¥® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue
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Inorganic semiconductor CsBislip (CBI) emerges as one of the most promising candidates for lead-free
perovskite solar cells (PSCs) due to its low toxicity, high visible light absorption and excellent humidity
tolerance. However, poor film morphology and high crystal defects limit its practical application
in photovoltaics. Herein, hot-casting and cold-casting technologies are proposed respectively in the
fabrication process of CBI to regulate the film quality and photoelectric properties. Significant
differences appear in the crystallization process and film morphology of CBI layers, resulting in distinct
device performance. In contrast to the CBI film with low density and high thickness formed via the hot-
casting technology, the cold-casting accelerates the crystallization rate of CBI, achieving a dense and
smooth film with moderate thickness. Consequently, cold-casting improves the crystallinity,
smoothness, conductivity and hydrophobicity of the CBI films, all of which contribute to the promotion
of charge separation at the interface and the inhibition of non-radiative recombination in the PSCs. The
resulting devices exhibit a 2-fold increase in the power conversion efficiency and enhanced
environmental stability compared to the devices with pristine CBI. This work provides new insights into
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the crystallization mechanism of bismuth-based films and proposes another approach for regulating the
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Introduction

Hybrid inorganic-organic perovskite solar cells (PSCs) have
attracted much attention due to their excellent optoelectronic
performance along with a simple fabrication process and low
material cost."” To date, the power conversion efficiency (PCE)
achieved of typical lead-based PSCs is over 25%, which is
comparable to that of silicon solar cells.* However, environ-
mental contamination by toxic Pb elements has become one of
the concerns in the industrialization process of lead-based
devices.*” Therefore, researchers have focused their attention
on seeking for nontoxic metal halide perovskite alternatives to
solve this problem. Bismuth (Bi)-based perovskite analogue
CsBi3l,, (CBI) exhibits a small bandgap (1.77 eV), high visible
light absorption, and excellent humidity tolerance as well as
low toxicity, making it become one of the most promising
candidates for Pb-free perovskite solar cells.” Some early
attempts such as solvent engineering,® additive strategies,’
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element doping®® and charge transport layer optimization'**?

have been adopted to further explore and improve the photo-
electric properties of CsBi;l;, film solar cells. However, CsBisl;,
is still not dazzling due to its lower PCEs compared to other
bismuth-based materials such as Cs,AgBiBrs,'*'* Cs;Biylo""°
and AgBiS,."°

One of the crucial factors limiting the performance of CBI-
based devices is the poor film morphology with many pinholes
and high roughness, which are often caused by the uncontroll-
able crystallization process of CBI. These issues result in large
current leakage and poor charge extraction efficiency in the
solar cell devices.'”2° Besides, CBI-based devices exhibited
significantly lower open-circuit voltage (V,.) than the other
bismuth-based PSCs due to internal defects and shorter carrier
lifetime in the CBI layers.”™** In order to improve the morpho-
logy of CBI films, Pandiyarajan and coworkers optimized the
solvent composition and developed an anti-solvent dripping
technology to gain dense and smooth CBI films, achieving the
maximum PCE of 0.63%.% Liang et al. annealed CBI in the
mixed solvent atmosphere (DMF:DMSO = 4:1), achieving a
better film morphology and higher PCEs.** Recently, our group
introduced Pb(SCN), in the CBI precursor solution to accelerate
the crystallization process, leading to the formation of CBI
films with high density and devices with superior performance.’

© 2023 The Author(s). Published by the Royal Society of Chemistry
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All of these studies indicate that tailoring the morphology and
crystallization process of CBI films is crucial to optimize the
photovoltaic performance of bismuth-based PSCs.

Generally, a favorable crystallization process in the film
should include fast nucleation and slow growth to increase
the film density and grain size simultaneously.”>*> However,
due to the intrinsic properties of the CBI precursor solution, it
is hard to achieve an ideal nucleation and growth rate during
the crystallization process in the film, resulting in holes and
small grain sizes inside the films." Therefore, it is challenging
to optimize the crystallization rate of CBI to improve the quality
of films. Hot-casting is widely used in the fabrication of lead-
based perovskite solar cells, which was suggested to increase
the grain size and regulate the crystallization rate of perovs-
kites.>> *® By adopting the hot-casting method, millimeter-scale
lead-based perovskite gains have been fabricated and applied to
solar cells.*® Similarly, low temperature assisted crystallization
technology has also been used in the preparation of perovskite
films. It has been reported that immersing the as-cast precursor
film in liquid nitrogen before annealing could decouple the
nucleation and crystallization processes, resulting in highly
uniform nucleation sites and dense films.”® Inspired by this,
we applied hot-casting and cold-casting technology to fabricate
CBI films and revealed their different effects on controlling the
film morphology and crystallization process, leading to a large
variation in the photovoltaic performance of devices. Surpris-
ingly, cold-casting accelerated the crystallization rate of CBI,
promoting the growth of dense and smooth films with moder-
ate thickness and resulting in the improvement of crystallinity
and electrical conductivity in the film. As a consequence, the
charge separation and extraction at the interface was greatly
improved and the non-radiative recombination in the PSCs was
highly inhibited. The as-prepared devices showed an increased
PCE from 0.34% (pristine CBI) to 0.63%. Meanwhile, both films
and devices fabricated by the cold-casting technology exhibited
superior water resistance and stability.
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Results and discussion
Properties of CsBi;l;, films

We first investigated the influence of different substrate tem-
peratures on the morphology and properties of films. For hot-
casting, the SnO, substrate was preheated on a hot table at
85 °C for 5 min and then quickly transferred to a spin coater for
the deposition of CBI precursor solution. During the cold-
casting fabrication process, the SnO, substrate was precooled
on a cold table (-5 °C) for 5 min. Fig. 1 shows the processing
scheme for CBI films fabricated by different methods. Notably,
the CBI film without any treatment is uneven with some white
macroscopic stripes on the surface. The CBI film fabricated by
hot-casting (Hot-CBI) appears scattered and rough, which is
quite different from the film (black and smooth) prepared by
the cold-casting (Cold-CBI). However, the same pretreatment
(preheat and precool) for the precursor solution did not cause
similar dramatic changes in substrate treatment in film mor-
phology and device performance, as shown in Fig. S1 (ESIT).
This suggests that the substrate temperature plays a crucial role
in the crystallization process of perovskites, which highly
affects the volatilization of solvent and the conduction of heat
energy in the film.

To further reveal the morphology of CBI layers prepared by
different film-forming methods, scanning electron microscopy
(SEM) was performed. As shown in Fig. 2(a), many small
particles and sparse large grains are distributed on the surface
of pristine CBI film, giving low density due to the presence of
many small pinholes in the film. Compared with the pristine
CBI, Cold-CBI shows more uniform grains and greatly reduced
pinholes, making the film more compact. For the Hot-CBI,
there are still many large holes through the whole film
although the CBI grain size is obviously increased, which could
lead to direct contact between the electron transport layer and
the hole transport layer and also increase the risk of carrier
non-radiative recombination.

N
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S —— -~

W
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Fig. 1 The processing scheme for CBI films fabricated via cold-casting, hot-casting and standard methods.
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(a) Top-view SEM images of CBI films fabricated by normal, cold-casting and hot-casting technologies. (b) Cross-sectional SEM images of

different devices based on CBI, Cold-CBI and Hot-CBI films. (c) AFM images of different CBI films.

The cross-section SEM of the PSCs based on different CBI
films are displayed in Fig. 2(b). It can be seen that there are
some pinholes in the pristine CBI and small cracks between the
CBI layer and spiro-OMeTAD, all of which are detrimental
to the photovoltaic performance of the devices. In contrast,
the Cold-CBI film is much denser and showed a reduced
thickness compared with untreated CBI. Surprisingly, the
Hot-CBI film exhibited much higher thickness compared
with other samples. The perovskite thickness increase on hot
substrates is mainly due to a higher density of heterogeneous
nuclei in the film,*"*° which could cause excessive stack growth
of crystals. Besides, the greatly promoted grain size further
enables a large thickness of the film. In contrast, the lower
thickness of the Cold-CBI film may result from its smaller grain
size compared with other samples, which is caused by a faster
growth process (more details are provided in Fig. 4c). This
porous structure and high thickness of Hot-CBI could be fatal
for the separation and extraction of the carriers at the interface,
resulting in serious non-radiative recombination.***! Atomic
force microscopy (AFM) was then performed to verify the differ-
ence in the roughness of various CBI films. From Fig. 2(c), the
Hot-CBI film showed the highest roughness (RMS = 28.0),
indicating the most uneven surface morphology. The Cold-
CBI film exhibited the lowest roughness (RMS = 19.1), which
could enable good contact between the CBI active layer and the
hole transport layer.

X-ray diffraction (XRD) was used to investigate the quality of
CBI films formed on the substrates with various temperatures.

4862 | Mater. Adv., 2023, 4, 4860-4868

As shown in Fig. 3(a), the diffraction peaks of all the films are
similar to those reported in previous literature, which proves
the successful formation of CBI crytals.*> Specifically, the
intensity of diffraction peaks for Cold-CBI is stronger than that
of the pristine CBI, indicating better crystallinity of the film
prepared by cold-casting. Meanwhile, the diffraction peak of
Hot-CBI film shows extremely strong intensity, which could be
due to the large-grained crystals as shown in Fig. 2(a). The
Ultraviolet-visible (UV-vis) absorption curves of different films
are shown in Fig. 3(b). The absorbance of the Cold-CBI is
slightly smaller than that of the pristine CBI film probably
due to its smaller thickness. Similarly, the Hot-CBI film shows
greatly enhanced absorption at the range of 500-700 nm due to
its obviously promoted thickness. Meanwhile, the peak (wave-
length <500 nm) was regarded as the exciton absorption peak
of CsBizly,. This is caused by the direct transition of electrons
from the valence band to the exciton level below the conduction
band after absorbing the photon.**** The exciton absorption
peak of Hot-CBI significantly become wider compared to those
of other samples, which may be due to the deterioration of the
quality of Hot-CBI films. This is similar to the report that the
absence of DMSO in the precursor solution led to the disap-
pearance of the peak, which was caused by the poor film quality
compared to those with DMSO.® To reveal the electrical proper-
ties of films, the conductivity of different CBI layers was
evaluated by measuring the current-voltage (I-V) curves of the
devices (ITO/CBI). As shown in Fig. 3(c), the pristine CBI
and Hot-CBI film exhibited lower conductivity compared to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) XRD patterns and (b) UV-vis absorption spectra of CBI, Cold-CBI and Hot-CBI films. (c) /-V curves of different CBI films measured on a four-

point probe station. (d) PL spectra for CBI, CBl/spiro-OMeTAD, Cold-CBI/spiro-OMeTAD and Hot-CBI/spiro-OMeTAD.

Cold-CBI, which is due to their poor film morphology with low
density. Those non-negligible holes as defects inside the film
could become recombination centers, causing serious non-
radiative recombination of carriers. Therefore, the loss of
carriers is aggravated and the carrier migration is hindered in
the films, both which of lead to the lowering of the conductivity
of the material.*>*® The high conductivity of Cold-CBI films
favors the charge transportation, and improves the charge
collection efficiency in the devices.?”

As mentioned above, the hole transport layer presents
various coverage degrees because of the different thickness
and surface roughness of CBI films. As shown in Fig. S2 (ESIT),
the spiro-OMeTAD covering the Cold-CBI film appears purple
in color, much darker than the pristine CBI. However, the spiro-
OMeTAD film on the Cold-CBI film looks blue and yellow,
which is closer to the color of the annealed CBI. To further
explore the separation and extraction of charges at the interface
between the CBI films and spiro-OMeTAD, steady-state photo-
luminescence (PL) was used to measure the luminescence
intensity of multilayer films with different structures. As shown
in Fig. 3(d), the CBI film without the hole transport layer shows
the highest PL strength because no hole transport materials
are accepting the photogenerated carriers. As for the film with
Hot-CBI/spiro-OMeTAD structure, high PL strength was also
obtained most likely due to the large holes, high surface

© 2023 The Author(s). Published by the Royal Society of Chemistry

roughness and excessive thickness of the CBI film, which
makes the hole extraction at the interface extremely difficult.
However, the film corresponding to the Cold-CBI/spiro-
OMEeTAD structure shows the lowest PL intensity. The improved
charge separation and extraction at the interfaces demonstrates
that cold-casting is a highly effective approach compared with
other methods used in this work.>® Besides, we investigated the
surface chemistry of three kinds of films by X-ray photoelectron
spectroscopy (XPS). As shown in the Fig. S3 (ESIT), we marked
the location of the metal bismuth peak with “*”. The XPS
curves of the three films show negligible differences, which
may result from their identical precursor composition. This
indicates that both hot-casting and cold-casting technologies
do not increase the content of metallic bismuth inside the films
and therefore impact the carrier non-radiative recombination
kinetics in the devices. However, the presence of metallic
bismuth in all fabricated CBI film is still a factor limiting the
Vo and performance of device.*

The microstructure and optoelectronic properties of perovs-
kites are usually determined by the nucleation and growth of
films. In order to investigate the effect of preheating and
precooling substrates on the crystallization behavior of CBI
films, a comparative experiment was conducted. Three kinds of
unannealed films were exposed to ambient air for a period of
time to allow crystals to grow. Fig. 4(a) shows the color change

Mater. Adv., 2023, 4, 4860-4868 | 4863
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(a) The photographs of unannealed CBI, Cold-CBI and Hot-CBI films changing over time in humid air. (b) XRD patterns of different unannealed

CBI films over time. (c) Schematic diagram of the possible crystallization mechanism of different CBI films.

of different precursor films over time. As displayed in the
photographs, the Cold-CBI film turned black firstly after only
5 h of placement. Nevertheless, the pristine CBI film did not
turn black until 12.5 h later. Notably, the Hot-CBI film still
remained orange during the same time period. All of these
results suggest that the cold-casting could accelerate the growth
of CBI crystals whereas hot-casting has the opposite effect. To
further verify this conclusion, the XRD test was employed to
detect the structural evolution of CBI films in the crystallization
process. As shown in Fig. 4(b), the characteristic peak (2 Theta =
13.2 degree) of the CBI film gradually changes in intensity as
time increases. For the pristine CBI film, this characteristic
peak did not appear until 17.5 h later. The peak for the Cold-
CBI film appeared obviously after 5h. In contrast, the Hot-CBI
characteristic peak still did not grow significantly after 17.5 h.
The evolution of XRD peaks is highly consistent with the color
change of the films, which indicates that the lower substrate
temperature is beneficial to enhancing the crystal growth rate
of CBI films. In most instances, the growth rate of crystals is
positively related to the diffusion coefficient of solution and
inversely proportional to the viscosity.*® Therefore, the slower

4864 | Mater. Adv., 2023, 4, 4860-4868

growth rate of Hot-CBI may be due to the increase in the
viscosity of solution in the precursor films, which is caused
by excessive removal of solvents on heated substrate and an
increase in solution concentration. This makes the solute
diffusion to the crystal surface more difficult and slow, result-
ing in a slower growth process of perovskite. In contrast, the
residual Cold-CBI precursor solution has lower viscosity due to
the precipitation of more nuclei and normal removal of solvent,
leading to a faster growth process, as shown in Fig. 4(c).

The crystallization process of CBI films includes two stages:
nucleation and growth. Unlike the crystal growth completed
during annealing process, the nucleation of film occurs in the
spin coating process is usually accompanied with the instanta-
neous supersaturation of solution.’’ As discussed above, we
reasonably speculated the nucleation processes of different CBI
films and proposed a rational crystallization mechanism.
As shown in Fig. 4(c), the pristine CBI film prepared at
moderate conditions contains small grains, many holes and
medium thickness, which is owing to its non-ideal nucleation
and growth rate. For the Hot-CBI film, abundant crystal nuclei
were rapidly formed on the preheated substrate (85 °C) because

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the solvent evaporates quickly at a high temperature and
reaches its supersaturation level in a shorter time, as previously
reported.>>”*%*! Then those nuclei grew up at a slow rate to
form large grains (as shown in Fig. 4(a) and (b)). Due to the
limited space of the substrate and an obvious increase in
nucleus number, partial grain stacking up for further growth
occurred and a film with coarse grains, huge holes and high
thickness was formed eventually. When decreasing the tem-
perature down to —5 °C, the solvent evaporation rate does not
change significantly due to the high boiling point of solvent
and small difference between the room temperature (about
18 °C) and the substrate temperature. But the solubility of the
CBI components decreased rapidly (Fig. S4, ESIt), which could
make the solution reach the supersaturation level faster. There-
fore, more nuclei were also generated at a fast rate. A quick
growing process was then followed, which makes grains grow
more evenly, resulting in a Cold-CBI film with high density, fine
grains and thin thickness.

Device performance

In order to evaluate the photovoltaic performance of different
CBI films, n-i-p PSCs with a planar structure of ITO/SnO,/
CsBi;1;o/spiro-OMeTAD/MoO;/Ag were fabricated, as shown in
Fig. 5(a). Fig. 5(b) shows the current-voltage ( /-V) curves of
solar cells, and the parameters of corresponding devices are
displayed in Table 1. All kinds of devices exhibit varying degrees
of hysteresis, as shown in Fig. S5 and Table S1 (ESIf). The
distribution of PCE and other parameters of three kinds of
devices are shown in Fig. 5(c) and Fig. S6 (ESIf). The device
based on pristine CBI exhibits a champion PCE of 0.34%, a V.
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Table 1 Photovoltaic parameters of champion devices based on CBI,
Cold-CBI and Hot-CBI films

Samples Voe (V) Jse (MA cm™?) FF (%) PCE (%)
CBI 0.44 2.26 33.50 0.34
Cold-CBI 0.47 3.64 36.83 0.63
Hot-CBI 0.24 1.76 34.28 0.14

of 0.44 V, a short-circuit current ( J.) of 2.26 mA cm 2, and a fill
factor (FF) of 33.50%. The Hot-CBI device displays the worst
performance with a PCE of 0.14% due to significantly reduced
Voe and Jg.. The Cold-CBI PSC exhibits the most outstanding
photoelectric performance, with a highest PCE of 0.63%, a V.
of 0.47 V, a J,. of 3.64 mA cm 2 and a FF of 36.83%. The
promotion of V,. and J. is most likely due to the improvement
of film morphology and carrier extraction efficiency. However,
the FF is quite low for all devices, which may be due to the
unregulated structure of devices and the charge transport layer
in this work.** Electrochemical impedance (EIS) measurements
were performed under dark conditions to clarify the interface
charge transport characteristics of CBI-based devices, as shown
in Fig. 5(d). According to the previous literature, Rg, R.. and Rye.
represents the series resistance, the charge transfer resistance,
the recombination impedance of the carriers, respectively. CPE
is on behalf of the constant phase element. The first arc
appearing in the high-frequency region represents the charge
transfer resistance of whole device.** As displayed in the figure,
the Cold-CBI device shows the smallest R, suggesting the
decrease of charge transfer resistance at the interface and an
increase of the driving force for charge separation in devices. In
contrast, the device based on Hot-CBI film gives the largest R,
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Fig. 5

(a) CBI-based planar device configuration with ITO/SnO,/CsBizl;o/spiro-OMeTAD/MoOs/Ag. (b) J-V curves of the champion devices based on

CBI, Cold-CBI and Hot-CBI films. (c) Distribution of PCEs of three types of PSCs fabricated via different methods. (d) Nyquist plots of PSCs measured at a
potential of 0.1V and frequency range from 1000 to 10° Hz. (e) Dark [V curves of devices based on different perovskite films. (f) Vo dependence as a

function of light intensity for different PSCs.
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possibly because the large holes and high thickness of the
active layer inhibit the separation and extraction of charge
carriers.

Dark J-V curves of devices based on different CBI films were
also measured, as shown in Fig. 5(e). The curve of the Cold-CBI
device shows the maximum slope in the range of 0-1 V among
all samples, which means that it has the minimum series
resistance. This may be caused by the promotion in the con-
ductivity of Cold-CBI films, resulting in an enhancement of
FF.**** The curve corresponding to the Hot-CBI device also
shows significantly increased slope in the range of —0.3-0 V,
confirming its smallest shunt resistance, which may come from
increased pinholes and nonuniformities in the Hot-CBI layer,
leading to serious loss of V. in the devices.*® Fig. 5(f) shows the
Voc dependence of different devices on light intensity. There is a
linear relationship between V,. and logarithm of light intensity
for all samples, whose slope is nkT/g. As shown, the calculated n
value of the Cold-CBI device is 1.22, which is lower than that of
the pristine CBI device (n = 1.41) and the Hot-CBI device (n =
1.60). This indicates the cold-casting could effectively inhibit
the carrier non-radiative recombination inside the device and
suppress the loss of carriers at the interface. The external
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quantum efficiency (EQE) spectra of three types of CsBizly,
PSCs are shown in Fig. S7 (ESIt). The J,. calculated by EQE
spectrum (Cold-CBL: 3.38 mA cm 2, CBIL: 2.06 mA cm 2,
Hot-CBI: 1.62 mA cm 2) is close to the measured valued from
the J-V curve. The Cold-CBI based device shows significantly
enhanced EQE in the wavelength range from 300 nm to 700 nm
compared to other samples. This is due to the enhanced
conductivity of films, inhibition of interfacial recombination
and improved charge separation in the device, resulting in a
better carrier extraction efficiency of PSCs.

Stability test

Stability is one of the most significant indexes to verify the
reliability of the absorption layer. The humidity tolerance is
mainly determined by its hydrophobicity. Herein, the contact
angles of different CBI films were tested. As shown in Fig. 6(a),
the contact angle of the pristine CBI film is 78.0°, which is
smaller than that of the Cold-CBI film (82.1°). This indicates
the superior hydrophobicity of the Cold-CBI film, which could
improve the humidity stability of the devices. A higher contact
angle could be attributed to the denser morphology of the Cold-
CBI film as previously discussed, which makes it difficult for
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Fig. 6
ambient air (RH = 65%, 18 °C). (c) Normalized photovoltaic parameters of
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(a) Contact angles of water on the CBI and Cold-CBI film. (b) XRD patterns of both CBI and Cold-CBI films changed over time when stored in

unencapsulated PSCs in air with a humidity of 30%.
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moisture to spread out through the film. Further study
shows that when both CBI and Cold-CBI films were exposed
to humid air (relatively humidity (RH) = 65%, 18 °C) for a period
of time, the characteristic diffraction intensity of the pristine
CBI film decreased significantly after 148 h (Fig. 6(b)).
In contrast, the peak intensity of the Cold-CBI film keeps
almost unchanged, suggesting the film has a much better
humidity stability.

Meanwhile, the environmental stability of unencapsulated
devices was tested under relatively humid conditions (RH =
30%, 18 °C). As can be seen from Fig. (6c), the PCE of pristine
CBI device declines rapidly and no reliable -V curves could be
detected after 216 h due to the complete degradation occurring
in the device. However, the device based on Cold-CBI film
retains 37% of initial efficiency after 216 h, indicating a longer
life-time of the devices fabricated using the cold-casting tech-
nology. The better stability of Cold-CBI based devices may
result from both films and hole transport layers. Cold-CBI films
show better stability, which could improve serious non-radiation
recombination in the device come from aging perovskite. Besides,
the tBp we used in hole transport layer has been reported could
dissolves bismuth-based perovskite, which easily leads to rapid
degradation of devices. The tBp may penetrate with more diffi-
culty into the Cold-CBI film with better morphology and higher
density, leading to a slower degradation of PSCs."”

Conclusions

Both cold-casting and hot-casting technologies have been
applied to regulate the crystallization process of CsBi;l,, films
in this work. The morphology and crystallization mechanism of
CBI based on different substrates with various temperatures
were systematically investigated. By using hot-casting technology,
the growth rate of CBI crystals was decelerated and a film with
large holes, high roughness and ultra-thick thickness was
obtained. In contrast, cold-casting improved the density, flat-
ness and electrical conductivity of the CBI film by accelerating
the crystallization rate, which effectively promoted the charge
separation and extraction at the interface between CBI and the
hole transport layer. As a consequence, the Cold-CBI based
PSCs exhibits an increased PCE from 0.34% to 0.63%. Mean-
while, a higher hydrophobicity has been achieved for the film
prepared by using the cold-casting method. The unencapsu-
lated device based on Cold-CBI also displays preferable water
stability, retaining approximately 40% of the initial PCE after
216 hours in air. This work provides new insights into the
crystallization kinetics of bismuth-based perovskites and offers
another way to regulate the CBI film quality, which could be
applicable to other perovskite materials.
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