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6 October 2021 in solar cells. That said, there remains a large gap when it comes to film and
crystal quality between the inorganic and hybrid perovskites. In this work,

© The Author(s) 2021 antisolvent engineering is employed as a simple and reproducible method for

improving CsPbIBr; thin films. We found that both the antisolvent used and the
conditions under which it was applied have a measurable impact on both the
quality and stability of the final product. We arrived at this conclusion by
characterising the samples using scanning electron microscopy, X-ray diffrac-
tion, UV-visible and photoluminescence measurements, as well as employing a
novel system to quantify stability. Our findings, and the application of our novel
method for quantifying stability, demonstrate the ability to significantly enhance
CsPbIBr, samples, produced via a static one-step spin coating method, by
applying isopropanol 10 s after commencing the spin programme. The anti-
solvent quenched CsPbIBr, films demonstrate both improved crystallinity and
an extended lifespan.

Introduction and B are cations and X is an anion. The A-site can be
occupied by organic molecules, such as MA [9], FA
[10], and GA [11], or inorganic ones, such as caesium,
The Paris Agreement identified the development of giving rise to hybrid- and all-inorganic perovskites,

solar power as a key to tackling climate change.  respectively. The B-site cation is the most often
Perovskites have emerged as a prime candidate for occupied by lead, however, due to its toxic nature,
solar cells due to their low cost [1], impressive rise in tin-based perovskites have also been explored [12].
power conversion efficiency (PCE) [2], and excellent  The anion site is occupied by a halide such as iodine,
optoelectronic properties [3-8]. Perovskites are crys- bromine, or chlorine. Since several different elements
tal structures with the composition ABX;, where A or molecules can occupy a given cation [10, 11, 13] or
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halide site [14, 15], many combinations are known to
exist. Perovskites have low stability when compared
to silicon, notably in the presence of humidity [9], but
other factors have been shown to cause or catalyse
degradation [16-20]. While inorganic perovskites
have shown superior levels of stability [15, 21-24],
there is still a need to extend their lifespans if they are
to compete with silicon-based solar cells.

Of the inorganic mixed halide perovskites,
CsPbIBr, offers the optimum trade-off between sta-
bility and bandgap since the bromine content is
proportional to both. CsPblBr; is especially well sui-
ted for use in tandem or multilayer devices due to its
relatively wide bandgap of 2.05 eV [25, 26]. One of
the limitations of CsPblBr,-based devices is that their
maximum PCE is just over 11% [27], which is around
half of the materials Shockley-Quessier limit, and at a
more fundamental level, some of the best CsPbIBr,
films reported in the literature have a high number of
pinholes [22, 23, 25, 28, 29]. These limitations high-
light the existence of a research gap. To date, the
solutions explored include: surface passivation [30],
Cl™ doping [31], antisolvent quenching [30], light
soaking [28], intermolecular exchange [23], precursor
solution ageing [32], bandgap alignment [31], and
doping with Rb* and Mn*" [21, 33]. Moreover,
CsPbIBr, films have been deposited via: one-step
spin coating [30, 31, 34], a gas-assisted method [35], a
spray-assisted method [25], a two-step spin coating
method [21] and by dual-source thermal evaporation
[15]. While antisolvent quenching has been shown to
significantly improve a range of perovskite materials
[36-39], we were surprised to note a lack of literature
reporting its use with CsPbIBr,, with Liu et al
reporting its use in a vapour-assisted deposition [40]
and only Zhang et al. reporting the use of antisol-
vents with a one-step spin coating procedure. In their
paper, they applied six different antisolvents 20 s
after commencing the spin-programme, finding die-
thyl ether to give the best results. Therefore, it is
essential not only to confirm the results of Zhang
et al.’s study and to expand upon them but also to
establish antisolvent quenching as a trusted and
simple method for improving CsPbIBr,.

Here, an antisolvent quenching method is reported
which improves both crystal quality and extends the
lifespan of CsPblIBr, thin films. An antisolvent is a
solvent, which cannot dissolve the components of a
solution, in our case, the perovskite. The application
of the antisolvent «creates local regions of
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supersaturation, leading to accelerated heteroge-
neous nucleation [38]. It is by optimizing the rate of
nucleation and crystal growth that a higher quality
film is obtained. In general, when antisolvents are
used, the concentration is kept within the “seeding
zone” which is above the solubility curve but below
the metastable limit. Concentrations in these ranges
lead to the growth of already existent nuclei, or
“seeds”, but do not cause the creation of new ones.

During our review of the literature, we found
ourselves asking: could there be more factors that
contribute to the quality of antisolvent quenched
CsPblBr,? If so, to what extent do different factors
affect the measurable properties of CsPbIBr,? We
identified two variables that likely affected the anti-
solvent quenching method: the antisolvent used and
the time at which the antisolvent is applied during
the programme (sometimes called dripping time).
Following this, we formed the hypothesis that both
antisolvent selection and application conditions
would have an impact on the final sample. To test
this, an experiment was designed where both anti-
solvent and dripping time were varied, and then the
impact that it had on the properties and stability of
CsPbIBr, was measured. We expected, due to Zhang
et al.’s paper, that we would find diethyl ether to be
the best antisolvent, however, this turned out not to
be the case. Moreover, we found the optimization of
the dripping time to be a necessary step to maximize
the effectiveness of the method.

Methodology
Materials

The precursor chemicals, namely caesium iodide
(CsD) and lead bromide (PbBr,), were purchased from
Tokyo Chemical Industry. The solvents dimethyl
sulfoxide (DMSO 99.9%), isopropanol (IPA), diethyl
ether (DEE), toluene (T1), and chlorobenzene (ClBn)
were all purchased from Sigma Aldrich and were
used as received.

Film synthesis: First, fluorine-doped tin oxide
(FTO) glass substrates were cleaned for 15 min in
detergent, ethanol, acetone, and isopropanol, before
being dried in a stream of compressed air. The sub-
strates were treated by UV-Ozone for 15 min to
remove any further impurities and to improve the
surface wetness. The substrates were then



J Mater Sci (2021) 56:20071-20086

transported into an inert argon atmosphere, where
the samples were prepared and stored until use. A
1 M solution of CsPbIBr, was prepared by dissolving
equimolar ratios of Csl and PbBr, in DMSO at 85 °C
for 90 min. Once the solution was ready, 50 pL of
yellow perovskite solution was statically spin-coated
at 4000RPM for 50s. 100 pL of antisolvent was
applied after a given time had elapsed from the ini-
tiation of the spin programme (referred to as the
dripping time). Samples were annealed for 5 min at
50 °C, during the course of which they changed to an
orange-red. This initial colour change, signalling the
formation of the perovskite structure occurring,
happens because relatively little energy is required
for caesium to begin intercalating between the PbBr,,
due to its small ionic radius of 1.81 A [41]. Samples
are then heated slowly, avoiding thermal shocks, to
250 °C and held at this temperature for 5 min,
removing any remaining solvent. During this stage of
the annealing, the samples take on a dark-red
appearance, confirming the complete formation of
the desired perovskite phase. Figure 1 shows the
procedure for synthesizing the CsPbIBr, films.
Characterisation techniques: Thin films of CsPbIBr;
were characterised by X-ray diffraction (XRD) using
the RIGAKU Ultima IV with Cu ko radiation
(0 = 15418 A). Surface morphology was studied
using the field emission scanning electron micro-
scope (FESEM) within the Zeiss Auriga Compact
with an applied voltage of 1.5 kV. The FESEM was
equipped with a focused ion beam (FIB) which was
used to make an incision in the surface and measure
the film thickness. The Zeiss Auriga Compact was
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Figure 1 The CsPbIBr, solution that is applied to the substrate is
yellow to begin with. The solution is spin-coated whilst the
antisolvent is applied. The samples are then annealed during which
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also equipped with the apparatus necessary to carry
out electron dispersive spectroscopy (EDS), allowing
the atomic proportions of the films to be determined.
Optical properties were analysed with an Ocean
Optics HR4000 spectrophotometer and photolumi-
nescence (PL) emission was driven by a semicon-
ductor laser with a wavelength of A = 405 nm.

Experiment structure

A reference sample with no antisolvent was made
along with four other samples where T1, IPA, DEE,
and CIBn were used. The dripping time for all sam-
ples was 8 s. These samples were characterised by
XRD, UV-vis, PL, FESEM and EDS. In the second
stage of the experiment, the dripping time of the best
sample, IPA, was changed to 5, 10, 15, and 20,
respectively. The samples were then characterised by
XRD, UV-vis, PL, and FESEM. In the final stage of the
experiment, stability was quantified in terms of XRD
and UV-vis spectra when the samples were 5 weeks
old. For this degradation study, all the samples used
in the antisolvent selection and dripping time inves-
tigation were stored in the laboratory, at 23 °C and
with a relative humidity of 20%, for 5 weeks. These
conditions were measured daily and only small
fluctuations in temperature &+ 2 °C were seen to take
place. The relative humidity remained constant
throughout the experiment except for a few days
when it increased to 40% due to heavy precipitation
outside. All samples were exposed to the same con-
ditions allowing for a fair comparison between them.

Antisolvent
application

|:>
<SS QU

a significant colour change takes place as the solution dries and the

Annealing

perovskite structure is formed.
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Results

The results section is broken down into four parts:
The antisolvent selection, the effect of dripping time,
the impact on stability, and then several solar cells
are simulated using the parameters of the optimized
CsPblBr, film.

Antisolvent selection

To determine the effect of antisolvent selection on
samples of CsPbIBr,, four different antisolvents were
applied under identical conditions, as described in
the previous section. These samples were compared
with a reference sample that had no antisolvent
applied.

Once the XRD spectra of the fresh samples had
been collected, a Rietveld refinement was carried out
to determine the crystal structure. We found the same
parameters as other authors, namely, a cubic struc-
ture, pertaining to the PM-3 M space group, with a
lattice constant of 5.93423 + 0.00034 A [42, 43]. All
samples showed two major diffraction peaks, corre-
sponding to the (100) and (200) planes, at 15° and 30°,
respectively. Smaller peaks found at 21°, 26° and 37°
correspond to the (110), (111) and (211) planes. The
calculated Miller indices can be found below in
Table 1. These results are based upon an analysis of
the reference sample, in which the fit obtained with
the refinement was highly precise with the Rwp and
Rp values being 7.1 and 4.72%, respectively. Rietveld
refinements were not carried out for all the samples,
since their spectra were highly similar, differing only
in intensity, meaning that they were unlikely to
generate different results.

When comparing the diffraction intensity, the
sample in which IPA was used showed an almost
two-fold increase when compared to the reference

Table 1 Miller indices generated from the Rietveld refinement of
the reference sample

h k 1 20 Intensity
(%)

1 0 0 14.9108 47.834

1 1 0 21.1475 2.226

1 1 1 259754 0.026

2 0 0 30.0819 100

2 1 0 33.7327 0.135

2 1 1 37.0638 3.907

2 2 0 43.0617 3.223

@ Springer

J Mater Sci (2021) 56:20071-20086

sample, shown in Fig. 2a and b, implying a major
increase in the diffraction planes associated with the
perovskite structure. The area under the diffraction
peaks, which corresponds roughly to the quantity of
perovskite material present, gave similar results. The
rest of the samples showed a decrease in peak
intensity, implying a worsening of the crystal struc-
ture as a result of the antisolvent application.

The broadening of diffraction peaks is known to be
related to the size of the diffraction regions in crys-
tals. Employing the Scherrer equation, it is possible to
calculate the crystallite size based on the full-width at
half-maximum (FWHM). It should be noted that
although the terms “crystallite” and “grain” are often
used interchangeably, there are several definitions for
the term crystallite. In our case, we define a crystallite
as a region in which all the material is orientated in a
particular diffractive direction. This is important
because it means that a grain can be composed of
several crystallites. For this reason, the grains
observed using the FESEM may not always coincide
with the crystallite sizes calculated from XRD
measurements.

In Fig. 2¢, it is possible to see that the application of
IPA leads to a significant increase in crystallite sizes
from around 45 nm in the reference sample to around
55 nm, which could be due to an increased period
within the metastable zone and in turn a prolonged
period of crystal growth. This increase in crystallite
size is important because crystallite and grain
boundaries can contribute to charge recombinations.
Since an increase in size implies a reduction in the
number of these boundaries, this film should yield a
higher PCE. Interestingly, while the IPA, the refer-
ence, and the CIBn samples had comparable crystal-
lite sizes for both the (100) and (200) diffraction
peaks, the other samples showed a divergence,
meaning that crystallite sizes in the material were
nonuniform.

To characterise the optical properties of the sam-
ples, measurements of absorbance and photolumi-
nescence were made. The absorption onset of the
samples took place around 600 nm, which agrees
with the accepted bandgap value [15, 25, 31, 42]. All
samples showed a higher absorbance than the refer-
ence sample, with the IPA and DEE samples giving
similar results. While CIBn and Tl seem to have
increased the absorbance of the samples, they also
demonstrate a shallower climb in absorbance,
potentially signalling the existence of interband
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Figure 2 A summary of the results collected for the antisolvent
selection. The antisolvents used were IPA, DEE, Tl and CIBn.
These results are compared with a reference sample with no
antisolvent. a XRD spectra of the samples b peak intensity

defects. While absorbance measurements are a key
tool for understanding the band structure and crystal
quality, it should also be noted that the absorption
coefficient gives more information since it is also a
function of thickness and reflectivity. Any deviations
in thickness will create an associated error in the
absorbance measurement. This limits our ability to
identify the superior samples based solely on its
absorbance spectrum. On the other hand, all samples
show an increase in absorbance at the accepted
wavelength value for the CsPbIBr, bandgap, sig-
nalling that the material has been correctly formed.
As can be seen in Fig. 2f, measurement of the PL
spectra revealed that all samples showed a time-de-
pendent spectrum when under illumination, leading
to the apparition of a lower energy peak. Moreover, a
given spectrum would “reset” if the sample were
stored in dark conditions. These observations are
consistent with observations made by other authors
and with the so-called “Hoke Effect” [44-46]. While
more detailed explanations can be found in the paper
by Hoke et al.,, the evolution of a PL spectra in a
mixed halide perovskite under illumination can be
explained by the segregation of different halide

Wavelength (nm)

Wavelength (nm)

corresponding to the two main diffraction planes ¢ crystallite size
d absorbance spectra e photoluminescence spectra with an
integration time of 16 s f time evolution of the PL spectra of the
reference sample.

phases causing iodine-rich regions to be formed,
which in turn are responsible for the lower energy
emission.

PL measurements carried out when the sample is
initially illuminated, shown in Fig. 2e, give a peak in
emission at around 610 nm, which agrees with the
established  bandgap  value of  CsPbIBr;
[15, 25, 31, 42]. All samples show a low-energy tail,
probably the initial signs of the Hoke Effect. The
sample in which Tl was applied gave the highest
emission, which is the same result as was found by
Zhang et al. The IPA and the reference sample gave
very similar PL spectra, suggesting that the antisol-
vent had a small effect on the band structure.

Figure 3 shows the FESEM images that were taken
of the surface. Both the CIBn and Tl samples were
nonuniform and had large-scale defects compared
with the DEE, IPA and reference samples which
showed smooth and uniform surfaces. When mag-
nified 20,000 times, all samples showed pin-hole free
regions, demonstrating that film coverage at higher
magnifications can be misleading. In general, the
DEE, IPA and reference samples were difficult to
distinguish; however, the reference sample had
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Figure 3 FESEM images taken of CsPbIBr,, with different antisolvents applied, at magnifications of 2000- and 20,000-times with an
accelerating potential of 1.5 keV. Each sample has a large-scale image (above) and a magnified image (below) to see the grain structure.

slightly fewer defined grains. From the FESEM ima-
ges alone, it was difficult to distinguish the best
sample, however, CIBn and TI clearly had a negative
effect on surface homogeneity.

EDS was carried out in the FESEM by increasing
the accelerating potential to 15 keV. Table 2 sum-
marises the results. All the EDS spectra gave the
correct atomic percentages for the composition
CsPbIBr,. The samples showed a slight surplus of
iodine and a deficit of bromine; this is beneficial since
a higher iodine content will lower the bandgap and
lead to an increased Shockley-Quessier limit. Using
the FIB inside the FESEM chamber, an incision was
made on the surface of the samples and their thick-
ness was measured. The mean value for thickness
was 296 nm with a standard deviation of 28 nm.

Dripping time

To ascertain the effect, if any, that the dripping time
would have on the finished sample, four samples of
CsPbIBr, were treated with IPA as an antisolvent.

Table 2 The atomic percentages of the freshly deposited
CsPbIBr, samples using no antisolvent, IPA, DEE, CIBn and Tl

Element At. (%) Reference sample Antisolvent

IPA DEE CIBn TI

Br 37.7 37.6 385 374 375
I 24.1 22.8 238 254 23.1
Cs 19.5 202 185 18.6 205
Pb 18.7 194 192 18.6 189

@ Springer

IPA was chosen out of the antisolvents as it gave the
best results all-round, especially in terms of XRD. The
dripping time was increased in steps of 5 s due to the
difficulty in carrying out precise time-wise applica-
tion of antisolvents by hand.

The FESEM revealed that CsPbIBr, samples treated
with IPA over a range of different dripping times,
from 5 to 20 s, were difficult to distinguish at mag-
nifications of around 2000 times. However, at very
low magnifications of around 24 times, the 5 and 20 s
samples showed nonuniformity. Specifically, the 5 s
sample showed a patchy structure which could be
due to the solution not having enough time to spread
out before the antisolvent application. On the other
hand, the 20 s sample showed large agglomerations
of perovskite material sitting on top of the surface. In
Fig. 4, it is possible to see that although the 5s
sample was nonuniform, it had regions with good
grain formation at higher magnifications. This shows
that often several images are needed to characterise
the nature of the surface. The other samples showed
increased film coverage, with the 10 s sample having
the best-defined grains and the fewest pinholes.

In contrast to the FESEM analysis, the XRD results
revealed the 10 s sample to be the best one, since it
had an intensity far superior to any other. In fact, in
Fig. 5b we can see that there seems to be a parabolic
relationship between the dripping time and the peak
intensity. This parabola takes a maximum, for both
the (100) and (200) planes, at around 11s. Also
shown in this graph is the intensity given by the
reference sample. The fact that all samples where IPA
was used showed greater intensity than the reference
samples supports the claim that the method is both
reproducible and effective.
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5 seconds

10 seconds

Figure 4 FESEM images of CsPbIBr, thin films treated with IPA
over a range of different dripping times, taken at magnifications of
2000- and 20,000-times with an accelerating potential of 1.5 keV.
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In terms of optical properties, the absorbance
spectra were all similar, with the reference sample
having an absorbance centred between the most and
the least absorbent samples. The sample with IPA
applied after 8 s showed the highest absorbance fol-
lowed by the 10 s sample. The samples where anti-
solvent was applied after 15 and 20 s showed the
lowest absorbance. As mentioned in the previous
section, the error associated with the sample thick-
ness should be considered when analysing the
absorbance measurements since thicker layers will
have a higher absorbance. On the other hand, the
absorption onset is independent of thickness and
agrees with those found in the literature
[15, 25, 31, 42].

The PL spectra once again showed signs of the
Hoke Effect taking place, as in Fig. 2f, meaning that
there was a generic shift to lower energies and the
apparition of a new PL peak. The effect could also
explain the low energy tail seen in Fig. 5d. The fact
that there may be two variables at play, the Hoke
Effect and drip time, makes it difficult to confirm the
observed small displacements in the peak maxima.
However, a clear trend can be seen where samples
that had a dripping time higher than 8 s exhibit more
than a two-fold increase in emission. This could be a
result of improved crystal structure and an associated
reduction of non-radiative defects.

Stability study

To quantify the stability of the samples, an XRD
analysis was carried out on all the samples used in
the previous sections after they were stored for
5 weeks in the laboratory in low-light conditions, at a
temperature of 23 °C and relative humidity of 20%.
Since there is no generally accepted procedure for
measuring the stability of perovskites, a simple
method was devised to quantify it. Since XRD spectra
generate some of the most easily quantifiable results,
a method was developed which compared values of
intensity. That said, values derived from the area
could also be used. Assuming significant changes do
not occur in the aged spectra compared with their
corresponding fresh spectra, such as the apparition of
new peaks, it should be possible to correlate a per-
centage decrease in intensity with stability, since the
number of perovskite diffractive planes is propor-
tional to total intensity. This is because any new
peaks not found in Table 2 correspond to new phases

@ Springer

J Mater Sci (2021) 56:20071-20086

and demonstrate the partial degradation of the
CsPblIBr; alloy.

By exploiting the correlation between XRD inten-
sity and stability, we can quantify the stability of a
sample by calculating the percentage decrease in its
diffraction maxima. The 10 and 15 s samples showed
greatly increased stability, up to 65% for the IPA
samples in comparison with the 20% that the refer-
ence sample gave. Remarkably, the intensity of the
aged 10 and 15 s samples is higher than the freshly
prepared reference CsPbIBr, samples. These results
suggest that IPA not only improves crystal quality
but also stability. Contrastingly, the worst perform-
ing sample in terms of percentage decrease was the
one where IPA was applied after 5s. Many new
diffraction peaks can also be seen to arise in Fig. 7b. It
is likely that the solution did not have enough time to
spread out before the antisolvent was applied, lead-
ing to inhomogeneous film thickness and crystal
nucleation. Moreover, this would explain the patchy
structure observed in Fig. 4 and the spiral structure
seen in Fig. 6.

Applying this method to measure the stability of
the samples treated with different antisolvents, the
CsPbIBr, sample treated with DEE stands out as
having extraordinarily high stability in terms of
percentage decrease. However, this is misleading,
since one can see the apparition of many new peaks
in the spectrum in Fig. 7c showing that parts of the
structure had degraded into new phases. Similarly,
CIBn and Tl would seem to have increased the sta-
bility of the samples, however, closer inspection in
Fig. 7c reveals that the only sample to have not given
rise to new peaks is the reference sample. Seen in this
way, not only does the application of these antisol-
vents seem to adversely affect their properties when
fresh, but it also accelerates their degradation into
new phases.

The sample where IPA was applied after 8s
showed a 20% decrease in intensity and the appari-
tion of new peaks. Due to this phase change occur-
ring, which did not take place in the reference
sample, it is possible that 8 s is not a long enough
amount of time for the solvent to spread out, which is
why all the samples carried out at this time show
accelerated degradation.

In terms of absorbance (Fig. 8), all samples show a
generic shift to lower wavelengths, caused by the
transformation of the desired phase, which is
metastable at room temperature, into the stable one
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Figure 6 Photographs taken
of the freshly prepared
samples and the 5-week-old
samples after they had been
stored in the laboratory.
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when the samples were freshly prepared and after they were aged
in the laboratory. a peak intensity for all the samples mentioned in
this work before and after they were aged. The percentage decrease

which has a larger bandgap value. The temperature
at which this phase transition occurs in inorganic
caesium-based perovskites depends on bromine-
iodine content. For CsPbl; and CsPbBr;, the phase
transition occurs at 310 °C [47] and 130 °C [48],
respectively, it follows that for CsPbIBr; it would fall
somewhere between the two.

Comparing the absorbance spectra of the samples
where antisolvent was applied after 8 s, in Fig. 8a, the
IPA sample appears to hold up best. If the energy
barrier to the phase change has been increased, it
could be because of an increase in bond strength
resulting from a decrease in defect density, explain-
ing their superior stability. Of all the samples, the

2?88

10 20 0 40

26 (deg.)
corresponds to the difference between the freshly prepared samples
(orange) and the aged samples (green). b XRD spectra of aged
samples from the dripping time investigation ¢ XRD spectra of the
aged samples from the antisolvent selection.

worst results were obtained from the samples where
CIBn was applied, where a significant decrease in
absorbance is seen to take place at wavelengths below
the bandgap. This suggests that most of the film had
already changed phase.

Figure 8b shows the absorbance spectra of the aged
samples that were used in the dripping time inves-
tigation. The sample in which IPA was applied after
10 s showed the best stability since it had the highest
absorbance out of any of the aged samples. It even
showed superior absorbance to the freshly prepared
CsPbIBr, sample, which had no antisolvent treat-
ment. This supports the analysis based on the XRD
spectra. The samples where IPA was applied after 15
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Figure 8 Absorbance spectra of the fresh and 5-week-old
CsPbIBr, samples stored in the laboratory at 23 °C and
RH = 20% under low-light conditions a Absorbance spectra of

and 20 s showed remarkably similar absorbance
spectra, which were only slightly lower than the
freshly prepared sample with no antisolvent applied.

The analysis carried out in this section supports the
claim that the application of IPA with a dripping time
of 10 s, or higher, will yield significant improvements
in stability. This is indicated by the percentage
decrease in intensity going from 20%, with the ref-
erence sample, to over 60% in Fig. 7a and the supe-
rior absorbance spectra in Fig. 8b. The results suggest
that to obtain the maximum stability, IPA should be
applied with a dripping time of 10 s, however, any
period between 10 and 15s will also enhance the
films properties. This is consistent with the parabolic
behaviour found in Fig. 5b, which suggests that the
ideal application time is 11 s.

CsPblIBr,-based solar cells

Using the measured material properties, namely,
thickness and bandgap, a one-dimensional solar cell
capacitance simulator (SCAPS) [49] was used to
predict the short-circuit current (Js.), the open circuit
voltage (V,), the filling fraction (FF), and the device
PCE. The parameters used in the simulation, which
could not be determined experimentally, were taken
from the literature, or in some cases, a reasonable
estimation was made. All the parameters used in the
simulation can be found in the supplementary
information in Table 2.

To study the effect that the electron-transport layer
(ETL) and the hole transport layer (HTL) had on-
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aged samples shown in Fig. 2b absorbance spectra of aged
samples shown in Fig. 5. The dotted lines show the bandgap value
of the desired phase [25, 31, 34].

device performance, four different cells were simu-
lated. All cells had a layer of FTO as the back contact
and used CsPblBr; as the absorber layer. In two of the
cells, zinc oxide (ZnO) was used as an ETL and in the
remaining two titanium dioxide (TiO,) was used. For
a given ETL, a simulation was made with and with-
out the commonly used 2,2,7,7"-Tetrakis [N,N-di(4-
methoxyphenyl)amino]-9,9’-spirobifluorene  (spiro-
OMeTAD). The resulting J-V curves and cell prop-
erties are shown in Fig. 9 and Table 3, respectively.
The J-V results revealed that the use of the HTL,
spiro-OMeTAD, had a major impact on the perfor-
mance of the solar cell, shown by the increase in FF
from 50% to over 80%. On the other hand, J..

14i

-
N

-
o

Current Density (mA/cm2)
(-]

= CSPbIBr2.Ti02.FTO
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Figure 9 -V curves corresponding to the different CsPbIBr,-
based solar cells with different hole- and electron-transport layers.
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Table 3 V., J.., FF and PCEs
of the CsPbIBr,-based solar

cells using the parameters of
the optimized IPA sample with
dripping time 10 s
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Solar cell structure Voe (V) Jse (mA/cm?) FF (%) PCE (%)
CsPbIBr2.ZnO.FTO 1.273 12.569 48.61 7.78
Spiro. CsPbIBr2.ZnO.FTO 1.057 12.905 84.82 11.57
CsPbIBr2.TiO2.FTO 1.230 12.302 53.36 6.36
Spiro. CsPbIBr2.TiO2.FTO 1.235 12.894 86.05 13.70

remained largely unchanged since the bandgap of
spiro-OMeTAD, 3.17 eV, is comparable to that of the
ETLs, 3.2 and 3.3 eV, and larger than that of CsPbIBr,
2.05 eV. For this reason, a similar number of photons
were absorbed with or without the HTL. Interest-
ingly, the V. increased in the cell where TiO, was
used when the HTL was added, but the opposite took
place in the cell where ZnO was used. It is possible
that this occurs because of the differences in dopant
density and therefore carrier concentration. This
finding suggests that when selecting the ETL, one
should consider whether an HTL is to be included in
the device and how they will perform together. In
terms of PCE, the cells in which spiro-OMeTAD was
used showed significant increases. The champion
cell, where TiO, was used as an ETL, gave a PCE of
13.7%, which is higher than the record experimental
value of 11.53% [42]. To date, much focus has been
made on HTL-free CsPbIBr2-based devices
[15, 21, 31, 34], and our findings suggest that many of
the experimentally tested devices could be signifi-
cantly enhanced by the addition of an appropriate
HTL.

Discussion

Our findings support the hypothesis that both anti-
solvent selection and application conditions have a
measurable impact on the final sample. Our results
have helped clarify and quantify the effects that dif-
ferent factors have on the quality of antisolvent
quenched CsPbIBr,. We have shown that the anti-
solvent used and the dripping time both play a major
role in the processed samples.

It is reasonable to suppose that antisolvent selec-
tion must be important since different solvent-anti-
solvent combinations will behave differently together
due to their varying properties. However, more sur-
prisingly, we discovered that the dripping time, an
often-ignored factor, seems to have a large effect on
the final sample and therefore should not be

overlooked when integrating antisolvent quenching
into the film synthesis procedure. It seems important
that enough time be given for the solution to spread
out, however, when the dripping time is too long, the
properties of the film decrease due to the other pro-
cesses taking place during crystallisation. Although
the time needed for the solution to spread out is
probably a function of viscosity, surface wetness, and
surface tension of the solution, in our case, we believe
it to be somewhere between 8 and 10 s.

While our results support the claim that antisolvent
quenching can improve the quality of CsPbIBr,
samples, a possible explanation for why antisolvent
quenching is not commonplace with CsPbIBr, is
because when other researchers have tried the
method, they obtained results like ours for DEE, C1Bn
and Tl. Namely, that the processed samples
decreased in quality (Fig. 2). It might be that DMSO
is not extracted as well as dimethylformamide (DMF)
by these antisolvents, so antisolvent methodologies
are used in hybrid perovskites, such as methylam-
monium lead iodide, may not extend to inorganic
perovskites.

The difficulty in successfully optimizing the anti-
solvent quenching method may also explain the
deviation of our results from the only published
method presented by Zhang et al. A possible expla-
nation for our different results is that the antisolvent
quenching method is sensitive to small changes in
methodology. While on paper our experiments are
very similar, there may be subtle differences in the
way in which our work was carried out. These dif-
ferences may include uncontrolled variables in
ambient conditions, solution components, or the
deposition conditions. In Zhang et al.’s paper, they
used the same antisolvents we did, namely CIBn,
IPA, T1 and DEE, however, they found DEE to be the
best antisolvent, which contradicts our findings sig-
nificantly. During their experimental work, Zhang
et al. employed a dripping time of 20 s, which they
did not vary, leaving open the possibility that their
method may be further optimized. We optimized this

@ Springer



20082

parameter for the best antisolvent, IPA, by varying
the dripping time and studying the quality and sta-
bility of the synthesized samples as described in the
methodology section.

Several studies into antisolvent quenching meth-
ods for the sister materials CsPbl,Br and CsPbBr;
[39, 50], found, like us, that IPA was the best anti-
solvent. Liu et al. reported using CIBn to carry out
their antisolvent quenching method [40], however,
they used DMF as a solvent, which is unusual in
CsPbX; films containing bromine due to the difficulty
it causes in dissolving the bromine-containing pre-
cursors. Based on these papers, IPA appears to be an
antisolvent that lends itself well to approaches where
only DMSO is used as a solvent, however, as soon as
DMF is added to the solvent, other antisolvents per-
form better. Since initial literature reviews of
researchers working on CsPbIBr, may not include
sister materials, and the vast majority of CsPbIBr,
films are made with DMSO [31, 34, 35, 42], our
findings should be taken into account by other
researchers, since they may not be aware that there is
an alternative antisolvent quenching method avail-
able to the one presented by Zhang et al.

In our experience, DEE was found to be impractical
to work with because of its tendency to drop out of
the pipette very quickly. It is likely that the low-
boiling point of this antisolvent significantly increa-
ses the evaporation taking place within the pipette
tip, lowering the pressure, resulting in the DEE being
ejected from the pipette. We overcame this dripping
effect by taking up some air at the end of the pipette,
and we also tried an alternative method which
involved saturating the interior of the pipette tip with
DEE vapour beforehand, and this also seemed to
work. The use of these techniques, however, is clearly
a limitation if volumetric errors need to be mini-
mized. Furthermore, DEE is not miscible with DMSO
[38], which could cause a nonuniform distribution of
DMSO and DEE when quenched. This would lead to
a nonuniform deposition of perovskite material as
well as their different boiling points leading to
inhomogeneous drying and crystal nucleation.

Although our results allow us to claim with a high
degree of certainty that IPA quenching CsPbIBr, will
result in a more stable film, we acknowledge that the
method could be improved by including other
diffraction peaks or complementing it with another
easily quantifiable piece of data such as bandgap
value or absorption coefficient. We have established
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that FESEM analysis is problematic because it is dif-
ficult to quantify and depending on film uniformity, a
single image may not be enough to fully capture the
nature of the surface.

Our work has established some of the foundations
for future studies, where we will extend our inves-
tigation of dripping time dependence to the other
antisolvents. While considering the dripping time on
sample quality and stability, an improved under-
standing of the effect of the volumetric ratio between
the perovskite and antisolvent was identified as
necessary to understanding the results. This will be
addressed in a forthcoming paper. This is necessary
because, although in our methodology we state a
volumetric ratio of 2:1 between the antisolvent and
the precursor solution, as the spin programme runs
the solution is thrown off, therefore changing this
volumetric ratio. The lack of information about this
variable makes it difficult to explain the observed
parabolic behaviour of the intensity in Fig. 5b. While
the increase in intensity can be attributed to the set-
tling of the solution, the decrease that happens after
around 11 s is likely due to the processes taking place
when the crystal precipitates. Our hypothesis is that
once the volumetric ratio goes above a certain level,
the metastable limit is passed for an extended period,
causing rapid nucleation and crystal growth, leading
to many defects at the interfaces where these zones
meet. To confirm this, more information about the
metastable zone width is needed.

Conclusion

Improving the quality of CsPblBr, samples is vital to
enable further its use in solar cells. We believe that
the results presented here make an important con-
tribution in understanding how to improve the
crystallinity and stability of CsPbIBr, samples. We
have conducted a preliminary analysis to discover
which variables and conditions appear to have the
greatest impact. In the absence of generally accepted
tests for stability, we have developed our own
method using XRD spectra. In our method, the per-
centage decrease in the intensity of diffraction peaks
is compared between the samples as they evolve,
allowing us to quantify their stability. Our results
show that the application of the antisolvent IPA with
a dripping time of 10 s, is a simple and reproducible
way to substantially improve sample quality.
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We report CsPbIBr; films, whose composition was
confirmed via EDS, with a mean thickness of 296 nm
(s.d. 28 nm). While carrying out testing to determine
the best antisolvent, FESEM analysis revealed that the
Tl and CIBn samples showed large-scale defects.
Rietveld refinement of the XRD spectra revealed the
formation of a cubic structure, pertaining to the PM-
3M space group, with a lattice constant of
5.93423 4 0.00034 A. The samples were highly ori-
ented in the (100) direction, with two major diffrac-
tion peaks occurring at 15° and 30°, corresponding to
the (100) and (200) planes, respectively. From the
FWHM, the samples applied with IPA showed an
increased crystallite size of 55 nm. This should
reduce the number of boundaries at which charge
recombination can occur in solar cells, thereby
increasing PCE. All samples with antisolvents
applied showed an increased absorbance, and PL
spectra showed signs of the Hoke Effect taking place.

While investigating the effects of dripping time on
IPA quenched samples, FESEM images revealed that
dripping times of 5 and 20 s led to large-scale defects.
XRD spectra differed only in the intensities of the
(100) and (200) peaks. These peak intensities took a
parabolic form as a function of dripping time, with a
maximum at 11 s. All XRD spectra of IPA quenched
CsPbIBr, showed superior intensities when com-
pared to the reference sample, which had no anti-
solvent applied. Absorbance spectra of the IPA
quenched samples were similar to that of the refer-
ence samples, however, PL intensity showed a two-
fold increase when the dripping time was 10 s or
higher.

To quantify the stability of the samples, we devel-
oped and employed a novel system based on XRD
spectra and complemented this with an analysis of
the absorbance spectra. This was prompted by the
lack of established stability tests in the literature, and
the need for a quantitative rather than qualitative
method for measuring sample stability since quali-
tative information can be more easily misinterpreted.
Our method showed that the samples with IPA
applied after 10 and 15 s exhibited an important
increase in stability, with only a 65% reduction in the
intensity of their XRD spectra after 5 weeks stored in
ambient conditions, compared to a 20% reduction in
the reference sample. These samples gave superior
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XRD spectra readings than the freshly prepared ref-
erence samples, even after they were aged for
5 weeks in air. The sample where IPA was applied
after 20 s also showed a moderate increase in stabil-
ity. On the other hand, the sample where IPA was
applied after 5 s gave poor results across the board,
leading us to conclude that a minimum and specified
amount of time is necessary for optimum dispersal of
the solution. According to XRD data, the samples
where other antisolvents were used showed acceler-
ated degradation, along with the appearance of new
phases. The absorbance spectra corresponding to the
fresh and aged samples showed results that sup-
ported all of the findings made with the aforemen-
tioned method. Namely, that the sample in which
IPA was applied with a dripping time of 10 s showed
better results than the freshly prepared reference
sample even after it had been stored in air for
5 weeks. This increase in stability also takes place in
the samples where the dripping time was higher, but
to a lesser degree.

To probe the properties of devices made with the
optimized CsPbIBr; films, four different devices were
simulated using the programme SCAPs. The devices
were made with either ZnO or TiO,, both with and
without spiro-OMeTAD. The addition of spiro-
OMeTAD was shown to make an important increase
in device performance supporting its use as a simple
way to significantly enhance device performance. The
champion device was the one, which employed both
spiro-OMeTAD and TiO,. This solar cell gave a PCE
of 13.7%, which is higher than the best reported sin-
gle-junction device found in the literature. Moreover,
it gave very competitive values for V., Js. and FF
which were 1.235V, 12.894 mAcm 2 and 86.05%,
respectively.

We have established that the application of IPA
with a dripping time of 10 s is a simple and repro-
ducible method for significantly improving sample
quality. We anticipate that our method should greatly
enhance CsPbIBr, sample production and contribute
to the development of solar panels as a source of
renewable energy. The development of solar panels is
of utmost importance in the face of the impending
climate crisis and will be vital in achieving the goal of
transitioning to net-zero carbon emissions by 2050 as
set out in the Paris Agreements.
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