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Abstract

In this work, one-step coating of CsPbBrz thin films using the mist deposition method is
demonstrated. The CsPbBrsz layer is composed of large grains with an average size of
approximately 1.4 um, and it fully covers the substrate surface, unlike the layers prepared by
conventional one-step spin-coating methods, so that efficient carrier transport is realized. Carbon-
based CsPbBrs perovskite solar cells (PSCs) fabricated using the mist deposition method exhibit
a stabilized power conversion efficiency of 7.7%, which is a record value for carbon-based

CsPbBr3 PSCs prepared via a one-step solution process.
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Organic—inorganic metal halide perovskites have attracted much attention as promising
photoconductive layers for next-generation solar cells owing to their high absorption coefficients,
high carrier mobilities, long carrier lifetimes, and easily tunable bandgaps.}* However, the thermal
and moisture instability of organic cations has impeded their further application.® Substituting the
organic cations with Cs" is one of the most effective solutions to this stability problem. Among
Cs-based perovskites, CsPbBrs has demonstrated a remarkably high stability against moisture and
heat.%’ In addition, replacing the metallic electrode with a carbon electrode is also an effective
way to improve the stability. Carbon-based perovskite solar cells (PSCs), which eliminate the need
for precious metal electrodes and hole transport layers, have demonstrated improved stability and
reduced fabrication cost.®-1% Following this trend, new type PSCs incorporating extremely durable
carbon electrodes and CsPbBrs were proposed and demonstrated great stability.!! Owing to its
reduced fabrication cost and high stability, this state-of-the-art PSC is one of the most practical
PSCs.

Since the first carbon-based CsPbBr; PSCs were reported in 2016, their power conversion
efficiencies (PCEs) have improved from 6.7% to more than 10% through various efforts such as
interface engineering?-t” and compositional engineering.8-?° Despite these attempts at improving
the PCE, there has been insufficient progress in developing solution processes for their
industrialization. Although CsPbBrs thin films have been prepared by two-step spin-coating
methods involving PbBr, preparation and its subsequent conversion to CsPbBrs with a CsBr
solution, these methods require precise compositional control to suppress the formation of impurity
phases such as CssPbBrs and CsPb,Brs during the second step.!? In contrast, simple one-step
methods that can directly form CsPbBrsz from the precursor solution is preferable for

industrialization. In the one-step method, however, the CsPbBrz films often suffer from poor



A Self-archived copy in

= Kyoto Uni R h Inf tion R t RIBAFLHRAY KT by
\ +
I #I& k ? yoto University Research Information Repository I
~ ) KUI ‘ENAI I
Kyolo Uniersity Ressarch Informaton Repositry

KYOTO UNIVERSITY https://repository.kulib.kyoto-u.ac.jp

coverage because the density of the heterogeneous nuclei tends to be low owing to the poor
solubility of CsBr in typical organic solvents, such as dimethyl sulfoxide (DMSO).2+-24

To increase the density of heterogeneous nuclei, Y. Ren et al. proposed a fast nucleation-
deposition method by introducing polyethylene glycol (PEG) in a one-step solution.?® They
revealed that the PEG increases the cluster number of CsBr-PbBr.-DMSO-PEG colloids in the
solution. These colloids serve as a nucleation site and induce fast nucleation-deposition.
Consequently, the surface coverage of the CsPbBrs film was drastically improved. The obtained
CsPbBrs-based PSCs achieved a stabilized PCE of 7.2%, which is the highest efficiency recorded
in the one-step method.?® However, the PCE is still lower than those in the case of the two-step
methods. We cannot dismiss the possibility that although the improved film coverage should
improve the PCE, the residual additives within the CsPbBrs films limited the photovoltaic
performance.

Herein, we propose mist deposition as a one-step method to realize fast nucleation-deposition
without any additives for the preparation of full-coverage CsPbBrs thin films. Figure 1 shows a
schematic illustration of the proposed concept. In this method, the precursor solution is atomized
into numerous mist particles by a 2.4 MHz ultrasonic vibration. Generally, such high frequency
generates small and uniform mist particles with a size of 3 um (volume ~14 fL)® which is much
smaller than that of droplets generated by air-brush (> size: 50 um, volume: ~65 pL).2° Therefore,
as soon as the mist particles contact a preheated substrate, solvent evaporation and consequent fast
nucleation-deposition should occur. Based on this hypothesis, at the initial stage of the deposition
process, the numerous mist particles reaching the substrate one after another should repeat
numerous fast nucleation-deposition, leading to a high density of heterogeneous nuclei. At the

second stage, i.e. when the following mist particles adhere to the existing crystals, the re-
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dissolution and crystal grain growth should occur as reported in a previous study.?’ It is expected
that the film coverage would improve gradually and full-coverage CsPbBrz films are finally
obtained after repeated crystal grain growth and additional nucleation. In addition to the potential
for full-coverage film formation, the widely accepted scalability of mist deposition is also
advantageous for industrialization.?-%

In this work, we show a proof-of-concept for full-coverage CsPbBrs thin films from a one-step
solution without any additives using the mist deposition method. The CsPbBrs layer fully covers
the substrate surface and is composed of large grains with an average size of approximately 1.4
pm, which allows efficient carrier transport to be realized. CsPbBr3 PSCs with the configuration
of indium tin oxide (ITO)/TiO2/CsPbBra/carbon are fabricated to verify the quality of the CsPbBr3
thin films. Thanks to the improved film coverage, a high open-circuit voltage (Voc) of 1.51 V is
achieved. The obtained stabilized PCE of 7.7% is a record value for carbon-based CsPbBr3z PSCs

fabricated via a one-step solution process.

Initial stage (nucleation) Second stage (crystal growth)
|| ® ~3 um I
) l, | L4 |
A\ v | v
* (] ! v v Cs*
Substrate 4 [PoBrgl*
Re-dissolution
Solvent Solvent Solvent
evaporation ‘ evaporation . evaporation
—
Nucleation Additional nucleation Crystal grain growth Full coverage film

Figure 1. Schematic illustration of full coverage CsPbBrs film preparation by using mist

deposition.
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CsPbBrs films were first prepared on glass substrates by the mist deposition method (see the
Supporting Information for experimental details). The precursor solution was prepared by
dissolving CsPbBrz powder in a mixture of DMSO and N,N-dimethylformamide (DMF) (1:4, v/v).
DMF was added to decrease the solvent viscosity and thus facilitate mist generation (Figure S1).
The CsPbBrs concentration was determined to be 0.06 M considering that the maximum solubility
of CsPbBr3z in the DMSO-DMF mixed solvent was approximately 0.1 M (Figure S2). As shown
in Figure 2a, a uniform CsPbBrs film was obtained on the glass substrate. The top-view scanning
electron microscopy (SEM) image reveals that the CsPbBrs film fully covered the substrate surface
without any voids (Figure 2b), unlike films prepared by the conventional one-step spin-coating
method.? To investigate the optical properties and crystallinity, the absorbance spectrum and the
X-ray diffraction (XRD) pattern were measured. Figure 2c shows the absorbance spectrum and the
corresponding Tauc plot of the CsPbBr3 film, which confirmed that the absorption edge and optical
bandgap (Eg) were 527 nm and 2.35 eV, respectively, and were in agreement with previously
reported values for CsPbBrs.!! As shown in Figure 2d, the XRD pattern was well matched to that
of the orthorhombic CsPbBr; phase®! with the preferred orientation along the (101) plane, which
is consistent with our previous report.>? Additionally, no changes were observed in the XRD
pattern after storage for over 1 month under atmospheric conditions (0-25 °C, average RH 60%).
The fact that peaks derived from an impurity phase, such as CssPbBre or CsPb2Brs, were not
detected, shows that a high-purity CsPbBrs film was produced by the mist deposition method. In
terms of chemical equilibrium theory, the Cs-rich impurity phase tends to precipitate from the
solution in which Cs and Pb are dissolved in equal molar ratios?*. However, in the case of the mist
deposition method, CsPbBr3, which has the same composition ratio as that of the solution, tends

to precipitate because the solute is precipitated by fast evaporation of mist particles. These results
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demonstrated that full-coverage CsPbBrs thin films can be obtained from a one-step solution
without any additives by using the mist deposition method. Generally, voids in the
photoconductive layer cause voltage loss owing to the formation of short-circuit.®® Therefore, it is

expected that the void-free CsPbBr3 film could realize a high Voc.
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Figure 2. (a) Photograph (25 x 25 mm?), (b) top-view SEM image, (c) absorbance spectrum (inset:

Tauc plot) and (d) XRD patterns of the pristine CsPbBr3 film and aged CsPbBrs film.

To evaluate the photovoltaic performances of the CsPbBrs thin films, CsPbBrs PSCs with the
ITO/TiO2/CsPbBrs/carbon configuration were prepared. For photovoltaic application, not only the
surface coverage ratio is important, but also the thickness of the photoconductive layer. Therefore,
the thickness of the CsPbBrs film required to cover the substrate completely was investigated and
the photovoltaic performances at various CsPbBrs thicknesses were evaluated. The CsPbBrs3
thickness was controlled by the stage speed (v) which is directly related to the amount of mist
particles arriving at the substrate. Regardless of the stage speed, all detected XRD peaks were
identified by CsPbBr3 and the TiO2/ITO substrate (Figure S3). Figure 3a and b show surface and

cross-sectional SEM images of representative CsPbBrs PSCs, whereas Figure S4 and S5 show the
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SEM images of the other PSCs. The film thickness and the grain size distribution (Figure S6) were
measured from these SEM images. In the case of a too fast stage speed (v =0.12 mm s or above),
the CsPbBrs layer only partially covered the substrate (Figure 3a), which was attributed to an
insufficient amount of mist particles. By comparison, full-coverage was achieved at a moderate
stage speed (v = 0.04-0.08 mm s 1) and the thickness was measured to be 340-920 nm (Figure 3b
and S4). As shown in Figure 3c, the thickness and the mean grain size of the CsPbBrs layers
increased in proportion to supply time, defined as the reciprocal of the stage speed. Additionally,
the mean grain size was always more than twice the thickness. For the 580 nm thick CsPbBr3 layer,
the average grain size was 1.4 um. Consequently, the CsPbBr3 layer had a monolayer-vertical
structure, which consisted of single grains arranged in a vertical direction, as shown in Figure 3b.
This monolayer-vertical structure was also observed in the other full-coverage CsPbBr3 layers
(Figure S4). Figure 3d shows the photovoltaic performance, including the short-circuit current
density (Jsc), Voc, fill factor (FF), and PCE, of the CsPbBrz PSCs. It should be noted that full-
coverage films were obtained when the thickness of the CsPbBrs layer was more than 340 nm (the
area shown in yellow in Figure 3d). In the case of the poor coverage CsPbBr3 layer, the average
PCE was limited to 4.5%. By comparison, that of the full-coverage CsPbBrz layer drastically
improved to 7.0-7.8%, which was attributed to especially the improved FF from 0.63 to 0.73-0.75
owing to the elimination of short-circuit. For the full-coverage layers, a high Voc of up to 1.51 V
was obtained and the value is higher than those of the carbon-based PSCs in previous studies
(Table S1). This fact suggests that the voltage loss was effectively eliminated by achieving full-
coverage. Interestingly, the average PCEs at thicknesses of 580-920 nm distributed in a small
range (7.6—7.8%). Considering that the increased photon absorption was negligible in this range

(Figure S7), the similar PCEs implied that the obtained CsPbBrs layers with monolayer-vertical
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structures have long carrier diffusion lengths. In our previous study, thick CsPbBr3 films prepared
by the mist deposition method demonstrated a high carrier mobility (13 cm? V! s71) and a low
trap density (1.3 x 10*2 cm™3), which are comparable to those for single crystals.3? For CsPbBrs
single crystals, the diffusion lengths for electrons and holes have been reported to be 10.9 and 9.5
um, respectively,3* and therefore this speculation seems reasonable. It should be noted that there
was no significant degradation of ITO performance including conductivity and transmittance

because the annealing time was short in this study.
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Figure 3. (a, b) Surface and cross-sectional SEM images of CsPbBrs PSCs with CsPbBr3 layer
deposited at stage speeds of (a) 0.12, and (b) 0.06 mm s %, respectively. (c) Correlation between
supply time, film thickness, and mean grain size. (d) Photovoltaic performance, including Jsc, Voc,

FF, and PCE, of the CsPbBr3 PSCs with CsPbBr3 layers of various thicknesses.
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Figure 4a shows the current density—voltage (J-V) curve of a typical 580 nm CsPbBrs-based
PSC, for which the corresponding photovoltaic parameters were a PCE of 8.3%, a Jsc of 7.3 mA
cm 2, a Voc of 1.51 V, and a FF of 0.75. To evaluate the validity of the photovoltaic performance
of our devices, the stabilized current density and PCE were measured at a bias voltage of 1.27 V.
As shown in Figure 4b, the current density and PCE gradually increased and stabilized at 6.1 mA
cm 2 and 7.7%, respectively. The stabilized PCE of 7.7% is the highest reported value for carbon-
based CsPbBr3 PSCs prepared via a one-step solution process. The full surface coverage and large
grain size of the CsPbBr3 layer seem to contribute to this excellent performance. In comparison to
state-of-the-art CsPbBrs PSCs prepared via two-step solution processes (Table S1), the stabilized
PCE of 7.7% is still low but comparable to control devices without any interface engineering.
Considering that our devices suffered from hysteresis (Figure S8), which is related to the defects
and trap states at the perovskite/adjacent layer interface,® it is expected that interface engineering
can eliminate hysteresis and further improve the PCE.>17 To evaluate the reproducibility of our
mist deposition method for CsPbBrs PSCs, we fabricated 18 cells and measured their PCEs. As
shown by the histogram in Figure 4c, the PCEs were distributed over a small range with an average
value of 7.7% and a standard deviation of 0.6%, suggesting high reproducibility. The CsPbBrs
PSC can maintain 84% of its initial PCE values under continuous light illumination over 10000 s
(Figure 4d). Additionally, even after more than two months of storage in atmospheric conditions
(0-25 °C, average RH 60%) without any encapsulation, there was no degradation of photovoltaic

performance (Figure 4e).

10
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Figure 4. (a) J-V curve of a typical CsPbBrs PSC. (b) Stabilized PCE and current density at a bias
voltage of 1.27 V. (c) Histogram of the PCEs of 18 CsPbBrs PSCs. (d) Photostability and (e)

storage stability of CsPbBrs PSCs without any encapsulation.

In summary, we demonstrated the fabrication of a one-step solution-processed CsPbBrz PSCs
using a mist deposition method. CsPbBr3 films with full surface coverage and a large grain size
were obtained at thicknesses of more than 340 nm, whereas thinner CsPbBrs films suffered from
poor coverage. The 580 nm CsPbBrs-based device achieved an excellent photovoltaic performance,
including a PCE of 8.3%, a Jsc of 7.3 mA cm2, a Voc of 1.51 V, and a FF of 0.75. Moreover, the
stabilized PCE of 7.7% is the highest value for a CsPbBrs-based PSC fabricated via a one-step
solution process and is comparable to those for PSCs fabricated via two-step solution processes.
Notably, the PCE of the CsPbBr3 PSC decreased by only 0.1% on increasing the thickness of the
CsPbBrs layer from 580 to 920 nm, suggesting that our CsPbBr3 layers had a long carrier diffusion

length. The full surface coverage and micrometer-order grain size of the CsPbBr3 layer seem to

11
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contribute to this excellent performance. Our future work will focus on using interface engineering
to further improve the overall performance of carbon-based CsPbBrs PSCs. We expect that the
findings of this study will accelerate the industrialization of CsPbBrs PSCs.
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and photovoltaic performance of representative carbon-based CsPbBrs PSCs.
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