effect of
the Cs content on the hysteresis of the devices. The lowest HI
value is recorded for the 10/90 perovskite, which combined
with the highest PCE values (maximum and mean) that this
perovskite formulation exhibits confirms that the optimum
Cs/FA ratio has been reached.

2.4 Electrical characterization.
deeper insight into the effect of the Cs concentration on the
electrical parameters of the C-PSCs, electrochemical impedance

In order to obtain a

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 J-V curves of the highest performing C-PSCs prepared with the
Cs doped, MA-free perovskites under study, in forward and reverse
scanning modes.

Table 5 Summary table of the electrical parameters obtained from the
J-V curves of the highest performing C-PSCs under study, employing the
Cs doped, MA-free perovskites, in forward scanning mode

Perovskite  Joe (MAcm™?) Vo (V)  FF PCE (%)  HI
Css 22.17 0.796 0.44 7.68 0.22
Csqo 24.54 0.843 0.49 10.09 0.17
Cs1s 23.20 0.788 0.41 7.56 0.37
Csyo 24.64 0.824 0.33 6.81 0.34
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Fig. 13 (a) Nyquist plots and (b) Bode phase plots obtained from electro-

chemical impedance spectroscopy (EIS) measurements, performed under
illumination, at 0.8 V applied potential, on C-PSCs employing the Cs
doped, MA-free perovskites under study.

spectroscopy (EIS) measurements were performed, and the data
obtained from the Nyquist (Fig. 13a) and Bode phase (Fig. 13b)
plots were analyzed using the same method described in
Section 1.4 and summarized in Table 6.

One prominent semicircle is present in the Nyquist plot for
all the Cs doped MA-free perovskites under study, obtained in
the high frequency region as also confirmed from the Bode
phase plots, and is attributed to the charge transfer process
between the perovskite and the C electrode. With increasing Cs
content, a diminishment is recorded in the R values, which
correlates well with the increase in the generated photo-
current of these devices. The series resistance values do not

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 6 The electrical parameters obtained after fitting of the experimental
data of the Nyquist plots of the as-prepared devices

Perovskite R (Ohm) Re: (Ohm)
Css 30.89 47.8
Cs1o 29.80 31.4
CSys 37.26 29.7
Csa0 32.25 34.2

demonstrate significant changes, like in the variation of the
inorganic cation type, which has been an expected outcome in
this case, since the composition of the perovskite precursor
solution is subjected to a minimum change, which could not
affect the physical and chemical parameters that determine its
affinity with the mesoporous layers of the device architecture.

Conclusions

In this study we proceeded to the optimization of the composi-
tion of MA-free, FA-based perovskites for application in carbon
electrode based, hole transport layer (HTL) free perovskite solar
cells (PSCs). Both the perovskite precursor solutions and the
device preparation have been conducted entirely under ambi-
ent conditions, while the annealing of the perovskites has been
performed under low temperature conditions (100 °C), in order
to reduce the energy cost and qualify for large area applications.
Firstly, the effect of the inorganic salt type, used as a stabilizing
cation to the pure FAPDbI; perovskite has been investigated,
which has highlighted the potential of Cs, among Rb", Cs" and
a combination of both. The incorporation of Cs*, through CsI
addition in the perovskite precursor solution, has led to opti-
mum crystallization, as revealed by XRD measurements and
optimum absorption ability, as confirmed by UV-vis measure-
ments, leading to a champion PCE of ~12.2% for the corres-
ponding C-PSCs. An additional optimization of the Cs content
in the Cs,FA; ,PblI; perovskite has revealed that the optimum
ratio of Cs/FA for high performing devices is 10/90. This ratio
provides the highest PCE, along with the lowest series resis-
tance (R;) and a low charge transfer resistance (R.), as eluci-
dated from electrochemical impedance spectroscopy that was
performed in a series of Cs,FA;_,PbI; C-PSCs, with a varying
Cs/FA ratio. All the devices under study, regardless of their
composition and performance, present low hysteresis index
(HI) values and a good reproducibility, which highlights the
suitability of the proposed fabrication method for the prepara-
tion of efficient MA-free, HTL-free, carbon electrode PSCs,
under low cost, low temperature, ambient conditions, opening
the way for implementation in a variety of solar cell devices,
including PSC modules, flexible devices and tandem applications.
The results of this work, combined with the well-known increased
stability of MA-free perovskites, have provided the motivation for a
further stability study of ambient processed, HTL-free, C electrode
based PSCs, which is currently in progress and will be the next
step of this study, providing a thorough investigation of this
particular PSC design. Moreover, this work paves the way towards
alternative applications of C-PSCs of the triple mesoscopic
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structure, such as their incorporation in low light intensity
conditions, such as indoor photovoltaics, where C-PSCs prevail
over the traditional PSCs, owing to their low cost, combined
with PCEs that exceed 11% and high stability, with minor
degradation occurring at illuminance values <1000 lux.>®
Combined with the elimination of antisolvent during the
fabrication process and the high reproducibility of the results,
the expansion of this work and incorporation in large area
devices are expected to be highly promising with a great
potential for market uptake.

Experimental
Chemicals and materials

Unless otherwise specified, all the reagents were purchased
from Sigma-Aldrich and were used as received. Formamidinium
iodide (FAI) was purchased from Dyenamo. Commercial nano-
crystalline Titania paste 18-NRT was purchased from Greatcell
and SnO,:F transparent conductive electrodes (FTO, Resistance
10 Ohm square™ ') were purchased from Pilkington.

Preparation of the ZrO, paste

For the preparation of the ZrO, paste, 1 g of ZrO, (nanopowder
<100 nm), 0.3 g of TiO, (Degussa P25) and 1.4 g of ethyl
cellulose powder were mixed and ground in a mortar. Then
0.5 mL of acetic acid was added, followed by the addition of
2 mL of distilled water under continuous grinding. 12 mL
of absolute ethanol was then gradually added to the slurry,
followed by 4.8 g of terpineol. Finally, the mixture was stirred
for 5 min followed by 1 min sonication and additional stirring
for 5 min.

Preparation of the C paste

9 g of graphite powder (particle size <20 um), 3 g of carbon
black (Cabot Corporation) and 1 g of ZrO, (nanopowder
<100 nm) were mixed in a mortar. Then 18 g of terpineol
was gradually added to the mixture while grinding. Finally, 15 g
of ethyl cellulose solution (10 wt%) in absolute ethanol was
gradually added. This process ends by 1 min sonication followed
by 5 min of magnetic stirring. The addition of ZrO, is necessary to
facilitate the adhesion of C onto the underlying ZrO, layer and
improve the interface between these two materials.

Perovskite precursor solution synthesis

All the perovskite precursor solutions were prepared under
ambient conditions, inside a fume hood. For the preparation
of the FAPbI; perovskite, Pbl, (1.2 M) and FAI (1 M) were
inserted in a mixture of DMF:DMSO (4:1 v/v) and stirred at
70 °C for 1 h. For the preparation of Cs,RbyFA;_, ,Pbl;
perovskites, the appropriate amounts of cesium iodide (CsI)
and rubidium iodide (RbI) were inserted, to reach the desired
molar ratio (with respect to Pbl,). For simplicity reasons, the
below code names are used throughout the manuscript:

e Rb, ;FA, oPbI; = Rby,

® Cs0.05Rbg.05FA.oPbI; = CssRbs
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e CSy.05FA(.95PbI; = Css
e Csy1FA( oPbI; = Csq
e Csy15FA( g5PbI; = Csq5
e Csg ,FA, gPbl; = Cs,

Device fabrication

The device architecture of all the devices under study is the
triple mesoscopic structure of the FTO/c-TiO,/mp-TiO,/ZrO,/C
type, where the different perovskite precursor solutions have
been infiltrated through the mesoporous stack and then spin-
coated to obtain a homogeneous film. In particular, fluorine
doped tin oxide (FTO, 10 Ohm square ') glass substrates were
chemically etched by reacting Zn powder with 4 M HCI, to form
the desired pattern. The etched substrates were subsequently
immersed in a surfactant solution (Triton-X 10 wt% in distilled
water), deionized water, acetone and isopropanol and placed in
an ultrasonic bath for 15 min per cleaning step. After the last
rinse with isopropanol, the clean substrates were annealed at
500 °C, in order to remove any organic residuals. The compact
TiO, layer (c-TiO,) was deposited by spin coating 40 pL of
Ti-diisopropoxide bis(acetyl)acetonate (75% in isopropanol,
diluted by 1:9 v/v in N-propanol) at 2000 rpm for 10 s. The
spin-coated films were dried at 125 °C and then annealed at
500 °C for 10 minutes and the procedure was repeated 4 times.
The mesoporous TiO, layer (m-TiO,) was then deposited by
spin coating 40 pL of the TiO, paste (18-NRT, diluted in ethanol
1:6 w/v) at 4000 rpm for 20 s, followed by drying at 125 °C and
annealing at 525 °C for 30 minutes. The mesoporous films were
post-treated with aqueous TiCl, solution (40 mM), using the
chemical bath deposition method conducted at 70 °C for 1 h,
which was followed by annealing at 450 °C for 1 h. After cooling
down, ZrO, was deposited on the substrates, by doctor blading
a quantity of the as prepared paste, followed by spin coating at
5000 rpm for 30 s, in order to obtain a homogeneous film with
full coverage. The films were then annealed at 450 °C for
20 minutes. Finally, the C counter electrodes, with a thickness
of ~20 pum, as defined by the spacer that was used, were
deposited by doctor blading a quantity of the as prepared paste,
followed by annealing at 400 °C for 30 minutes. The perovskite
solution, kept at 70 °C, was infiltrated through the C electrode
for 30 s, followed by spin coating at 1000 rpm for 10 s and
5000 rpm for 20 s. The perovskite loaded substrates were then
placed for annealing at 100 °C, for 60 min, capped by a Petri
dish. After annealing, the perovskite films were washed with
isopropanol, by dropping 80 pL of the solvent and spin coating
at 6000 rpm for 10 s. No hole transport material and no
antisolvent dripping were used, while the whole process was
performed entirely under ambient conditions (RT 25 °C and RH
25-30%). The thickness of each layer was optimized according
to a previous report.”’

Characterization

The crystallinity of the perovskite films was examined by X-ray
diffraction (XRD) measurements using a Bruker D8 Advance
diffractometer with CuKo radiation (2 = 1.5418 A) in a 20 range
of 2° to 80° at a scanning rate of 2° min~". The measurement

© 2022 The Author(s). Published by the Royal Society of Chemistry
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was performed in complete devices, in order to obtain realistic
and reliable data about the capability of the perovskites to
crystallize within the pores of the triple mesoscopic substrate,
and particularly the mesoporous C layer, which is the most
prominent challenge regarding the carbon electrode perovskite
solar cells so far.

The ultraviolet-visible/NIR absorption diffuse reflectance
spectra of the perovskite films were obtained in the range of
300 nm to 850 nm using a Jasco V-770 spectrophotometer
equipped with a 60 mm integrating sphere embedding a PbS
Detector (ISN-923).

Photocurrent density-voltage (/-V) curves were recorded
using a Keithley 2601 source meter, with an applied potential
range from 1.1 to —0.1 V and a scan rate of 125 mV s~ ', by
illumination using a Solar Light simulator providing a beam of
100 mW cm ™2 light intensity. In order to determine the active
area of the devices, a black metallic mask of aperture size
0.145 cm?, which is close to the actual area of the devices, as
proposed by Kamat et al.’® was used. External quantum effi-
ciency (EQE) was determined using an incident photo to
current efficiency measurement apparatus (Thetametrisis
PM-QE) equipped with a xenon (Xe) light source using a filter
monochromator (Oriel CornerstoneTM 260 1/4 m, Newport)
which was controlled by the PM-Monitor™ software. Electro-
chemical impedance spectroscopy (EIS) characterization was
performed on PSC devices with a potentiostat/galvanostat
(PGSTAT128 N, Autolab B.V., Netherlands) under AM-1.5G
illuminated conditions.
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