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Self-powered photodetectors (PDs) are very important for next-generation optoelectronic applications,
including wearable electronics, optical communication, wireless sensing, and biomedical imaging. Hybrid
lead halide perovskites have emerged as promising materials for high-performance PDs with their
exceptional performance matrices and simple fabrication method. On the other hand, two-dimensional
TizC,T, MXene has received wide attention as an additive, charge transfer layer, and conductive
electrode for optoelectronic applications due to its outstanding properties. In this study, we present a
highly sensitive visible-light PD utilizing a formamidinium-cesium (FACs) perovskite (PVK) thin film,
integrated with an asymmetric MXene (MX) — silver (Ag) electrode featuring different work functions to
enhance the charge carrier separation. The device exhibits a high photoresponsivity of 2.58 A W~ and
detectivity of 1.013 x 10*° Jones. Under self-bias configuration, it achieves a remarkable responsivity of
160 mA WL, detectivity of 2.63 x 102 Jones, and external quantum efficiency of 49%, making it highly
attractive for energy-efficient photodetection. The superior performance arises from an engineered
built-in electric field at the asymmetric MX—PVK-Ag junction, which effectively separates electron-hole
pairs and ensures unidirectional charge flow under illumination. Furthermore, a flexible PD is fabricated,
which retains excellent photoresponse and exhibits outstanding mechanical flexibility under repeated
bending. Density functional theory (DFT) calculations reveal efficient charge transport across the local
Schottky junction and ultraviolet photoelectron spectroscopy (UPS) explains the interfacial band align-
ment and charge transfer dynamics across the two interfaces in the PD. Combining high sensitivity, self-
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powered operation, and a simple device architecture, the as-fabricated PD emerges as a promising

rsc.li/materials-c candidate for next-generation low-power photodetection systems.

1. Introduction

Photodetectors (PDs) are essential optoelectronic devices that
convert absorbed photons into electrical signals. The demand
for high-performance PDs with high responsivity, fast response
speed, broadband operation, and energy efficiency is continu-
ously growing. However, conventional PDs often require an
external power source to extract and separate the photogener-
ated charge carriers, which results in system complexity, energy
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consumption, and overall cost. Self-powered PDs have emerged
as a promising solution to address these limitations.'™ These
devices offer advantages such as low power consumption,
reduced system complexity, compact size, and simplified fabrica-
tion process. Various mechanisms have been explored to achieve
self-powered operation, including the photovoltaic effect in p-n
and p-i-n junctions, Schottky junctions, and heterojunction-based
structures. Among these, Schottky junction-based PDs have gained
significant attention due to their simple fabrication process,
compatibility with large-area imaging systems, and scalability.
One effective way to realize Schottky junctions is through an
asymmetric metal-semiconductor-metal (MSM) structure,
where two metal electrodes with different work functions
induce a built-in electric field. This intrinsic field facilitates
efficient charge carrier separation without any external bias.
Giri et al. fabricated a high-performance PD utilizing asym-
metric metal (Au and Ti) contacts on WS, flakes, resulting in a
significant on-off ratio of 10° and detectivity of the order of
10'* Jones.* Wu et al. integrated a self-powered PD with an
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asymmetric electrode configuration made of Au/CH;NH;PbI;
microwire array/Ag, which exhibited a fast response speed and
high detectivity at 0 V. The choice of semiconductor material is
crucial in optimizing device efficiency, with the key requirements
including strong light absorption, high carrier mobility, and a
simple fabrication method.

In recent years, organic-inorganic halide perovskites (HPs) have
gained significant attention as highly promising semiconducting
materials due to their exceptional optoelectronic properties. HPs,
being direct bandgap materials, exhibit a high absorption coeffi-
cient, long carrier diffusion length, superior carrier mobility,
tunable optical bandgap, and low density of trap states.>™® In
addition, with their structural flexibility and narrow emission
bandwidth, HPs have found application in various optoelectronic
devices, such as solar cells,”" photodetectors,”>™° field-effect
transistors,17 and light-emitting diodes. The crystal structure of
PVK is typically described by the formula ABX;. A represents a
monovalent organic or inorganic cation, B is a divalent metal
cation, and X is a halide ion. In general, A-site cations typically
include methylammonium (CH3;NH;*, MA), formamidinium
(CH(NH,),", FA), and cesium (Cs'), while B-site cations often
involve lead (Pb*"), tin (Sn**), or germanium (Ge>"). The halogen
component typically consists of chloride (Cl™), bromide (Br™), or
iodide (I7).” This flexible structure allows for a wide range of
chemical compositions, resulting in tunable bandgaps and
enhanced charge transport properties.'®'® Moreover, PVK can be
processed through simple solution-based techniques, such as
spin-coating and printing, which enable the fabrication of large-
area and customizable photodetector devices at low cost.

While the light-absorbing material determines the photo-
detection capability, the selection of electrode materials plays a
crucial role in optimizing charge carrier extraction and transport.
Electrodes influence the formation of built-in electric field, energy
band alignment and overall charge collection efficiency in the PD.
Traditional PDs often include noble metals such as Au and Ag or
indium tin oxide (ITO). However, these materials require complex
fabrication processes. This has driven the search for alternative
electrode materials that offer superior conductivity, mechanical
flexibility, and tunable work function. Recently, the solution-
processable 2D Ti;C,T, (MX) has emerged as a promising
candidate.”** The solution processability of MXs under ambient
conditions, using simple methods like spin coating, makes them
highly attractive as electrode materials. Unlike noble metals, which
require expensive deposition techniques such as ultrahigh vacuum
processes, MXs offer a cost-effective alternative. These materials
are represented by the general formula M,X, T, (n = 1, 2, 3),
where M is a transition metal, X is a carbon or nitrogen atom, and
T, represents surface-terminating functional groups (such as -F,
-OH, -O and -Cl), with x being the number of functional
groups.”*** The wide chemical composition and surface func-
tional groups of MXenes contribute to their outstanding proper-
ties, including exceptional metallic conductivity, mechanical
flexibility, good transmittance, and chemical stability, which make
them suitable for making Ohmic or Schottky contacts with a wide
range of semiconductor materials.>*** Additionally, the work
function of MXs can be tuned with different surface functional
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groups, and it can range from 1.6 €V to 6.2 eV.>>*"*** Furthermore,
the higher work function of MXs compared to conventional metals
allows for enhanced band bending, promoting efficient charge
separation across the junction and contributing to improved
device performance. MXs have demonstrated great promise in
various optoelectronic devices, including Schottky diodes and
MSM photodetectors. For example, Nabet et al. fabricated an
MX-GaAs-MX PD simply by spin-coating a Ti;C,T, transparent
electrode onto a patterned GaAs substrate, replacing the high-cost
Au electrodes.”® 1t exhibited better photodetection performance
compared to the device with an Au electrode. Yang et al. prepared a
large-area and flexible PD array using CsPbBr; and MX as electro-
des. The device exhibited a fast photoresponse speed of 18 ms
and an excellent on—off ratio of 2.3 x 10°. Under a bias of 10 V,
the device resulted in a maximum responsivity of 44.9 mA W *
and a detectivity of 6.4 x 10° Jones.”” Wang et al. fabricated large-
scale image sensor arrays of triple cation PVK using TizC,Ty
as electrodes.”® The device exhibited a high responsivity of
84.77 AW !, a detectivity of 3.22 x 10" Jones, and a large LDR
of up to 82 dB. Cho et al. developed a large area uniform solution
processed MX electrode array on a flexible substrate for application
in organic field-effect transistors.>® The device showed excellent
performance with a high on-off ratio of 10.

Along with optically active semiconducting materials and
electrodes, the substrate is a crucial component in the fabrication
of PDs. In recent years, flexible PDs based on lightweight and
stretchable substrates have emerged as a highly promising
research area due to their significant applications in wearable
electronics, foldable displays, smart textiles, and structural health
monitoring.***" Various flexible substrates, including polyethy-
lene terephthalate (PET), polyimide (PI), poly(ethylene naphtha-
late) (PEN), carbon cloth, fiber, and paper, have demonstrated
excellent mechanical flexibility for PD integration. For instance,
Shen et al. fabricated a flexible MXene-Cs;Bi,Io-MXene weak-light
photodetector, achieving an impressive photoresponsivity of
6.45 AW, a specific detectivity of 9.45 x 10" Jones, and a fast
response time of 0.27/2.32 ms.*> Yang et al. developed large-area
flexible photodetector arrays using 2D CsPbBr; and MXene elec-
trodes, which exhibited a rapid photoresponse speed of 18 ms and
a high on-off ratio of 2.3 x 10>.**

Here, we fabricate an MX-PVK-Ag PD utilizing 2D TizC,Ty
MXene as the contact electrode. A high-quality FA, ggCsg 1.PbI3
thin film was grown on a quartz substrate using a simple spin
coating method. The crystallinity and the film quality were
confirmed by XRD, XPS, TEM, and FESEM analyses. UV-Vis
absorption spectroscopy confirmed the intense and broadband
absorption spectra of the film from the UV to NIR region. The
photodetection performance of the PVK film was investigated
by spin-coating the as-prepared MX electrode on one side and
the Ag electrode on the other side. The resulting device exhibited
significant photoresponse when illuminated with light in the UV
to near-infrared (NIR) range, making it suitable for broadband
photodetection. The combination of the high crystal quality of the
PVK thin film and the strong built-in potential at the interface
resulted in outstanding device performance with high responsivity,
high detectivity, high on/off ratio, and fast response. The role of 2D

This journal is © The Royal Society of Chemistry 2025
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MX as an electrode material was explored in detail. After the
deposition of the MX electrode, a Schottky junction was formed at
the interface between TizC,T, and PVK, where the built-in electric
field facilitated the effective separation of photogenerated carriers
by preventing charge recombination and assisting in efficient
charge transfer across the junction. Moreover, a flexible device
was also fabricated to evaluate its mechanical stability and perfor-
mance under bending conditions. Finally, the long-term storage
stability of the PD device at room temperature was assessed over
an extended period. The origin of the outstanding performance of
the PD is discussed based on evidence from the theoretical DFT
study, along with the band alignment analysis from UPS data.

2. Experimental section

2.1. Materials

Lead iodide (PbL,, >99.9%), cesium iodide (Csl, 99.9%), and
formamide iodide (FAI, 99.5%) were purchased from Sigma
Aldrich. N,N-dimethyl formamide (DMF, anhydrous, >99%) and
chlorobenzene were purchased from Spectrochem. Lithium fluor-
ide (LiF, 98.5%), hydrochloric acid (HCl, 37%), and dimethyl
sulfoxide (DMSO, anhydrous, >99.9%) were purchased from
Sigma Aldrich. Titanium aluminum carbide powder (Ti;AlC,)
was purchased from Carbon-Ukraine (Kyiv, Ukraine). All reagents
were utilized in their original form without any subsequent
purification procedures.

2.2. Synthesis and device fabrication

2.2.1. Perovskite precursor solution preparation. The PVK
precursor FA, gsCsg 1,Pbl; was prepared by sequentially dissol-
ving 461 mg of lead iodide (Pbl,), 151 mg of formamidinium
iodide (FAI), and 31 mg of cesium iodide (CsI) in a mixed
solvent of 800 pL of N,N-dimethylformamide (DMF) and 200 pL
of dimethyl sulfoxide (DMSO). The solution was stirred at 70 °C
for 12 hours under an argon atmosphere to ensure complete
dissolution and homogeneity. After stirring, the solution was
allowed to cool to room temperature to prevent premature
crystallization and was then used immediately for the subse-
quent deposition process.

2.2.2. 2D TizC,T, MXene synthesis. Ti;C,T, MX was
synthesized using a selective chemical etching process. First,
800 mg of LiF was dissolved in 10 mL of 9 M HCI while stirring
at 180 rpm for 30 minutes. Subsequently, 500 mg of Ti;AlC,
(MAX phase) powder was added gradually to the solution. The
mixture was stirred at 40 °C for 24 hours to selectively etch the
aluminium (Al) layers from the MAX powder, resulting in
Ti;C, T, MX flakes. The etched mixture was washed repeatedly
with deionized (DI) water until the solution reached a pH of
~ 6. To minimize surface oxidation, the solution was sonicated
in a water bath under an argon atmosphere. The resulting
solution was centrifuged at 3500 rpm for 30 minutes for
multiple cycles, and the black supernatant was collected in
each cycle. It was then freeze-dried for 24 hours to obtain the
Tiz;C,T, MX powder.

This journal is © The Royal Society of Chemistry 2025
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2.3. Device fabrication

2.3.1. Substrate preparation. The step-by-step fabrication
process of the PVK PD with MXene and Ag electrodes, along with a
digital photograph of the actual device, is illustrated in Scheme S1
(ESIT). Quartz substrates were cleaned in a sequential process,
first washing with soap water, followed by distilled water, acetone,
and isopropanol (IPA), each for 15 minutes. The cleaned sub-
strates were then dried with nitrogen gas and heated at 100 °C for
15 minutes to remove residual solvents. Finally, the substrates
were treated with UV-O; plasma for 20 minutes to improve surface
energy and enhance the adhesion of subsequent layers.

2.3.2. Perovskite layer deposition. A total of 30 pL of the
freshly prepared FA, gsCso 12Pbl; PVK precursor solution was spin-
coated onto the cleaned quartz substrates using a two-step process.
Initially, the solution was spun at 1000 rpm for 10 seconds to ensure
uniform distribution of precursor solution across the substrate. The
spin speed was then increased to 4500 rpm for 35 seconds. During
the final 10 seconds of this step, 200 puL of chlorobenzene was
dripped onto the substrate to induce rapid crystallization. The spin-
coated substrate was then annealed at 100 °C for 15 minutes,
yielding a uniform, black-brown FA, gsCs 1,Pbl; perovskite film.

2.3.3. Electrode deposition

2.3.3.1. MXene electrode. The MX electrode was prepared by
dispersing Ti;C,T, MX flakes in chlorobenzene through sonica-
tion to ensure compatibility with the subsequent PVK deposition
process. Chlorobenzene (used as an antisolvent in PVK spin-
coating) promotes uniformity and minimizes defects at the MX-
PVK interface, thus reducing delamination. For the deposition of
the MXene electrode, 2 mg of MX nanoflakes was dispersed in
200 pL of chlorobenzene (CB) after optimizing the dispersion
conditions. The MX dispersion was spin-coated at 2000 rpm for
30 seconds, followed by annealing at 80 °C for 15 minutes to
enhance electrical conductivity and improve inter-flake connec-
tivity. The thickness of the MXene electrode was measured to be
1.8 um using a profilometer, as shown in Fig. S2 (ESIT).

2.3.3.2. Silver (Ag) electrode. A 100 nm-thick Ag electrode was
deposited using thermal evaporation under a base pressure of
~10~°% mbar. The low work function of Ag (~4.2 eV) comple-
ments that of MXene (~ 4.6 eV), creating a built-in electric field
across the device, facilitating charge separation and enhancing
the overall performance. The precise alignment of the Ag and
MX electrodes leads to an effective asymmetric device structure.
The schematic representation of the PVK PD structure is shown
in Fig. S1 (ESIt).

Before fabricating the hybrid device, the thickness of the PVK
thin film was optimized for a pristine device to ensure optimal
light absorption and charge transport. The FA, ggCso.1,Pbl; PVK
precursor solution was spin-coated using a two-step process. In
the first step, the solution was spun at 1000 rpm for 10 seconds
to achieve uniform distribution of the precursor. This was
followed by a second spin-coating step, where the spin speed
was varied to control the film thickness. Specifically, the follow-
ing conditions were tested: 6000 rpm for 35 seconds, resulting in
a film thickness of 420 nm, 4500 rpm for 35 seconds, yielding a
thickness of 510 nm, and 3000 rpm for 35 seconds, producing a
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640 nm thick film. After spin coating, all films were annealed
using the same protocol at 100 °C for 15 minutes to ensure
uniform crystallization of the PVK layer. Based on the device
performance metrics (such as photocurrent), the optimal PVK
thickness was selected for the subsequent hybrid device fabrica-
tion with MX-Ag electrodes. The samples with thicknesses of
420 nm, 510 nm, and 640 nm are named P1, P2, and P3,
respectively.

The perovskite film was deposited directly on a TEM grid
using the same deposition parameters as the film on a quartz
substrate for HR-TEM measurements. The perovskite solution
was spin-coated onto the TEM grid under identical conditions
(same spin speed, duration, and antisolvent amount). The
coated TEM grid was then annealed at the same temperature
as the perovskite film on quartz to ensure comparable crystal-
lization and morphology. This ensures that the perovskite layer
on the TEM grid accurately represents the perovskite film on
the quartz substrate as used in the device.

2.3.3.3. Characterization. The PVK film and MX nanosheets
were characterized using various analytical techniques. X-ray
diffraction (XRD) patterns were recorded using a Rigaku RINT
2500 TRAX—III diffractometer with Cu Ko radiation to analyze
the crystallographic structure. The morphology and elemental
composition of the PVK film were examined using a field
emission scanning electron microscope (FESEM, Sigma, Zeiss)
equipped with an energy-dispersive X-ray (EDX) spectrometer.
The shape and size of the MX nanosheets were studied using a
field emission transmission electron microscope (FETEM,
JEOL-2100F) operating at 200 kV. The surface topography of
the PVK film and MX nanosheets was analyzed using atomic
force microscopy (AFM, Bruker Innova) in tapping mode. X-ray
photoelectron spectroscopy (XPS) was performed using a PHI
5000 VersaProbe III (ULVAC-PHI, Inc., Japan) to determine
the chemical states of the elements present in the sample.
UV-visible absorption spectra were recorded using a Shimadzu
UV-2600 spectrophotometer (Japan), while photoluminescence
(PL) emission was analyzed using a confocal laser Raman spectro-
meter (Horiba Jobin Yvon). Time-resolved photoluminescence
(TRPL) measurements were conducted using 405 nm pulsed laser
excitation with an instrument having a time response of <50 ps
(LifeSpecll, Edinburgh Instruments). To prevent degradation of
the PVK film under ambient conditions, all characterization
measurements were performed promptly after device fabrication.
Additionally, the I-V characteristics and photocurrent response
curves of the photodetector were measured using a micro-probe
station (Ecopia, EPS-500) equipped with a source-measure unit
(Keithley 2400). The photocurrent measurements were performed
under dark conditions and under illumination using a power-
tunable and TTL-modulated 405 nm laser. All electrical measure-
ments were carried out under ambient conditions with relatively
high humidity levels.

2.3.4. DFT computational details. DFT calculations were
conducted using the Vienna Ab initio Simulation Package
(VASP). The exchange-correlation effect was treated using the
Perdew-Burke-Ernzerhof (PBE) functional within the framework

9320 | J Mater. Chem. C, 2025,13, 9317-9331

View Article Online

Journal of Materials Chemistry C

of the generalized gradient approximation (GGA).>* All calcula-
tions used a kinetic energy cutoff of 500 eV, and Brillouin zone
sampling was performed with a 3 x 3 x 3 Monkhorst-Pack
k-point grid.*> Charge transfer was evaluated using Bader charge
analysis as developed by Henkelman’s group. The charge density
distribution was visualized using VESTA software.>® The charge
density difference (CDD), p.qq, Was determined using the follow-
ing formula:

Pcdd = Pab — Pa — Pb (1)

here, pa., represents the charge density of the composite
system, while p, and p, denote the charge densities of its
individual constituents. In these simulations, a 2 X 2 X 2 unit
cell of FA( gsCsg.1,PbI; was used, while electrode materials were
modelled using a 3 x 3 x 1 unit cell of Ag atomsanda2 x2 x 1
unit cell of mixed-terminated Ti;C,T,. Previous studies have
shown that the work function of Ti;C,T, is highly sensitive to
its surface termination functional group. Due to this reason,
XPS survey spectra were used to estimate the relative propor-
tions of terminal groups (-F:-O is ~1:6). This analysis led to
the construction of the MXene model as Ti;C,0; 75F.25-

3. Results and discussion

3.1. Structural characterization

The performance of the PVK films in optoelectronic devices is
heavily influenced by their crystallinity, grain size, phase com-
position, and surface coverage. The crystallographic structure
of FACs PVK films was analyzed using X-ray diffraction (XRD).
As depicted in Fig. 1a, the diffraction peaks observed at 14.1,
19.8, 24.4, 28.2, 31.6, 40.3, 42.9, and 49.9° align with the (001),
(010), (111), (002), (012), (022), (003), and (222) planes of
a-FAPDI;, respectively, consistent with the previously reported
findings.?”~*° The peak at 12.7° (indicated by “#”) is attributed to
residual lead iodide (Pbl,), while the absence of a peak at 11.5°
confirms the formation of the optically active cubic perovskite
phase.*®*° The surface composition and chemical states of the
PVK film were analyzed through XPS measurements. The full
survey spectrum of the film is presented in Fig. S3 (ESIt) and it
confirms the presence of the expected elements. The Pb 4f
spectrum (Fig. 1b) features two distinct peaks at 143.1 and
138.3 eV, corresponding to the Pb 4f5,, and Pb 4f;,, photoelec-
tron peaks, respectively. Similarly, the high-resolution I 3d
spectrum consists of two peaks at a binding energy of 630.6
and 619.1 eV corresponding to I 3d;, and I 3ds,, respectively
(Fig. 1c). The Cs 3d spectrum (Fig. 1d) displays doublet peaks at
738.3 and 724.5 eV for Cs 3d;), and Cs 3ds,, respectively.'' %"
Thus, the XRD and XPS analyses confirm the successful for-
mation of the optically active Pe thin film.

3.2. Morphological characterization

Fig. 2a and b illustrates the morphology of the PVK film,
revealing a continuous, pinhole-free film with complete surface
coverage. The high-magnification SEM image (Fig. 2a) high-
lights well-crystallized PVK with densely packed grains ranging

This journal is © The Royal Society of Chemistry 2025
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from 100 to 600 nm in size. These large grains reduce charge
carrier recombination by minimizing grain boundaries, thereby
enhancing the photocurrent. The inset provides a grain size
distribution diagram, showing an average size of approximately
280 nm. The cross-sectional SEM image (Fig. S4, ESIt) indicates
that the average thickness of the FACs film is about 510 nm.
AFM was employed to further examine the surface morphology,
as shown in Fig. 2b. The local topography data reveal a root-
mean-square roughness of 19 nm, indicating that the films are
extremely smooth and well suited for efficient charge transport
and enhanced photovoltaic performance. The high-resolution
TEM (HRTEM) image (Fig. 2c) clearly depicts a well-resolved
lattice fringe having an interplanar spacing of 0.36 nm, corres-
ponding to the (111) plane of a-FAPbI;. To verify the crystal-
linity of the perovskite film prepared for TEM analysis, XRD
measurements were performed on the film spin-coated onto a
TEM grid. Fig. S5 (ESIt) shows the XRD pattern of the perov-
skite film deposited on the TEM grid. The characteristic dif-
fraction peaks at 14.18°, 28.37°, 31.78°, and 40.64° correspond
to the crystalline planes of the perovskite film, and are con-
sistent with the peaks observed in the XRD pattern of the film
deposited on the quartz substrate. The two additional peaks at
43.6° and 50.7° correspond to the Cu signals from the TEM
grid. The overall peak intensities of the TEM grid sample are
lower than those of the quartz sample due to the smaller film
area. The consistent diffraction pattern confirms that the film

This journal is © The Royal Society of Chemistry 2025
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(a) XRD pattern of the perovskite thin film. (b—d) High-resolution XPS spectra of Pb 4f, | 3d, and Cs 3d, respectively, with fitting.

retains its crystalline quality during TEM sample preparation.
Additionally, energy dispersive X-ray spectroscopy (EDS) ele-
mental mapping images (Fig. 2d) confirm the homogeneous
distribution of carbon (C), nitrogen (N), cesium (Cs), lead (Pb),
and iodine (I) within the film. The EDS spectra and elemental
atomic ratios for PVK films are provided in Fig. S6 (ESIY).
The atomic percentages of the primary elements in the FACs
film closely match the expected stoichiometric composition of
FA 55CS0.1,Pbls.

3.3. Optical characterization

The PVK layer serves as a key material in PVK PDs, with its optical
properties playing a crucial role in determining the device perfor-
mance. We examined the optical properties of the synthesized
pure o-FAPbI; thin film before device fabrication. The PVK film
exhibits a broad absorption spectrum that ranges from the
ultraviolet to the near-infrared region (350-800 nm).>%*>43
Fig. 3a presents the absorption spectra of samples P1, P2, and
P3. Among these, sample P2 exhibits the strongest absorption,
suggesting enhanced light-harvesting efficiency. The absorbance
per unit thickness (A/d) graph is shown in Fig. S7 (ESIt) to provide
a clear insight into the higher intrinsic absorption efficiency of the
films. While it is generally expected that a thicker perovskite film
should result in stronger absorption, several factors can contri-
bute to deviations from this trend. The higher A/d value essentially
suggests a higher absorption coefficient of the P2 sample, which
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(a) FESEM image showing large grains in the film; the inset displays the size distribution with the average grain size of 300 nm. (b) AFM image of

the perovskite film showing large grains. (c) HRTEM lattice image of the perovskite film; the inset shows the inverse fast Fourier transform (IFFT) lattice
image. (d) FESEM image and the corresponding elemental mapping of |, Pb, C, N, and Cs in the film.

implies that P2 has more effective photon utilization, possibly due
to its higher crystallinity and minimized scattering or recombina-
tion losses. Perovskite film quality significantly influences absorp-
tion characteristics. Thicker films (such as P3 with 640 nm
thickness) may exhibit increased defect density, suboptimal crys-
tallinity, or light scattering effects, which can reduce effective
absorption. For direct bandgap semiconductors, the optical band-
gap (Eg) can be extracted from the absorption spectrum using the

expression**

(ohv)? = A(hw — Ey) )

here, o represents the absorption coefficient, zv is the incident
photon energy, and A is a constant. A standard approach to
estimate the bandgap is through the Tauc plot, which involves
plotting of (x#v)* against photon energy (hv). By extrapolating
the linear segment of the plot, the optical bandgap was deter-
mined to be 1.54 eV. To optimize the film thickness for
photodetection, steady-state photoluminescence (PL) spectra
were recorded for samples P1, P2, and P3 (Fig. 3b). Sample
P2 exhibited the lowest PL intensity, which is desirable
for photodetection as it suggests efficient charge extraction
and reduced recombination losses. This observation is further
supported by UV-visible absorption spectra, where the 510 nm-
thick film displayed the highest absorption (Fig. 3a), implying
an increased generation of photocarriers. The combination of
lower PL intensity and higher absorption suggests an optimal

9322 | J Mater. Chem. C, 2025, 13, 9317-9331

balance between light harvesting and charge transport which
makes sample P2 the most suitable candidate for photodetec-
tion purpose and subsequent device fabrication. To gain deeper
insights into the carrier relaxation dynamics in the PVK film,
the PL spectrum was deconvoluted. Fig. 3c presents three
distinct emission peaks fitted in the PL spectrum at 797 nm,
765 nm, and 830 nm. The primary peak at 797 nm corresponds to
band-to-band recombination, representing the intrinsic excitonic
emission of the PVK. The lower-intensity peak at 765 nm is
attributed to excitonic recombination. The weakest peak at
830 nm is associated with defect-assisted recombination, originat-
ing from trap states within the bandgap, likely due to halide
vacancies or lattice.*>* To further validate the above, time-
resolved photoluminescence (TRPL) analysis was performed to
extract the lifetime of the photoexcited carriers in the film. Fig. 3d
presents the TRPL spectra decay profile of the synthesized Pe film.
The TRPL data were fitted using a triexponential decay function
described as'*®

1(1) = 4, exp (—i) + Ay exp (—é) + Ay exp (—é) 3)

where 74 is the fast decay component associated with nonradiative
recombination from defects, 7, corresponds to radiative recombi-
nation of free carriers in the bulk PVK material, and 15 is associated
with slow carrier recombination processes, such as trap-assisted
recombination or charge transfer to an adjacent transport layer,

This journal is © The Royal Society of Chemistry 2025
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(a) Absorption spectra of samples P1, P2, and P3. The inset shows the Tauc plot for sample P2. (b) Steady-state PL spectra of samples P1, P2, and P3.

(c) Deconvoluted PL spectrum of sample P2 with peak fitting. (d) TRPL decay profile of sample P2 fitted with a tri-exponential decay function.

with A;, A, and A; representing their relative amplitudes. The
average lifetime (z,,,) of the carriers was calculated using the
relation

A1T12 + Az‘(zz + A3T32
Aty + Ao + A3ty

(4)

Tavg =

The average lifetime of the carriers in PVK thin film is found to
be 9.61 ns.'"*" Detailed parameters for the decay constants and
amplitudes are provided in Table S1 (ESIt). The presence of
multiple decay components confirms the existence of both radia-
tive and non-radiative recombination pathways. Notably, the weak
emission at 830 nm suggests trap-state-mediated recombination,
characterized by a shorter lifetime component in TRPL, indicating
non-radiative losses. However, the relatively low intensity of these
defect-related peaks suggests that trap states have a minimal
contribution to the overall emission, which is beneficial for
photodetection applications. These findings confirm that the
FACs PVK film with low defect density was successfully synthe-
sized via the one-step anti-solvent spin-coating method and
exhibits excellent structural and optical properties.

3.4. Characterization of 2D Ti;C,T, MXene

The phase and crystallinity of the synthesized MX nanosheets
were investigated using XRD. The diffraction peaks centered at
20 = 6° 17° 29.1°, and 34.1° correspond to the (002), (004),

This journal is © The Royal Society of Chemistry 2025

(006) and (101) planes of MX, confirming the successful exfolia-
tion from the MAX phase (Fig. S8a, ESIT).>®*® The absence of a
diffraction peak at 20 = 39° indicates the successful removal of
Al atomic layers and the transition from TizAIC, to TizC,T,.**">°
Raman spectroscopy was also performed to further confirm the
phase of Ti;C,T,. The obtained Raman bands primarily corre-
spond to Ay, (out-of-plane vibrational mode of Ti-C) and E, (in-
plane vibrational mode of Ti, C, and surface groups), which
match well with previous reports, as shown in Fig. S8b (ESIt).>"
The Raman bands at 202.1 ecm ™ * and 722.7 cm ™ * correspond to
the A;; mode, while the broader spectral regions ranging from
230 to 470 cm ™ ' and 532 to 700 cm ™' are associated with the E,
49,51 The XPS spectra of TizC,T, were recorded to analyze
the elemental composition and electronic states. The XPS
survey spectrum (Fig. S9a, ESIT) clearly shows the presence of
G, Ti, O, and F, with no detectable Al signal. This confirms that
the Al layer was completely etched away from the MAX phase
during the synthesis. The high-resolution Ti 2p spectrum
(Fig. S9b, ESIT) of TizC,T, MX was further deconvoluted into
four doublet peaks at binding energies of (454.6 and 460.1 eV),
(455.3 and 461.2 €V), (456.8 and 462.8 €V), and (459.1 and 464.9 eV).
These peaks are attributed to Ti-C, Ti**, Ti**, and Ti*", respectively.
The high-resolution O 1s XPS spectrum (Fig. S9¢, ESIt) of Ti;C,Ty
was deconvoluted into three peaks corresponding to Ti-O
(529.4 eV), C-Ti-O, (531.8 eV), and C-Ti-OH,, (533.5 eV). The
C 1s spectrum was fitted with peak positions at 281.71 eV and

mode.
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284.6 eV, corresponding to Ti-C and C-C, respectively (Fig. S9d,
ESIT).49 Thus, the XRD, Raman, and XPS analyses confirm the
successful synthesis of Ti;C,T, nanosheets. The morphology of
the synthesized Ti;C,T, MX nanosheets was analyzed using TEM
and AFM. The TEM image (Fig. S10a, ESIt) reveals nanosheet-
like structures with a well-defined lateral dimension. The lateral
size of the nanosheets ranges from 0.11 pm to 0.76 pm. The
high-resolution TEM image (Fig. S10b, ESI{) further displays an
interplanar spacing of 0.26 nm, corresponding to the (101)
plane.*® AFM image (Fig. $10c, ESIt) analysis was conducted to
quantify the thickness of the synthesized MX nanosheets. The
AFM image and the corresponding height profile (Fig. S10d,
ESIT) confirm that the nanosheets are ultrathin, with an
average measured thickness of 1.66 nm, indicating the for-
mation of monolayer and bilayer nanosheets.*%*°

3.5. Photodetector performance

To evaluate the photoelectric conversion efficiency of the device,
we first examined its spectral response using symmetric Ag-Ag
electrodes under monochromatic light excitation with wave-
lengths of 405 nm, 450 nm, 532 nm, 650 nm, and 808 nm.
Initially, to achieve optimal device performance, the thickness of
the PVK film was systematically varied, and its photoresponse
was evaluated at 420 nm, 510 nm, and 640 nm. The highest
photocurrent was observed for the 510 nm thick film (Fig. S11a,
ESIt) at a wavelength of 405 nm, which is consistent with the
absorption spectrum. Based on this observation, the device was
fabricated using the optimized PVK film thickness. The highest

View Article Online
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photocurrent was observed at 405 nm for the Ag-PVK-Ag PD, as
shown in Fig. S11b (ESIT). This indicates strong light absorption
and efficient photogeneration of carriers at 405 nm. Therefore, a
405 nm laser source was used for a detailed investigation of the
other device performance characteristics. The device showed no
response to the 980 nm laser or to any wavelength beyond it.
This result is expected as the absorption edge is at 815 nm
(Fig. 3a). This means that the PVK can absorb light and generate
charge carriers only for a wavelength of 808 nm or shorter. For
the Ag-PVK-Ag PD, I-V characteristics were recorded under dark
and illumination (405 nm) at various light intensities ranging
from 0.034 to 21.13 mW cm > (Fig. Silc, ESIf). The device
demonstrated a remarkably low dark current (~10"'® A at 5V
bias). The photocurrent increased significantly with the increase
in light intensity due to the higher charge carrier density under
high light intensity. The photocurrent reached ~10~7 A at an
intensity of 21.13 mW cm >, which is approximately three orders
of magnitude higher than the dark current. The /-V curves for
the symmetric electrode device show linear behaviour passing
through the origin, under both dark and illuminated conditions
(Fig. S10d, ESIY). This confirmed the absence of a photovoltaic
effect in the symmetric device. These results serve as a baseline
for analyzing the effect of asymmetric electrodes on device
performance. The I-V characteristics of the MX-PVK-Ag PD were
evaluated over a voltage range of —5 V to 5 V. The device
exhibited a low dark current in comparison to the Ag-PVK-Ag
device. Furthermore, I-V curves of the MX-PVK-Ag PD under
405 nm light illumination with different intensities are
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(a) Current—voltage (/-V) characteristics of the MX-PVK—-Ag PD in the dark and under 405 nm illumination at different intensities. (b) I-V
characteristics of the device under dark and illumination, with the inset showing the enlarged view at 21.13 mW cm

~2. () Intensity-dependent

photocurrent response of the device at 5 V bias under pulsed 405 nm illumination. (d) Photocurrent as a function of voltage under the illumination of
405 nm light (21.13 mW cm™2). (e) Variation of parameters R, D, and EQE of the MX—PVK—Ag PD with light intensity at 5V bias and (f) photocurrent growth

and decay profiles of the device.
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presented in Fig. 4a to investigate the device photosensitivity.
The deviation of the dark current from zero at 0 V bias is
attributed to the presence of built-in electric field/potential and
residual charge carriers at the electrode—perovskite interface. In
our device, the asymmetric electrode configuration leads to a
built-in electric field, which can induce a small leakage current
even at zero bias. This behavior indicates that the device operates
in a self-biased mode, which is beneficial for low-power operation
of the photodetector. More electron-hole pairs are generated with
stronger illumination, which results in higher photocurrent in the
device.*” The -V curves under light illumination displayed a
slight deviation from the coordinate origin, signifying the emer-
gence of a photovoltage effect. In the Ag-PVK-Ag PD, photo-
generated electrons and holes are separated under an applied
bias, and both charge carriers are efficiently collected by the Ag
electrodes. However, when asymmetric electrodes like MX and Ag
are used, a Schottky barrier forms at the PVK-electrode interface
due to the difference in their work functions. This mismatch
creates a built-in electric field directed from the Ag electrode to
the MX electrode that enables the self-powered operation of the
device. Upon illumination, charge carriers generated in the PVK
diffuse towards the Schottky barrier region at both the interfaces
(MX-PVK and Ag-PVK). The unidirectional built-in electric field
helps separate these carriers, with holes being extracted by the MX
electrode and electrons by the Ag electrode, as explained later in
Section 3.7. This leads to photocurrent generation even without
an external bias, demonstrating the self-powered nature of the
MX-PVK-Ag PD. This is a key feature of the Schottky barrier at the
MX-PVK interface, which sets it apart from the ohmic-like beha-
vior observed in the symmetric Ag-PVK-Ag PD. Under the illumi-
nation of 21.13 mW cm 2, the device achieved an open circuit
voltage (Voc) of 0.6 V and a short-circuit current (Isc) of 37 nA, as
shown in Fig. 4b. At 0 V bias, the current increased significantly
from 3.54 x 107" A to 3.71 x 10~ ® A, yielding a high on-off ratio
of 1.05 x 10° This demonstrates that the MX-PVK-Ag PD can
operate effectively without any external power supply. This is the
key reason for selecting an asymmetric electrode pair, as it
induces a built-in electric field that efficiently separates photo-
generated carriers without any external bias. Additionally, the
photocurrent under illumination at a 5 V bias for the MX-PVK-
Ag PD was notably higher than that of the Ag-PVK-Ag PD. These
findings confirm that the asymmetric MX-Ag configuration facil-
itates self-powered operation while simultaneously improving the
optoelectronic performance.

Furthermore, the time-resolved photoresponse (I-t) of the
MX-PVK-Ag PD was measured under a 405 nm laser at a 5 V bias
with varying light intensities, as shown in Fig. 4c. The device
exhibited an excellent on-off ratio of 3.5751 x 10* under
21.13 mW cm >, indicating outstanding switching performance with
stable and repeatable operation. The enhancement in photocurrent
is due to the builtin potential of the asymmetric device, which
minimizes charge recombination and improves carrier separation.
We analyzed the variation of photocurrent with different laser power
densities by fitting the experimental data to the power law equation,

Ipn = AP’ (5)

This journal is © The Royal Society of Chemistry 2025
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where I, is the photocurrent, P is the incident light power
density, A is a constant, and 0 is an exponent. For the Ag-PVK-
Ag PD, the value of 6 was approximately 0.54, indicating a
sublinear relationship between photocurrent and light inten-
sity (Fig. S12, ESIt). Ideally, 0 should be 1, which signifies that
the photocurrent scales proportionally with the light intensity.
The observed deviation from the ideal value of 0 suggests non-
ideal behavior, likely arising from the recombination loss of
photogenerated carriers and trapping of electrons or holes at
defects and interface trap sites. In contrast, the asymmetric
MX-PVK-Ag PD exhibited an improved power-law fit with 0 = 0.74,
indicating a stronger correlation between photocurrent and light
intensity. This higher 0 value suggests that the built-in potential
introduced by the asymmetric electrode configuration enhances
charge separation efficiency. By reducing carrier recombination
and minimizing the effects of traps, the device achieves an elevated
photocurrent and improved performance under varying illumina-
tion intensities. The I-¢ curves of the MX-PVK-Ag PD were mea-
sured at different applied voltages. Fig. 5a shows that the
photocurrent increases significantly with higher voltages due to
the faster movement of photo-generated charge carriers at higher
bias voltages.

To quantitatively assess the performance of the asymmetric
MX-PVK-Ag PD, key performance parameters such as respon-
sivity (R), specific detectivity (D*), and external quantum effi-
ciency (EQE) were calculated. R is a crucial parameter that
defines the efficiency of a photodetector in converting incident
light into an electrical signal. It is given by>*>’

Ly
APy, (©)
where I, is the photocurrent (the difference between light
current [; and dark current Iy), P, is the incident light intensity,
and A is the effective device area. The symmetric Ag-PVK-Ag PD
exhibits a maximum responsivity of 0.62 A W' at a low light
intensity of 0.165 mW cm™> In contrast, the asymmetric
MX-PVK-Ag PD demonstrates an enhanced responsivity with a
peak value of 2.58 A W, attributed to its higher photocurrent.
However, with an increase in light intensity, recombination effects
lead to a reduction in photocurrent, which results in a decrease in
responsivity. The variation of R with light intensity is depicted in
Fig. 4e. Specific detectivity (D*) quantifies the ability of a photo-

detector to detect weak light signals. It is expressed as>**’
. R
D = G ” )

where R is the responsivity, /g is the dark current density, and e is
the elementary charge. D* is directly proportional to responsivity
and inversely proportional to dark current density. Therefore,
minimizing dark current is essential for detecting low-intensity
light. In the MX-PVK-Ag PD, the dark current is significantly
lower than that of the Ag-PVK-Ag PD, leading to a substantial
improvement in D*. The peak value of D* for the MX-PVK-Ag PD
reaches 1.013 x 10" Jones, which is significantly higher than the
value (7.80 x 10" Jones) observed for the Ag-PVK-Ag PD. External
quantum efficiency (EQE) is defined as the ratio of electron-hole
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tc00968e

Open Access Article. Published on 25 March 2025. Downloaded on 11/21/2025 6:20:59 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Journal of Materials Chemistry C
(a) . Asymmeric Contacts (b) 160 5:} 0V Bias = 3.2r50 (C) 40
361 0.034 mw cm? i > [28 35 W
321—o0.042 175 g 24-40 2 EpE _ _ ==
< 28{——0.068 1204 F2. 3
£ gq{—0084 % 1004 3 [2.0}30 f, 25
c [ c
e 20 0V Bias s £ 804 E & 1.6 o [ 201; =130 ms|
£ 16 por 2 Losl™ 515
O 12 60 o—R Dé [ o !
8 404 ——p Lo.s}10 10 i t,=90 mg
—s—EQE I
4 20{ " EQ e g [0.4 5_ _ _§i _ _ R
0 Asymmetric Contacts *\?:g:gg Fo 0 !
0 50 100 150 200 250 300 o1 1 10 2 4 6 8
Time (s) Intensity (mw cm?) Time (s)
(d)""0 40 (e) 40 ——1stday ——3rd _——5th
il ™ M 1 ™™ . ——Tth
[ M L Emnannnnann.
T30 : 0L g0 | T |
£ : £ e
Pt ! - :25
s : S ¢
20 : 20 £ 920
=] $ S =
(8] ' o 8 15
10 H 10 10
20 40 60 80 500 1000 1500 2000 2500 3000 3100 3120 3140 3160 0 20 40 60 80 100
Time (s) Time (s) Time (s) Time (s)

Fig. 5 Self-biased performance characteristics of the MX-PVK-Ag PD. (a) /-t curves under light illumination (405 nm light) with various intensities.
(b) R, D, and EQE as a function of light intensity. (c) Transient photo response of the device. (d) Long-term photo response curves of the device with
405 nm light (21.13 mW cm™2). (e) Temporal response of the photocurrent (I-t) of the device after storing it for several days.

pairs collected per unit time to the number of incident photons. It

is expressed by’**®

EQE (%) — (%R) % 100 )

where e is the elementary charge, & is Planck’s constant, v is the
frequency of the incident photon, ¢ is the speed of light, and 1 is
the wavelength. EQE can be enhanced by increasing the optical
absorption of the active layer and reducing carrier recombination
or trapping before collection. Under 405 nm laser illumination at
an intensity of 0.165 mW cm %, the EQE values for the Ag-PVK-Ag
and MX-PVK-Ag photodetectors are 171% and 792%, respectively.
These results indicate that the device with asymmetric contacts
exhibits much superior performance compared to its symmetric
counterpart. This enhancement is attributed to the larger photo-
current generation, resulting from more efficient charge transfer
and carrier separation at the Schottky junction. Variation of these
parameters with light intensity is shown in Fig. 4e. The response
speed (rise time and fall time) is a key factor in evaluating the
photoresponse characteristics of a photodetector. The rise time
(¢,) is defined as the duration required for the photocurrent to
increase from 10% to 90% of its maximum value, while the fall
time (¢) represents the time taken for the photocurrent to
decrease from 90% to 10% of its maximum value.> To determine
these values, a single cycle photo response data are plotted in an
enlarged scale, as shown in Fig. 4f. For the MX-PVK-Ag PD, the
measured rise time and fall time are 110 ms and 75 ms,
respectively. In comparison, the Ag-PVK-Ag PD exhibited a slower
response with a rise time of 251 ms and a fall time of 105 ms
(Fig. S13, ESIt). The improved performance of the MX-PVK-Ag PD
can be attributed to asymmetric electrode-induced charge trans-
port, which enhances carrier extraction and minimizes charge

9326 | J Mater. Chem. C, 2025, 13, 9317-9331

recombination. The asymmetric electrode configuration in the
MX-PVK-Ag PD likely generates a unidirectional built-in electric
field or preferential charge transport pathways that accelerate
the separation and collection of photogenerated carriers. This
improves the overall photoresponse speed. Note that the mea-
sured photoresponse times are limited by the instrument
response time in the photocurrent measurement in the low
current range. Hence, the actual device response speed may be
much faster than the values shown above.

The self-powered operation of the MX-PVK-Ag PD was
investigated in detail under 405 nm laser illumination. The
photoresponse was measured without an external bias under
periodically modulated light pulses with varying intensities.
Fig. 5a presents the I-V characteristics of the PD at different
excitation intensities. At an incident intensity of 21.13 mW cm ™,
the photocurrent exhibits an enhancement of approximately
three orders of magnitude (1.03 x 10®) compared to the dark
current, confirming efficient charge carrier generation and
separation in the absence of an external bias. Fig. 5b presents
the variation of key performance parameters R, D*, and EQE with
laser intensity under self-powered operation. The peak values of
these parameters are found to be 160 mAW ™%, 2.63 x 10'? Jones,
and 49%, respectively. The optimal device performance is
observed at an incident power density of 0.042 mW cm 2,
beyond which a decrease in performance is noted, likely due
to saturation effects or increased recombination losses at higher
intensities. The rise time (z,) and fall time (t¢) of the PD are
measured to be 132 ms and 90 ms, respectively, as shown in
Fig. 5c. In addition to high sensitivity, the long-term stability of
self-powered PDs under ambient conditions is crucial for their
practical application in optoelectronics. Long-term operational
stability was confirmed by recording the I-t curves over a

This journal is © The Royal Society of Chemistry 2025
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Table 1 Comparison of the performance parameters of PVK photodetectors found in the literature with that of the present work
Operating
Device structure voltage (V) R (A/W) D (Jones) EQE (%) 7,/7¢ (ms/ms) Ref.
MXene/Cs;Bi,lo/MXene 5 6.45 9.45 x 10 — 0.27/2.32 56
Pt/(PEA),Pbl,/Ag 0 0.114 4.56 x 10" 26.74 0.001/0.582 53
Al/CH;NH;PblI,/Au 0 0.000232 — 36.16 0.071/0.112 57
Au/CsPbBr;/Pt 0 0.028 1.7 x 10" 6 230/60 58
Au/CsPbBr;/SmBg 0 0.184 3.38 x 10" 44.5 100/80 59
Au/CH;NH;Pbl; MWs/Ag 0 0.161 1.3 x 10 38.46 0.013/0.016 60
MX/FAy 55CSo.12PbI3/Ag 5 2.58 1.01 x 10" 792 110/75 This work
0 0.16 2.63 x 10" 49 132/90

continuous illumination period of 3000 seconds at 0 V bias
(Fig. 5d). The negligible deviation between the initial and final five
cycles demonstrates the operational stability and reliability during
prolonged operation. We conducted a storage stability test over a
period of ten days in an Ar gas atmosphere inside a glove box. The
device retained its photoresponse throughout this period, with only
a negligible decrease in photocurrent at 0 V bias compared to the
initial measurement on the first day, as shown in Fig. 5e. This
demonstrates its excellent stability under these conditions.
A comprehensive comparison of key performance parameters
for the discussed devices with other literature reports is presented
in Table 1. The data clearly demonstrate that our PVK photo-
detector exhibits superior performance compared to other
reported MX-based PVK devices.

With the rapid progress of optoelectronics, flexible photo-
detectors have become essential for next-generation wearable
and stretchable technologies. The simple solution-based pre-
paration method and the flexible nature of the prepared PVK
thin film and MX electrode are suitable for the fabrication of
PDs on flexible polyethylene terephthalate (PET) substrates.
A flexible PD was fabricated on a PET substrate following the
same procedure described in the Experimental section. The
mechanical flexibility of the PD was characterized by recording
the time-dependent photoresponse under 405 nm light

illumination (21.13 mW cm™?) at various bending angles and
before and after bending for various times. Fig. 6a illustrates
the I-t characteristics at different bending angles of 0°, 60°, 90°,
and 120°. The different bending angles were achieved by
adjusting the distance between the ends of a holding platform.
The largest reduction in photocurrent, approximately 7%, was
observed at a 120° bending state. To further assess mechanical
stability, the device was subjected to multiple bending cycles at
120° (Fig. 6b). This result shows the exceptional flexibility and
mechanical durability of the device, which holds promise for
wearable, flexible electronics. The observed reduction in photo-
current under bending conditions is likely due to mechanical
strain introducing defects. Such strain can lead to the for-
mation of defects or grain boundary misalignments in
the material, which act as traps for charge carriers. These
defects may limit charge mobility and slow carrier transport,
ultimately reducing the photocurrent. Optimizing material
properties to enhance flexibility and mechanical stability is
therefore critical for reducing these effects and improving
device performance.

3.6. DFT analysis

To elucidate the impact of asymmetric electrodes and their
role in superior charge separation for enhanced photodetection

(a)1-0'|= 0° o (b) J1stcycle 2ot
WW 06 M”” r fﬁoforrf 750th  1000th
R 051 Ml Il
< (it I
iﬁo.s- %0-4-
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© 00.2-
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Fig. 6 Photodetection performance of the flexible perovskite PD. (a) /-t curves of the PD under various bending angles. The insets show the
corresponding digital images of the flexible devices. (b) Photocurrent of the PD after multiple bending cycles.
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performance, DFT calculations were performed. Initially, the
charge transfers at the FA, gsCs, 1,PbI;/Ag interface were exam-
ined, as depicted in Fig. 7(a) and (c). Charge density difference
(CDD) calculations were performed to probe charge separation
and migration at the interface,” with yellow regions indicating
charge accumulation and blue regions indicating charge deple-
tion. The CDD results (Fig. 7a) reveal electron transfer from Ag to
FAj 33Cso.12PbL;, which confirms the formation of a Schottky
junction at the interface arising from the work function differ-
ence between the PVK and Ag electrodes. Bader charge analysis
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quantifies this electron transfer as ~0.02|e| per unit cell. The
plane average charge density difference plot (Fig. 7c) displays
pronounced peaks in the FA, ggCsy 1,Pbl; region relative to Ag,
further supporting the evidence of electron transfer from Ag to
FAj 83CSp.1,PbI;. A similar analysis was conducted for the MX
electrode. The CDD plot for the FAjgsCso.1,PbIz/MX interface
(Fig. 7b) demonstrated charge transfer from FA, ggCsg.12Pbl; to
MX, again confirming the formation of a Schottky junction. This
observation is further supported by the plane average charge
density plot (Fig. 8d), where intense peaks in the MX region

MXene

.S
0 8 16 24 32
Z- axis (A)

Fig. 7 DFT charge density difference analysis of perovskite/contact interfaces. Charge density difference (CDD) plot of (a) perovskite and Ag and
(b) perovskite and MXene composite from DFT calculations. The charge accumulation and depletion are shown by yellow and blue color patterns in the
two regions. The plane average charge density difference plot for (c) perovskite and Ag and (d) perovskite and MXene interface showing two spikes

corresponding to charge depletion and charge accumulation.
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Fig. 8
charge transfer mechanism in the device under light illumination.
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Perovskite

After Contact with illumination

(a) Energy band alignment derived from the UPS spectra and (b) band bending across the MXene/perovskite/Ag junction, illustrating the possible
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define the direction of electron transfer. Bader charge analysis
for the FA, sCso.12PbIz/MX interface reveals a charge transfer of
approximately 0.13|e|. It is important to note that the direction
of electron transfer in the MX electrode was opposite to that
observed in the Ag electrode, which confirms the formation of an
asymmetric junction at the electrode interfaces. The significantly
higher charge transfer in the MX system highlights its superior
ability to facilitate the effective separation and transport of
photogenerated charge carriers.

3.7. Mechanism of improved photodetection performance

The self-powered photodetection mechanism of the device can
be understood by analyzing the band alignment and charge
transfer processes at the interfaces between the PVK thin film
and the metal electrodes. The difference in work functions
between the PVK layer and the metal electrodes causes charge
transfer upon contact. This leads to the formation of a Schottky
barrier at the PVK-metal interface. In the case of symmetric
Ag-Ag electrodes, the photogenerated charge carriers do not
have a preferential direction to move within the device. This is
because the Schottky barrier formed at the two PVK-Ag contacts
is mirror-symmetric. Consequently, the photocurrents gener-
ated near each metal electrode are opposite in direction,
resulting in a net zero photocurrent. Therefore, an external
bias needs to be applied to separate photogenerated carriers
and generate photocurrent. In contrast, when an MX electrode
is introduced, a Schottky junction forms at the MX-PVK inter-
face. The I-V response of the MX-Ag asymmetric contact
configuration demonstrates rectifying behavior, confirming
the formation of a directional electric field at the junction.
The formation of the Schottky barrier at the MX-PVK-Ag inter-
face can be attributed to the difference in work functions. The
formation of the Schottky junction was further verified through
DFT simulations (Fig. 7), which showed the formation of a
junction at the interfaces of PVK and Ag and PVK and MX. The
built-in potential creates a unidirectional stronger local electric
field that promotes more effective charge separation, transport,
and extraction. To determine the band alignment of the fabri-
cated PD, we examined the energy-level structures of the PVK
film and MX electrode using ultraviolet photoelectron spectro-
scopy (UPS).?*"®* The work function (¢) can be calculated using
the formula*?

¢ = hy — Ecutoff (9)

where hv represents the source energy (He I, 21.2 eV) and E ¢ of
is determined by where the secondary electron cut-off intersects
at a high binding energy. For the PVK thin film, the measured
value of secondary electron cut-off energy is 16.94 eV (Fig S14b,
ESIt), and the work function is calculated to be 4.26 ev.*"*
Similarly, the cut-off energy for the MX electrode is 16.6 eV
(Fig. S14c, ESIt). So, the Fermi level of MX is found to be at
4.6 €V."® To determine the separation between the Fermi level
and the valence band maxima, we extrapolate the linear part of
the spectrum to the energy axis at the low binding energy edge.
For the PVK thin film, the value Er — Ey is 1.38 eV (Fig. S14a,
ESIt). Hence, the valence band maximum (VBM) is estimated to
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be at —5.62 eV.""*' The band gap value of the PVK thin film is
calculated as 1.54 eV from the UV-visible absorption spectrum
(Fig. 3b). So, the conduction band minimum (CBM) is esti-
mated to be at —4.08 eV. For the Ag electrode, the work function
is found to be 4.20 eV.** With these parameters, we constructed
a schematic band diagram for the PVK thin film with asym-
metric electrodes (MX and Ag) before and after contact, as
shown in Fig. 8b. Before contact, the Fermi level (Eg) of PVK is
close to the conduction band, which indicates that it is an
n-type semiconductor. The Fermi level of the MX electrode is
below that of the PVK thin film, suggesting a Schottky junction
at their interface. After contact, electrons spontaneously flow
from PVK to MX due to the higher Er of the PVK layer. This flow
continues until equilibrium is reached, and a positively
charged layer is formed on the PVK surface and negatively
charged electrons are accumulated on the MX surface. This
interaction forms a depletion region and causes upward band
bending near the junction, resulting in a built-in electric field
directed from the PVK to the MX electrode and a Schottky
barrier at the interface. Similarly, at the Ag-PVK interface, the
difference in work functions establishes another electric field,
directed from the Ag electrode to the PVK film, causing the
energy bands to bend downward. The combined effect of these
built-in electric fields results in a unidirectional electric field
across the device. As the built-in electric fields of both metal
electrodes (MX and Ag) align in the same direction, they
superimpose on the active layer, thereby amplifying the overall
built-in electric field. This enhanced electric field efficiently
separates and transports the photogenerated carriers, leading
to the generation of a photocurrent even at zero bias. Moreover,
the Schottky barrier at the MX-PVK junction helps minimize
the dark current by limiting the free movement of charge
carriers across the junction. The simultaneous presence of
two distinct junctions - one at the PVK/Ag interface and the
other at the PVK/MX interface - further reduces the dark
current while enhancing photocarrier separation under illumi-
nation. The barrier potentials formed at the junctions signifi-
cantly restrict the flow of carriers, resulting in a substantial
reduction in dark current when compared to symmetric
devices. This unique band alignment and charge transfer
mechanism provide the foundation for the self-powered opera-
tion of the photodetector, ensuring low dark current and high
sensitivity.

4. Conclusion

In summary, we successfully developed a high-performance,
self-biased FA-based PVK photodetector by employing asym-
metric electrode contacts using MXene and Ag. This strategic
design led to the increased and unidirectional built-in electric
field at the Schottky junction that facilitates efficient charge
separation and collection without external bias. Under self-
powered operation, the device exhibited remarkable photode-
tection capabilities, achieving a responsivity of 160 mA W,
detectivity of 2.63 x 10" Jones, and an external quantum

J. Mater. Chem. C, 2025, 13, 9317-9331 | 9329


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tc00968e

Open Access Article. Published on 25 March 2025. Downloaded on 11/21/2025 6:20:59 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

efficiency of 49%. On the other hand, under the external bias,
the device exhibited a photoresponsivity of 2.58 A W' and a
detectivity of 1.013 x 10" Jones, which are significant for
practical applications. The ability to achieve such high R, D,
and EQE without external power highlights the potential of this
design for energy-efficient photodetectors, making it highly
suitable for portable and low-power applications. To further
explore the real-world applicability of our device, we fabricated
a flexible photodetector and evaluated its performance under
mechanical deformation. The device retained stable photocur-
rent responses even after multiple bending cycles. A compre-
hensive investigation of the charge transfer mechanism was
conducted using band alignment data obtained from ultravio-
let photoelectron spectroscopy. The band alignment revealed
the critical role of the Schottky junction in facilitating efficient
charge transport across the MXene/PVK/Ag heterostructure.
Additionally, density functional theory calculations were per-
formed to gain a deeper understanding of charge redistribution
and interfacial interactions, which further validated our experi-
mental observations. The combination of experimental and
theoretical findings presented in this study provides a deeper
understanding of how asymmetric electrode engineering on a
PVK layer can be utilized to enhance the efficiency and self-
powered operation of PVK photodetectors. In essence, our work
demonstrates a promising pathway toward high-performance,
self-powered, and flexible photodetectors with broad applica-
tions in energy-efficient photonics, environmental sensing, and
next-generation wearable devices.
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