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Antisolvent behavior is one of the most important treatments for producing
high-quality perovskite MaPbls thin films. However, the optimization of the
amount of antisolvent used has not been analyzed on a uniform platform. In
this work, a systematic study is employed to quantitively evaluate the impact
of anti-solvent treatment on the morphological, structural, and optoelectronic
characteristics of MAPbI; films. The results confirm that an adequate amount
of 2.5 ml with a slow annealing treatment leads to homogeneous perovskite
films with virtually no holes and large grain size. Using antisolvent treatment
and optimized thermal annealing, we were able to control the nucleation and
growth of the MAPbI3, and therefore achieve highly compact perovskite films
with large grains, excellent crystalline quality, and very low pinhole density.
The results of this study could help establish reproducible manufacturing

processes for perovskite solar cells.

INTRODUCTION

Perovskite has good optical and electronic proper-
ties that make it among the best semiconductors,
with good absorption throughout the visible spec-
trum interval, a direct bandgap from 1.5eV to
2.3 eV,? and the capacity to transfer electrons and
holes.® To produce perovskite films with high quality,
a variety of methods have been used, including
solution processes via spin-coating of precursors, and
among the most used processes single-step solution
deposition is frequently used because of the simplic-
ity of manufacture and low manufacturing costs.*®
Two-step solution deposition which it is easy to
control is widely used for the elaboration of thin
layers of perovskites,® two-step vapor-assisted depo-
sition, this process permits good control of thin-film
surface, particle grain size,” and thermal vapor
deposition generally used for making good layers
with regular thickness.® In our case, we used the one-
step deposition by spin-coating. This technique
demonstrates the capacity for a wide scale of per-
ovskite solar cell manufacture and a higher efficiency
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of devices than the other techniques, in particular,
spin-coated devices associated with controlling the
surface morphology and further the structure for-
mation. It has been documented that the surface
morphology is one of the most important parameters
that affect the performance of perovskite solar cells.
To improve the surface homogeneity and to modulate
the perovskite crystal’s growth, many methods and
treatments have been introduced.

Crystallization is accomplished by slowing down
the solubility in a saturated solution by evaporation,
cooling, adding antisolvent, or mixing the above
procedures. In our work, the film surface was
treated by adding diethyl ether (ET) antisolvent
with different rates that directly influence the level
of supersaturation and thermal annealing. During
the treatment, complex exchanges appear at the
same time under the influence of several physico-
chemical properties. A whole understanding of this
topic is critically important for improving solar cell
performance.

In this work, we studied the effect of different
amounts of ET on tailoring the properties of MAPDbI;
films. The obtained perovskite thin films were
studied by scanning electron microscopy (SEM), x-
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Fig. 1. (a) The obtained XRD patterns with different amounts of antisolvent, (b) the full width at half maximum (FWHM) for the (110) and (220)

peaks.

ray diffraction (XRD), transmission electron micro-
scope (TEM), atomic force microscopy (AFM) and
UV-visible spectrometer.

EXPERIMENTAL PROCEDURE
Film Preparation

The perovskite absorber lead halide hybrid
MAPbDI; was elaborated using different commer-
cially available precursors. In particular, the com-
pounds lead iodide (Pbl,), methylammonium iodide
(MAI) were used, and dimethyl sulfoxide (DMSO)
and N, N-dimethylformamide (DMF) as solvents.
The prepared solution of MAPbI; was spin-coated
onto a fluorine-doped tin oxide substrate at
5000 rpm for 30 s. Before the surface changed to
turbid, caused by rapid vaporization of DMF, ET
was rapidly dripped (not dropwise) onto the rotating
substrate producing optimum morphology and good
crystallinity. On the other hand, samples which
were dripped slowly by ET with a delay of time (like
dropwise) show poor morphology and crystallinity.

The transparent films were subsequently annealed
at low temperature (slow thermal annealing), 60°C
for 5 min, which converted to a dark brown film upon
heating. In the rapid thermal annealing process, the
prepared films were annealed at high temperature
100°C for 10 min, as shown in Fig. 3.

Film Characterization

The structural properties were characterized by
x-ray diffraction with a RIGAKU Ultima IV diffrac-
tometer within the 20 range of 10° to 60° at room
temperature using CuKo radiation (1 = 1.5418 A).
The surface morphology of the films was analyzed
by SEM (Quanta 200—FEI) with measurement
conditions of 1.5 kV at various magnifications.
AFM measurements were made by using a Nano
Surf Mobile S instrument in tapping mode, with a

voltage scan applied to the cell from — 1.5V to
+ 1.5V at a scan rate of 0.5 Hz. TEM (JEO-JEM-
1010) measurement conditions were 2.5 kV at var-
ious magnifications. Absorption measurements
were performed using an Ocean Optics HR4000
spectrophotometer (Si-CCD) between 300 nm and
850 nm wavelengths. Photoluminescence (PL) mea-
surements were made with a He-Cd laser source
emitting at 325 nm, and a back-thinned Si-CCD
detector (Hamamatsu) detected the PL emissions.

RESULTS AND DISCUSSION

The impact of the antisolvent treatment on the
microstructure of the thin films was examined by
XRD as shown in Fig. 1a, from which it can be seen
that several diffractions peaks are located at 14.0,
24.0, 28.0, 32.0, 37.5, and 52.0, which correspond to
the planes of (110), (202), (220), (222), (400), and
(303) respectively. The same diffraction peaks are
correlated with the previous MAPbI; structure
study.>!° In addition, it was found that the inten-
sity of the (110) peak is increased when the added
volume of the ET varies from 1ml to 2.5 ml
However, when the ET quantity is greater than
the optimal value of 2.5 mL, the (110) peak intensity
decreases due to the high solubility of MAI, which
causes its removal from the perovskite structure.
The XRD pattern revealed the improved crystallite
orientation along the (110) plane. Such preferential
orientation can originate from the pre-crystalliza-
tion step of the MAPbI; crystallites in the presence
of the solvent treatment. All perovskite films crys-
tallize in a tetragonal lattice corresponding to the
space group I4/mcm. The lattice parameters were
found to be a = b = 8.919 A, and ¢ = 11.920 A.

Figure 1b shows that the peaks (110) and (220)
the full width at half maximum (FWHM) values
decrease for the samples treated with 3 ml of ET for
different peak characteristics of MAPbI3 Effective
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Table I. The grain size, dislocation density and lattice strain of XRD of MAPDbI3 thin films

Sample ID Grain size (nm) Roughness (nm) Dislocation density (nm™?!) Lattice strain (g)
ET-1 ml 310 39 1.04 x 1079 0.38
ET-1.5 ml 333 41 0.90 x 107% 0.39
ET-2.5 ml 400 46.73 0.62 x 107% 0.39
ET-3 ml 300 36.99 1.11 x 1079 0.37

3 pm

Fig. 2. SEM images of MAPbI; with different amounts of antisolvent ET: (a) 1 ml, (b) 1.5 ml, (c) 2.5 ml, (d) 3 ml) and (e) mapping of halide
perovskite.

lattice strain has been calculated to have an idea X
about the deficiencies and deformations of the Bcos(0) = ]ﬂ+ 4¢sin(0) (1)

grains in the thin film. Equation 1 was used to D
determine the effective lattice strain (¢). The grain where 0 is the Bra :
. . gg angle, K is a constant (0.94), 8
:S;lzg (D) Sf Z}(l)% ﬁlm?,ll,lisl b%m found in the range of is the FWHM, and 2 is the wavelength of the x-ray.
him to hun t1able 1). The dislocation density of the crystal was evaluated
using Eq. 2.

6= 15 )
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Fig. 4. SEM images of (a) rapid and (b) slow thermal annealing for 60 min and 100 min, respectively, (¢) HRTEM images and (d) electron

diffraction spectrum of the interface.

As summarized in Table I, for the grain size,
dislocation density, and lattice strain values, it was
found that the grain size significantly increases
upon the addition of ET 1 ml, 1.5 ml, 2 ml, and
2.5 ml, 310 nm, 333 nm and 400 nm, respectively,
whereas the grain size decreased by 300 nm upon

the addition of ET 3 ml. This indicates that the
addition of more than the optimum level (2.5 ml)
affects the grain sizes and other related parameters,
which is good agreement with the XRD analysis.
The XRD study revealed the good impact of ET
antisolvent treatment on the samples.
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Fig. 5. AFM images of perovskite multiple-cation halide perovskite films, MAPbI3, upon the addition of different amounts of antisolvent ET.

Figure 2 displays the SEM images of multiple-
cation halide perovskite films, MAPbI3, upon the
addition of different amounts of the antisolvent ET.
It can be observed that the surface morphology
contained the irregular size of the grain boundaries
of the thin films.

Figure 2a, b, ¢, and d shows SEM images of the
results ofthe addition of 1 ml, 2 ml, 2.5 ml, and 3 ml
ET, respectively. Furthermore, the addition of ET
3 ml makes the film surface flatter with the reduc-
tion of the size of the grain boundary. Additionally,
for the surface morphology improvement, the sam-
ple of 2.5 ml ET was thermally annealed with two
different processes, rapidly and slowly.''2

It can be perceived from the process shown in the
schematic diagram in Fig. 3 that the rapid addition
of antisolvent can enhance the homogeneity of the
surface and form small crystals Fig. 4a. On the other
hand, the slow addition of antisolvent reduces the
solubility of the solute and consequently generates
supersaturation'®'* to accelerate the crystallization
process (Fig. 4b). Moreover, thermal annealing plays
an important role on the surface and the crystallog-
raphy of the films. In Fig. 4a, annealed at 60°C for
5 min, and (b), the temperature is gradually
increased at 100°C for 10 min, it can be seen that
the crystal and grain sizes are significantly increased
with the increasing annealing temperature.

Figure 4c shows a TEM analysis of MAPDbI; thin-
film monocrystal with lattice fringe spacing of
0.28 nm corresponding to (110) or (220) of the
tetragonal MAPbI; phase. This result has already
been confirmed by the XRD pattern (Fig. 1a), where
Fig. 4c shows the selected area of the electron
diffraction spectrum revealin§ that the MAPDbI;
thin films are polycrystalline.’

Figure 5 represents the AFM analysis of the
MAPDI; area of 2 um x 2 um treated by different
ET additives (1 ml, 1.5 ml, 2.5 ml, and 3 ml). The
surface morphology and roughness vary, which is
calculated by the root-mean-square (R,,s) showing
dramatic changes of 39 nm, 41 nm, and 46.73 nm
for ET 1 ml, 1.5 ml, and 2.5 ml, respectively. The
results are summarized in Table I. On the other
hand, the R, decreases to 36.99 nm by the addi-
tion of 3 ml ET (Fig. 5d), although the use of 2.5 ml
of ET shows strong absorption from the visible to
near infrared region. The large size of the hills and
troughs makes the surface rougher in the AFM
analysis. The morphology is correlated to the
amount of ET until a certain point at which the
surface roughness started to decrease in size.

The PL measurements were recorded at ambient
temperature shown in Fig. 6a. It can be seen that the
PL peak intensity in the range of 700-850 nm reported
before'® gradually increases with an increasing
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Fig. 6. (a) PL perovskite thin films of MAPbI; upon addition of different amounts of antisolvent ET, (b) UV-Vis absorption, and (c) optical

bandgap of MAPDI;.

Table II. Band gap of the MAPDI; thin films with different amounts of antisolvent ET

PL
Sample ID J (nm) Eg (eV)
ET-1 ml 779 1.59
ET-1.5 ml 784 1.58
ET-2.5 ml 789 1.57
ET-3 ml 784 1.58

Absorption
A (nm) Eg (eV) Stokes shift (meV)
700 1.77 180
720 1.72 140
729 1.70 130
788 1.80 220

amount of ET. However, by adding more than 2.5 ml of
ET, the PL intensities begin an inverse change. A
suggestion that ET 2.5 ml is the optimal level for
where it can trap more light. This result also supports
the morphology and the crystal quality improvement
of perovskite thin films. The corresponding UV-Vis
spectra of MAPbI; were recorded between 400 nm and
900 nm (Fig. 6b). It can be observed that different ET
concentrations shift the absorption edge to the high
wavelength. The most obvious is the absorption shift

due to the improvement of the crystallinity and surface
passivation, which reduces the defect density of the
MAPDI; films and increases their crystallization qual-
ity. Furthermore, the optical bandgap is in good
agreement where the bandgap dramatically decreases
until an optimal level (Fig. 6¢). The ET antisolvent
regulates the optical properties of MAPbI; semicon-
ductor materials for photovoltaic devices.'”*° The
optical bandgap and corresponding wavelength are
summarized in Table II1.%20%
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DEGRADATION STUDY

The two main environmental factors that affect
photovoltaic stability are oxygen and humidity.
Here, we studied the degradation mechanism of
MAPDI; films deposited using the ET antisolvent
treatment. Perovskite films were kept under dark
conditions at 60%. To evaluate the degradation of
the MA samples, we examined the structural and
morphological changes of the 2.5 ET-MAPbI; sam-
ple after 4 weeks. The degradation of the MAPDI; is
most probably initiated by the HsO molecules
present in the air, leading to the slow fall of the
MAPDI; lattice and therefore a change of the film
color from dark black to brownish, as shown in
supplementary Fig. S1.

Further, we examined the surface of the layer by
SEM (see supplementary Fig. S2 (a, b). The mor-
phology of the perovskite layer, MAPbI-ET-2.5 ml,
showed a granular and rather inhomogeneous
topography and grain boundaries which are ideal
for the study of the degradation process. In supple-
mentary Fig S2(c), the XRD spectrum after 4 weeks
is dominated by the strong Pbl, peak, indicating the
decomposition of the MAPbI; structure to Pbl,. The
degraded yellow areas continued to grow until
taking over all the film area after 4 weeks. Our
results can explain the rate of degradation and the
origin of the enhanced performance and
stability. 224

CONCLUSION

We have efficiently presented the use of antisol-
vent ET with a precise amount to improve the
performance of MAPDbI; perovskite solar cells. The
characterization by XRD shows a high intensity by
the treatment, and SEM images also reveal that the
addition of ET greatly affects the crystalline process
of MAPbI; and causes an increase in the grain size
of the perovskite thin film. The increase of the grain
size may result from an increase in the light
absorption of the perovskite layer if the use of ET
is optimized, In our study, optimizing the addition of
ET in perovskite-based solar cells based on MAPbI;
can increase the yield well.
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