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ARTICLE INFO ABSTRACT

Keywords: The development of up-scalable and high-throughput methodologies to fabricate high-efficiency lead halide
Perovskite perovskite solar cells (PSCs) based on a-phase formamidinium lead iodide (FAPbI5) is one of the main challenges
FAPbDI;

of making solar energy economical. In this context, PSCs based on a-phase formamidinium lead iodide (FAPbI3)
are receiving special attention as this perovskite has the highest theoretical photoconversion efficiency (PCE).
This manuscript reports an easy, fast and environmentally-friendly way to prepare a-FAPbI3 black powders by a
microwave-assisted synthesis and their application in solar cells. The a-FAPbI3 powders consist of micrometric
particles that can be stored for weeks in a closed vial at ambient conditions. This technique presents an enormous
potential for upscaling FAPbI3 powders synthesis prerequisite necessary for large scale commercialization. The
performance of the presynthesized FAPbI3-based solar cell was comparable with that of PSCs fabricated with the
conventional procedure from precursors solutions, leading to a maximum PCE value of 18.15%, with an
Voc=1.07 V, a Js:=24.28 mA/cm? and an FF=70%. The presynthesized FAPbIs-based solar cell was further
modified through the addition of methylammonium chloride (MACI) in order to study the generality of the
approach. The optical band gap for the presynthesized perovskite shifted from ~1.43 eV to ~1.55 eV with the
MACI addition (30 mol%), indicating the formation of a mixed methylammonium and formamidinium based
perovskite material (MAFAPDI3). In addition, the incorporation of MACI led to an increase in the grain size and
the disappearance of the residual §-phase perovskite, thus improving the efficiency of the final device.

Presynthesized powder
Microwave synthesis
Solar cells
Photovoltaics

1. Introduction perovskite is combined with smalls cations like methylammonium

(MA), cesium (Cs) and rubidium (Rb) or with biggest organic cations

Recently, halide perovskites have emerged as a very promising class
of materials for thin film photovoltaics due to their high-power photo-
voltaic conversion efficiency (PCE) in solar cells 25.7% [1] and the
outstanding optical and electrical properties [1-4], despite the poly-
crystalline nature of the thin films. Among them, formamidinium lead
triiodide ((HC(NH3)2Pbl;3 or FAPbI3) in the black cubic perovskite phase
presents the lowest band gap ~1.43 eV [5,6], extending the absorption
into the near-infrared, with a bandgap close to ideal one considering the
Schockley—Queisser limit. However, at room temperature the black
phase, also known as a- phase, of FAPbI;3 evolves towards the most stable
non-perovskite hexagonal yellow &-phase (5-FAPbI3) [7,8] because
a-FAPbI;3 is thermodynamically unstable at temperatures below 150 °C
[9]. To prevent the undesired evolution, the formamidinium-based
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(2D/3D cations) [10-15]. The addition of different cations, produces
more stable perovskites with higher efficiency but widening the band
gap, [16,17] and consequently reducing the maximum theoretical PCE
that can be reached.

On the other hand, spin-coating deposition of the halide perovskite
from the perovskite precursors solution is the conventional way to de-
posit perovskite thin films for the fabrication of solar cells, either by the
one-step anti-solvent method [18-20] or by the two-step method
[21-23]. However, more recently, another approach to prepare perov-
skite solar cells has been proposed, which consist of presynthesizing the
FAPDI3 perovskite as a powder and dissolving it for direct deposition.
Different ways of presynthesizing the perovskite powders have been
reported, these methods provide higher material purity, major
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Fig. 1. Schematic diagram of FAPbI; powder synthesis assisted by microwave radiation.

reproducibility and better stoichiometry [24-26] This presynthesis
purifies the initial precursors and help to increase device performance.
Nevertheless, the presynthesis of the perovskite powder could constitute
a bottleneck in the fabrication process. Consequently, the development
of a presynthesis process that can be easily scaled up is a prerequisite for
the full commercial exploitation of this approach. In this work, we
present the synthesis of the a-FAPbI; powders by a fast and easy
microwave-assisted synthesis (MWAS) easily up scalable for the use in
perovskite solar cells (PSCs).

2. Experimental section
2.1. Materials

Lead iodide (Pbly, 99.999%) was purchased from ABCR. For-
mamidinium iodide (FAL, HC(NH3)5l, 99.99%) and methylammonium
chloride (MACI, 99%) were purchased from Greatcell Solar. Acetonitrile
(ACN, anhydrous, 99.8%) for the powder synthesis, dimethyl sulfoxide
(DMSO, 98%), dimethyl formamide (DMF, 98%), chlorobenzene (CB,
99%), titanium diisopropoxide bis(acetylacetonate) (97%), acetylace-
tone (99%), Spiro-MeOTAD (FEIMING CHEMICAL LIMITED), Bis(tri-
fluoromethane)sulfonimide lithium salt (LiTFSI, 99.95%) and 4-tert-
Butylpyridine (TBP, 98%) were purchased from Sigma-Aldrich. Tita-
nium dioxide paste (30-NRD from Dye Solar Cells, 99%). All the pur-
chased chemicals were used as received without further purification.

2.2. Microwave-assisted synthesis (MWAS) of FAPbI3 powder

In a general synthesis, 0.5041 g of Pbl, were loaded into a microwave
(MW) glass tube (total volume of 30 mL). Then, 1.6 mL of ACN were
added and stirred for 2 min. Separately, 0.2407 g of FAI (1.4 mmol) were
dissolved in 5 mL of ACN and added to the previous MW tube. After 5
min of stirring, the tube was placed in the MW reactor and heated at
10 °C/min up to Tax (Tmax: 100 °C, 110 °C, 120 °C or 150 °C) for 2 min.
Video S1 in the Supporting Information shows the microwave-assisted
reaction. The process is summarized in Fig. 1. The system was left
cooling with compressed air. The resulting black powder was decanted
out and washed twice with ACN. The FAPbI3 powder was recovered by
centrifugation at 5000 rpm for 5 min, followed by oven drying at 120 °C,
and kept there until use (at least for 24 h). Fig. S1 shows some photo-
graphs of the black MWAS perovskite powders synthesized at different
temperatures. After drying at 120 °C for 24 h, the samples are stable in
air conditions and can be stored at room temperature in closed vials for
at least one month without any degradation or phase transformation.

Reaction temperature was varied from 80 °C to 150 °C, and 120 °C
was selected as it was the lowest temperature producing good perfor-
mance PSCs. Below 80 °C, no reaction between FA and Pb precursors

was achieved.

2.3. Device fabrication

FTO substrates (2.5 x 2.5 cm) were washed in an ultrasonic bath
during 15 min per process. First, the substrates were washed in water
with soap and rinsed with distilled water. Then, the substrates were
washed with ethanol, acetone and isopropanol, respectively, and finally
dried with Ns. For the deposition of the electron transport material
(TiO2-c) 720 pl of Titanium diisopropoxide bis(acetylacetonate), 480 ul
of acetylacetone and 10.8 ml of ethanol were mixed. This solution was
deposited by spray pyrolysis at 450 °C with an annealing treatment for
30 min. After cooling, a film of TiO2-m was deposited by spin coating.
The precursor solution was prepared mixing TiO, paste with ethanol
(6:1 in mass) and stirring 24 h before the deposition. The deposit of this
film was performed at 4000 rpm for 10 s. The substrates were heated at
100 °C for 10 min. Finally, an annealing treatment was done at 450 °C
for 30 min.

Then, the perovskite films were deposited by spin coating. The pre-
cursor solution of the presynthesized FAPbI3 was prepared by dissolving
the FAPbI3 powder in a mixture of DMF:DMSO (4:1 in volume) with a
molar concentration of 1.24M. For comparison purposes, the conven-
tional procedure (CP) was also employed. In that case, the perovskite
conventional solution was prepared by mixing FAI (0.3 g), Pbl, (0.98 g)
and 1.410 ml of a mixture of DMF:DMSO (4:1 in volume).

The perovskite films were deposited using 80 pl of the precursor
solution. The speed of the spin coating was 4000 rpm for 30 s. After 25s,
250 pl of chlorobenzene was deposited like antisolvent. Finally, an
annealing treatment was done at 120 °C for 30 min in both methodol-
ogies. Fig. S1d shows a picture of the films prepared with the pre-
synthesized FAPbI3 powders. Furthermore, in order to improve the
quality of the FAPbI; films, 30 mol% of MACI was added in the precursor
solutions for both procedures (presynthesized powder and one-step
precursor solution). Then, the films were prepared in a similar
manner. The hole transport material was deposited by spin coating. The
precursor solution was prepared mixing Spiro-MeOTAD (0.16 g), chlo-
robenzene (1.740 ml), 4-tert-Butylpyridine (63 pul) and 36 pl of LiTFSI
solution (0.52 g of LiTFSI dissolved in 1 ml of acetonitrile). The Spiro-
MeOTAD was deposited using 80 ul of the precursor solution. The
speed of the spin coating was 4000 rpm for 30 s. After 1-5 s, after
starting the spin coating, the precursor solution is deposited.

Finally, a gold film (80 nm) was deposited, like metallic contact, by
thermal evaporation at a rate of 10 A/s.

3. Results and discussion

FAPbI3; powders obtained by MWAS have been systematically
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Fig. 2. SEM images of (a) black FAPbI; phase (the scale bar is 10 um), (b) perovskite film without MACI (the scale bar is 1 um), (c) perovskite film with MACI, (the
scale bar is 1 um), (d) XRD patterns of FAPbI3 powders and perovskite films with and without MACL. The o and § labels in the XRD patterns represents the main peaks
of a-phase and §-phase of the perovskite. and (e) UV-VIS-NIR spectrum with the respective Tauc plot (as inset) of the FAPbI; black power obtained from MWAS

at 120 °C.

characterized. SEM images revealed that the black powder is formed by
irregularly shaped particles with sizes ranging from 2 to 10 pm, see
Fig. 2a. The XRD pattern of the FAPbI3 powders obtained at 120 °C
exhibits the characteristic peaks of the black a-FAPbI3 phase [27], see
Fig. 2d (black line). Identical XRD patterns were obtained for powders
produced at different MWAS temperatures in the 100-150 °C range, see
Fig. S2.

Fig. 2b shows a SEM image of perovskite thin film prepared using
MWAS presynthesized FAPbI3 powder. It presents an average grain size
of 0.47+0.13 pm. The grain size histogram is included in the Fig. S3a.
The XRD pattern of perovskite film, see Fig. 2d, shows that the prepared
films exhibit the black a-FAPbI3; phase, [28] as the major phase, but
some residual amount of the yellow §-FAPbI3 phase [29] can be detec-
ted. After adding MACI (30 mol%) in the film, the morphology of the
surface changes and the grain size increases significantly [30,31] up to
an average grain size of 0.84+0.25 um, see Fig. 2¢ and see Fig. S3b for
the grain size histogram. More interestingly, the XRD pattern, see
Fig. 2d, also reveals that the black a-MAFAPbI3 peaks are more promi-
nent upon MACI addition, and a significant decrease of the yellow
8-MAFAPDI3 phase is observed. The addition of MACI in the solution
processing of I-based perovskite synthesis has been reported as a method
to enhance the systems crystallinity [32,33]. This extent is confirmed by
the X-ray diffraction pattern, which show an increase in the peak in-
tensity, pointing to better crystallinity [34,35]. Fig. S4 shows the char-
acteristic perovskite peak (110) for FAPbI3 (13.95°), MAFAPbI3 (14.00°)
and MAPbI3 (14.10°) and the characteristic peak (100) for FAPbClg
(15.41°) and MAPbCl3 (15.52°). A small shift towards higher angles is
detected when the MACI is added into the FAPbI3 perovskite solution.
This indicates that the MA™ ions are incorporated into the FAPbI;
structure. In contrast, the Cl~ ions are not incorporated into the
MAFAPDI3 perovskite since no new and/or shifted peaks associated to
Cl-containing phases are observed. These results agree well with previ-
ous reports, [31,36] and this is because the growth of hybrid mixed I/Cl
perovskites are energetically unfavorable [31,36]. Thus, Cl~ ions are
certainly evaporated during the annealing process [34,37,38].

The UV-Vis-NIR absorption spectrum of the powder, Fig. 2e, shows
the absorption onset located in the infrared region. The optical band
gap, with a value of 1.43 eV, was determined from Tauc plot graphs,
inset in Fig. 2e. This result is in good agreement with that reported in the
literature for the black FAPbI3 phase. [27] The samples prepared at
different MWAS temperatures display similar band gaps, see in Fig. S2b,
slightly varying from 1.42 to 1.44 eV.

The absorption and photoluminescence (PL) spectra for the perov-
skite films with MACI prepared by MWAS o-FAPbI3 powder and by the
conventional procedure (CP), from FAI and Pbl, solution, are repre-
sented in the Fig. 3a, with slightly higher absorption from films prepared
by CP. However, the PL signal is higher for the sample fabricated by
MWAS, indicating lower non-radiative recombination in the devices
fabricated by MWAS than for devices fabricated by the CP [39]. The
optical band gaps were determined from Tauc Plot, see Fig. 3b, leading
to values of ~1.55 eV for both methods. Consequently, the addition of
MACI produces a shift of the perovskite bandgap from ~1.43 eV, see
inset in Fig. 2¢, to ~1.55 eV, independently of the method employed to
prepare the perovskite film (MWAS or CP) indicating that MA is incor-
porated into FAPbI3 structure. The blue shift and the ~1.55 eV value
agrees well with other values reported into the literature for the
MAFAPDI3 [40].

For the preparation of devices, the thin film synthesis temperature of
120 °C was selected as optimal because with this temperature were
obtained the best results compared with other synthesis temperatures
(100 °C, 110 °C, 120 °C and 150 °C), see Fig. S5. The average perfor-
mance of FAPbI3 PSCs fabricated with a synthesis temperature of 120 °C
is 14.96%, see Fig. S5.

The PCE of PSCs was enhanced adding MACI for devices fabricated
with both MWAS FAPbI3 powder and CP solution. The statistics of the
MAFAPDI3 photovoltaic parameters are depicted in the Fig. 4. The
average solar cell parameters of the devices fabricated with the
MAFAPDI3 (MWAS) is 15.29% with an open circuit potential, short
circuit current and fill factor of Voc=0.98 V, J,:=22.24 mA/cm? and
FF=68.5%, respectively. On the other hand, the average parameters for
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Fig. 3. (a) Absorption and photoluminescence spectra and (b) optical band gap for perovskite films fabricated with the presynthesized MAFAPbI; powder (labeled as

MWAS) and the conventional precursor, FAI and Pbl,, solution (labeled as CP).
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Fig. 4. Statistics have been collected over ten different batches of solar cells fabricated of ~ 80 FAPbI3 with the conventional precursor solution (CP) and ~ 90 with

the MWAP FAPbI; powder.

the devices fabricated with the MAFAPbI; (CP) is 14.31% with an
Voc=0.94V, a J,.=22.35 mA/cm? and a FF=71%. The average of these
parameters, their dispersion and the parameters for champion devices
are summarized in the Table 1. The J-V curves, for the champion devices
are shown in the Fig. S6 Note that at less 80 devices from 10 different
batches has been prepared in order to have a reliable statistic.

The main advantage of the method presented in this work is the fast
way to obtain o-FAPbI3 particles with high crystallinity and low
bandgap, which can be stored and easily handled for the preparation of
photovoltaic devices by direct dissolution of the ready-to-use powders.
However, these results show that the use MWAS MAFAPbI3 powders can
produce devices with average (and champion) PCE and Voc higher than
the use of conventional precursor solution.

Representative Nyquist plots of electrochemical impedance spec-
troscopy (EIS) are showed in the Fig. S7 for de CP and MWAS devices.
EIS measured were carried out at 0.5 sun, varying the bias voltage from
the Vo to 0 V in steps of 0.15 V and varying the frequency from 10° Hz
(high frequency, HF) to 10! Hz (low frequency, LF).

Table 1

Summary of the average photovoltaic parameters and the parameters for
champion devices (values inside parenthesis) fabricated with MAFAPbI3 as
active layer, prepared using both the CP and MWAS FAPbI; powder.

Name Voc (V) Jsc (mA/cm?)  FF (%) PCE (%)
MAFAPDI3 (CP) 0.94+0.08 22.4+1.6 71+8 14.31+1.9
(0.99) (22.61) (75) (16.91)
MAFAPDI3 0.98+0.09 22.0+2.0 68+4 15.0+2.0
(MWAS) (1.02) (24.69) (72) (18.18)

In the Fig. 5a is showed the equivalent circuit used for the IS analysis,
as discussed elsewhere [41], containing the series resistance, Rg, asso-
ciated to the electrodes and wires resistances, the recombination resis-
tance, Ry, considering the transport resistance negligible [41], the
geometric capacitance, Cg, as a classical capacitor with electrostatic
nature of the films, and parallel branch with a resistance and a capaci-
tance in series, Rq; and Cg;, accounting for the ionic contributions of the
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Fig. 5. (a) Equivalent circuit used for the electrochemical impedance spectroscopy analysis [41]. (b) Recombination resistance, Ry, of the MAFAPbI; MWAS and

CP devices.

perovskite film [42].

In the devices fabricated with the MWAS perovskite, the higher V. is
originated by a larger recombination resistance in comparison with the
CP devices, see the Fig. 5b, This higher voltage can be produced by the
lower recombination rate [43,44] and in line with a low non-radiative
recombination [45-47] observed in the PL spectra, see Fig. 3a. In the
Fig. S8 the fitted Cq, R4r and Cqr values are show. Cg present similar
values as expected as the same material films are obtained by both
methods. The ionic nature of metal halide perovskites is well accepted
[48-51] we can appreciate that samples prepared by MWAS-based solar
cells presented higher ionic density, confirmed by the higher Cg4; and
lower Ry, [42], respect CP devices, see Fig. S8. This variation would be
induced by the different film preparation.

4. Conclusions

To summarize, we demonstrate the a-FAPbI3 powder preparation by
microwave-assisted synthesis and its use in perovskite solar cell fabri-
cation. The solar cells fabricated by conventional precursor (CP) solu-
tion method and using MWAS powders were compared. The MWAS
induce better crystallinity and similar band gap in comparison with the
CP solution method. Consequently, devices fabricated from MWAS films
present in average higher performance than reference CP solar cells, due
to a lower recombination rate as it has been determined by EIS. The
addition of MACI has a very positive effect in the films, it produces a
8-phase quasi-free perovskite and grain size bigger that the perovskite
without MACI, increasing PCE, but also widening the band gap. The EIS
analysis also shows that that MWAS preparation produces higher ion
vacancy density films. This work points out the enormous potential of
MWAS for applications in perovskite solar cell precursor synthesis.
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