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24 SUMMARY:
25  We describe a flash infrared annealing method used for the synthesis of perovskite and
26  mesoscopic-TiO; films. Annealing parameters are varied and optimized for processing on
27  fluorine-doped tin oxide (FTO) glass and indium tin oxide-coated polyethylene terephthalate (ITO
28  PET), subsequently giving devices power conversion efficiencies >20%.
29
30 ABSTRACT:
31 Organic—inorganic perovskites have an impressive potential for the design of next generation
32 solar cells and are currently considered for upscaling and commercialization. Currently,
33  perovskite solar cells rely on spin-coating which is neither practical for large areas nor
34  environmentally friendly. Indeed, one of the conventional and most effective lab-scale methods
35 toinduce perovskite crystallization, the antisolvent method, requires an amount of toxic solvent
36 that is difficult to apply on larger surfaces. To solve this problem, an antisolvent-free and rapid
37 thermal annealing process called flash infrared annealing (FIRA) can be used to produce highly
38 crystalline perovskite films. The FIRA oven is composed of an array of near-infrared halogen
39  lamps with an illumination power of 3,000 kW/m?2. A hollow aluminum body enables an effective
40  water-cooling system. The FIRA method allows the synthesis of perovskite films in less than 2 s,
41  achieving efficiencies >20%. FIRA has a unique potential for the industry because it can be
42  adapted to continuous processing, is antisolvent-free, and does not require lengthy, hour-long
43  annealing steps.
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INTRODUCTION:

Since their inception in 2009, solar cells based on lead halide perovskites have demonstrated
unprecedented growth, with power conversion efficiencies (PCE) increasing from 3.8%! to 25.2%?2
in just over a decade of development. Recently, there has also been interest in the development
of perovskite solar cells (PSCs) on flexible substrates such as polyethylene terephthalate (PET) as
they are lightweight, cheap, applicable to roll-to-roll manufacturing and can be used to power
flexible electronics®*. In the past decade, the PCE of flexible PSCs has improved significantly from
2.62% t0 19.1%”>.

The majority of the current processing methods for PSCs involve deposition of the perovskite
precursor solution, addition of an antisolvent (AS) such as chlorobenzene to induce nucleation
and finally thermal annealing to evaporate the solvent and promote crystallization of the
perovskite in the desired morphology®=. This method requires moderate amounts of organic
solvent (~100 plL per 2 x 2 cm substrate) that is typically not reclaimed, is difficult to apply on
large-area substrates and is not always reproducible. Additionally, the perovskite layer requires
annealing at >100 °C for up to 120 min while the mesoporous-TiO; electron transporting layer
requires sintering at 450 °C for at least 30 min, which not only leads to a large electronic cost and
a potential bottleneck in the eventual upscaling of PSCs, but is also incompatible with flexible
substrates which typically cannot sustain heating at >250 °C1%12, Alternative manufacturing
methods must, therefore, be found to commercialize this technology3'314,

Flash infrared annealing, first reported in 2015, is a low-cost, environmentally friendly and rapid
method for the synthesis of compact and defect-tolerant perovskite and metal oxide thin films
that eliminates the need for an antisolvent and is compatible with flexible substrates. In this
method, freshly-spin-coated perovskite films are exposed to near-IR radiation (700-2,500 nm,
peaking at 1,073 nm). Both TiO; and perovskite have low absorbance in this region, whereas FTO
is a strong NIR absorber and rapidly heats up, evaporating the solvent and indirectly annealing
the active material***>. A short 2 s pulse can heat the FTO substrate to 480 °C, while the
perovskite remains at ~70 °C, promoting vertical evaporation of the solvent and lateral growth
of crystals across the substrate. Heat is quickly dissipated via cooling from the external case, and
within seconds, room temperature is reached.

The nucleation and crystallization processes, and thus the final morphology of the film, can be
varied through FIRA parameters such as pulse length, frequency, and intensity, allowing for a
much more reproducible and controllable crystal growth'®, Assuming time-limited nucleation,
the pulse length determines the nucleation density whereas the pulse intensity determines the
energy provided for crystallization. Insufficient energy would result in incomplete solvent
evaporation or crystallization, whereas excess energy would result in thermal degradation of the
perovskite>. Optimization of these factors is, therefore, important for the formation of a
homogeneous perovskite film, which can affect the optoelectronic properties of the final device.

Compared to the AS method, FIRA has a slower nucleation and faster crystal growth, leading to
larger crystalline domains (~40 pum for FIRA vs ~200 nm for AS)*®. The lower nucleation rate could
be due to a lower supersaturation or a limited nucleation phase as controlled by the duration of
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the pulse'®>. However, the difference in grain size does not affect charge carrier mobility and
lifetime (mobility ~15 cm?/Vs for AS and ~19 cm?/Vs for FIRA)Y and gives films with similar
structural and optical properties, as measured by X-ray diffraction (XRD) and photoluminescence
(PL)'2. In fact, reports suggest that larger grain sizes are favorable due to suppressed perovskite
degradation at grain boundaries*. Compact, defect-tolerant, and highly crystalline perovskite
films can be formed with both methods, giving devices with >20% PCE?8,

Additionally, the elimination of the antisolvent and the reduction in annealing time from hours
to seconds make it much more cost-effective and environmentally friendly. With this method, a
crystalline mesoscopic-TiO, layer can also be manufactured, reducing the energy-intensive
sintering step (at 450 °C for 30 min, 1-3 h in total) to just 10 min'®!8, TiO, annealing times as
short as seconds have also been previously reported using variations of this method®=%2. As a
result, a whole PSC can be fabricated in less than an hour®. This method is also compatible with
industrial upscaling and commercialization as it can be adapted to large-area deposition and roll-
to-roll processing for fast and synchronized throughput production®. Furthermore, the water-
cooling system allows rapid heat dissipation, making it suitable for the fabrication of devices on
flexible substrates such as PET.

FIRA can be used for any wet, thin film that can be deposited via a simple solution process and
crystallized at different temperatures up to 1,000 °C. The parameters can be optimized such that
crystals in the desired morphology are formed. For example, it has been used for the synthesis
of various perovskite compositions on glass and PET'2%518 as well as the mesoscopic-TiO; layer
on glass, giving devices of >20% PCE*2. It also allows for the study of phase evolution against
temperature, as the oven and substrate surface temperatures are measured to give a
temperature profile of the crystallization process®'’.

This paper firstly discusses the protocol used for the optimization of annealing parameters to
synthesize a compact, defect-tolerant, and homogeneous perovskite (MAPbls) film, which
simultaneously offers insight into perovskite morphology evolution against temperature/pulse
time. Secondly, a protocol for the processing of perovskite solar cells with FIRA-annealed
mesoscopic-TiOz and perovskite layers is discussed. For this study, a perovskite composition
based on formamidinium (80%), caesium (15%), and guanidinium (5%) cations was used (herein
denoted FCG), and a tetrabutyl ammonium iodide (TBAI) post-treatment was carried out.
Therefore, this paper aims to demonstrate the versatility of the FIRA method, its advantages over
the conventional antisolvent method, and its potential to be applied in the eventual
commercialization of perovskite solar cells??-22,

This protocol is divided into 4 sections: 1) A general description of the operation of the FIRA oven
2) Process for the optimization and synthesis of a MAPbIs perovskite film on FTO glass 3)
Processing of FCG perovskite solar cells and 4) Synthesis of MAPbI; films on ITO-PET.
PROTOCOL:

1. Operation of the FIRA Oven
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NOTE: A schematic of the FIRA oven, developed in-house, is shown in Figure 1A. The FIRA oven
is composed of an array of six near-infrared halogen lamps (peak emission at wavelength of 1,073
nm) with an illumination power of 3,000 kW/m? and a total output power of 9,600 kW. A hollow
aluminum body provides an effective water-cooling system and it in turn allows rapid thermal
energy dissipation (within seconds). It is kept in a nitrogen glovebox, and N; is continuously
flowed through the chamber via a gas inlet to keep it under an inert atmosphere, except during
annealing. O; can also be introduced when annealing metal oxide films to promote oxidation.

[Insert Figures 1 and 2 here]
1.1 Programming of annealing cycles

1.1.1 Connect the FIRA oven to a computer, from which it can be controlled via a guide user
interface (Figure 2) on an in-house software. Based on the experiment, select full-power mode
or PID (proportional-integral-derivative) mode. In full-power mode, the IR lamps are either
completely on or off, whereas in PID mode, the oven is held at a specific temperature for a certain
amount of time by intensity modulation.

1.1.2 Ensure Table is selected on the Table/Manual toggle and input a timebase that is longer
than the total duration of the annealing and cooling processes.

1.1.3 Full-power mode: Input the times at which the lamps should be on or off in the table on
the right of the interface. In this way, single pulses as well as annealing cycles can be programed,
allowing control of the pulse length and frequency. This is suitable for films that can be rapidly
annealed, or for substrates that cannot tolerate sustained heating (e.g ,~1.5-2 s for perovskite
films).

1.1.4 PID mode: Input the time and temperature at which the oven should be irradiated in the
table. Similar to the working principle of a traditional hotplate, the intensity of the heating source
can be modulated. This is suitable for films that typically require longer annealing times (e.g., 15
min at 100 °C for TBAI).

1.1.5 Data acquisition: Download the temperature profile displayed on the left of the interface
as a .txt or spreadsheet file by right-clicking on the profile and then click on Export File.

NOTE: The software is used for both data acquisition and system control, where the main raw
data acquired is the temperature profile. On the temperature profile (Figure 2), the input
program is represented by the “set point”. The oven temperature (measured by a K-type
thermocouple) and substrate temperature (estimated by a pyrometer) are displayed in real time,
giving insight into the thin film crystallization conditions. Please note that the oven temperature
does not scale directly with traditional hot plate temperatures as the thermocouple is also
directly exposed to IR radiation. Rather, it serves as a reference point for comparison between
different FIRA annealing parameters.
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1.2 General annealing process

1.2.1 Deposit the precursor via a suitable solution process: spin-coating?®, dip-coating?’, or
doctor-blading?®.

1.2.2 Transfer the substrates into the FIRA oven chamber and close the oven lid. Ensure that
nitrogen flow into the chamber is turned off by closing the gas inlet valve.

1.2.3 Start and stop the annealing by clicking on START table and STOP table on the computer.
Alternatively, connect the FIRA oven to a foot pedal, which can also be used to start and stop the
program. As a result, annealing can be carried out without removing one’s hands from the
glovebox, allowing for a much smoother and synchronized process.

1.2.4 When the oven temperature reaches the room temperature, remove the substrates from
the oven chamber.

2. MAPDI3 Perovskite Film Synthesis and Optimization on FTO Glass
2.1 Perovskite Solution Preparation

2.1.1 Dissolve methylammonium iodide in anhydrous DMF:DMSO 2:1 v/v to obtain a 1.9 M
solution.

2.1.2 Add an equimolar amount of Pbl; to the solution and dilute with anhydrous DMF:DMSO
2:1 v/v to give a 1.4 M methylammonium lead iodide precursor solution. Heat at 80 °C until

complete dissolution and cool to room temperature.

NOTE: The solution is prepared and stored in an argon glovebox. The protocol can be paused
here.

2.2 Perovskite film synthesis
2.2.1 Use FTO coated glass substrates of 1.7 cm x 2.5 cm.

2.2.2 Clean the substrates via successive sonication in cleaning soap (2 vol % in deionized H,0),
acetone and ethanol for 15 min each, then dry them with compressed air.

2.2.3 Treat the substrates under UV/ozone in a plasma cleaner for 15 min.
2.2.4 Input the desired annealing program as per section 1.1.

2.2.5 Blow the substrate surface with a nitrogen gun to remove dust and other impurities.
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2.2.6 Spin-coat 50 uL of the perovskite precursor at 4,000 rpm for 10 s, with an acceleration of
2000 rpm-s2.

2.2.7 Immediately after deposition, transfer the substrate to the FIRA oven for annealing at a
range of pulse times as desired (0—7 s used herein, optimized pulse is 2 s). Start the inputted
annealing program by pressing START on the software or stepping on the foot pedal. A color
change from yellow to black should be observed, indicating the formation of a 3D perovskite
structure.

2.2.8 Remove the substrate when the oven temperature reaches 25 °C.

2.2.9 Store the annealed films in a dry air box.

NOTE: The FIRA oven and the spin-coater are placed in the same nitrogen glovebox such that
solution deposition and annealing can be carried out smoothly and under an inert atmosphere.

2.3 Material characterization

2.3.1 Capture optical images on a polarizing microscope equipped with a xenon light source
and infinitely corrected objectives of 10x and 50x.

2.3.2 Record absorbance spectra simultaneously with an optical fiber integrated into the
microscope set-up and connected to a spectrometer (spectral range 300—1,100 nm).

NOTE: The above characterization can be done immediately after annealing, allowing for rapid
screening of film quality. The measurements are taken in ambient air and temperature. More in-
depth characterization such as scanning electron microscopy (SEM) and X-ray diffraction can be
subsequently carried out (see section 3.7).

3. FCG perovskite solar cell processing

3.1 Substrate preparation and cleaning

3.1.1 Etch one side of the FTO glass substrates with Zn powder and 4 M HCI.

3.1.2 Clean substrates via successive sonication in cleaning soap (2 vol % in deionized H,0) for
30 min and isopropanol for 15 min, and dry with compressed air.

3.1.3 Treat under UV/ozone in a plasma cleaner for 5 min.
3.2 Compact TiO; layer

3.2.1 Heat FTO glass substrates to 450 °C on a sintering hot plate and keep them at this
temperature for 15 min before solution deposition.
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3.2.2 Dilute 0.6 mL of titanium diisopropoxide bis(acetylacetonate) and 0.4 mL of acetylacetone
in 9 mL of EtOH to give the precursor solution.

3.2.3 Deposit the solution via spray pyrolysis with oxygen as the carrier gas (0.5 bar) at 45° and
a distance of ~20 cm. Leave an interval of 20 s between each spraying cycle.

3.2.4 Leave the substrates at 450 °C for 5 min more, then cool to room temperature. This gives
a compact TiO; layer of ~30 nm.

NOTE: The protocol can be paused here. If the next step is not carried out immediately, re-sinter
the substrate at 450 °C for 30 min before deposition of the mesoporous-TiO; layer.

3.3 Mesoporous-TiO; layer

3.3.1 Make a precursor solution by diluting TiO, paste (particle size 30 nm) in EtOH at a
concentration of 75 mg/mL. Stir the solution with a magnetic stirrer bar until complete
dissolution.

3.3.2 Spin-coat 50 pL of the solution at 4,000 rpm for 10 s, with a ramp of 2,000 rpm-s™.

3.3.3 Program an annealing cycle of 10 pulses, 15 s on and 45 s off in the table on the software.
3.3.4 Place the substrates in the FIRA oven, and anneal under full power mode with the above
annealing cycle by pressing Start Table or stepping on the foot pedal. This yields a 150-200 nm
layer.

3.3.5 Remove the samples when the oven temperature reaches 25 °C.

NOTE: Ensure that the oven is at room temperature or below before starting annealing. With the
above cycle, the oven temperature reaches ~600 °C during annealing.

3.4 Perovskite layer

3.4.1 Make a solution of formamidinium iodide (1.12 M), Pbl, (1.4 M), Csl (0.21 M) and GAI
(0.07 M) in anhydrous DMF:DMSO 2:1 v/v.

3.4.2 Spin-coat 40 pL of the solution at 4,000 rpm for 10 s.

3.4.3 Program an annealing step of 1.6 s on full power mode on the software (until it reaches
90 °C).

3.4.4 Transfer the substrate to the FIRA oven and start annealing by pressing Start Table or
stepping on the foot pedal. The surface should turn from yellow to black.
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3.4.5 Leave the samples in the oven for an additional 10 s for cooling before removal.
3.5 Tetrabutyl ammonium iodide (TBAI) post-treatment (optional)

3.5.1 Dissolve 3 mg of tetrabutyl ammonium iodide in 1 mL of isopropanol.

3.5.2 Spin-coat the solution at 4,000 rpm for 20 s.

3.5.3 Program an annealing step at 100 °C for 15 min using PID mode.

3.5.4 Transfer the substrate to the FIRA oven and anneal with the above program. Cool to 25
°C before the next step.

3.6 Hole transporting material and top electrode

3.6.1 Dissolve spiro-OMeTAD in chlorobenzene (70 mM) and add 4-tert-butylpyridine (TBP),
Lithium bis(trifluoromethylsulphonyl)imide) (Li-TFSI, 1.8 M in acetonitrile) and Tris(2-(1H-
pyrazol-1-yl)-4-tert-butylpyridine)-cobalt(lll) Tris(bis(trifluoromethylsulfonyl) imide) (FK209, 0.25

M in acetonitrile) such that the molar ratio of the additives with respect to spiro-OMeTAD are
3.3, 0.5, and 0.03 for TBP, Li-TFSI, and FK209 respectively.

3.6.2 Deposit 50 pL of the solution at 4,000 rpm for 20 s under dynamic spin-coating, adding
the solution 3 s after the start of the program.

3.6.3 Leave it to oxidize overnight in a dry air box.

3.6.4 Deposit 80 nm of gold via thermal evaporation under vacuum. Use a shadow mask to
pattern the electrodes.

3.7 Photovoltaic device testing and material characterization

3.7.1 Take photovoltaic measurements using a solar simulator equipped with a xenon arc lamp
and a digital source meter. Specify the active area of the device with a black, non-reflective metal
mask (0.1024 cm? used herein). Measure the current-voltage curves under reverse and forward

bias at a 10 mV/s scan rate under AM 1.5 G irradiation.

3.7.2 Take X-ray diffraction patterns with a diffractometer in reflection-spin mode, using Cu
Ko radiation and a Ni 3 filter.

3.7.3 Take scanning electron microscope images at an acceleration voltage of 3 kV.

4, MAPbIs films on ITO-PET substrate
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4.1 Cut ITO-PET and microscope glass slides into pieces of 1.7 cm x 2.5 cm.
4.2 Clean the glass slides and ITO-PET as per steps 2.2.2-2.2.3.

4.3 Attach the ITO substrates onto the glass slides with double-sided tape, ensuring they are
as flat as possible.

4.4 Prepare the MAPbIs precursor as described in section 2.1. Blow the substrate surface with
an Nz gun before spin-coating the solution and annealing the film with FIRA, as per steps 2.2.5—
2.2.8, with a pulse time of 1.7 s.

4.5 Carry out material characterization as described in sections 2.3 and 3.7.

REPRESENTATIVE RESULTS:

Optimization and synthesis of MAPDbI; films on FTO glass

To assess perovskite film quality, microscope images, X-ray diffraction, and absorbance spectra
were taken. The optimum pulse time should yield a compact, uniform, and pinhole-free film with
large crystal grains. Figure 3 shows optical images of MAPbIs films at pulse times ranging from 0
s to 7 s, while Figure 4 shows the XRD spectra of films annealed at selective pulse times. These
pulse times represent the boundaries of the four distinct perovskite phases observed based on
the various characterizations carried out. The phase evolution as a function of pulse time and
temperature is shown in Figure 5, and a comparison of the top-view SEM images of films formed
by both FIRA and antisolvent methods are found in supplementary information S1. XRD patterns
for all pulses and corresponding absorbance spectra are found in supplementary information S2
and S3. Pulses from 0 to 1.6 s gave needle-like crystals or small crystalline domains separated by
non-crystalline phases, as evidenced by the precursor peaks at 20 = 6.59, 7.22, and 9.22°%°. For
1.8 to 3.8 s pulses, well-defined crystal grains were formed, and XRD patterns showed the
formation of the MAPbIs tetragonal 14/mcm phase. This is also confirmed by the absorption onset
of 780 nm. However, longer pulse times led to thermal degradation of the perovskite, with
complete degradation for pulses >5 s, as shown by the evolution of the Pbl, peak at 20 = 12.7°.
The optimized pulse was determined to be 2 s, giving crystal grains of ~30 um. Therefore, FIRA
allows for a comprehensive study of the nucleation and crystallization processes based on
temperature, as controlled by the pulse time. The parameters can also be varied and optimized
for different thin films, showing the versatility of this method.

[Insert Figures 3-5 here]
FCG perovskite devices

Figures 6A,B show the temperature profile and XRD pattern of the mesoscopic-TiO, layer
annealed with a FIRA cycle of 10 pulses, 15 s on and 45 s off. With FIRA, temperatures of ~600 °C
could be reached and the TiO; layer can be synthesized in just 10 min, much shorter than the
conventional method which requires sintering for 1 h to 3 h, peaking at 450 °C. The resulting film
shows no discernible difference to that sintered on a hot plate. As a result, the whole perovskite
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solar cell could be processed in less than an hour. The cross-sectional SEM image (Figure 6C)
shows that the subsequent devices fabricated are very similar to those made via traditional
methods, with layers of similar thickness and morphology. Additionally, FIRA-processed devices
showed excellent performance (Figure 7), with the champion device showing PCE = 20.1%, FF =
75%, Voc = 1.1V, and Jsc = 24.4 mA/cm?, comparable to devices fabricated with the antisolvent
method. A large-area device with a 1.4 cm? active area also gave PCE of 17%, showing FIRA is a
promising alternative processing method for the manufacture of PSCs.

[Insert Figure 6-7 here]
MAPbDI;3 films on ITO-PET

Figure 8 shows optical images of MAPbIz films annealed at pulses ranging from 1 s to 2 s. At
shorter pulse times, there is incomplete crystallization, whereas at pulse times >1.7 s, the PET
substrate begins to melt (see Supplemental Figure 4). Thermal degradation of the perovskite is
also observed for the 2 s pulse. At the optimized pulse time of 1.7 s, densely packed crystal
domains of ~15 um were observed. Although there are small pinholes of 1-2 um, it is clear that
FIRA can be used to form compact and uniform perovskite films on flexible polymers without
melting the substrate, due to rapid cooling from the case, which is a significant advantage
compared to hotplate annealing.

[Insert Figure 7-8 here]
FIGURE AND TABLE LEGENDS:

Figure 1: (A) Schematic showing cross-section of the FIRA oven. The oven chamber is
continuously cooled by water flowing through the case and kept under an N, atmosphere. (B)
Picture of the FIRA oven.

Figure 2: Interface of the FIRA software. The panel on the left shows the temperature profile,
which displays the set point (input program), oven temperature, and pyrometer (substrate
surface) temperature. The desired annealing program is inputted on the table on the right.

Figure 3: Optical images of MAPbI3 perovskite films on FTO glass, annealed with pulses ranging
from 0 s to 7 s. All images were taken at 10x magnification in transmission mode.

Figure 4: XRD spectra of MAPbI; films annealed at selective pulse times. Labeled planes are
representative of the tetragonal 14/mcm phase. Asterisked peaks represent diffractions from
Pbly, while the blue rectangle represents those from the precursor solution.

Figure 5: Temperature profile showing perovskite phase evolution as a function of pulse length.
The boundary of the different phases has been determined from the corresponding XRD analysis,
shown in Figure 4. Adapted from?®°.
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Figure 6: (A) Temperature profile of mesoporous TiO; annealing in FIRA, with a cycle of 10 pulses
of 15 s on and 45 s off. (B) X-ray patterns for TiO; films annealed with a hotplate and FIRA, and a
blank FTO substrate as reference. (C) Cross-sectional SEM images of perovskite solar cell
architectures, processed by FIRA and antisolvent. Reproduced with permission from?,

Figure 7: Current-voltage curve for champion FCG perovskite devices. (A) FIRA-annealed
mesoporous-TiO, and perovskite layers. (B) Large area (1.4 cm?) device with FIRA-annealed
mesoporous-TiO; and perovskite layers. Reproduced with permission from?,

Figure 8: Optical images of MAPDbI; films annealed at various pulse times on ITO-PET. All images
are taken in transmission mode and 10x magnification unless otherwise specified.

Figure 9: Schematic representation of perovskite film processing with FIRA. The wet film is
deposited from the solution by spin-coating and subsequently transferred to the FIRA oven for
annealing in ~2 s, giving the black perovskite stable phase.

Figure 10: A comparison of the relative cost and environmental impact of FIRA and anti-solvent
methods determined by life cycle assessment. GWP = Climate change [kg CO; eq], POP =
Photochemical oxidation [kg CoHa eq], AP = Acidification [kg SO, eq], CED = Cumulative energy
demand [MJ], HTC = Human Toxicity, cancer effects [CTUh], HTNC = Human Toxicity, non-cancer
effects [CTU], ET = Freshwater ecotoxicity [CTUe]. Reproduced with permission from?2.

Supplemental Figure 1: Top-view SEM comparison of FIRA and hotplate annealed perovskite
films. (A) Top view of FIRA-annealed perovskite films for four annealing times, scale bar: 25 um.
(B) Top view of a reference film made by the antisolvent method followed by annealing at 100 °C
for 1 h on a standard hotplate, scale bar: 1 um. Adapted from?.

Supplemental Figure 2: XRD spectra of MAPDbI; films on FTO glass, annealed with pulses of (A)
0-1.4s(B) 1.6—3 s (C) 3.2-4.6 s (D) 4.8—-7 s.

Supplemental Figure 3: Absorbance spectra of MAPbI; films on FTO glass, annealed with pulses
of (A) 0.2-1.8 s (B) 2-3.6 5 (C) 3.8-7 s.

Supplemental Figure 4: Physical appearance of MAPbI; films annealed on PET at various pulse
lengths.

Supplemental Figure 5: Temperature profile and top-view SEM images of the pristine paper
substrate, ITO electrode, and mesoporous-TiO: layer processed with FIRA.

Supplemental Figure 6: Cross-sectional SEM image of perovskite deposited (via antisolvent
method) on a FIRA-annealed ITO/TiO; stack. ITO np = ITO nanoparticles, pvk = perovskite.

DISCUSSION:
Figure 9 shows the general process of perovskite film annealing with FIRA.
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[Insert Figure 9 here]

In the solidification process of a thin film from the solution, the desired final shape will depend
on the application: films in energy devices for photocatalysis, battery electrodes, and solar cells
can have different morphologies3®33. Therefore, identifying the optimal parameters for each
substrate and wet film interface is a critical step in the protocol to follow. Typically, for PSCs we
expect to have shiny and smooth films in order to minimize defects and to enhance the
photophysical properties such as charge transport of carriers to give null non-radiative
recombination3*3>3%, For thin film processing, the main parameters are pulse time, the number
of pulses, and the irradiation temperature, which are a balance between forming the desired
morphology while being as rapid and energy efficient as possible. Insufficient energy would lead
to incomplete solvent evaporation or crystallization, while excess energy would lead to
degradation of the material. Therefore, it is crucial to systematically vary the annealing
parameters and analyze the resulting film quality (as detailed in sections 2.2, 2.3, and 3.7) to find
the optimal parameters for each thin film/substrate combination. Once this is completed, thin
films can be synthesized rapidly and reliably. The method relies on its accuracy, for example, the
minimum pulse time is 20 ms, allowing one to finely control the temperature ratio for crystal
growth. Besides, one can have a wide window for optimization, aided by the data collection of
images and absorption spectra for optical and morphological screening.

The FIRA method is still in development, and, as its name implies, it is currently based on IR
irradiation. However, the latest version of FIRA includes UV-A radiation generated from a
separate metal-halide lamp source. UV and IR can be used for combined wavelength photonic
annealing and curing, providing additional functionality. For example, semiconductor curing with
FIRA is a straightforward way to improve the wettability of substrates. Additionally, for a multi-
layered approach in crystal growth, this selective wavelength annealing can be adapted
depending on the material, and the pulse can be modulated depending on the desired
shapel®3237 Current investigations include annealing of an ITO electrode and a mesoscopic-TiO;
layer on paper (the latter using mixed IR/UV annealing, see Supplemental Figure 5 in the
supplementary information). As shown in Supplemental Figure 6, a perovskite film can be
successfully deposited on the FIRA-annealed ITO/TiO; stack. This can be applied to a wide range
of substrates and thin films in the future.

So far, the FIRA method is limited to the annealing of wet films that can be deposited via solution
processes. It depends on the capability of the deposition method, and this is governed by solvent
engineering and multi-layered growth based on solutions with approaching solvent polarities.
Optimization is also required for each thin film as this is a novel method without a lot of
previously reported protocols in literature, which may be time-consuming. Additionally, although
FIRA can be used for flexible substrates such as PET and paper as there is rapid cooling from the
case, a good contact between the substrate and the oven chamber must be ensured to avoid
substrate melting. This may be difficult since flexible substrates are easily bent during processing,
but this may be improved by attaching the substrates on a thin glass slide to ensure that they are
completely flat and to allow ease of manipulation. However, it is important to note that the
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absorption of the film will change as the material transitions from non-absorbing (wet NIR-
transparent perovskite precursor material) to dry (NIR-absorbing black perovskite) and this
additional absorption can contribute to the damage of the substrate38.

Despite these limitations, FIRA still presents many advantages in comparison to the antisolvent
method. Firstly, thin films can be synthesized much quicker. For example, the perovskite is
formed in <2 s while the mesoporous-TiO; layer is formed in only 10 min, much shorter than the
hours required in the conventional method. The elimination of the antisolvent and the shorter
annealing times also mean that there is a much lower energetic and financial cost. Life cycle
assessment (Figure 10) of the perovskite synthesis process shows that FIRA presents only 8% of
the environmental impact and 2% of the fabrication cost of the antisolvent method. Additionally,
it is compatible with flexible and large-area substrates. A total area of 10 x 10 cm? can be
irradiated at one time, and it has already been shown that devices of 1.4 cm? active area as well
as films of 100 cm? can be synthesized this way. Finally, it is highly reproducible, versatile, and
adaptable to fast throughput roll-to-roll manufacturing, as the deposition and annealing steps
are carried out continuously in one place in a synchronized and smooth process.

[Insert Figure 10 here]

Current investigations on FIRA are focused on optimization for thin film synthesis on flexible
substrates such as paper and PET, as well as for the synthesis of other key component layers of
PSCs such as the SnO; compact layer, or carbon and ITO electrodes. Furthermore, the next step
is to fabricate high-performing devices of >5 cm?. Therefore, it can be said that FIRA represents
a step toward an environmentally friendly and cost-efficient way to manufacture large-area,
commercial PSCs.
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Name of Material/ Equipment
4-tert-butylpyridine
Acetonitrile, anhydrous
Acetylacetone
Caesium iodide
Chlorobenzene, anhydrous
Digital source meter
DMF, anhydrous
DMSO, anhydrous
Ethanol
FIRA Software
FK209
Formamidinium iodide
FTO glass
Guanidinium iodide
Cleaning Soap
Hydrochloric acid
Isopropanol
ITO PET
Lead iodide
Li-TFSI
Mesoporous TiO2 paste, 3 nrd
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Response to Editorial and Reviewer Comments

RE: Submission “Flash Infrared Annealing Method for Perovskite Solar Cell Processing”

Dear Editor and Reviewers,

Thank you for taking the time to read our submission and for all your comments, they were
very helpful and we have made changes to the manuscript accordingly. Attached please find
a line-by-line response to your comments (in blue). We hope that we have adequately

addressed all concerns raised.

Yours sincerely,
Dr. Sandy Sanchez

Editorial Comments

* Please take this opportunity to thoroughly proofread the manuscript to ensure that there
are no spelling or grammatical errors.

We have thoroughly proofread the manuscript and corrected any errors that we found.

* Protocol Language: Please ensure that all text in the protocol section is written in the
imperative voice/tense as if you are telling someone how to do the technique (i.e. “Do this”,
“Measure that” etc.) Any text that cannot be written in the imperative tense may be added
as a “Note”, however, notes should be used sparingly and actions should be described in the
imperative tense wherever possible.

1) Some examples NOT in the imperative: 1.1.1,1.1.4, 2.3.1 etc

This has been changed accordingly.

* Protocol Detail: Please note that your protocol will be used to generate the script for the
video, and must contain everything that you would like shown in the video. Please add
more specific details (e.g. button clicks for software actions, numerical values for settings,
etc) to your protocol steps. There should be enough detail in each step to supplement the
actions seen in the video so that viewers can easily replicate the protocol. Some examples:
1) 1.2.1: Provide references for each.

We have included references for methods listed in 1.2.1 and added more specific details to
the protocol steps.

» Protocol Highlight: Please highlight ~2.5 pages or less of text (which includes headings and
spaces) in yellow, to identify which steps should be visualized to tell the most cohesive story
of your protocol steps.

1) The highlighting must include all relevant details that are required to perform the step.
For example, if step 2.5 is highlighted for filming and the details of how to perform the step
are given in steps 2.5.1 and 2.5.2, then the sub-steps where the details are provided must
be included in the highlighting.
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2) The highlighted steps should form a cohesive narrative, that is, there must be a logical
flow from one highlighted step to the next.

3) Please highlight complete sentences (not parts of sentences). Include sub-headings and
spaces when calculating the final highlighted length.

4) Notes cannot be filmed and should be excluded from highlighting.

We have highlighted all the steps and corresponding sub-headings that we would like to film.
Unfortunately, since we wanted to include a more general procedure in the protocol (sections
1-2) to give the readers an idea of the whole process before giving the protocol for more
specific procedures, the highlighted parts are not strictly in logical order. For the video, we
would like Section 2.3 Material Characterisation to be placed after Sections 3.3 and 3.4 in
order to form a more cohesive narrative. Sorry for the inconvenience, but we believe this to
be the best way to demonstrate the method and hope that this can be accommodated.

¢ Results: Remove the numbered list.
This has been removed.

e Discussion: JoVE articles are focused on the methods and the protocol, thus the discussion
should be similarly focused. Please ensure that the discussion covers the following in detail
and in paragraph form (3-6 paragraphs): 1) modifications and troubleshooting, 2) limitations
of the technique, 3) significance with respect to existing methods, 4) future applications and
5) critical steps within the protocol.

We have added slightly more detail in the discussion and we believe that we have focused
the discussion on the methods and the protocol:
- Paragraph 1: General discussion, critical steps in the protocol
Paragraph 2: Modifications and future applications
Paragraph 3: Limitations of the method, troubleshooting
Paragraph 4: Significance with respect to existing methods
Paragraph 5: Future applications
If there are any specific areas that require more explanation or elucidation, please let us
know.

e Figures: Please remove the embedded figures from the manuscript. Figure legends,
however, should remain within the manuscript text, directly below the Representative
Results text.

This has been removed.

» References: Please spell out journal names.

This has been corrected

e Commercial Language: JoVE is unable to publish manuscripts containing commercial

sounding language, including trademark or registered trademark symbols (TM/R) and the
mention of company brand names before an instrument or reagent. Examples of



commercial sounding language in your manuscript are Hellmanex, LabView.

1) Please use MS Word'’s find function (Ctrl+F), to locate and replace all commercial
sounding language in your manuscript with generic names that are not company-specific. All
commercial products should be sufficiently referenced in the table of materials/reagents.
You may use the generic term followed by “(see table of materials)” to draw the readers’
attention to specific commercial names.

This has been corrected

e If your figures and tables are original and not published previously or you have already
obtained figure permissions, please ignore this comment. If you are re-using figures from a
previous publication, you must obtain explicit permission to re-use the figure from the
previous publisher (this can be in the form of a letter from an editor or a link to the editorial
policies that allows you to re-publish the figure). Please upload the text of the re-print
permission (may be copied and pasted from an email/website) as a Word document to the
Editorial Manager site in the "Supplemental files (as requested by JoVE)" section. Please also
cite the figure appropriately in the figure legend, i.e. "This figure has been modified from
[citation]."

We have permission for all figures that have been previously published.

Peer Review Comments

Reviewer #1:

Manuscript Summary:

This work reported a rapid thermal annealing process, so-called flash infrared annealing
(FIRA), achieving high quality perovskite films for solar cells. This is an interesting work.
Finally, a PCE = 20.1%, FF = 75%, VOC = 1.1 V and JSC = 24.4 mA/cm2 were obtained. In
addition, a PCE of large-area device with a 1.4 cm2 was achieved to 17%.

Major Concerns:
There are few scientific discussions in this article. The authors only present what happened
in each figure, rather than explain why.

Minor Concerns:

Some expressions are illogical, like "This paper firstly discusses the protocol used for the
optimisation of annealing parameters to synthesise a compact, defect-free and
homogeneous perovskite (MAPbI3) film". In fact, it's impossible to fabricate a perovskite
film without any defect.

Thank you for taking the time to read our submission and for your comments. Regarding your
first point, we have decided to focus the discussion on the methodology, its advantages,
disadvantages and potential, due to the nature of the journal being a process-focused one.
We have included a simple explanation of the annealing process and the relationship between
the annealing parameters and the resulting morphology in both the introduction (paragraphs
3-5) and the discussion (paragraph 1), and we have referenced many papers which give a
more detailed scientific explanation of the underlying physical processes to supplement the



readers’ understanding. Regarding the second point, we have changed the wording in the
manuscript.

Reviewer #2:

Minor Concerns:

The manuscript is well written and contains sufficient details for readers to follow the
methods. | am happy for it being accepted for publication.

There is only one minor comment, the expression of "This method requires large amounts
of organic solvent" on page 2 is a bit misleading and not accurate. The amount of anti-
solvent used, for instance in spin-coating process is normally still in micro-litres (e.g., ~100ulL
for a 2x2cm substrate).

Thank you for taking the time to read our submission and for your comments. This is a good
point, we have now changed the wording to “moderate amounts” and have indicated the
ballpark amount used as suggested.

Reviewer #3:

The paper entitled Flash Infrared Annealing Method for Perovskite Solar Cell Processing
submitted to the Journal of Visualized experiments demonstrate an important step in the
transition of perovskite solar cells to a more scalable process and represents significant
reduction in manufacturing time using radiative methods. The paper is well written and
presented and illustrates the authors own methodology for achieving rapid heating using
light based methods. As outlined in the conclusion it serves to illustrate the commercial
opportunity for NIR processing, | particularly enjoyed figure 3 (optical images) and figure 5
(temperature profile) as examples of visually stimulating methods for demonstrating the
potential.

The paper was an enjoyable read and should be published however it should be improved in
a few ways in order to aid the reader, primarily to enhance the experimental richness of the
process through more visual additions and through more prominent recognition of the
history of light (and in particular NI radiation) in the fabrication of solar cells, where FIRA is
used as a synonym for multipulse NIR radiation combined with substrate cooling.

The following recommendations should be considered by the authors prior to submission:

1. Given the complex nature of process and need for enhanced visualisation appropriate to
the journal | would ask for the following to be included

- A visual image (still) of the apparatus beyond that which can be seen in the video clip

- Information on the nature of the equipment (e.g homemade or lab fabricated)

- Information on the nature of the illumination preferably an output spectrum. The authors
postulate that the outuput is IR/UV however if these are tungsten halogen lamps then the
output is likely to peak at around 1000 and therefore should be considered as near-infra
red. This is key when considering possible free carrier excitation of the FTO.

- The power output density of the lamps per area



Thank you for taking the time to read our submission and for all your comments, we are
very happy to have such a detailed review which has furthered our insight on the topic, and
we would like to especially acknowledge your help in improving the quality of our
submission. Regarding the above points:

- Avisual image of the apparatus has now been included in Figure 1

- The equipment is homemade, we have now indicated this in the protocol (under section
1. Operation of the FIRA oven, p.3)

- We have added a few lines on the nature of the illumination (peak emission at 1073 nm)
and the power output density of the lamps (3000 kW/m?) under section 1. Operation of
the FIRA oven, p.3/4. We would like to clarify that the UV lamps mentioned in the
discussion are a separate set of lamps that can be added to the apparatus and used
instead of the NIR lamps.

2. The authors claim that it is a "low-temperature process". This is not the case, IR heating is
used extensively for high temperature applications, in this experiment the temperature is
high but the exposure duration is very low.

This is correct, it is instead a rapid thermal annealing process with rapid cooling. We have
corrected this in the manuscript.

3. The authors claim that TiO2 can be sintered using the FIRA process in many minutes,
however there is extensive evidence demonstrating that TiO2 can be sintered in a few
seconds using this process, originally for dye-sensitized solar cells

(a) Watson, T.; Mabbett, I.; Wang, H.; Peter, L.; Worsley, D. Ultrafast near Infrared Sintering
of TiO2 Layers on Metal Substrates for Dye-Sensitized Solar Cells. Prog. Photovoltaics Res.
Appl. 2011, 19 (4), 482-486.

(b) Hooper, K.; Carnie, M.; Charbonneau, C.; Watson, T. Near Infrared Radiation as a Rapid
Heating Technique for TiO2 Films on Glass Mounted Dye-Sensitized Solar Cells. Int. J.
Photoenergy 2014, 2014, 953623.

(c) Carnie, M. J.; Charbonneau, C.; Barnes, P. R. F.; Davies, M. L.; Mabbett, |.; Watson, T. M.;
O'Regan, B. C.; Worsley, D. A. Ultra-Fast Sintered TiO2 Films in Dye-Sensitized Solar Cells:
Phase Variation, Electron Transport and Recombination. J. Mater. Chem. A 2013, 1 (6), 2225.

And more recently for perovskite solar cells

(d) Baker, J.; Hooper, K.; Meroni, S.; Pockett, A.; McGettrick, J.; Wei, Z.; Escalante, R.;
Oskam, G.; Carnie, M.; Watson, T. High Throughput Fabrication of Mesoporous Carbon
Perovskite Solar Cells. J. Mater. Chem. A 2017, 5 (35), 18643-18650.

Indeed, we have now included the above point and references in the manuscript.

4. Where FIRA is used on flexible substrates it should be noted that the absorption of the

film will change as the material transitions from non-absorbing (wet NIR transparent
perovskite precursor material) to dry (NIR absorbing black) and it this additional absorption



when black that is likely to be reason for the damage to the substrate, beyond the chamber
itself becoming hot. This is detailed in a similar way for the NIR processing of PEDOT:PSS

(e) Bryant, D.; Mabbett, I.; Greenwood, P.; Watson, T.; Wijdekop, M.; Worsley, D. Ultrafast
Near-Infrared Curing of PEDOT:PSS. Org. Electron. physics, Mater. Appl. 2014, 15 (6).

Thank you for pointing this out. We agree that there is an additional contribution from the
solid-black perovskite absorption, and we have added this comment to the manuscript as well
as the suggested references for clarification.

5. What is the location of the thermocouple? If the thermocouple is directly exposed to the
light output then this will independently heat-up skewing the overall chamber results. How
confident are the authors that the temperature logging system?

This is a key point. In fact, we have two k-type thermocouples, one exposed to IR radiation (in
the centre of the chamber) and the second below the bottom of the annealing chamber. In
addition, we have an infrared sensor that directly measures the surface of the sample, with a
germanium window to block the excess of IR radiation. Then, with the three sensors we can
establish a temperature gradient for the heat transfer, knowing the temperature in different
positions of the chamber (on the Z axis with respect to the horizontal bottom). However, for
our database systematically, we use temperature values measured by the thermocouple
directly exposed to IR as a reference for all our processes, which does not match with the
temperature measured in the standard hotplate annealing process e.g the perovskite phase
transition temperature. We have added a clarification for this in a NOTE under Section 1.1

(p.4).
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Theses and dissertations which contain embedded PJAs as part of the formal submission can
be posted publicly by the awarding institution with DOI links back to the formal
publications on ScienceDirect.

If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course packs
and courseware programs), and inclusion of the article for grant funding purposes.

Gold Open Access Articles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.

Please refer to Elsevier's posting policy for further information.

18. For book authors the following clauses are applicable in addition to the above:

Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may you
scan the printed edition to create an electronic version. Posting to a repository: Authors are
permitted to post a summary of their chapter only in their institution's repository.

19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may be
submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOI links
back to the formal publications on ScienceDirect.

Elsevier Open Access Terms and Conditions

You can publish open access with Elsevier in hundreds of open access journals or in nearly
2000 established subscription journals that support open access publishing. Permitted third
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S1. a) Top view of FIRA- annealed perovskite films for four annealing times, scale bar: 25
pum. b) Top view of a reference film made by the antisolvent method followed by annealing
at 100 °C for 1 h on a standard hotplate. Adapted from®.
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S2. XRD spectra of MAPDI3 films on FTO glass, annealed with pulsesof 0 sto 7 s
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S3. Absorbance spectra of MAPDI;s films on FTO glass, annealed with pulses of 0sto 7 s

Optical Absorbance (a.u.)
Optical Absorbance (a.u.)

Optical Absorbance (a.u.)

k‘_

T T T T
600 700 800
Wavelength (nm)

T T T T 1
600 700 800
Wavelength (nm)

—— 3.8s
4s
42s
——4.4s
—— 4.6s
— 4.8s
5s
——5.4s
5.8s
— 6.2s

s

T T I
600 700 800
Wavelength (nm)




S4. Physical appearance of MAPbIs films annealed on PET at various pulse lengths
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S5. Temperature profile and top-view SEM images of the pristine paper substrate, ITO
electrode and mesoporous-TiO: layer processed with FIRA
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S6. Cross-sectional SEM image of perovskite deposited (via antisolvent method) on a FIRA-
annealed ITO/TiO; stack.
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*ITO np = ITO nanoparticles, pvk = perovskite



