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Abstract:

Rapid Spray Plasma Processing (RSPP) is a high throughput, scalable, and open-air route
toward manufacturing perovskite solar modules. The plasma exposure is dosed such that the
perovskite precursor solution is cured in milliseconds using a combination of rapid heating,
reactive species, and UV photons. We implemented in situ wide angle x-ray scattering (WAXS)
to characterize the crystal growth in multiple cation, mixed halide perovskite thin films—
Csx(MA,FA | _,)1xPb(Brg 171o.53); for 0.05 <x <0.25—fabricated in open air. The use of synchrotron
radiation and high detector speeds resolved the formation and dissolution of a transient
intermediate crystalline phase during the tens of milliseconds when the perovskite crystallized.
Increasing the mole fraction of cesium and methylammonium resulted in a decrease in the
intermediate phase and an increase in the average grain diameter. Increasing the cesium fraction
suppressed phase segregation, as observed in photoluminescence. Calculations showed the
refractive index decreased and the extinction coefficient increased with cesium fraction. Based on
the rapid crystallization kinetics, RSPP perovskite films exhibit residual stress values >5X lower
than spin coated films. Understanding the kinetics of perovskite formation enables the design of

perovskite films with improved thermomechanical and operational stability.
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Introduction

Perovskite solar cells (PSCs) with power conversion efficiency (PCE) values in excess of
22% contend with silicon photovoltaics based on device performance'. Efficiency aside, however,
PSC stability is hindered from environmental stressors that result in light?, thermal®#, and
moisture-induced® decomposition. Another critical stability limitation is the intrinsic
thermomechanical fragility of the perovskite layer®. It was recently shown that perovskites have a
large coefficient of thermal expansion’® (CTE) relative to glass substrates, which leads to large
residual tensile stresses®!'!. Temperatures at or above 100°C are typically employed during
conventional film growth?, causing both the substrate and the film to expand. The perovskite
crystallizes and bonds to the substrate, a constraint which prevents the film from shrinking an
equilibrium distance upon cooling. This mismatch induces tensile stress, which drives failure!?
and can accelerate degradation under operational conditions!'®!!, In particular, film stress has been
shown to accelerate the rate of photochemical degradation in many materials—such as fuel cell
membranes'3, laser diodes!4, and encapsulants'>—and recent studies have shown that perovskite
stability is also affected by tensile stress!®:!1,

Recently, we reported a new scalable method, Rapid Spray Plasma Processing (RSPP), to
crystallize high quality metal halide perovskite thin films in open air and on the millisecond
timescale!®. RSPP PSCs displayed good power conversion efficiencies (> 15%), high open-circuit
voltages (> 1.05V), and the highest reported fracture toughness (4.4 J m-2) for planar perovskite
films without additional reinforcing scaffolds!”. The rapid cure is enabled by an open air plasma
device—which conveys energy to an ultrasonically sprayed solution of perovskite precursors—
and has been used to produce conductive metal oxides!®!° along with inorganic barrier films?’.

The plasma exposure is typically several hundred milliseconds, during which the convection of
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thermal energy and reactive plasma species, as well as the absorption of UV photons leads to the
efficient removal of solvent and crystallization of the perovskite material. The plasma exposure is
metered precisely, such that the substrate heating only occurs briefly while directly under the
plasma, and immediately thereafter the absorber crystallizes atop its surface.

In this study, the composition of the cation was varied for 0.05 < x < 0.25 in Cs,FA .
Pb(Bry 171p.83)3 thin films. The compositions used were based on several reports demonstrating
improved stability in high performing devices?!?>. The addition of a third cation,
methylammonium, was also investigated for Csggs(MAg.17F A 83)0.95Pb(Br1¢.171.83)3, @ formulation
that has also been used in high efficiency perovskite devices?*. We implemented in situ wide angle
x-ray scattering (WAXS) to evaluate the effect of cation composition on crystallization kinetics.
We observed the presence of a transient, intermediate crystalline phase during plasma exposure,
effectively suppressed by increasing the cesium or methylammonium content and the presence of
which correlated with photoinstability. Based on the understanding gained from WAXS, we report
low values (< 10 MPa) of tensile stresses for all multiple cation mixed halide perovskites fabricated
with RSPP. This observation adds to a nascent narrative regarding the improved thermomechanical

reliability of RSPP perovskite materials over conventional processing techniques.

Results and Discussion
Rapid Spray Plasma Processing (RSPP)

RSPP consists of a single step process where the perovskite precursor solution is spray-
coated onto a room temperature substrate and then exposed to plasma curing for conversion to the
crystalline thin film. The spray coater and plasma are mounted together and can be scanned across

arbitrary geometries. The atmospheric plasma device used in this study is a blown-arc discharge,
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displayed in Figure 1, where a single pass is used to form a perovskite film. This setup enables the
fabrication of fully cured perovskite over large areas in seconds since no post-annealing is required
after the plasma exposure, enabling a high-throughput, scalable process. The entire procedure was

carried out in an open-air enclosure at ca. 25°C and 40% R.H.

In situ Wide Angle X-ray Scattering (WAXS)

In order to better understand the kinetics of perovskite formation, the RSPP setup was
integrated into a beamline for in-situ characterization with WAXS, which provides a means for
probing the rapidly evolving crystalline species in RSPP perovskites. The in-situ WAXS has a time
resolution of 15 ms, which can effectively resolve the swift formation of the RSPP perovskite thin
film. Intensity maps were obtained as the one in Figure 2, where time is plotted against the
scattering vector q between 0.3 A-! and 4.25 A-! to track the evolution of crystalline phases from
the precursor materials. These maps were obtained for different mole fractions of cesium, 0.05 <
x <0.25, each condition for which was run in triplicate and observed to be self-consistent (Figure
S1).

The (110) crystallographic plane resides around 1.0 A-! and serves as a good proxy for
measuring perovskite crystallization. For all compositions measured, complete conversion to the
final perovskite phase occurred within a few tens of milliseconds. A transient feature at ~ 0.83 A-
Iappeared for each of the compositions. This feature appears at a lower g-value than is expected
for Pbl, or PbBr,, and can therefore not be attributed to any of these species 2°. Figure 3 shows
normalized integrated intensity versus time plots obtained from the maps, comparing the (110) and

transient intermediate intensities. At low cesium fractions, the growth of the intermediate



Journal of Materials Chemistry A

crystalline phase preceded the formation of the perovskite crystal structure. However, the signal
for the intermediate quickly grows and dissipates during the plasma exposure.

Increasing x to 0.15 led to a decrease in the normalized intensity of the intermediate, while
films with x = 0.25 suppressed the phase almost entirely. The mechanism for this decrease in
intermediate phase with higher cesium content is likely related to accelerated film conversion.
Previous work characterized that perovskite compositions with higher cesium content led to more
rapid film conversion as observed by in situ absorbance measurements’. In addition,
methylammonium was also found to decrease the prominence of the intermediate phase, although
to a lesser degree than cesium (Figure S2). The cause of the intermediate phase in multiple cation
perovskite films appears to be linked to higher concentration of formamidinium, which makes the
intermediate phase thermodynamically favorable in the short time scales preceding formation of
the final perovskite crystal structure.

The rate of crystallization, G, was largely similar with cation composition (Figure S3-S7),
an effect that was expected due to the partition of the plasma energy into primarily solvent removal.
At the same nominal concentrations, the cation composition has little effect on G. Figure 3a shows
that the formation of the intermediate phase causes a small delay in perovskite crystallization for
lower cesium content, but the (110) peak is fully formed within 500 ms for all compositions. Our
previous work characterizing MAPbI; films produced with RSPP showed the perovskite
crystallization kinetics differed from classical thermal annealing processes!S. Here, we reiterate
the classic Avrami approach in order to determine that the fast crystallization cannot be solely
ascribed to temperature alone (Figure S7). This is apparent from the deviation from Arrhenius
behavior (G ~ 1/T), and is similar to RSPP single cation perovskite films. The conclusion of this

and previous observations regarding a wide range of RSPP perovskite compositions is that
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reactive plasma species and UV photons contribute to accelerated growth rates by providing
additional photo and chemical energy to cure the perovskite film. This is not unlike previous results

using UV-enhanced crystallization?®.

Film Morphology and Optoelectronic Properties

The morphology of perovskite materials has been shown to be related to both processing
methodology?’?® and film composition?°. To understand the influence of cation composition on
RSPP perovskite, top-down scanning electron microscopy (SEM) images used to characterize film
microstructure are shown in Figure 4. The grain size distribution was extracted (Figure S8a), and
mirroring the results found by others for conventional methodologies®, the grain size increased
with both the addition of cesium and methylammonium (Figure S8b). It is interesting to note that
these multiple cation, mixed halide perovskites are more monodisperse than the RSPP single
cation, MAPDI; films we previously reported on'6. The most striking difference in crystallization
between the single and multiple cation RSPP perovskites is the presence of the transient
intermediate phase in the latter.

Steady-state photoluminescence was performed to determine photostability of RSPP
perovskite films as a function of cesium content. Figure 5 shows normalized photoluminescence
plots for the x = 0.05, x = 0.15, and x = 0.25 perovskites, where trends of increasing band gap and
reduced phase separation with higher cesium content are both clearly evident. Higher Cs content
reduced the higher energy shoulder (shaded in blue in Figure 5) associated with bromine-rich
regions that characterizes the Hoke effect’! compared to the main, iodide-rich peak (shaded in cyan
in Figure 5). The ratio between the higher energy and main peaks reduced from 0.21 for x = 0.05

to 0.11 for x = 0.15 to 0.05 for x = 0.25. The improved photostability for higher Cs content
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correlates with reduced intermediate phase, but is not caused by the change in film formation. In
agreement with previous work?*2, we confirm that it is indeed desirable to have slightly more Cs
than Br, percentage-wise, in this compositional space of wide band gap perovskites.

The complex refractive index (n + ix) of perovskite thin films have been shown to be
affected by cation composition, halide composition, and processing environment 33-34, The values
of n and « calculated from spectroscopic ellipsometry are useful in the modeling and optimization
of complex module or tandem architectures and are therefore suitable as materials selection
criteria®®. We used an effective medium theory to account for the observed phase segregation
through the addition of a fourth oscillator term36. As the degree of phase separation cannot be
accounted for by the precursor stoichiometry, the normalized height of the iodide-rich and
bromine-rich photoluminescence regions were taken as the nominal compositional weighting. The
fit quality was adequate in all cases, with X? < 2 observed for all the double cation perovskite
films. Both the refractive index and extinction coefficient are shown in Figure 6a—b. In agreement
with others®’, the real part of the refractive index decreased with increasing cesium fraction.

In ionic crystals such as these, a lower band-gap leads to a stronger dielectric response and
thus a higher refractive index. The strength of the oscillator (f;) increased with increasing cesium,
likely due to decreased phase segregation and therefore a larger volume of the iodide-rich material.

The real (¢,) and imaginary (gi) part of the dielectric response can be calculated if the refractive
index and extinction coefficient are known. The real and imaginary part of the dielectric function
is shown in Figure 6¢c—d. In a similar manner to the refractive index, ¢, decreased with increasing
Cs fraction, while £~i increased. If we consider a HTL such as NiO, reflection losses can be

minimized at this interface by increasing the cesium fraction and decreasing the refractive index.

The calculated absorption is also stronger for increased cesium fractions.
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Based on this observation, we tested photostability under full illumination for p-i-n
perovskite solar cells with x = 0.25 deposited with RSPP on top of PEDOT:PSS and with
Cs0/BCP/Ag evaporated as the top device contacts. Figure S9a plots the maximum-power point
of the device continuously tracked while aged in ambient air without any cooling (35 °C, 45%
RH). The device exhibited no signs of degradation and actually improved in PCE by 12.5% after
12 h of testing. Future studies will test longer-term exposures, but this preliminary result indicates
promising device stability. Future work will need to focus on improving performance and
determining the correlation between intermediate phase and device performance since time
constraints at the beamline limited process optimization and the champion device was 10% PCE
(Figure S9b), although the V. of 1.08 V is notably higher than any spin-coated device using the

same architecture.

Mechanical Properties: Residual Stress

Perovskite films have recently been shown to exhibit high values of residual film stress (
>50 MPa)’ upon cooling to room temperature after annealing; the substrate constrains the
perovskite, which has a CTE that is an order of magnitude larger than glass, from shrinking to its
equilibrium distance. Importantly, the film stress is directly correlated to the formation temperature
of the perovskite!!, which is usually at or above 100 °C during conventional processing. As
discussed in previous work!®, plasma reactive species and UV photons contribute a non-negligible
amount of energy to perovskite formation, lowering the gas temperature needed to completely cure
the solution. Another major advantage of RSPP is the fast processing time, which was shown from

the rapid crystallization observed during in-situ WAXS. As a result, this method reduces the
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thermal load needed to form the perovskite, and thus we posited that the rapid curing would result
in lower film stresses for RSPP perovskites.

Film stress measurements were obtained using the substrate curvature method—a thin-film
technique used to determine residual stresses in a variety of materials ranging from human skin3?
to metal gridlines’*—where a laser scans across the center of the substrate and the deflection is
measured to determine the radius of curvature. Figure 7 shows the measured film stress for Cs,FA .
«Pb(Bry 171p.83); films for x =0.05, 0.15, and 0.25. The plasma duty cycle is a convenient parameter
for making fine adjustments to the energy conveyed by the plasma by truncating the input DC
waveform at some fraction of its period. Here, the duty cycle was either 15% or 50%.

At 15% duty cycle, the measured stress values were 4.0 = 1.5 MPa for x = 0.05, 6.4 = 1.3
MPa for x = 0.15, and 6.6 + 0.7 MPa for x = 0.25, while at 50% duty cycle, the measured stress
values increased to 7.5 + 1.8 MPa for x = 0.05, 8.4 £ 1.8 MPa for x =0.15, and 8.1 + 2.4 MPa for
x = 0.25. Across all cesium contents, a lower duty cycle led to reduced film stresses, an expected
result since the intensity and flux of plasma reactive species are reduced with lower duty cycle.
Additionally, the low cesium content was observed to have the lowest film stress—an effect which
could be attributed to the presence of the intermediate peak during formation—Ileading to less heat
being coupled to the substrate. The significant reduction or absence of the intermediate phase for
x =0.15 and x = 0.25 result in relatively similar curing kinetics and comparable stress values.

Regardless of the formulation, however, the tensile stress values are about an order of
magnitude lower than the previously measured stresses of 49.3 + 3.2 MPa in identical double
cation compositions that were spin coated and formed at 100 °C!!. The significantly reduced

stresses for RSPP perovskites indicate superior thermomechanical reliability and higher resistance
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to fracture—a result which was previously documented in RSPP MAPbI; films'®. Higher tensile

stress values have also been correlated with decreased stability to environmental stressors'!.

Conclusions

We have demonstrated an open-air process for depositing photostable, multiple cation
perovskite compositions with the aim of improving reliability of this thin film technology. Cation
composition is critical in the RSPP of metal halide perovskite materials as a means for tuning both
the morphology and optoelectronic performance. The high flux of x-rays provided by the
synchrotron light source enabled the observation of a transient intermediate crystalline phase
during the formation of the perovskites, which decreased in prominence with increasing cesium
fractions. Increasing the cesium or methylammonium fraction also led to larger grain diameters
and decreased phase segregation. The observed phase segregation was considered in an
ellipsometric model, and the refractive index, extinction coefficient, and complex dielectric
response were calculated. The phase separation did not markedly impact the refractive index
throughout most of the visible spectrum; however, the optical dispersion strongly depended on
cation composition. The refractive index decreased and the extinction coefficient increased with
increasing cesium fraction.

Low residual stresses (< 10 MPa) were observed for RSPP multiple cation, mixed halide
perovskites for a range of cesium fractions. Devices made with RSPP multiple cation perovskites
displayed high open-circuit voltages and good photostability. We plan to further optimize the
spraying condition and plasma exposure to improve fill factors and short-circuit currents. In

addition to highlighting a scalable and open-air method for perovskite deposition, we provided a
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formalism to measure transient crystalline phases in fast metal halide perovskite deposition

methods.

Experimental Methods
Perovskite precursors

The perovskite precursor solution consisted of methylammonium iodide (MAI),
formamidinium iodide (FAI) (Dyseol), cesium iodide (CsI) (Sigma), and lead iodide (Pbl,) and
lead bromide (PbBr;) (TCI). All solvents were anhydrous and used as received (Acros). The
preparation of the perovskite solution was performed by dissolving Csl, FAI, Pbl,, and PbBr,
(MAI was included for the triple cation formulation) in anhydrous N, N-Dimethylformamide
(DMF, anhydrous, 99.8%) at a total concentration of 0.8 M. The solution was stirred and filtered
before use.
Rapid Spray Plasma Process

The RSPP configuration used a blown arc discharge that was produced between two
coaxial electrodes and blown out of a nozzle by the main process gas flow—in this case clean, dry
air—at a flow rate of 35 standard liters per minute (slm). The high-voltage electrode was driven
by a DC power supply at an excitation frequency of 21 kHz. The resulting arc current was 18.0 A.
Briefly, the deposited liquid layers were exposed (250 ms) to the atmospheric plasma device to
promote the curing of the sprayed solution. The substrates were placed at a vertical distance 4.0
cm from the plasma nozzle. The spray nozzle-to-substrate vertical distance and the plasma nozzle-
to-spray nozzle horizontal distance were kept at a distance of 6 cm and 8 cm, respectively. The

moving speed of the nozzles was kept constant at 4 cm/s and one pass was performed.
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In situ wide angle X-ray scattering

The measurements were made at the Stanford Synchrotron Radiation Lightsource (SSRL,
Beamline 10-2). The RSPP was integrated into the beamline, such that the X-rays scattered
orthogonal to the cure direction (Figure 1a). An X-ray energy of 12.7 keV, an exposure time of 10
ms per frame and a shutter time of 5 ms resulted in a total exposure period of 15 ms. The RSPP
system was assembled in Beamline 10-2. LaBs was used to calibrate peak positions. The incident
angle was 3°; a Pilatus 100K detector was placed 23 cm from the sample; g-space between 0.3 A™!

and 4.25 A~! was probed.

Film stress measurements
Measurements to determine film stress were taken on the back-side of double side polished
Si wafers in order to ensure enough reflected intensity from the surface of the substrate after

depositing the perovskite. The thin film stress, o, was then approximated by Stoney’s equation*:

Es ti1 1 .
%I =1=v, 6t;\R " Rg (1)

where E; is the Young’s modulus of the substrate, v is the Poisson’s ratio of the substrate, t; is

the thickness of the substrate, tf is thickness of the perovskite film, R is the radius of curvature of

the substrate after perovskite deposition, and R, is the radius of curvature of the substrate before
perovskite deposition. For each condition, at least three samples were prepared with at least two
measurements taken on each sample to ensure that the stress measurement was stable and

consistent.

Device fabrication
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ITO-coated glass (Xin Yan, 10 /o) was cleaned by successively sonicating in Extran
detergent diluted 1:10 in DI water, pure DI water, acetone, and isopropanol for 10 minutes each
before being placed in a UV-ozone chamber for 15 min. PEDOT:PSS in water (Clevios Al 4083)
was spin coated at 4000 rpm on the substrates. RSPP was performed to fabricate the perovskite
layer without any additional annealing or post-treatments. 45 nm Cgy (MER Corporation)/7.5 nm
BCP (TCI)/Ag was then evaporated (Angstrom Amod)—the latter of which was deposited through

a shadow mask—with a base pressure < 2*10 Torr in all cases.

Perovskite characterization

Steady-state photoluminescence was measured using a spectrograph (Acton Research
SpectraPro 5001) equipped with a Hamamatsu silicon CCD array detector. The materials were
excited with the 457 nm line of an argon ion laser.

Current—voltage measurements were performed using a Keithley model 2400 digital source
meter and 300W xenon lamp (Oriel) solar simulator was used for irradiation. The lamp was
calibrated with an NREL-calibrated KGS5 filtered Si reference cell. J—V curves were taken over an
active area of 0.2 cm? from forward to reverse bias sampled at 0.05 V intervals with a 0.1 s delay
time at each voltage step before taking data. Maximum power point tracking was performed every
1 s using a perturb and measure software with a voltage step of 0.005 V to continuously track
power output.

SEM was performed on a FEI Magellan 400 XHR FE-SEM. Prior to SEM observations,
the device samples were coated with 5 nm of Au/Pd (60:40 ratio) to prevent image charging and
distortion. ImagelJ was used for image processing to determine the grain size distribution. SEM

images were imported into the software and contrast tuned to enhance the visibility of grain
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boundaries. The Particle Size Distribution plugin was then utilized to calculate the grain sizes for
each perovskite composition.

Spectral ellipsometry (SE) (Horiba Jobin UVISEL) was used to determine both the
refractive index and extinction coefficients of the films. Measurements were fitted with a new
amorphous dispersion model, containing up to 4 oscillator terms to account for the phase

segregation observed in the mixed-bromide perovskites.
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Figure 1: In situ wide angle x-ray scattering experimental configuration with Rapid Spray Plasma
Processing.
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Figure 2: Representative waterfall plot produced from Wide Angle X-Ray Scattering showing 2D
intensity plotted over time.
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Figure 3: Integrated intensity of (110) perovskite peak vs. time along with transient intermediate for
different mole fractions of Cs for Cs,FA,_Pb(I7Brg;); with (a) x =0.05, (b) x =0.15, and (c) x =0.25
produced with RSPP.
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Figure 4: Top-down scanning electron micrographs of perovskite films with (a) x = 0.05, (b) x =0.15,
and (c) x = 0.25 produced with RSPP.
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Figure 5: Steady-state photoluminescence plots for (a) x = 0.05, (b) x = 0.15, and (c) x = 0.25 produced

with RSPP. Shaded areas illustrate the amount of phase separation between iodide-rich (cyan) and bromide-

rich (blue) regions, where a higher concentration of Cs improves photostability and band gap.
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Figure 6: Calculated (a) refractive index, (b) extinction coefficient, and the (c) real and (d) imaginary parts

of the dielectric function measured with spectroscopic ellipsometry for x = 0.05, 0.15, and 0.25 produced

with RSPP.
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Figure 7: Measured perovskite film stress for x = 0.05, 0.15, and 0.25 produced with RSPP. The plasma
duty cycle—or time between pulses—was varied at either 15% or 50%. In all cases, the tensile stress values
are significantly lower than the previously measured stresses of 49.3 + 3.2 MPa for x = 0.17 that was spin

coated and formed at 100 °C.
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