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Abstract

This study investigates the effect of adding 2,2-dichloroacetamide (DCA) to the anti-solvent process in
perovskite film fabrication. The results show that DCA additive increases the apparent grain size of the
perovskite, reduces crystal defects, and improves the optoelectronic properties of perovskite solar cells
(PSCs). Triple-cation perovskite thin films modified with DCA exhibit a 16% improvement in device
performance compared to the unmodified control cell, due to increased emission intensity, longer charge
carrier lifetimes, and passivation of surface defects, resulting in reduced hysteresis. The use of DCA reduces
charge carrier recombination losses in PSCs, leading to enhancements in fill factor (FF), short-circuit
current density (Jsc), and power conversion efficiency (PCE), increasing the PCE of the control cell from
12.6% to 14.6%. This research highlights the potential of molecular additives to optimize crystallization
kinetics, facilitating the development of more efficient PSCs. The findings reveal that DCA additive plays
a significant role in enhancing perovskite film quality. This strategy has the potential to improve the
structural integrity and optoelectronic properties of perovskite layers, thereby enhancing the performance
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of solar cells.
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1. Introduction

Perovskite solar cells (PSCs) are widely recognized as a
leading and rapidly developing technology in the field of
renewable energy. The high production costs and
efficiency limitations of traditional silicon-based solar
cells have increased the demand for more cost-effective
alternatives. On the other hand, PSCs have attracted
considerable attention in the photovoltaic industry
because of their low production costs, flexible
manufacturing processes, and improving efficiency due
to continuous research and development. Materials such
as methylammonium lead iodide (CH3NH3Pbl;) in
perovskite solar cells are more effective at converting
sunlight into electricity, thanks to their wide light
absorption spectrum and high charge carrier mobility,
thereby enhancing device performance [1-3]. Thanks to
these key properties, the efficiency of PSCs has risen
from 3.8% to 26.7% through various studies, bringing
them close to competing with silicon-based cells [4].
However, one of the biggest challenges faced by
perovskite solar cells is their environmental stability,
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which is not yet sufficient for long-term use. The
perovskite structure is prone to degradation when
exposed to factors like thermal stability, moisture, and
oxygen. This degradation reduces the material’s
performance over time and slows down the transition to
commercial use [5,6]. The volatility of organic
components in the perovskite structure and their
sensitivity to environmental factors lead to structural
degradation and the formation of unwanted by-products
such as lead iodide (Pbl,). Therefore, various strategies
are being developed to improve the long-term stability of
PSCs [7,8]. Changes in the perovskite structure and
composition have been shown to enhance stability by
achieving a more crystalline and homogeneous surface
and creating larger grain boundaries, which in turn
improve the material’s stability [9]. One of the most
common methods to address stability issues is modifying
the chemical composition of the perovskite structure and
optimizing the film morphology. For example, replacing
methylammonium (MA") ions with more stable cations
such as cesium (Cs*) and formamidinium (FA™) reduces
the degradation tendency of the structure and enhances
the environmental stability of PSCs. This type of
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structure, known as a triple-cation structure, forms the
CsFAMA composition. Triple-cation structures offer
higher stability and efficiency compared to single-cation
ones, making PSCs more resistant to environmental
factors. Additionally, using different halogens such as
iodide (I"), bromine (Br’), and chlorine (Cl’) in the
perovskite material helps broaden the light absorption
spectrum and increase charge carrier mobility, enabling
the production of more efficient devices. These
modifications reduce crystal defects and minimize carrier
losses by obtaining larger grain boundaries in the
perovskite layer [10-12].

Various approaches have been developed to reduce
crystal defects and prevent charge carrier recombination
in perovskite films [13-15]. The use of additives is one
such effective method. Additives that influence crystal
growth and film morphology play a crucial role in
obtaining more stable and efficient devices [16,17].
Studies by researchers such as Zhang and Snaith have
demonstrated that certain additives can stabilize the
structure and enhance the efficiency of PSCs. These
additives passivate defects on the crystal surfaces,
reducing carrier losses and improving device
performance [18,19].

The production processes of perovskite thin films have a
significant impact on solar cell performance. Solution-
based techniques are commonly used in PSC fabrication,
and these techniques directly affect the quality of the
perovskite thin films. Solution-based methods like the
anti-solvent technique are employed to optimize the
crystallization rate and surface morphology of perovskite
solutions. However, to achieve stable crystal structures
and smooth morphology, the use of additional additives
during the anti-solvent process is necessary. Additives
incorporated into anti-solvents help regulate the
crystallization process, leading to the formation of more
stable and efficient structures [9,20,21].

In this study, we focused on incorporating 2,2-
dichloroacetamide (DCA) additive into the anti-solvent
to improve the crystallization process and surface
morphology of perovskite films. By regulating the
crystallization kinetics, DCA creates a structure in the
film where perovskite crystallization is enhanced and
defects are passivated, thereby minimizing carrier losses.
The results of the analysis show that DCA directs crystal
growth, leading to a smoother and homogeneous surface
with higher crystallinity. As a result, the perovskite film’s
light absorption increases, charge carrier recombination
decreases, and the overall optoelectronic performance of
the device improves.

2. Materials and Methods
2.1. Materials

The lead iodide (Pbl:, 99.99%) used in the study was
obtained from Tokyo Chemical Industry (TCI). 2-
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Propanol (HPLC, 99.9%), titanium isopropoxide
(TifOCH(CHz3)2]4, 97%), acetonitrile (anhydrous ACN,
99.8%), hydrochloric acid (HCl, 37%), chlorobenzene
(anhydrous CB, 99.8%), cesium iodide (Csl, 99.999%),
4-tert-butylpyridine  (4-tBP, 98.0%), and 2,2-
dichloroacetamide (DCA) were obtained from Sigma-
Aldrich. Fluorine-doped tin oxide glass (FTO) with a
sheet resistance of 14 Ohm/sq and dimensions of 2.5x2.5
cm? were provided by OPVTech (FTO22-15). Lead
bromide (PbBrz, 99.999%), methylammonium bromide
(MABr, >99.5%) and formamidinium iodide (FAI,
>99.5%) were supplied by Lumtec. Spiro-OMeTAD was

purchased from Borun. Anhydrous N,N-
dimethylformamide (DMF, >99.5%) and
bis(trifluoromethanesulfonyl) lithium salt (Li-TFSI,

99.0%) were provided by Acros, while dimethyl
sulfoxide (DMSO, >99.7%) was obtained from Merck.

2.2. Characterization

Various experimental methods and devices were used for
the characterization of photovoltaic devices. Electrical
properties were determined through current density-
voltage (J-V) measurements performed using a Keithley
2400 source meter under AM1.5G simulation, while
morphological and structural properties were examined
with an Ambios atomic force microscope (AFM) and a
Panalytical X-ray diffractometer (XRD). Optical
properties were analyzed by obtaining absorption spectra
using a Perkin Elmer Lambda 950 UV-Vis
spectrophotometer, and photoluminescence (PL) and
time-resolved photoluminescence (TRPL) spectra were
recorded with an Edinburgh Instruments system under
pulsed laser excitation at 655 nm. Fourier Transform
Infrared Spectroscopy (FTIR) spectroscopy was
performed using a Thermo Scientific Nicolet iS50
device, and film thickness was measured with a Dektak
profilometer.

2.3. Device fabrication

FTO substrates, 2.5 cm x 2.5 cm in size, were initially
cleaned for 20-minutes using a sequence of distilled
water, acetone, and 2-propanol. Titanium dioxide (TiO,)
was synthesized by the sol-gel method. The cleaned FTO
glass substrates underwent a 7-minute oxygen plasma
treatment, followed by the application of a TiO, solution
using spin coating at 2000 rpm for 20 seconds to create a
uniform layer. Finally, the coated films were annealed at
460°C for 1 hour to achieve the anatase crystal structure
of TiO,. Then, a 0.1 M Li-TFSI solution prepared in
anhydrous ACN was applied onto the TiO,-coated films
at 3000 rpm for 40 seconds, followed by another 1 hour
annealing at 460°C. To maintain a controlled
environment, all coating operations for the subsequent
layers were performed inside a glovebox. A triple-cation
perovskite solution with the composition of
CSo,os(FAoA83MA0,17)0A95Pb(Io,g3Br0,17)3 was dissolved in an
anhydrous DMF and DMSO (4:1 ratio) mixture [11,22].
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The prepared perovskite solution was applied to the Li-
TiO,-coated substrates through a two-step spin-coating
process: the first step was performed at 2000 rpm for 25
seconds, followed by the second step at 4000 rpm for 20
seconds. During the second step, the surface was washed
with 100 pL of anhydrous CB at the 10" second. DCA
was added to the CB at a concentration of 1 mg/mL. To
enhance the solubility of DCA, it was kept in an
ultrasonic bath at 50°C for 20 minutes. The anti-solvent
process was carried out with both CB (control) and
CB+DCA, and the perovskite thin films were annealed at
100°C for 1 hour to achieve a high-quality perovskite
structure. Spiro-OMeTAD, was prepared by dissolving it
in anhydrous CB at a concentration of 73 mg/mL. To this
solution, 30 pL of 4-tBP and 16 pL of a Li-
TFSI/acetonitrile solution (520 mg/mL) were added to
enhance charge transport. The resulting mixture was
uniformly deposited onto the substrate using spin coating
at 4000 rpm for 20 seconds. To complete the device, a
thin film of molybdenum trioxide (MoOs3, 8 nm thick)
was thermally evaporated onto the Spiro-OMeTAD
layer, followed by a thicker layer of silver (Ag, 100 nm
thick). The entire process was carried out under high
vacuum conditions (2x1077 Torr). The active area of the
devices is 0.095 cm?.

3. Results and Discussion

The configuration of the PSCs with the FTO/Li-
TiO2/CsFAMA/Spiro-OMeTAD/MoO3/Ag is shown in
Figure la. The triple-cation perovskite thin films were
coated using the spin-coating method, aided by an anti-
solvent [11]. During the perovskite thin film coating,
DCA material was used within the CB anti-solvent to
control the crystallization kinetics. The influence of DCA
molecules on the perovskite was examined using various
techniques, including XRD, AFM, PL, TRPL, UV-Vis
spectroscopy, and FTIR spectroscopy. As shown in the
XRD patterns in Figure 1b, the diffraction peaks from all
perovskites were almost identical. Characteristic peaks
associated with the CSFAMA perovskite structure were
observed at 20 values of 14.03°, 20.0°, 24.47°, 28.3°,
31.7°, 34.87°, 40.46°, and 43.0°, consistently appearing
in all films treated with either the control or DCA
molecules.[23] Notable differences were observed in the
peak intensities at 26=14.03° and 28.3°, corresponding to
the (110) and (220) planes, respectively. Bakr et al.
achieved a similar oriented growth using alkylamine
ligands (AALs). The films treated with AALs
demonstrated enhanced growth along the (110)
orientation, showing a reduction in trap state density, as
well as improvements in charge mobility and diffusion
length [24]. The lack of any change in the peak positions
of the perovskite indicates that the perovskite structure is
not significantly affected by the DCA molecule used;
however, it is wunderstood that these molecules
contributed to the oriented growth of the perovskite grain
boundaries [25].
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The absorption spectra in Figure 2a reveals that all
perovskite thin films exhibit similar patterns. Since the
perovskite structure is not significantly affected by the
DCA molecule, no substantial differences in the bandgap
energies are expected. The bandgap energy of the control
film, calculated from the Tauc plots, is 1.612 eV, which
is consistent with the literature (Figure 2b). [11,26]. For
the perovskite sample modified with DCA within the
anti-solvent, the bandgap energy was calculated to be
1.606 eV. The average film thicknesses of the perovskite
films washed with CB and CB+DCA were found to be
400+5 nm and 450+10 nm, respectively. As the thickness
of the perovskite thin films increases, light absorption
also increases. Consequently, the film washed with
CB+DCA exhibits the highest absorbance [27].

Control
— DCA

(220)

Intensity (a.u)

20 ()

Figure 1. a) Device configuration, b) XRD spectra of
control and DCA-modified triple cation perovskite thin
films.

Figure 3a displays the PL spectra of perovskite thin films
coated on glass substrates with and without the use of
DCA molecules in anti-solvent. The PL peak at
approximately 770 nm for the reference triple cation
perovskite structure aligns with the literature. Notably,
the PL intensities of the perovskite film coated with DCA
were higher than those of the control film, suggesting that
the use of DCA effectively reduces non-radiative
recombination in the perovskite layer. Defects in
perovskite films serve as trap centers for charge carriers,
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leading to energy loss via non-radiative recombination
pathways. To investigate the impact of the DCA
molecules on the photoluminescence dynamics, TRPL
decay measurements were conducted at the primary PL
peak of 770 nm, using an excitation laser with a
wavelength of 656 nm (Figure 3b). These components
allow the extraction of two types of recombination
regimes: t1, dominated by interfacial recombination with
a short carrier lifetime, and 1>, dominated by bulk
recombination with a long carrier lifetime [28,29]. The 1,
value of the DCA-modified perovskite thin film
increased from 94.03 ns to 208.53 ns (Table 1). The
longer carrier lifetime in the DCA-modified perovskite
film indicates a significant reduction in non-radiative
recombination of carriers due to the elimination of
defects [30].
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Figure 2. (a) UV-Vis spectra and (b) Tauc plots of
control and DCA-modified triple cation perovskite thin
films.
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Table 1. TRPL parameters of control and DCA-modified
perovskite thin films.

D 7, (ns) T, (ns) x>
Control 21.44 94.03 1.126
DCA 44 .43 208.53 1.179
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Figure 3. (a) PL and (b) TRPL spectra of control and
DCA-modified triple cation perovskite thin films.

FTIR spectra were measured to observe the effect of the
DCA molecule within the perovskite structure. To
determine the interaction between the C=0O bond in the
DCA molecule and Pb*? in the perovskite, FTIR spectra
of both the control and DCA-modified thin films are
presented in Figure 4. In the DCA-modified thin film, the
characteristic peak of the C=O bond appears at a
wavenumber of 1681 cm™!, which is consistent with the
literature [31,32]. The presence of the C=O stretching
vibration peak at 1681 cm™ in the film modified with this
molecule clearly indicates that DCA has been
incorporated into the perovskite film and interacts with
Pb*? within the perovskite structure. The electron pair on
the oxygen atom of the C=0O bond can provide strong
coordination with Pb*2, potentially forming nucleation
centers around the DCA and supporting the slow and
uniform growth of the perovskite layer. As a result of this
effect, perovskite crystals grow gradually and evenly
around the nucleation centers, forming a high-quality
film with large grain size [31].
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Figure 4. FTIR spectra of DCA-modified and
unmodified perovskite thin films.
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Figure 5. 4x4 ym? AFM images, phase images, profiles,
and topographies of control (a—d) and DCA-modified (e—
h) perovskite surfaces.
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AFM was used to investigate the morphological
properties of the perovskite thin films. Figure 5 presents
AFM images, phase images, profiles, and topographic
images obtained from a 4x4 pm? scan area, along with
the root mean square (RMS) roughness values measured
for surface roughness. The RMS roughness of the
perovskite thin film washed only with CB was measured
as 51 nm, whereas the RMS roughness of the DCA-
modified film was measured as 65 nm. Although the
RMS value of the DCA-modified film has slightly
increased, a noticeable increase in grain sizes is observed.
As can be clearly seen from the AFM images, the DCA
molecule has altered the surface properties and crystal
sizes of the perovskite film, a finding that is also
supported by XRD measurements.

Considering all these analyses, when triple-cation
perovskite solar cells are prepared using the DCA
molecule, improvements in open-circuit voltage (Voc),
short-circuit current density (Jsc), and fill factor (FF)
values are expected. This enhancement can be attributed
to a reduction in charge carrier recombination within both
the bulk and interfacial regions of the triple-cation
perovskite structure [33,34]. The hysteresis index (HI) of
the device produced with DCA is negligible compared to
the control device. The performance enhancements
observed in DCA-modified PSCs can be attributed to the
beneficial effects of this molecule on carrier lifetime and
film quality. In the control cell, the lifetime of short-lived
carriers (11) is measured at 21.44 ns, and the lifetime of
long-lived carriers (t2) is 94.03 ns, indicating a high
recombination rate that limits efficiency compared to the
DCA-modified device. In contrast, in the DCA-modified
film, t; increases to 44.43 ns and 1, to 208.53 ns. These
results demonstrate that DCA molecules improve the
crystal structure, allowing carriers to move without
recombination for longer periods and thus increasing
efficiency by extending carrier lifetime within the cell
[35]. Longer carrier lifetimes enhance the mobility of
free carriers while reducing recombination losses,
contributing to an increase in Jsc and FF, as shown in
Figure 6 and Table 2. Thanks to these structural effects,
a larger apparent grain size and a highly crystalline film
are obtained from DCA-modified films. This not only
increases carrier lifetime but also limits ion mobility by
passivating defects, reducing hysteresis [36,37]. The
DCA-modified PSCs exhibited significant improvements
in performance parameters such as Jsc, FF and PCE
compared to the control devices. Under reverse scan, the
DCA-modified cells achieved a Jsc of 22.9 mA/cm? (vs.
21.7 mA/cm? for control), FF of 64.1% (vs. 58.1% for
control), and PCE of 14.6% (vs. 12.6% for control).
Furthermore, the HI was significantly reduced to 0.0579
in DCA-modified cells (vs. 0.125 for control). [37].
Through enhancement of film structure and increased
carrier lifetimes, the DCA molecule improves device
performance by increasing both Jsc and FF.
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Figure 6. J-V curves obtained from devices fabricated
with control and DCA-modified triple cation perovskite
thin films under forward and reverse scan.

4. Conclusion

This study demonstrates that the addition of DCA
additive to the anti-solvent during perovskite film
formation can significantly enhance the structural and
optoelectronic properties of PSCs. The DCA molecules
affect crystallization kinetics, promoting crystal growth
and enabling the production of films with lower defect
densities. The perovskite films modified with DCA
exhibited a substantial increase in PL intensity, indicating
a significant suppression of non-radiative recombination
in the perovskite layer and a reduction in trap state
density. TRPL analyses revealed that DCA modification
increased the carrier lifetime from 1,=94.03 ns to 208.53
ns; these results suggest that DCA enhances device
performance by allowing charge carriers to move longer
without recombination through defect passivation. The
observed increase in carrier lifetimes and the reduction in
non-radiative recombination losses contribute to a
notable improvement in Jsc and FF while also mitigating
hysteresis effects. The findings obtained from DCA
modification can be considered a significant step towards
developing high-efficiency PSCs.

Table 2. Electrical parameters obtained under forward and reverse scan from devices fabricated with control and

DCA-modified triple cation PSCs.

Scan Jsc Voc FF PCE HI
direction (mA/cm?) (mV) (%) (%)
Control Forward 21.6 970 534 11.2 0.125
Reverse 21.7 1000 58.1 12.6
DCA Forward 22.8 960 63.2 13.8 0.0579
Reverse 22.9 995 64.1 14.6
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