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Lead halide APbX3 based perovskite solar cells (PSCs) continue to attract large attention
exhibiting currently a certified efficiency of 22.1%M, exceeding that of commercial
polycrystalline silicon solar cells?. This has prompted recent strong interest in the
development of PSCs for large-scale practical deployment. Since PSCs can be manufactured
by solution methods, judicious process design is of primary concern for commercialization,
targeting especially lower cost methods compared with other solar cells. However, state of the
art perovskite materials such as MAPDbIz or FAPbIs (where MA is methylammonium,
CHsNHz" and FA is formamidinium. CH2(NH),") that are mostly used for PSCs need
annealing at 70-150°C for 30-60 minutes to form the black crystalline photoactive layert®®!.
This process is not suitable for mass production. Considering the roll-to-roll fabrication that is
a very attractive way for mass production, the 30-60 minutes annealing process not only
decreases throughput but also requires large processing areas and annealing equipment, apart
from consuming energy. One way to address this problem is to employ an instant flash

annealing technique as reported by J.Troughton et al. who used NIR heating or photonic flash

sintering!®71,
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Another approach is to avoid the annealing step altogether. Recently, there are several
reports appeared on cation combinations such as FA and Cs and/or MA perovskite
formulations to yield black photoactive perovskite phase without annealing®®l. PSCs have
been prepare at RT with efficiency of 15-17% %1, However this method involves replacing
the high boiling point dimethyl formamide (DMF) or dimethyl sulfoxide (DMSO) by a
volatile solvent, which is not attractive from the practical point of view.

Here we show that Cs ions in combination with MA facilitate greatly the rapid room
temperature crystallization of perovskites and explore its role in enhancing crystal
formation. The device with optimized A-cation composition of FA0sMA0.1Cso.1
showed a solar to electric power conversion efficiency (PCE) of 18.1% (stabilized at
17.7%). Our method provides an attractive path to room temperature fabrication of
PSCs by low-cost, large-scale manufacturing such as the roll-to-roll process.

We investigate FA/MA/Cs triple cation formulations for room temperature perovskite since
they form high efficiency PSCs[®*%% and low temperature, photoactive perovskite phasel®l
with combination of FA/MA, FA/Cs or FA/IMA/Cs. To investigate the effect of cations, we
fixed the FA:(MA+Cs) ratio as 0.8:0.2 and Br:| ratio as 0.83:0.17 and varied the MA:Cs ratio.
For convenience, we describe the (FAosMAo2-xCsx)Pb(lo.s3Bro.17)s perovskite formulations as
FA0sMAo.2.xCsx. Figure la shows the effect of the MA/Cs ratio on the photoluminescence
(PL) emission spectra and UV-vis absorption spectra of the room temperature (RT) processed
perovskite films. We spin coated the films and kept it for 5 min at room temperature. For
comparison, we annealed in a similar way films at 100°C for 30 min. The data in Figure la
indicate a clear blue shift in the absorption and PL with increasing Cs content, due to lattice
contraction by the small Cs ions while the Cs-free non-annealed FA0sMAo.2Cso sample is not
fully converted to the perovskite phase at RT. This confirms that mixed cations FA/MA/Cs

are incorporated in the perovskite lattice.
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Figure 1b shows the x-ray diffraction (XRD) patterns of the perovskite to vary with the
MAV/Cs ratio for the RT processed films. As shown in our previous study, the (110) peak
exhibits a strong intensity compared to annealed Cs-free films (Figure S1). However, upon
increasing the Cs/MA ratio, the relative intensity of the (112) peak is increased. This indicates
that larger amounts of Cs affect the crystal orientation, which is unfavourable for the device
performancel*”]. The same tendency is shown in the un-annealed films.

On the other hand, for un-annealed films, formulations with less than 10% Cs exhibit
several peaks between 5-10 degrees in the XRD patterns, arising from an intermediate
MA2Pbsls-2DMSO phase (Figure S2)1*8. This indicates that films with less than 10% Cs are
not fully converted to perovskite at RT. Also, these formulations contain some yellow (d)
phase of FAPDbI3, which is undesirable for photovoltaic applications. Importantly, upon
addition of 10% Cs, the 5-phase completely vanishes. Thus we conclude that a minimum
amount of 10% Cs is needed to stabilize the photoactive black phase (a-phase) for FA/MA/Cs
triple cation perovskite formulations.

Figure 1c and Figure 1d show thermogravimetric analysis (TGA) data to detect any
residual solvent, which is especially important for non-annealed films. Interestingly, the RT
Cs-free (FA08MA02Cso) films show large amount of weight loss starting from around 70°C,
which corresponds to the evaporation temperature of DMF and DMSOM®. However, the
containing un-annealed films with the composition FAcsMA.1Cso1 and FAosMAoCso.2
display almost no weight loss similarly to the annealed film. This indicates that the Cs
containing films contain almost no residual solvent in good agreement with the XRD data. We
speculate that Cs interacts strongly with the [Pbls]*octahedra® replacing the intercalated
solvent. In the absence of Cs the perovskite undergoes strong complexation by DMSO
forming a stable DMSO-Pbl, or MAI-DMSO-Pbl, complexest? from which it is hard to
remove the solvent (Scheme 1). To confirm this hypothesis, we conducted FTIR for

FA0sMAo.2xCsx perovskite precursor solutions to see the intermolecular interactions in the
3
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solution state. Figure 1d shows that N-H stretching at 3300-3500 cm™ becomes stronger when
the Cs* is added to FA/MA perovskite precursor solution. This corresponds to hydrogen
bonding interaction (N* —H:--I) between the organic salts (MA*/FA™) and iodide of the
[Pbls]*octahedra.l*t! 21241 This causes a contraction of the distance of adjacent [Pbls]*
octahedral even in the solution state. Thus, we conclude that Cs helps not only stabilizing the
a-phase but also prevents incorporation of solvent, facilitating the room temperature
crystallization of the perovskite phase.

Figure 2 shows the scanning electron microscope (SEM) images of FAosMAg.2-xCsx films
for various Cs contents and FAo9MAoCso.1 before annealing. The grain size of perovskite
crystal becomes larger and larger with increasing the MA/Cs ratio. To investigate whether this
effect comes from MA or not, we prepared also the MA-free FA0.9sMAoCso.1 film. Comparing
FA09MACso.1 and FAosMA01Cso.1, We can see larger crystal in FAogsMAoCso.1. In addition,
the film with MA (FA0sMA0.1Cso.1) has less full width with half maximum (FWMH) value of
(110) peak from XRD pattern than that of the film without MA (FA09sMACso.1), which
indicates film with MA has better crystallinity (Figure S3). Thus we conclude that MA helps
to increase the grain size and crystallinity, probably due to interaction with DMSORl.
Therefore, especially in non-annealed perovskite, both Cs and MA are necessary to convert
the precursor to a pure photoactive perovskite phase of high quality crystals.

To investigate the solar cell performance, we used a device stack consisting of fluorine
doped tin oxide (FTO)/compact TiO2/mesoporous TiOx/triple cation perovskite/2,2°,7,7"-
tetrakis(N,N-di-p-methoxyphenylamine)-9-9”-spirobifluorene (spiro-OMeTAD)/Au. Figure
3a shows the cross sectional image of the device. All fabrication details can be found in the SI.
Figure 3b shows the dependence of the photovoltaic performance on the MA/Cs ratio with
and without annealing. Interestingly, mixtures of MA with Cs with annealed and un-annealed
devices obtained the highest PCE. This tendency was more pronounced for un-annealed

devices in line with the results from our XRD and SEM measurements discussed above.
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Figure 3c presents current density-voltage (J-V) curves of the best RT device with the
composition FAsMAg1Cso.1 under standard AM 1.5G sunlight at 100 mW/cm?. The PCE
derived from the J-V curve scanned in forward bias direction was 18.1% with an open-circuit
voltage (Voc) of 1155 mV, a short-circuit current density (Jsc) of 21.5 mA/cm?, and a fill factor
(FF) of 0.73, The power output was stabilized at 17.7% PCE. This is the highest PCE reported
so far for a PSC prepared at room temperature. Also surprisingly, there is only a 0.6 %
difference to annealed PSCs. In order to investigate its long-term shelf-life, we stored the
device in dark and dry air condition for 300 hrs (Figure S7). We confirmed there is no serious
degradation, the relative value being 10% loss after 300 hrs storage.

We also prepared room temperature perovskite on planar substrate with SnO2[?%! as
electron selective contact deposited by ALD and achieved a PCE of 17.3% with a Voc
of 1129 mV, a Jsc of 22.4 mA/cm?, and a FF of 0.68 derived from a forward scan and a
stabilized 17.0% PCE as shown in Figure 3d. This simple architecture employing
FTO/SnO2/RT-perovskite films should be very attractive for large-scale manufacturing.

We studied examined the effect of Cs and MA in FA based PSCs on the room temperature
crystallization of mixed cation perovskites. The presence of both Cs and MA was necessary to
obtain the photoactive crystalline perovskite phase and high quality crystals. Remarkably by
using optimized cation mixture of FA0sMA0.1Cso.1, we achieved a PCE of 18.1% (stabilized at
17.7%) without annealing or any post treatment. The perovskite material shows great

potential for low-cost, large-scale manufacturing such as roll-to-roll process.
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Experimental Section

Substrate preparation and Li-doping TiO2 Nippon Sheet Glass 10 Q/sq was cleaned by
sonication in 2% Hellmanex water solution for 30 minutes. After rinsing with deionised water
and ethanol, the substrates were further cleaned with UV ozone treatment for 15 min. Then,
30 nm TiO2 compact layer was deposited on FTO via spray pyrolysis at 450°C from a
precursor solution of titanium diisopropoxide bis(acetylacetonate) in anhydrous ethanol. After
the spraying, the substrates were kept at 450°C for 45 min and left to cool down to room
temperature. Then, mesoporous TiO> layer was deposited by spin coating for 20 s at 4000 rpm
with a ramp of 2000 rpm per second, using 30 nm particle paste (Dyesol 30 NR-D) diluted in
ethanol to achieve a 150-200 nm thick layer. After the spin coating, the substrates were
immediately dried at 100°C for 10 min and then sintered again at 450°C for 30 min under dry
air flow. Li-doping of mesoporous TiO. was accomplished by spin coating a 0.1 M solution of
Li-TFSI in acetonitrile at 3000 rpm for 30 s followed by another sintering step at 450°C for
30 minutes. After cooling down to 150°C the substrates were immediately transferred in a

nitrogen atmosphere glove box for depositing the perovskite films.

Perovskite precursor solution and film preparation The organic cations were purchased from
Dyesol; the lead compounds from TCI; Csl from abcr GmbH. The perovskite precursor were
dissolved in anhydrous DMF:DMSO 4:1 (v:v). We note that 10% excess Pbl, and PbBr. are
used for perovskite precursor solution. The perovskite solution was spin coated in a two steps
program at 1000 and 4000 rpm for 10 and 20 s respectively. During the second step, 200 puL
of chlorobenzene was poured on the spinning substrate 15 s prior to the end of the program.
The substrates were then annealed at 100°C for 30min in a nitrogen filled glove box (only for

the device with annealed perovskite).
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Hole transporting layer and top electrode After the perovskite annealing, the substrates were
cooled down for few minutes and a spiro-OMeTAD (Merck) solution (70 mM in
chlorobenzene) was spin coated at 4000 rpm for 20 s. Spiro-OMeTAD was doped with
bis(trifluoromethylsulfonyl)imide lithium salt (Li-TFSI, Sigma-Aldrich), tris(2-(1H-pyrazol-
1-yD)-4-tert-butylpyridine)-  cobalt(I1l)  tris(bis(trifluoromethylsulfonyl)imide)  (FK209,
Dynamo) and 4-tert-Butylpyridine (TBP, Sigma-Aldrich). The molar ratio of additives for
spiro-OMeTAD was: 0.5, 0.03 and 3.3 for Li-TFSI, FK209 and TBP respectively. Finally, 70-

80 nm of gold top electrode was thermally evaporated under high vacuum.

Photovoltaic device testing The solar cells were measured using a 450 W xenon light source
(Oriel). The spectral mismatch between AM1.5G and the simulated illumination was reduced
by the use of a Schott K113 Tempax filter (Prazisions Glas & Optik GmbH). The light
intensity was calibrated with a Si photodiode equipped with an IR-cutoff filter (KG3, Schott),
and it was recorded during each measurement. Current-voltage characteristics of the cells
were obtained by applying an external voltage bias while measuring the current response with
a digital source meter (Keithley 2400). The voltage scan rate was 10 mV s and no device
preconditioning, such as light soaking or forward voltage bias applied for long time, was
applied before starting the measurement. The starting voltage was determined as the potential
at which the cells furnish 1 mA in forward bias, no equilibration time was used. The cells
were masked with a black metal mask (0.1225 cm?) to fix the active area and reduce the
influence of the scattered light. The current was matched according to the intensity of the light

source.

Perovskite characterization A ZEISS Merlin HR-SEM was used to characterize the
morphology of the device top view and cross-section. X-ray diffraction (XRD) were recorded

on an X’Pert MPD PRO (Panalytical) equipped with a ceramic tube (Cu anode, A = 1.54060
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A), a secondary graphite (002) monochromator and a RTMS X’Celerator (Panalytical).in an
angle range of 20 = 5° to 40° under ambient condition. Absorption spectral measurements
were recorded using Varian Cary5 UV-visible spectrophotometer. Photoluminescence
spectra were obtained with Florolog 322 (Horiba Jobin Ybon Ltd) with the range of
wavelength from 620 to 850nm by exciting at 460nm. The samples were mounted at 60° and
the emission recorded at 90° from the incident beam path. For Thermogravimetric analyses
(TGA) were carried out using a PerkinElImer TGA4000 with the perovskite powders were
gathered from perovskite films which were prepared as same method for devices. The
measurements were carried out under dry nitrogen at 20 ml min by heating 5°C min™t. FT-
IR spectrometer with attenuated total reflectance (ATR) collected by Digilab FTS 7000

spectral data for perovskite precursor in DMF/DMSO (4:1) as liquid phase without dilution.
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Figure 1. Optical measurement and XRD analysis for room temperature (RT) prepared

FA0sMA.2xCsx films of varying Cs content x. (a) PL spectra and UV-vis absorption spectra

(dashed line) of the films. (b) XRD data the orange colored dashed vertical lines in the XRD

spectrum indicate the peak positions of the MA2Pbzlg-2DMSO intermediate phase. The data

of annealed films can be found in figure S1. (c) TGA curves and their first derivatives (insert)

of FA0sMAo2xCsx powder. Heating rate is 5°C/min (d) Fourier transform infrared

spectrometer (FTIR) spectra of perovskite solution of FAqsMAg.2-xCsx. Insert shows enlarged

curves in the range from 3800 cm™ to 3000 cm™.
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Scheme 1. Illustration of different procedures for crystalline perovskite film formation by
solution processing. (a) conventional two step method with annealing. (i) intermediate phase
of MA,Pbsls-2DMSO is formed with edge-sharing [Pbls] * octahedral layers after anti-
solvent treatment to FA/MA (without Cs). (ii) intermediate phase is converted to perovskite
phase via solvent/cation exchange between octahedral layers after thermal annealing (b) one
step method without annealing with Cs (i) Cs is intercalated and pushes out solvent molecules
from between the [Pbls] * octahedral layers since the intermolecular interaction of Cs-[Pbls] *
is strong enough to remove the solvents. It allows forming crystalline perovskite phase

without annealing.
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Figure 2. SEM image of perovskite films (a)FA0sMA02Cso (b)FA0.8MA0.1Cso.1

(0)FA08sMACso.2 (d)FA0.9aMACso.1 before annealing (Scale bar is 500nm).
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Figure 3 (a) Cross sectional SEM image of the FA0csMAo.1Cso.1 device without annealing.
Scale bar is 200nm (b) Effect off the MA/Cs ratio on the PCE for annealed and un-annealed
devices. J-V curve and maximum power point tracking of the champion FAqsMA0.1Cso.1
device without annealing on (c) mesoporous TiO> (d) planar SnO». Devices were masked with
an aperture of 0.1225cm? to define the active area. Incident photon to current efficiency

(IPCE), hysteresis behaviour and statistic data can be found in Figure S4-S6.
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A room-temperature perovskite material yielding a power conversion efficiency of
18.1% (stabilized at 17.7%) is demonstrated by judicious selection of the cations. Both
Cs and MA is necessary for room-temperature FA based perovskite to obtain the photoactive
crystalline perovskite phase and high quality crystals. This room-temperature made perovskite
material shows great potential for low-cost, large-scale manufacturing such as roll-to-roll
process.
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