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Organic—inorganic hybrid perovskites have attracted much attention for opto-electronic applications due
to their low trap density, strong light absorption, and superior charge transport performance. Generally, the
high efficiency of perovskite electro-optical thin films depends on their high-quality perovskite single
crystals. In this work, the external illumination is applied on the perovskite single crystals growing in
solution. It was shown that larger size CHsNH3zPbls single crystals can be obtained under illumination
conditions. In addition, CHsNHsPbls films are prepared by a one-step spin coating process under

illumination, the crystal size and film quality of which have been obviously improved due to the effect of
Received 8th August 2022 illumination in the film formi The effici f th lis based on CHsNH;Pbls fil
Accepted 17th Septermber 2022 illumination in the film forming process. The efficiency of the average cells based on 3sNH3Pbls films
increased from 15.2% for the normal conditions to 17.7% for the illumination one, which is consistent
DOI: 10.1039/d2ra04919h with the light enhanced growth of CHzNHszPbls single crystals in their solution. The “photo-inhibition

rsc.li/rsc-advances nucleation” mechanism is proposed to explain the light-induced enhancement of perovskite crystal growth.
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1. Introduction

Organic-inorganic hybrid perovskites (OIHP) have attracted
much attention for solar cells and optoelectronic applications
due to their low trap density, strong light absorption, and
superior charge transport performance.”™ The photoelectric
conversion efficiency (PCE) of OIHP-based solar cells has
reached more than 24.2% quickly after a short period of
development.® Several methods have been used to improve the
performance of perovskite solar cells, such as synthesis of novel
electronic transmission materials,*” hole transport materials,®
different types of perovskite materials and device structures.’
However, the type and quality of perovskite crystals is the
fundamental source of high efficiency photovoltaic cells.* So,
the growth of perovskite crystals and their development of
electro-optic applications have always been an important
subject.™ Certainly, it is one of the important ways to improve
the PCE of perovskite solar cells by improving the quality of
perovskite polycrystalline thin films.*?

The relationship between light, perovskite material, and device
performance is a key topic that researchers pay close attention
to."*** They have always focused on the research of the response
characteristics of the device to light.® The light response during
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single crystal growth is seldom noticed. Methylazanium iodide
perovskite (MAPbI;) materials have been widely studied in solar
cells due to its light absorption and band gap properties, and the
study of its physical properties and growth process is often carried
out as a typical representative of OIHP materials."”*®

In this work, MAPbIj; single crystals are prepared by solution
precipitation. During single crystal growth, a white light source
is applied to light from outside. During the growth of perovskite
single crystals in solution, it is found that continuous external
light can promote the growth of large-sized single crystals. On
this basis, MAPDI; films are prepared by one-step spin coating
process under illumination, the crystal size and film quality of
which have been obviously improved because of illumination in
the film forming process. Therefore, the photoelectrical prop-
erties of MAPDI; single crystals and films grown under light
conditions are greatly improved.

2. Method

2.1 Preparation of MAPDI; single crystals

Pbl, (5.5 g, 99.99%, Sigma-Aldrich) and CH;NH,I (2.0 g, 99.9%,
Sigma-Aldrich) was mixed in y-butyrolactone (GBL, 10.0 mL, AR
=99%, Sigma-Aldrich), then the growth solution would be
achieved by sealing the mixed solution in a glass bottle with
stirring at 60 °C for 1 h under dark. The glass bottle with
a growth solution was left in the oven at 100 °C under illumi-
nation for a certain time. All the operations were carried out
under dark condition except the special light source used in the
experiment. MAPDI; single crystals with different sizes can be
obtained by controlling the light intensity and illumination
time on the precursor solution.
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2.2 Device fabrication

To study the dependence of the device performance on illumi-
nation conditions, the perovskite absorbing layer was prepared
under illumination with different intensity in nitrogen-filled
glove box (40% of MAPbI; in GBL) by spin coating at
5000 rpm for at least 60 s, chlorobenzene was added after 30
seconds. Then annealed at 100 °C for 1 hour. (Note that
perovskite layer remains in the light during spin-coating and
annealing). Spiro-OMeTAD/chlorobenzene (72.3 mg mL™")
solution was employed with the addition of 17.5 pL of Li-TFSI/
acetonitrile (520 mg mL™"), and 28.8 pL of 4-tert-butyl pyri-
dine. 30 pL of Spiro-OMeTAD solution mixed above was spin-
coated on the perovskite film at 3000 rpm for 30 s, where
finally, a gold layer with a thickness of 100 nm was deposited as
the counter electrode on the top of Spiro-OMeTAD layer through
shadow masks via thermal evaporation under high vacuum (5 x
107> Torr). The perovskite single crystal device can be obtained
by evaporating gold electrode on the larger plane of the perov-
skite crystal.

2.3 Measurements

Keithley 2400 source meter was used to record the photocurrent
response signal under 20 V bias voltage with a light intensity of
100 mW cm 2. The spectral photo response measurements were
performed with a 150 W halogen lamp equipped with a manual
monochromator. Optical power meter (SM206-SOLAR solar
power meter) was used to measure the incident powers. J-V
curves of the PSCs were measured using a Keithley 2400 source
under ambient conditions at room temperature. The light
source was a 450 W xenon lamp (Oriel solar simulator) with
a Schott K113 Tempax sunlight filter (Praezisions Glas & Optik
GmbH) to match AM1.5G. The light intensity was 100 mW cm >
calibrated by an NREL-traceable KG5-filtered silicon reference
cell. All measurements were taken at room temperature. UV-vis
absorption spectra were recorded using Agilent Cary 5000 at
room temperature in the absorption mode and the fluorescence
spectra were obtained using the PerkinElmer LS55 fluorescence
spectrometer with the excitation wavelength of 365 nm. To
reduce the sample variance, at least three samples were deter-
mined for each group and the average of all spectra presented.
X-ray diffraction data were collected on a high-resolution
diffractometer by Rikagu Smart lab (Cu-Ka radiation). SEM
measurements were carried out in a scanning electron micro-
scope (JSM-7610Fplus, JEOL).

3. Results and discussion

MAPDI; single crystals are grown from their precursor solutions
by the inverse temperature crystallization method at 100 °C,
both in dark and under light illumination.***® The differences
in crystal size and number can be obviously observed in the eye
for the MAPDI; single crystals grown with and without illumi-
nation. As shown in Fig. 1a, under illumination condition,
MAPDI; single crystals with small quantity but large size are
obtained in the solution. However, the number of MAPbI;
single crystals grown in the dark is large but the size is small.
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Fig. 1 (a) Growth processes of MAPbIs crystals under light and dark
conditions, the light intensity of which is 64 mW cm™2. (b) XRD curves
for MAPDIz single crystal. And the statistical data of the size and
number of MAPbIs single crystals in their precursor solutions under
light (c) and dark (d) conditions, respectively. The insert images are the
MAPbIs single crystal grown from its precursor solution after 36 h.

Besides, different intensities of light are used to grow their
single crystals, which can be found that the largest size for
MAPDI; single crystals were got under the light intensity of 62
mW cm~> (Fig. S1f). The structure of MAPbI; crystals was
characterized by X-ray diffraction (XRD), which characteristic
peaks are in good agreement with literature reported (Fig. 1b
and S27).2%*' It can be confirmed that the structure of perovskite
single crystal is not affected by light exposure during growth. By
comparing the growth of MAPbDI; single crystals under light (62
mW c¢m™?) and in dark, as shown in Fig. 1c and d, it is clearly
seen from the statistical results that the number of crystals
obtained under illumination is less than that in dark. However,
the size of the crystals is obvious larger.

In order to exclude the effect of temperature change due to
illumination on the growth of MAPDbI; single crystals, infrared
thermometer has been used to track the temperature of the
precursor solution. The results show that the temperature
fluctuation is less than 0.3 °C, regardless of whether it is in dark
or under light (Fig. S37). It is unlikely that such a small change
in the precursor solution temperature will have such a large
effect on the growth of MAPDI; single crystals.

The photo-inhibition of nucleation theory was proposed to
explain the perovskite crystals enhanced grown under illumi-
nation. UV-vis absorbance spectrum of MAPbI; precursor
solutions has been detected to investigate the crystal grown
process. As shown in Fig. 2a-c, there are a large number of
complexes in the MAPbI; precursor solution, such as PbI4*~
and PbI’~.22 With the solution temperature increasing, the lead
halide complexes are dissolved due to the H" produced from
butyrolactone. Then, MAPbI; crystal nucleus will precipitate
due to more free ions formed from the super-saturation of
PbIn(”’Z)’ complexes in solutions.**** As shown in Fig. 2a and b,
the absorption peaks at 325 nm and 375 nm are attributed to
PbI4>~ and PbI*~ complexes in the solution, respectively.?>252¢
The strength of these absorption peaks are decreased with the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a and b) UV-vis spectra of MAPblz precursor solutions with
different single crystal growth times under light and dark conditions,
respectively. (c) Fitted curves of the absorbance peak at 375 nm. PL
spectra of MAPbIz precursor solution with different growth times of
single crystals under light (d) and dark (e) conditions. (f) Fit curves of the
photoluminescence peak at 431 nm.

increase of the growth time. However, the absorption peaks
decrease more significantly in the initial stage of crystal growth
in dark than those under illumination (Fig. 2c). It suggests that
the nucleus is easier to be formed when perovskite single
crystal's growth is carried out in dark conditions. So more
MAPDI; nucleus are precipitated from the solution in dark,
which are used to grow for MAPbI; single crystals. On the
contrary, less MAPbI; nucleus are precipitated from the solu-
tion under illumination, so the number of MAPbI; crystals
grown in dark is obvious larger than the ones under light.
PbI,, "~ colloids in the solution will gradually break down
into free ions for the growth of MAPDI; single crystals. In the
same initial precursor solution, the size of MAPbI; single crys-
tals will be larger under illumination than the one under dark
due to more free ions in the solution. Note that there is a certain
limit to the formation and decomposition of Pb1,," 2~ colloids,
that is, the photoinhibition nucleation effect is also within
a certain limit, not infinite, therefore, the appropriate light
intensity (64 mW cm %) can grow the largest single crystal.
The fluorescence spectrum of precursor solutions is also
used to confirm the “photo-inhibition nucleation theory”
further. It can be seen from Fig. 2d-f that the intensity of the
photoluminescence peak is increasing with the increase of the
growing time of MAPbI; single crystals, which is attributed to
the decrease of iodine ions in solution.”” The fluorescence
characteristic here is attributed to the iodine ion in the solution,
which is dissociated from a variety of lead iodide colloids, so it
is a trend towards relative equilibrium. However, the increase of
absorption peak under dark conditions is more obvious, which
shows that the amount of iodine ions in dark is less than the
one in light conditions (at least 0-14 h). While the crystal in the
solution is just at the nucleation stage, so it can be inferred that
light can inhibit the nucleation process of MAPbI; crystal by
affecting the decomposition of PbI," 2~ complexes in the
solution. So “photo-inhibition nucleation theory” is proposed to
explain the phenomenon of light-induced single crystal growth.
Perovskite films are formed from the process of single crystal
precipitation and solvent volatilization. Polycrystals in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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perovskite films are also formed by nucleation and growth
processes, which is similar to the process of saturated precipi-
tation of perovskite single crystals. The photo-enhanced
perovskite single crystal may be suitable for perovskite poly-
crystalline thin films. According to the “photo-inhibition
nucleation theory” for the growth of MAPbI; crystals proposed
above, MAPbI; films have been prepared by one-step spin
coating process under illumination and their solar cells based
on them was also constructed. As shown in Fig. 3, the average
size of MAPDI; crystals in the thin films can be obviously
observed from the SEM photos of the thin films prepared under
dark and light. It can be clearly revealed that the grain size of
MAPDI; in the film obtained under illumination of 62 mW cm >
of white light is obviously larger than that in dark. The statistics
of crystal size in thin films are shown in Fig. 3, the laws and
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Fig. 3 SEM images of MAPbIs films obtained by spin-coating under
different illumination intensities (@) 0 MW cm™2, (c) 52 mW cm™2, (e)
52 mW cm™2, (g) 82 mW cm™2, (i) 132 mW cm™2). The statistics of the
grain diameter distribution of the MAPbIs microcrystalline in films ((b,
d, f, h and j) is corresponding to the sample of (a, c, e, g and i),
respectively).
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Fig. 4 (a) Photoelectric response for MAPDbIs films fabricated on
interdigital electrode under illumination (1 sun of light intensity and the
electrode spacing is 0.14 mm); (b) the enlarged curves for (a) and the
intensity of illumination for MAPbIs films constructed have been
signed-in the curves.

trends of which are exactly the same as that for MAPbI; single
crystal growth.

Besides, MAPbI; polycrystalline films are prepared by one-
step spin-coating on the interdigital electrodes under illumi-
nation. As shown in Fig. 4, a large photocurrent can be detected
when a beam of light illuminates on the surface of the film. In
addition, when the light with the intensity of 62 mW cm™? is
introduced during the film spin-coating process, the obtained
MAPDI; film shows the highest current value and on/off ratio,
which is attributed to the large crystal size and dense stacking
structure in the film.?® Perovskite devices based on FTO/TiO,/
MAPbDI;/Spiro-OMeTAD/Au structure are also constructed, the
photoelectric transformation efficiencies of which were detec-
ted from their J-V curves. As shown in Fig. 5, the average PCE of
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Fig. 5 (a) Scheme for the preparation process of MAPbIs films under
illumination. (b) J-V curves for the cells based on MAPblz obtained
under different intensities of light, the inset of which is the device
structure. (c) J-V curve and PCE for the cells prepared under illumi-
nation with the light intensity of 62 mW cm™2. (d and e) Is the statistical
data of the Jsc and PCE for the cells (area is 0.09 cm?).
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the devices is the highest at 17.7%, when their MAPbI; films
were prepared under the illumination of 62 mW cm™> light
intensity. It can be confirmed that the high PCE of perovskite
device was attributed to its morphology of thin films with
compact accumulation of bulk crystals under illumination. In
another, it can be observed from Fig. 5c that the short circuit
current density (Jsc) of the device is greatly affected by the
morphology of MAPDI; thin films. When the thin film devices
prepared under illumination, not only the value of their Jsc is
increased, but also the distribution of Js¢ for the 18 devices is
more concentrated. In a word, when the perovskite thin film is
prepared under illumination, the efficiency of their cells will be
higher and the reliability will be better. Through this work, it
can be proposed to introduce the illumination into the prepa-
ration and production of perovskite thin-film solar cells. It is
worth emphasizing that the highest efficiency of perovskite cells
is not the goal, but the repeatability of the experimental results
of multiple device samples can prove the idea of this work.

In addition, the thermodynamic critical factor in nucleation
is the critical free energy of nucleation (AG) and the critical
nucleus size (r), which can be described with the following (eqn
(1) and (2)) (ESI Note 17}):>***

_ 523T02(2C0010 - q2)2

%
AG 54CoB,0 X AT (1)
2Coay — ¢°
=6, 1Ty———— 2
1y = B, 03C061Q><AT ()

where (6, and (8, are the shape factors used to calculate the
volume and surface of crystal nuclei separately, Q is the latent
heat of crystallization, « is the surface tension at zero charge, g
is the charge density, C, is the double-layer capacitance, Ty is
the theoretical crystallization temperature, and AT is the
difference between the theoretical crystallization temperature
and the actual crystallization temperature.

According to the nucleation kinetics, a stable crystal nucleus
can only be formed when their size is larger than the critical
nucleus size.** According to the “photoinhibition nucleation
Theory” and photochemical reaction, there will be less free ions
in the solution for the formation of nucleation when the
perovskite precursor solution is placed under light.**=* At the
same time, the migration rate of free ions in solution will be
increased due to the effect of light outside.**>® So, the charge
density on the crystal nucleus surface will be less under the
light. According to the equations mentioned above (eqn (1) and
(2)), the critical free energy of nucleation (AG*) and the critical
nucleus size (n) will be increased under light
(AGfight>AGzark and ry, light>rc, dark). Thus, the crystal
nucleus is more difficult to have existed in stable and grown-up
under light than the ones under dark.

After the formation of MAPbI; crystal nuclei under light or
dark, MAPDI; nuclei will continue to grow in the precursor
solution to form single crystals. Surprisingly, when other
conditions are consistent, the size of MAPbI; single crystals
grown under light conditions in the solution is obviously larger
than the ones under dark, which can be seen from Fig. 1. This
was largely due to the vibration frequency of the atom in the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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solution will be increased because of appropriate light
outside.**** And the driving force of crystal growth under light is
larger than under dark (Ag,, light > Ag,, dark) (it is obtained by
eqn (1)). In addition, the electrostatic interaction on the crystal
surface caused by the illumination can also accelerate the
deposition of free ions and promote the growth of the MAPbI;
crystals.

4. Conclusions

In summary, a photo-enhanced effect on the growth process of
MAPDI; crystals have been investigated in this work. It can be
confirmed that the perovskite crystals can be grown more larger
under external illumination. “Photo-inhibition nucleation
theory” is proposed preliminarily to explain the dynamic
mechanism. It can be inferred that appropriate external illu-
mination can inhibit the formation of perovskite crystal nuclei
in the precursor solution but facilitate the growth of the single
crystals. The growth law of perovskite single crystal can be
directly applied in the preparation process of their thin films.
So, the photo responses for MAPbI; films constructed by one-
step spin coating under illumination are obviously enhanced.
Depending on the large single crystal size and dense packing
film morphology, the efficiency of MAPbI; solar cells con-
structed based on the illumination MAPbI; films are obviously
improved compared with the normal devices, the reliability of
which can be proved through repeated experiments. This work
provides a new method for improving the efficiency of perov-
skite solar cells, and provides a direction for perovskite
research.
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