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ABSTRACT: In-situ growth of perovskite single-crystal thin
films (PeSCTFs) on the transport layer is crucial for achieving
high-performance perovskite optoelectronic devices, such as S
solar cells, light emitting diodes, photodetectors, etc. However,
in-situ growing PeSCTF on the transport layer with large-area,
high-crystal-quality, and low-trap-density = simultaneously
remains challenging. This work proposes a method for in-situ
growing large-area and low-trap-density MAPbBr; SCTFs on
the poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA)
transport layer with the assistance of cesium(l)
bis(trifluoromethanesulfonyl)imide (CsTFSI) ionic liquid. After
introducing the CsTFSI ionic liquid, the Cs* ions enter the
MAPDbBr; lattice, reducing the formation energy, and the
coordination between the lone pair electrons of O in TFSI- and the empty orbital of Pb in MAPbBr; passivates the dangling
bond defects of Pb, facilitating the formation of MAPbBr; SCTFs with high-crystal-quality. Moreover, the strong interaction
between TFSI- and the substrate can enhance wettability and reduce the contact angle, thereby promoting faster solute
diffusion and enabling the growth of larger-area MAPbBr; SCTFs. Therefore, compared to the sample without CsTFSI
addition, the MAPbBr; SCTFs with CsTFSI addition exhibit better thermal stability, larger area (increased from 1.79 to
19.68 mm?, approximately a 10-fold increase), lower trap density (decreased from 6.86 x 10" to 5.39 x 10" cm=), and
higher carrier mobility (increased from 0.72 to 0.84 cm*V-"-s™'). Moreover, the performance of the photodetector with
CsTFSI, including responsivity, external quantum efficiency (EQE), detectivity, and response speed, also increased
significantly. This work provides an effective method for the in-situ growth of PeSCTFs with large-area, high-crystal-quality,
and low-trap-density simultaneously on the transport layer.
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light absorption coefficients, high carrier mobility, tunable
bandgaps, and low cost [6—8]. In perovskite thin films, compared to
polycrystalline films, perovskite single-crystal thin films (PeSCTFs)
have fewer grain boundaries or even no grain boundaries, which is
beneficial for the fabrication of high-performance optoelectronic
devices with low trap state density [9-12]. Moreover, PeSCTFs
exhibit enhanced characteristics such as extended carrier diffusion
length, prolonged carrier lifetime, increased carrier mobility, and
heightened stability, thereby facilitating the further enhancement of
efficiency and stability in optoelectronic devices [13—18].

1 Introduction

Organic-inorganic metal halide perovskites have been deeply
investigated for applications in solar cells [1], light-emitting diodes
(LEDs) [2], photodetectors [3], lasers [4], and so on [5]. In the field
of photodetectors, they exhibit excellent properties such as high

Received: July 15, 2024; Revised: September 17, 2024
Accepted: September 23, 2024

B Address correspondence to Dan Wu, wudan@sztu.edu.cn; Aung Ko
Ko Kyaw, aung@sustech.edu.cn; Kai Wang, wangk@sustech.edu.cn

..................

94907046 (1 of 11)

Currently, PeSCTFs can be grown on a variety of substrates, such
as silicon, graphene, indium tin oxide (ITO), fluoro-doped tin oxide
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(FTO), polyimide (PI), polyethylene (PE), polyethylene
terephthalate (PET), SrTiOs, MoS,, quartz, and solution substrates
[19-27]. However, PeSCTFs grown on these substrates cannot be
directly applied to vertically structured optoelectronic devices
because the active layer (PeSCTFs) of hybrid perovskite-based high-
performance solar cells, LEDs, and photodetectors is usually
sandwiched between the electron transport layer (ETL) and the
hole transport layer (HTL) [28, 29]. Therefore, PeSCTFs grown on
these substrates require an additional stripping and transfer process
to the transport layer, which can lead to the formation of new
defects and mechanical damage on the surface of the PeSCTFs [30].
In-situ growth of PeSCTFs on the transport layer can eliminate the
need for this additional stripping process, thereby reducing
interface contact issues between the PeSCTFs and the transport
layer 31, 32]. The methods for preparing PeSCTFs mainly include
chemical vapor deposition method [33], top to down method [34],
floating method [35], epitaxial growth method [36], anti-solvent
method [24], and spatial confinement method [37]. Among these
methods, the spatial confinement method is compatible with many
single-crystal preparation methods and is cost-effective, allowing for
in-situ growth on the transport layer [35, 38, 39]. It is widely known
that growing large-area PeSCTFs (van der Waals epitaxy) in-situ at
the transport layer requires the crystals to grow parallel to the layer-
island. Layer-island growth necessitates a strong interaction
between the precursor solution and the substrate, which indicates
good wettability, ie., a larger interfacial energy. If the interfacial
energy is too small, it leads to island-like growth instead of layer-
island growth, resulting in small-area single-crystal films distributed
in an island-like pattern [40]. Unfortunately, there are currently two
undesirable situations in the preparation of PeSCTFs using spatial
confinement method. If PeSCTFs prepared by spatial confinement
method have a larger area, their crystal quality is generally poorer,
prone to dendrite formation. This is because the contact angle
between the perovskite precursor solution and the transport layer is
small, resulting in high interfacial energy and fast nucleation and
diffusion rates for PeSCTFs. Conversely, if the crystal quality of
PeSCTFs prepared by spatial confinement method is good, it is due
to a large contact angle, low interfacial energy, slow nucleation rate,
and slow diffusion rate, which may lead to a smaller area for
PeSCTFs [41-43]. Therefore, producing PeSCTFs with large-area
and high-crystal-quality using spatial confinement methods
remains a challenge.

In 2017, Huang et al. developed a spatial confinement method
combined with high-temperature methods for the in-situ growth of
MAPbI; and MAPbBr; SCTFs on the hole transport layer. In 2018,
Liu and Zhao et al. reported the preparation of PEA,Pbl, SCTFs
using a spatial confinement method combined with gradient
cooling. In 2019, Osman M. Bakr et al. developed a spatial
confinement method combined with gradient heating for the in-
situ growth of MAPbI; SCTFs on the hole transport layer. In 2022
and 2023, our research group systematically studied the kinetics of
crystal nucleation and growth by the spatial confinement method
and proposed a method for the in-situ growth of PeSCTFs on the
transport layer using a spatial confinement method combined with
gradient heating nucleation and room temperature growth (GHN-
RTG) [41, 44]. However, this method is insufficient to resolve the
contradiction in the growth of existing PeSCTFs, which still cannot
grow PeSCTFs with both large-area and high-crystal-quality.

The primary challenges in achieving large-area and high-crystal-
quality growth of MAPbBr; materials stem from the relatively high
formation energy of MAPbBr; and the larger contact angle between
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the solution and the substrate. In this work, we propose adding
cesium(I) bis(trifluoromethanesulfonyl)imide (CsTFSI) ionic liquid
to assist in the in-situ growth of large-area and high-crystal-quality
MAPDBr; PeSCTFs. By introducing CsTFSI ionic liquid, the Cs*
cations can enter the MAPDBr; lattice to reduce the formation
energy of MAPbBr;. This also enhances the interaction between the
solution and the substrate, thereby reducing the contact angle. The
surface area of the obtained MAPbBr; SCTFs increased by
approximately 10 times. A series of material characterizations
demonstrated that adding CsTFSI ionic liquid led to higher crystal
quality, lower trap density, and improved thermal stability in
MAPbBr; SCTFs. Furthermore, the photodetector showed
increased responsivity, higher external quantum efficiency, and
higher detectivity after adding CsTFSI ionic liquid. Additionally, the
response speed was also improved. This work provides a new
approach for in-situ growth of large-area, high-crystal quality, and
low-trap density PeSCTFs on the transport layer.

2 Results and discussion

2.1 Material characterization of MAPbBr; SCTFs

Using the GHN-RTG method to grow MAPbBr; SCTFs in-situ on
the poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) HTL,
but this method cannot simultaneously produce large-area and high-
quality crystal PeSCTFs [44]. Based on this, the method of using
CsTFSI ionic liquid to assist in-situ growth of PeSCTFs was
adopted. After introducing CsTFSI ionic liquid, the contact angle of
the precursor solution on the PTAA substrate was reduced from
46.9° to 40.6°, as shown in Figs. 1(a) and 1(b). The contact angle
reflects the cohesion and adhesion of the solution to the substrate.
The decrease in contact angle while the solution remains
unchanged, and the cohesive forces of solution molecules remain
constant, indicates an increase in the adhesive forces between the
solution and the substrate [45]. This indicates that introducing
CsTFSI ionic liquid can enhance the interaction between MAPDbBr;
SCTFs and substrate, leading to a faster diffusion rate of the solute.
On the other hand, as the contact angle becomes smaller, the
interfacial energy becomes larger, and the nuclear barrier of the
crystal decreases. As the crystal nucleation rate increases, the crystal
growth rate will also increase, indicating that CsTFSI ionic liquid
can accelerate the crystal nucleation and growth of SCTFs.

Figures 1(c) and 1(d) represent photographs of MAPbBr; SCTFs
without and with the addition of CsTFSI, respectively, at the same
time after complete growth. The photographs reveal that after the
introduction of CsTFSI, the area of MAPbBr; SCTFs increased
from 1.79 to 19.68 mm? approximately by a factor of 10. The
thicknesses of the two films are 25 and 24 pm, respectively. The
area-thickness ratios reach 71.6 and 820 mm, respectively, before
and after the addition of CsTFSL This indicates that the
introduction of CsTFSI can enlarge the area of MAPbBr; SCTFs.
Figures S1(a) and S1(b) in the Electronic Supplementary Material
(ESM) present step profilometer tests at six different positions
(illustrated schematically in the lower right corner of the figure) on
MAPDbBr; SCTFs. It can be observed that the surface fluctuations do
not exceed 40 nm, indicating that the MAPbBr; SCTF surface is
very flat. The surface roughness measurements for a large area of
400 um’ of MAPbBr; SCTFs are shown in Figs. S1(c) and S1(d) in
the ESM, with an average roughness of about 1.6 nm, similarly
indicating that the MAPbBr; SCTFs are comparatively flat. The
composition of MAPbBr; SCTFs with and without the addition of
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Figure1 Contact angle optical photograph of (a) precursor solution and (b) precursor solution with CsTFSI ionic liquid added on ITO substrate spun with PTAA.
Microscopic images of (c) MAPbBr; SCTFs and (d) MAPbBr; SCTFs with CsTFSI. The SEM and EDS mapping analysis of Cs, Pb, and Br for (¢) MAPbBr; SCTFs and (f)

MAPbBr; SCTFs with CsTESL

CsTFSI can be determined through the energy dispersive X-ray
spectrometer (EDS) mapping analysis, as shown in Figs. 1(e) and
1(f), with the respective elemental ratios given in Table S1 in the
ESM. It can be observed that Cs* ions from CsTFSI have entered
the lattice of MAPbBr;.

To investigate the internal quality changes of MAPbBr;-SCTFs
before and after the introduction of CsTFSI, we conducted the X-
ray diffraction (XRD) characterization and the results are shown in
Figs. 2(a) and 2(b). Both MAPbBr; SCTFs exhibit high single
crystallinity with three characteristic peaks with centers located at
14.90° 30.09°, and 45.87°, corresponding to the (100), (200), and
(300) planes of cubic MAPbBr; crystals, respectively. After the
introduction of CsTFSI, the XRD peak of MAPbBr; SCTFs
significantly increased, and the full width half maximum (FWHM)
of the (200) crystal plane also significantly decreased. This indicates
that the crystal quality of MAPbBr; SCTFs is improved after the
introduction of CsTFSI. Meanwhile, the diffraction peak at 30.09°
on the right side of Fig. 2(a) indicates a shift towards larger angles
after adding CsTFSI, suggesting a reduction in the unit cell volume.
This further indicates that introducing CsTFSI results in smaller Cs*
ions entering the MAPbBr; lattice to replace the larger
methylammonium ions (MA"). This can reduce the local strain
gradient caused by the larger organic cation insertion and thereby
suppress phase segregation [46]. To illustrate the universality of
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CsTFSI ionic liquids, MAPbCl; SCTFs and MAPbI; SCTFs were
treated similarly, as shown in Fig. S2 in the ESM. It can be
concluded that after adding CsTFSI ionic liquid, the XRD
diffraction peaks of MAPbCl; SCTFs and MAPbI, SCTFs are
significantly enhanced, indicating that CsTFSI ionic liquid can also
improve the crystal quality of MAPbCl; SCTFs and MAPbI,
SCTFs. Therefore, the CsTFSI ionic liquid has certain versatility in
aiding the growth of PeSCTFs.

The trap density of thin film samples can be analyzed by
fluorescence intensity and lifetime. In the case of the same material
system and dimension, the higher the fluorescence intensity, the
longer the fluorescence lifetime, and the lower the trap density of
the corresponding thin film [47]. After introducing CsTESI, the
fluorescence intensity of MAPbBr; SCTFs was enhanced by more
than 8 times, and the fluorescence lifetime was also increased by 4
times. As shown in Figs. 2(c)-2(e), introducing CsTFSI can reduce
the trap density of MAPbBr; SCTFs. It can be observed from the
photoluminescence (PL) spectrum that there is a blue shift
phenomenon. However, the slight thickness variations of MAPbBr;
SCTFs have a negligible effect on the blue shift of the PL spectrum,
as shown in Fig. S3 in the ESM. Therefore, the blue shift of the PL
peak is mainly due to the Cs* in the CsTFSI ionic liquid entering
the MAPDBr; lattice, which increases the bandgap. The absorption
spectra are shown in Fig. 2(f), and the absorption peak also presents
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Figure2 (a) XRD patterns, (b) FWHM of the (200) crystal plane, (c) PL, (d) time-resolved PL (TRPL) decay curves, (e) lifetime, and (f) absorption spectra of MAPbBr;

SCTFs without and with CsTFSL

a slight blue shift, which is consistent with the PL. By Tauc fitting of
the absorption spectra (Fig. S4(a) in the ESM), the bandgap of
MAPDBr; SCTFs without CsTFSI ionic liquid was determined to be
2.26 eV. The bandgap of MAPbBr; SCTFs with CsTFSI ionic liquid
added was 2.27 eV. The introduction of CsTFSI ionic liquid
resulted in an increase of 0.01 eV in the bandgap. It is further
demonstrated that adding CsTFSI ionic liquid makes Cs* enter the
MAPbBr; lattice to increase the bandgap.

In-situ temperature-dependent XRD analysis was employed to
assess the thermal stability of the SCTFs. Figures 3(a) and 3(b)
present in-situ temperature-dependent XRD patterns of MAPbBr;
SCTFs grown with and without CsTFESI. At the same temperature,
the intensity of the diffraction peak is higher, indicating that the
introduction of CsTFSI ionic liquid improves the quality of the
crystal. In in-situ heating process, MAPbBr; SCTFs without CsTESI
ionic liquid began to decompose at 160 °C, resulting in the PbBr,
phase. However, MAPbBr; SCTFs with CsTFSI ionic liquid did not

(a) (b)

Pristine.
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15,000 (200) (200)
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10,000

It

5000 I 100) ‘

|

decompose until 200 °C, indicating that the addition of ionic liquid
can significantly improve the thermal stability of SCTFs. The
increase of thermal stability is mainly due to the decrease of trap
density and Cs* entering the lattice.

The lattice strain of SCTFs was characterized by Raman
spectroscopy (Fig. 3(c)). In Raman spectroscopy, a higher intensity
of the Raman peak indicates a lower trap density [36]. It can be
clearly seen from Fig. 3(c) that 63 cm” belongs to [PbBrg]*
stretching vibration [44], 141 cm™ belongs to Pb-Br stretching [36],
327 cm belongs to CH;NH;-PbBr;y~ cage vibration [48], and
969 cm™ belongs to C-N* stretching [48]. The results showed that
all tensile vibrations of MAPbBr; SCTFs with CsTFSI were
significantly higher than those of MAPbBr; SCTFs. Therefore,
MAPbBr; SCTFs with the addition of CsTFSI exhibit less trap
density. The hardness of SCTFs was characterized by the
nanoindentation meter, as shown in Fig. 3(d). Material hardness is
usually determined by the interaction of atoms or ions. The higher
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Figure3 The temperature-dependent XRD tests of (a) MAPbBr; SCTFs and (b) MAPbBr; SCTFs with CsTFSL. (c) Raman spectroscopy and (d) pressure and depth
curves of MAPbBr; SCTFs without and with CsTFSI. The FTIR of (e) precursor and (f) MAPbBr; SCTFs without and with CsTFSL.
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the crystal quality, the stronger the interaction, the greater the
hardness, and the smaller the deformation with pressure [49]. After
the introduction of CsTESI, the hardness of MAPbBr; SCTFs
increased from 0.37 to 0.49 GPa, an increase of 32%. This is because
CsTFSI reduces the defect state density of MAPbBr, SCTFs,
resulting in improved crystal quality. In addition, the thickness,
surface roughness performed in a 1 pm’ area, and surface
conductivity of MAPbBr; SCTFs were characterized (Figs. S4(b)
and S5 in the ESM). It can be seen that the surface of MAPbBr;
SCTFs after the introduction of CsTFSI is smooth and flat with
high electrical conductivity, indicating fewer surface defects.

The surface chemical information of MAPbBr; SCTFs was
characterized using Fourier transform infrared (FTIR)
spectroscopy. The main FTIR characteristic peaks of CsTFSI are
511, 573, 644, 737, 793, 1057, 1126, 1188, and 1337 cm™ (Figs. 3(e)
and 3(f)). The FTIR spectra of CsTFSI, precursor solution without
and with CsTFSI are shown in Fig. 3(e). The presence of CsTFSI in
the precursor solution of MAPbBr;-CsTFSI can be observed from
the pink line. When the CsTFSI ionic liquid is present in the
precursor solution, it does not participate in the binding of PbBr,
and does not compete with N,N-dimethylformamide (DMF) for
crystallization, indicating that the interaction between TFSI" and
PbBr, is not as strong as DMF and PbBr,. From the pink line in Fig.
3(f), it can be seen that there is a significant absorption peak of
CsTFSI in the MAPbBr; SCTFs after adding CsTFSI. Furthermore,
a blue shift is observed in the same absorption peak, indicating a
strong coordination interaction between TFSI" and Pb*, which
passivates the dangling bond defects of Pb. Therefore, the dangling

introduction of CsTFSI ionic liquid, thus effectively reducing the
defect state density of SCTFs.

The surface chemical information of MAPbBr; SCTFs was
characterized by X-ray photoelectron spectroscopy (XPS) [50]. As
shown in Figs. 4(a)—4(c), it can be seen that the MAPbBr; SCTFs
with CsTESI added have the XPS characteristic peaks of Cs 3d;,, Cs
3ds, S 2p, and F 1s, while the MAPbBr; SCTFs without CsTFSI
added do not have these characteristic peaks. This shows that Cs*
and TFSI" exist in the MAPDbBr; SCTF, consistent with the previous
discussion. Ultraviolet photoelectron spectroscopy (UPS) is often
used to analyze the carrier transport characteristics of perovskite
films. UPS was used to characterize the energy level position on the
surface of MAPbBr; SCTFs, as shown in Figs. 4(d) and 4(e). From
the graph, it can be seen that after the addition of CsTFSI ionic
liquid, the Fermi level increased from -5.14 to -5.02 eV, and the
energy distance between the Fermi level and the valence band
increased from 0.80 to 0.82 eV. Based on the previously fitted
bandgap values, the introduction of CsTFSI ionic liquid caused the
valence band of MAPbBr; SCTFs to shift from -5.94 to -5.84 eV.
As shown in Fig. 4(f), moving the energy level upwards will make
the valence band maximum more matched with the energy level of
the HTL (PTAA). This will accelerate the extraction and separation
of charge carriers, and improve the transport of charge carriers on
the surface of the thin film [3, 51]. The primary reason for the
upward shift in energy levels is that TFSI" forms a relatively strong
coordination effect with Pb*, which passivates the dangling bond
defects of Pb, resulting in a reduction in the defect state density of
MAPDBr; SCTFs. Here, it is believed that CsTFSI reduces the defect

bond defects of Pb can be effectively passivated after the state density of MAPbBr; SCTFs because TFSI" forms a strong
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coordination effect with Pb*, which passivates the dangling bond
defects of Pb. According to the first principles calculation, the
binding energy between Pb and F is -0.434 eV, and between Pb
and O is -1.234 eV (Fig. S6 in the ESM). It can be seen that the
binding energy of Pb and O is higher, so the addition of CsTFSI
ionic liquid to MAPDbBr; SCTFs is the lone pair electron of O and
the empty orbital coordination of Pb.

The structure of CsTFSI is shown on the left side of Fig. 4(g). As
shown on the right of Fig. 4(g), Cs* cations enter the MAPbBr;,
lattice after adding CsTFSI to reduce the formation energy [52, 53].
TFSI anion can passivate the surface defects of MAPbBr;, which is
conducive to forming MAPbBr; SCTFs [54, 55]. To verify that both
Cs' cations and TFSI" anions in CsTFSI ionic liquids played an
essential role in the growth of MAPbBr; SCTFs, a comparative
experiment was conducted to compare the growth of MAPbBr,
SCTFs after adding Cs,CO;, LiTFSI, and CsTFSI, respectively. For
the Cs,CO;, although the dissociated Cs* can enter the lattice of
MAPDBr;, reducing the formation energy and facilitating the rapid
growth of SCTFs, the CO;~ do not effectively enhance the
interaction between MAPbBr; and the substrate. As shown in Fig.
S7(a) in the ESM, the contact angle difference between with Cs,CO,
and without addition is not significant. Therefore, merely reducing
the formation energy without increasing wettability can result in
excessive growth leading to dendritic formation, rather than
forming larger areas of SCTFs. The use of LiTFSi as a comparison is
because it contains the TESi~ anion. This anion has a high
electronegativity and can effectively passivate the Pb* dangling
bond defects on the surface of the perovskite [54, 55]. In addition,
the S and O atoms in TFSi can form hydrogen bonds with the H
atoms in PTAA, and the N atoms in TFSI" can also form hydrogen
bonds with the H atoms in PTAA. The stronger interaction

between the precursor solution and the substrate can increase
wettability and reduce the contact angle (Fig. S7(b) in the ESM).
However, since Li* cannot enter the lattice and thus cannot reduce
the formation energy, the increased wettability leads to excessive
growth, which ultimately also easily forms dendrites. For CsTFSi,
on one hand, the Cs* entering the lattice lowers the formation
energy, favoring the formation of MAPbBr; SCTFs. On the other
hand, TFSI facilitates enhanced interaction between the solution
and the substrate, thereby reducing the contact angle. The lower
formation energy facilitates the rapid formation of the MAPbBr;
phase, while the smaller contact angle benefits the solute transport
during the growth process of MAPbBr;. The synergistic effect of
both facilitates the rapid growth of large-area MAPbBr; SCTFs. As
shown in Fig. S7(c) in the ESM, MAPbBr; SCTFs grown after
adding CsTFSI have a larger surface area, while those grown after
adding Cs,CO; or LiTESI have a smaller surface area. This indicates
that the combined action of Cs* cation and TFSI" anion in CsTFSI
jonic liquid increases the area of MAPDbBr; SCTFs, which is
consistent with the previous analysis.

2.2 Electrical properties of MAPbBr; SCTFs

The defect state density can be characterized by the space charge-
limited current (SCLC) method, and the device structure is
ITO/PTAA/perovskite/Au (area 025 mm’ and film thickness
24 pm), as shown in Figs. 5(a) and 5(b). This dark state I-V curve
can be divided into three regions, namely, the ohmic region (light
purple), the trap-filling region (SCLC region, light green), and the
saturation region (light pink). The turning point voltage in the
ohmic region and SCLC region is called the trap filling voltage, and
the equation for calculating the defect state density (#1,,,) according
to the filling voltage is shown as follows (Eq. (1)) [17]
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Ny = 2E8, VTFL/qLZ (1)

where g is the fundamental charge, ¢ is the relative dielectric
constant of MAPbBr; single crystal (e = 25.5), ¢, is the vacuum
dielectric constant, Vi is the trap filling voltage, and L is the
thickness of the MAPbBr; SCTF. The trap filling voltage (Vyg) of
the single crystal film decreased from 1.4 to 1.1 V after introducing
CsTFSI ionic liquid. According to Eq. (1), the introduction of
CsTFSI ionic liquid reduces the MAPbBr; SCTF defect state density
from 6.86 x 10" to 5.39 x 10 cm?, reducing by 21%, as shown in
Figs. 5(a) and 5(b). The reduction in defect state density confirms
the strong coordination effect between TESI" and Pb*, which
passivates the dangling bond defects of Pb.

According to the Mott-Gurney law [56], the carrier mobility for
the MAPDBr; single crystal in the trap-free region was further
calculated (Eq. (2)) [17]

y=8JpL*/9¢ee,V* (2)

where Jp, is the dark current density, V is the applied bias, and p is
the carrier mobility. As shown in Figs. 5(a) and 5(b), the device
structure is a hole-only device, so the calculated carrier mobility is
the hole mobility. According to Eq. (2), the introduction of CsTFSI
ionic liquid increases the carrier (hole) mobility of MAPbBr; SCTFs
from 0.72 to 0.84 cm>V™s”, an increase of 17%. The increase in
carrier mobility indicates the reduction in defect state density of
MAPbBr; SCTFs, leading to an upward shift in energy level
position. This, in turn, improves energy level matching and
enhances carrier separation and extraction efficiency.

Due to the lower defect state density and higher carrier mobility
of MAPbBr; SCTFs after the addition of CsTESI, subsequent
characterization of the photodetector made from MAPbBr; SCTFs
was conducted. A self-driven photodetector (ITO/PTAA/
PeSCTFs/Cy4y/BCP/Cu) was prepared by using MAPbBr; SCTFs
with a thickness of 24 um grown on PTAA substrate, and the
diagram of the device structure is shown in the upper right corner
of Fig. 5(c). The trap density of MAPbBr; SCTFs can be
characterized by electrochemical impedance spectroscopy, as shown
in Fig. 5(c). The large semicircle obtained from the Nyquist plot
corresponds to the radiative recombination process of charge
carriers at the interface [57]. The large semicircular circle in the
Nyquist diagram corresponds to the recombination resistance of
MAPDBr; SCTFs with CsTFSI ionic liquid added, which is 14 MQ
(14,046,200 Q). This is much larger than the recombination
resistance of the original MAPbBr; SCTFs 8 MQ (8,255,210 Q).
The larger recombination resistance indicates a lower trap density
and less interface radiative recombination, which is beneficial for
enhancing the separation of charge carriers and improving the
performance of optoelectronic devices such as solar cells and
photodetectors [58].

The current density and voltage characteristic curve of the
detector are shown in Fig. 5(d). Under dark conditions, the voltage
corresponding to the lowest dark current is not close to 0 V. This is
because the crystal growth is unstable, and the surface of SCTFs
prepared by solution methods often contains small crystal particles,
leading to charge accumulation at the interface caused by the poor
contact between the SCTF and the Cg, ETL [38, 44, 59-61]. The
minimum dark current density of the photodetector with added
CsTFSI is closer to zero than that of the original photodetector. In
addition, the minimum dark current density of the photodetector
with added CsTFSI (2.6 x 10™ A-cm™) is lower than that of the
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original photodetector (4.3 x 10™ A-cm™). Meanwhile, the ratio of
the photocurrent density to the dark current density for the
photodetector with added CsTFSI (37.1) is greater than that of the
original photodetector (15.4). This is because the MAPbBr; SCTFs
with added CsTFSI ionic liquid have a higher crystal quality and
lower defect state density.

Responsivity, external quantum efficiency (EQE), and specific
detectivity are parameters used to characterize the photoelectric
conversion capability of photodetectors. The responsivity is the
ratio of the photocurrent to the incident light intensity, representing
the efficiency of responding to optical signals. The EQE is the
number of carriers generated in the external circuit for each
incident photon. The specific detectivity represents the ability to
detect weakest level of light [61]. The responsivity (R(A)) was
calculated as follows (Eq. (3)) [59, 60, 62, 63]

R(l) = (I(A)ph *Idurk)/P(l)in (3)

where I(1),,, is the photocurrent, Iy is the dark current, and P();,
refers to the light power irradiated to the device.

The equation for calculating EQE(A) according to R()) is as
follows (Eq. (4)) [59, 60, 62, 63]

EQE(A) = R(A)hc/gA (4)

where 4 is the Plank constant, ¢ is the speed of light in vacuum, and
A is the detection wavelength.

The equation for calculating specific detectivity (D*) according to
R()) is as follows (Eq. (5)) [59, 60, 62, 63]

D' =R(})(Area/I)"” ~ R(})(Area/2ql,,.) " (5)

where Area refers to the working area of the photodetector, in
square centimeters, and I, refers to the total noise current spectral
density. The total noise current in a photodetector is the sum of
various noises, which can be approximated in practical calculations.
The responsivity (R(1)), EQE, and specific detectivity (D) of the self-
driven photodiode at 0 V bias and light intensity of 2.7 uW-cm™ are
shown in Figs. 5(e)-5(g), respectively. Adding CsTFSI, the
responsivity of the photodetector (0.33 A-W™) is higher than the
original photodetector (0.18 A-W™), increased by 83%. The EQE
(87.3%) is higher than the original photodetector (53.4%), increased
by 63%. Additionally, the detectivity of the photodetector after
adding CsTFSI (3.61 x 10" Jones) is higher than the detectivity of
the original photodetector (1.09 x 10" Jones), increased by 231%.
This is due to the fact that the photodetector after the addition of
CsTFSI ionic liquid shows a lower trap density (Figs. 5(a) and 5(b))
and a larger interfacial recombination resistance (Fig. 5(c)), which
facilitates the acceleration of carrier separation. The responsivity,
EQE, and specific detectivity of the wavelength curve are similar to
the absorption spectra of SCTF. These are caused by the wavelength-
dependent Abs coefficients of the MAPbBr; material and are
reflected in the responsivity, EQE, and D curves of the
photodetector.

Response speed is also another quality factor parameter of
photodetectors, which is important for optical communication and
imaging applications. The rise time (7,) is the time it takes for the
current to reach a 90% stable level under light, while the fall time
(19 is defined as the time it takes to fall to the 10% saturation level
after the light source is turned off. As shown in Figs. 5(h) and 5(i),
the response speed of the photodetector after adding CsTFSI (7, =
1.22 ps; ;= 0.57 ps) is faster than that of the original photodetector
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(1, =7.81 ps, ;= 1.16 ps). This is due to higher carrier mobility and
lower carrier migration trap density. Therefore, the data in Fig. 5
show that the photodetector with CsTFSI ionic liquid added is
superior to the photodetector without CsTFSI ionic liquid added.

3 Conclusions

Large-area, high-crystal-quality, and low trap density MAPbBr;,
SCTFs were grown on the PTAA transport layer by employing the
CsTFSI ionic liquid-assisted GHN-RTG method. The Cs' in
CsTFSI jonic liquid reduces the formation energy after entering the
MAPDbBr; lattice. The coordination between the lone pair electrons
of O in TESI" and the empty orbital of Pb in MAPbBr; passivates
the dangling bond defects of Pb, thereby filling the lattice defects of
MAPDBr;, favoring the formation of MAPbBr; SCTFs. Moreover,
the stronger interaction between TFSI" and the substrate can
enhance wettability and reduce the contact angle, thereby
promoting faster solute diffusion, which is the reason for obtaining
large-area MAPbBr, SCTFs. XRD characterization indicates that
the addition of CsTFSI ionic liquid results in MAPbBr; with higher
crystal quality. Temperature-dependent XRD  characterization
suggests that the inclusion of CsTFSI ionic liquid can significantly
enhance the thermal stability of SCTFs. Material characterizations
including PL, TRPL, Raman spectroscopy, nanoindentation, FTIR,
UPS, and others demonstrate that MAPDbBr; obtained after the
addition of CsTFSI ionic liquid exhibits lower trap density.
Furthermore, photodetectors obtained after adding CsTFSI ionic
liquid have lower trap density and higher carrier mobility. At the
same time, the responsivity, EQE, D, and response speed are
improved. This work has guiding significance for in-situ growth of
PeSCTFs with large-area, high-crystal-quality, and low trap density.

4 Experimental

4.1 Materials

Methylammonium bromide (MABr, 99.9%), methylammonium
iodide (MAL 99.9%) and methylamine hydrochloride (MACI,
99.9%) were purchased from Great Cell. Lead bromide (PbBr,,
99.99%), lead iodide (Pbl,, 99.99%), lead chloride (PbCl,, 99.99%),
and CsTFSI (98%) were bought from TCI. DMF (99.8%) and
chlorobenzene (CB, 99.5%) were purchased from Sigma-Aldrich.
PTAA (99.9%), bathocuproine (BCP, 99.9%), and fullerene (Cg,
99.99%) were bought from Xian Polymer Light Technology. All
reagents were directly used after purchase without further
purification.

4.2 In-situ growth and device fabrication of PeSCTFs

ITO glass with the size of 50 mm x 50 mm was ultrasonic cleaned
with ITO cleaning solution, anhydrous ethanol, and deionized
water for 20 min, respectively, and dried with oxygen plasma for
5 min to improve the surface energy of ITO. Then, the PTAA
solution (2 mg-mL" in CB) was spin-coated on the surface of ITO
at 3000 rpm for 45 s and annealed at 120 °C for 20 min to form
ITO/PTAA film.

MAX (MAX is methylammonium halide, X = Cl, Br, and I)
and PbX, were dissolved in DMF with a concentration of
0.4 mmol'-mL" at the ratio of 1.2:1, in which 0.01 gmL" CsTFSI
ionic liquid was added to the experimental sample. The precursor
solution was formed by stirring vigorously for 24 h and filtered by
0.22 pm filter element. The precursor solution (60 uL) was dropped
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on the ITO/PTAA film covered glass substrate, and another
ITO/PTAA film covered glass substrate was pressed on it to form a
sandwich structure. The heating procedure of the crystal nucleation
stage was set as follows. The first stage was heated from 30 to 60 °C
within 60 h, then held for 20 h. The second stage heating rised from
60 °C to high temperature at a heating rate of 1 °Ch™ (high
temperature: 90 °C for MAPbBr;, 80 °C for MAPbCl;, and 100 °C
for MAPDL;). In the third stage, the heating was kept at a high
temperature for 40 h, then it was cooled to room temperature for
30 days to obtain PeSCTFs.

The SCLC device was a sandwich structure of
ITO/PTAA/PeSCTFs/Au, a thickness of SCTFs of 24 um. The Au
was vacuum evaporated on ITO/PTAA/PeSCTFs with 100 nm
(0.5 A-s™) thickness. The device structure of the photodetector was
ITO/PTAA/PeSCTFs/Cg/BCP/Cu. The Cg, BCP and Cu were
vacuum evaporated on ITO/PTAA/PeSCTFs with 20 nm (0.1 A,
8 nm (0.02 A-s™), and 145 nm (0.5 A-s™) thickness, respectively.

4.3 Characterization

A contact angle meter (JC200C1, Powereach, China) was used to
measure the contact angle. A field-emission scanning electron
microscopy (SEM) (Gemini SEM 300) was used to acquire the
morphology inspection. The corresponding mapping analyses were
identified using an EDS attached to the SEM. An X-ray
diffractometer (Rigaku Smartlab) equipped with Cu Kal radiation
(A = 1.54056 A) and Ko2 radiation (1 = 1.54439 A) was utilized to
collect the XRD and temperature-dependent XRD data. Laser
confocal Raman spectroscopy (LabRAM HR Evolution) was used
to characterize the PL and Raman spectra of SCTFs, with the laser
excitation wavelengths of 325 and 785 nm, respectively. A
fluorescence lifetime spectrometer (PicoQuant Fluotime300) under
a 405-nm laser pulse was used to acquire the TRPL data. An
ultraviolet-visible near-infrared spectrometer (Lambda 750 s) was
utilized to collect the absorption spectra data. The step profiler
obtained the thickness data (Dektalk XT, Bruker). Atomic force
microscopy (AFM) (MFP-3D-Stand Alone, Asylum Research) was
employed to characterize the surface roughness and conductivity of
SCTFs. The nanoindentation apparatus (Hysitron TI950)
characterized the hardness of SCTFs. The FTIR (Bruker Vertex
70v) was employed to characterize the surface chemical information
of SCTFs. The surface chemical information of SCTFs was further
characterized by XPS (Thermo ESCALAB 250XI). The UPS
(Thermo ESCALAB 250XI) was used to characterize the position of
energy level on the SCTF surface. The semiconductor parametric
instrument (Keithley 4200A-SCS) characterized the electrical
properties and detector performance of SCTFs.

44 Computational methods

Density ~ functional  theory  (DFT)  calculations  with
Perdew-Burke-Ernzerhof exchange-correlation functional were
performed to understand the binding of the MAPbBr; crystal
surfaces with ionic liquid (CsTFSI), using the Vienna ab initio
simulation package [64—67]. They were treated as valence electrons,
and their interactions were described by the projected augmented
wave (PAW) approach [68]. A slab model was built to calculate the
surface adsorption of CsTFSI on a MAPbBr; crystal surface, the
MAPDBr; (100) surface was cleaved with a 20 A vacuum layer. The
binding energies (E,) of CsTFSI with MAPbBr; surface were
calculated as Eoypskc = Epvokc = Emob Where E,givio Epvgo and Eyg are

the total energies of the adsorption system, the MAPbBr; surface
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system, and CsTESI, respectively. The K points considered about
the symmetry of the crystal structures were used to sample the
Brillouin zone, and the cutoff energy of the plane-wave basis was set
to 400 eV.

Electronic Supplementary Material: Supplementary material
(XRD, absorption spectrum, thickness, surface roughness and
conductivity, growth photos, etc.) is available in the online version
of this article at https://doi.org/10.26599/NR.2025.94907046.
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