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Perovskite materials have emerged as up-and-coming candidates for optoelectronic devices. This study
developed a photodetector by depositing a halide double perovskite material, Kl-doped Cs,SnClg
(KI:CTC), onto a CuO substrate. Extensive analyses examined the photodetector's optical, structural, and
morphological properties. The bilayer structure of KI:CTC exhibited a well-defined cubic crystal structure
with a crystal size of 37.73 nm. The photodetector's band gap (Eg) was accurately measured to be
1.55 eV. The performance parameters of the KI:CTC/CuO photodetector were rigorously evaluated. At
an incident photon wavelength of 390 nm, a remarkable photoresponsivity (PR) of 143.0 mA W an
impressive specific detectivity (D*) of 7.95 x 10° Jones, and a high external quantum efficiency (EQE) of
61.0% were achieved. Additionally, the stability and underlying mechanism of the photodetector were
thoroughly discussed. The results suggest that the KI:CTC/CuO photodetector exhibits effective light
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1. Introduction

Photodetectors (PDs) play a crucial role in converting light into
electrical signals. They are used in optical communications,
video imaging, security, biomedical imaging, motion detection,
and gas sensing. Metal halide double perovskites are highly
valued in optoelectronic applications due to their exceptional
properties.”™ Solar energy conversion through light absorption
in semiconductor structures with photo-generated hot carriers
is highly important for addressing the challenges of energy
depletion.>® Among them, Cs,SnCls double halide perovskite
has emerged as a favorable material for optoelectronics and
solar cell technology.” It exhibits outstanding optical properties,
including a high dielectric constant, excellent optical absorp-
tion, a high static refractive index, good conductivity, and low
reflectivity.”® The band gap of Cs,SnClg perovskites corresponds
to the first empty conduction band, involving a transition from
Cl-p to Sn-p orbitals. In that approach, the density of states
predicted the Cs,SnCls behavior as p-type semiconductor.®
Additionally, Cs,SnCls demonstrates remarkable thermal,
thermodynamic, and dynamic stability. It enables efficient
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detection, positioning it as a promising candidate for future optoelectronic applications.

charge carrier transport and captures a wide range of light. The
non-toxic nature and high Seebeck coefficient of Cs,SnClg
further enhance its attractiveness for applications in thermo-
electric devices and spintronic technology.

On the other hand, CuO possesses several notable charac-
teristics, including a high melting temperature, electron corre-
lation effect, spin dynamics, and conductivity.® It functions as
an n-type semiconductor material with a narrow bandgap. CuO-
based photodetectors have gained significant attention because
their ease of fabrication, affordability, and mechanical
stability.'>**

Desirable performance characteristics for photodetectors
encompass high sensitivity, efficiency, and safety. While
previous research has explored various aspects of photodetector
development, significant limitations remain. Wang et al. fabri-
cated CuO nanowires that produced a modest photocurrent of
20 pA under a high applied bias of +5 V, restricting their prac-
tical application.” Yinghua et al. integrated CuO with ZnO,
achieving only slight improvements, with a photocurrent
density (J,n) of 107 pA at +1 V.* Similarly, Qingshui et al
observed a low photocurrent of 12 pA in CuO/Si-based photo-
detectors, further limiting their viability."* Additionally, Saida-
minov et al. employed toxic lead-based materials in Au/CsPbBr;/
Pt photodetectors, raising significant health and environmental
concerns.” Zhuowei et al. reported a photoresponsivity of 48
mA W' for Cs,AgBiBrs, while Ziging et al. found Cs;Bi,Bro/
Cs;3BiBrg to exhibit a notably low photoresponsivity of 5.6 mA
W, limiting sensitivity and effectiveness.'®” These studies
reveal a gap between current photodetector performance and

RSC Adv, 2025, 15, 11085-11097 | 11085


http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra08903k&domain=pdf&date_stamp=2025-04-08
http://orcid.org/0000-0002-9999-0395
http://orcid.org/0000-0002-1971-341X
http://orcid.org/0000-0001-6263-0604
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra08903k
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015014

Open Access Article. Published on 08 April 2025. Downloaded on 6/16/2026 7:51:24 AM.

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

(cc)

RSC Advances

the desired standards, emphasizing the need for further
advancements to achieve more optimal outcomes.

The integration of KI:CTC perovskite with CuO enables the
development of a high-performance photodetector. This
improvement arises from the synergistic interaction between
the KI:CTC and CuO layers, as well as the formation of a KI: CTC/
CuO pn junction, which enhances charge separation and
transport.>*® In this study, a novel KI:CTC/CuO pn junction was
introduced as an efficient photodetector. The materials were
characterized using various techniques, including X-ray
diffraction, scanning electron microscopy, and UV-visible
spectroscopy. The device's performance was evaluated under
different wavelengths and light intensities, with key photode-
tector parameters assessed. The synergistic effects between
KI:CTC and CuO significantly improved the photodetector's
performance, leading to a photodetector with a broad spectral
response, outstanding detectivity, high responsivity, fast
response time, and excellent photo-stability. The exceptional
optical properties of KI:CTC, combined with the robust stability
of CuO, make this photodetector particularly well-suited for
a wide range of optoelectronic applications, offering a prom-
ising alternative to conventional photodetectors.

2. Experimental

2.1. Preparation of CuO layer

A high-purity commercial Cu foil (E-Nasr Co. in Cairo, Egypt)
undergoes a cleaning process. The process initiates with the
polishing of the Cu foil using concentrated H,SO, for 20.0
minutes. Subsequently, it is cleaned with acetone in an ultra-
sonic bath, followed by rinsing with distilled H,O for 30.0
minutes. The thoroughly cleaned Cu foil is then immersed in
a solution containing 0.2 M Fe(NO;), for 50 minutes at 70.0 °C.
Lastly, the Cu sheet is annealed in atmospheric air for 15.0
minutes at a temperature of 500.0 °C, forming a CuO layer.

2.2. Synthesis of KI:CTC/CuO bilayer

To prepare the KI:CTC (potassium iodide-doped cesium tin
chloride) solution, an optimized concentration of 0.01 M: 0.01
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M:0.05 M of tin chloride (SnCl,), cesium chloride (CsCl), and
potassium iodide (KI), respectively, is dissolved in 4 ml of
dimethylformamide (C;H,NO). This ratio was determined after
many tries to achieve high-quality, uniform films with excellent
adhesion to the substrate. In this reaction, tin is oxidized from
the +2 oxidation state in SnCl, to the +4 oxidation state in
Cs,SnClg. This oxidation process is facilitated by the presence of
iodide ions (I7) from KI, which initially reduce Sn** to Sn**
Subsequently, chlorine ions (Cl~) re-oxidize tin back to the Sn**
state.'*?°

All the chemicals were obtained from Sigma Aldrich (USA)
and have a purity level of 98.0%. The resulting KICsSnCl solu-
tion is then stirred magnetically at 100 rpm and a temperature
of 50 °C for two hours. Approximately 140 pl of the KICsSnCl
solution is placed onto the CuO surface at a temperature of
70.0 °C for 20.0 minutes to fabricate KI:CTC/CuO bilayers.
Subsequently, the KI:CTC/CuO bilayers are dried at 130.0 °C for
15.0 minutes to complete the preparation process.

2.3. Characterization

The prepared layers were analyzed for their morphologies using
a Zeiss Auriga 60 scanning electron microscope (SEM) working
at an accelerating voltage of 5 keV. To identify the crystal phases
present in the layers, X-ray diffraction (XRD) analysis was made
by using a D5000 Siemens/Bruker X-ray diffractometer, with
CuKa radiation. The optical properties were examined in the
range of 200-2000 nm using an Elmer Perkin Lambda 950
spectrophotometer from the USA.

2.4. Photodetector process

The performance of the KI:CTC/CuO photodetector was evalu-
ated using a workstation (CHI660E Instruments, China). The
measurement setup is illustrated in Fig. 1. A xenon arc lamp
(Newport Company, UK) served as the light source. The photo-
detector was fabricated by placing two electrodes on the surface
of the KI:CTC/CuO using silver paste, with an active device area
of 1.0 x 1.0 cm®. The two Ag adhesive electrodes serve solely to
collect free carriers generated in the KI:CTC/CuO bilayer and

}"/—-\

Xenon lamp

KI:CTC/CuO

Workstatlon

Fig. 1 Schematic diagram of the testing setup for the prepared KI:CTC/CuO photodetector.

1086 | RSC Adv, 2025, 15, 1085-11097

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra08903k

Open Access Article. Published on 08 April 2025. Downloaded on 6/16/2026 7:51:24 AM.

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

(cc)

Paper

facilitate their flow into the external circuit. These Ag electrodes
are designed to be non-intrusive; they do not influence the
photoresponse mechanisms of charge generation, transfer, or
recombination within the photodetector material. The photo-
detector's performance was analyzed under varying white light
power intensities (25.0-100.0 mW c¢m?) and incident light
wavelengths (390.0-636.0 nm) at a fixed intensity of 75 mW
cm . Measurements were conducted in ambient air at room
temperature, with an applied voltage range of —1.0 to +1.0 V.
Additionally, the stability of the device was tested under
continuous light exposure.

3. Results and discussion

3.1. Surface morphology

The surface morphology of the photoelectrode plays a crucial
role in its functionality and effectiveness. Fig. 2(a) presents
a SEM image of the CuO layer grown on the Cu foil. The image
shows the formation of micro-stone structures composed of
aggregated particles with varying shapes. The size of the CuO
particles ranges from 40 to 1100 nm, indicating dimensional
variations within the structure. To further investigate the
surface features, a high-magnification SEM image is provided in
Fig. 2(b), enabling a detailed examination. Surface roughness
analysis was performed using Image] software, as depicted in
Fig. 2(c). The 3D image of the roughness highlights the presence
of valleys and peaks in the CuO surface topography, contrib-
uting to a rough surface texture. The roughness parameters
quantify surface texture irregularities, providing valuable
insights into material characteristics. Various metrics are used
for this assessment. The arithmetic average roughness (R,)
represents the mean surface roughness over the entire
measurement area, while the root mean square roughness (R,)
indicates the height variation across the surface.** CuO exhibits
R, of 0.376 and R of 0.153.

Fig. 3 presents the SEM image of the KI:CTC layer deposited
on CuO. The image reveals a compact surface morphology of the

Fig. 2

© 2025 The Author(s). Published by the Royal Society of Chemistry
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KI:CTC layer, effectively covering the CuO layer. Additionally,
irregular long structures in random directions, needle-like
crystals, and small particles are observed, indicating the pres-
ence of different particle types within the material. At higher
magnifications in Fig. 3(b), these features become more
pronounced.

The surface topography depicted in Fig. 3(c) exhibits a rough
and uneven texture, indicative of a heterogeneous microstruc-
ture. The KI:CTC/CuO sample displays R, of 0.388 and a R, of
0.173. These higher roughness parameters for KI:CTC/CuO
suggest an enhanced surface texture when compared to CuO.
The rough surface increases the surface area available for light
absorption, enhancing the interaction between incident
photons and the active material. It acts as a light-trapping
structure, increasing the path length of photons and
promoting absorption. Additionally, the rough surface reduces
light reflection and increases light scattering, ensuring more
efficient utilization of incoming photons. The surface irregu-
larities also facilitate effective charge separation and collection,
resulting in improved sensitivity and overall performance of the
photodetector.

3.2. X-ray diffraction (XRD) measurements

The XRD analysis gives valuable information on the structural
characteristics of the fabricated layers, contributing to the
understanding of photodetector performance. Fig. 4 (black
color) illustrates the XRD analysis results for the CuO layer.
According to JCPDS cards #96-900-7498 and #96-101-1195, the
analysis reveals the presence of two mixed phases: CuO tenorite
(monoclinic) and Cu,O cuprite (cubic).?*>* The dominant phase
peaks belong to CuO. The peaks of CuO are observed at 2¢
angles of 61.652°, 38.75°, and 35.56° corresponding to the
Miller crystallographic planes [—113], [111], and [—111],
respectively. Likewise, the Cu,O peaks are observed at 26 angles
of 42.35° and 65.92°, corresponding to the [020] and [112]
planes, respectively. Using the Debye-Scherrer equation, the

(a and b) SEM images with two magnifications and (c) is the roughness 3D image for CuO layer.

RSC Adv, 2025, 15, 1085-11097 | 11087
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Fig. 3

KI:CTC/CuO

Intensity (a.u.)

CuO

20 30 40 50 60 70
2-Theta (degrees)

Fig. 4 XRD of CuO and KI:CTC/CuO films.

crystal sizes are estimated to be approximately 34.75 nm for
CuO and 28.31 nm for Cu,O.

The XRD spectrum of the KI:CTC/CuO bilayers is depicted in
Fig. 4 (red curve). The presence of narrow, highly intense peaks
in the KI:CTC/CuO spectrum indicates enhanced crystallinity of
the bilayer structure. According to JCPDS cards #07-0197 and
#75-0376, Cs,SnClg crystallizes in a cubic structure with the
Fm3m space group, where Sn adopts the +4 oxidation state.?**
Distinct XRD peaks corresponding to Cs,SnCl are observed at
20 angles of 58.31°, 39.07°, 68.01°, and 66.28°, indexed to the
[200], [012], [220], and [112] crystallographic planes,
respectively.”*>*

Furthermore, Fig. 4(b) presents the XRD data, which reveal
the orthorhombic structure of KI, with peaks observed at 20
angles of 61.45° and 48.83°, corresponding to the [350] and
[222] planes, respectively. This agrees with card #01-0796,

1088 | RSC Adv, 2025, 15, 11085-11097
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(a and b) Different SEM magnifications and (c) is the roughness 3D image of KI:CTC/CuO bilayers.

confirming the successful doping of KI into CTC.***' The crystal
size of KI:CTC/CuO is estimated to be approximately 37.73 nm.
The high-quality crystal structure of the bilayers in the photo-
detector plays a significant role in enhancing its stability and
durability.

3.3. Optical analysis

Fig. 5 (black color) presents an analysis of the optical properties
of the CuO layer. The figure displays several optical parameters,
including absorbance (A), transmittance (7), reflectance (R), and
band gap (E,). In Fig. 5(a), the absorbance curve of the CuO layer
shows a prominent peak. This peak is located in the UV-visible
range. It arises from electronic photoexcitation from the
valence band (VB) to the conduction band (CB). Notably, the CuO
absorption rapidly between 400 and 520 nm and reaches a steady
state. Additionally, the absorption peak at 840 nm can be
attributed to the increased thickness of the CuO layer, resulting
in extended absorption into the near-infrared region.***

Fig. 5(b) demonstrates that the transmittance of CuO is
initially close to zero for wavelengths exceeding 430 nm.
Subsequently, there is an exponential increase in transmittance
with wavelength until it reaches a plateau state at A > 600 nm.
The reflectance spectrum in Fig. 5(c) shows low values, indi-
cating significant absorption of the CuO layer in the UV-visible
regions. Additionally, the reflectance spectrum displays oscil-
lating interference fringes associated with the CuO layer.**

The absorption coefficient («) can be determined using the
film thickness (d) and absorbance (4), as expressed in the next
equation®

a = 2.3(Ald) (1)
The optical band gap (E,) can be calculated by using Tauc

model

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Optical properties of CuO and KI:CTC/CuO: (a) absorbance, (b) transmittance, (c) reflectance, and (d) band gap.

Epna = M (Eph - Eg) (2)
In eqn (2), M represents a constant, and Ep,, denotes the energy
of the incident light. Fig. 5(d) shows that the band gap of the
CuO layer is measured to be 2.67 eV. The relatively high value of
the CuO band gap compared to those reported in other works
may be attributed to the existence of the Cu,O phase, as
observed in the XRD spectrum.

The optical properties of a bilayer composed of KI:CTC/CuO
are discussed in Fig. 5 (red color). In Fig. 5(a), the absorbance
measurements demonstrate that the KI:CTC/CuO bilayer effi-
ciently absorbs light in the 400 to 800 nm wavelength range.
Consequently, this bilayer exhibits a redshift towards the visible
light spectrum, showing higher absorbance compared to the
CuO film. This indicates an increase in photon absorption,
leading to enhanced production of charge carriers.*® Fig. 5(b)
demonstrates the transmittance characteristics of the bilayer,
showing close to zero transmittance for wavelengths shorter
than A > 400 nm and exponential growth as wavelength
increases. Beyond A > 600 nm, the transmittance reaches
a plateau. This indicates high opacity to UV and visible light and
increasing transparency at longer wavelengths. Fig. 5(c) shows
that the KI:CTC/CuO bilayer has lower reflectance than the CuO
layer, particularly in the UV-visible regions. The reduced
reflectance is attributed to effective light modulation at the
interfaces of the KI:CTC layer.*”

© 2025 The Author(s). Published by the Royal Society of Chemistry

Fig. 4(d) provides information about the band gap of the
KI:CTC/CuO, which is measured at 1.55 eV, indicating its suit-
ability for various optoelectronic applications due to this rela-
tively low band gap. While materials with larger band gaps
primarily absorb light in the UV spectrum, which can limit their
effectiveness in detecting visible or infrared light. The high-
band-gap materials have significant applications in UV photo-
detection.*® These include environmental monitoring, UV ster-
ilization, and detecting emissions from UV sources like LEDs
and lamps.** Additionally, they are crucial in health and safety
applications, such as monitoring UV exposure to prevent skin
damage.” Furthermore, these materials are vital for space-
based applications, contributing to studies of solar activity
and its effects on Earth's atmosphere.** The development of
sensors utilizing these materials can enhance photonic devices
for UV imaging and spectrometry.**

The optical bandgap decreases when CuO is combined with
KI:CTC, as seen in Fig. 5(d). This can be attributed to band
structure modification and interfacial interactions between the
two materials. The formation of a heterojunction leads to
energy level alignment, which reduces the overall optical
bandgap. Additionally, charge transfer effects and localized
states at the interface may introduce intermediate energy states
within the band structure, further lowering the effective
bandgap. Furthermore, the increased surface roughness
enhances light interaction with the KI:CTC/CuO structure by
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expanding the surface area, resulting in greater light scattering
and trapping, ultimately improving the material's optical
properties. As a result, the efficient light absorption and rela-
tively low bandgap value of KI:CTC/CuO indicate the potential
of the KI:CTC/CuO bilayer in photodetector applications.

3.4. KI:CTC/CuO photodetector

3.4.1. Influence of light power intensity. Fig. 6 illustrates
the photocurrent (J,,) of KI:CTC/CuO bilayers as a function of
applied voltages under various white light power intensities.
The voltage ranges from —1.0 to +1.0 V, and the light power
intensities range from 25.0 to 100.0 mW cm . In the absence of
light (dark condition), Fig. 6(a) shows that the dark current (J4)
changes from —0.23 to 0.20 mA cm ™ as the voltage varies from
—1 to +1 V. This observation indicates that in the dark condi-
tion, only a small number of free electrons in the KI:CTC/CuO
bilayers exhibit a response to the applied potential. The dark
current is primarily generated by thermally induced carriers
and electrical leakage. In the dark conditions, O, molecules
from the air adsorb onto the surface of KI:CTC/CuO bilayers.
The adsorption process takes place as a result of the presence of
active sites or chemical interactions on the surface of the
bilayer. The adsorbed O, molecules can capture the free elec-
trons present on the surface of the KI:CTC/CuO perovskite
bilayer. As a result, the resistivity of the bilayer increases,
leading to a low dark current density.*>**

With an increase in power intensity of incident white light
(from 25.0 to 100.0 mW cm ), the photocurrent (/) of the
KI:CTC/CuO bilayers also increases. The photo-excited current
is 67.5 times higher than the dark current at a fixed bias of 1 V.
The values of photocurrent are high enough for direct
measurement without any amplifier. When the bilayers are
illuminated, the electrons absorb the energy from the incident
light and transition from VB to CB. This process creates elec-
tron-hole pairs (e-h). The photo-generated carriers are effi-
ciently separated due to the presence of an applied bias voltage.
The holes tend to migrate towards the surface, where they
interact with the adsorbed oxygen ions. Hence, holes remove

e Dark
12 { e==25.0 mWem?
—37.5 mWcm?
91 e 50.0 mWem'?
6| —"5625 mWem?
75.0 mWem?
34 87.5 mWcm?
100 mWem?

0.0 0.5

-05 j
Potential (V)

1.0

Fig. 6
at +1 V for the KI:CTC/CuO photodetector.
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negative charges and discharge the oxygen ions. So, the
desorption of O, ions is facilitated by the presence of holes.
Consequently, the conductivity of the KI:CTC/CuO bilayers
improves. This leads to a reduction in resistance and an
increase in photocurrent under light illumination. The photo-
current rises as the applied voltage increases due to the faster
drift velocity and increase in photogenerated electron-hole pair
separation.

Fig. 6(b) presents the relationship between photocurrent
density (Jpn) and light power intensity (P) at +1.0 V for the
KI:CTC/CuO bilayers. The photocurrent density increases from
8.66 to 13.56 mA cm > as the power intensity rises from 25.0 to
100.0 mW cm 2. This demonstrates the strong dependence of
the generated photocurrent on the light power intensity. With
an increase in light intensity, more electrons within the KI:CTC/
CuO bilayers are excited from VB to CB. Consequently, addi-
tional charge carriers (electron-hole pairs) are generated on the
surface of the material. This increased availability of carriers
contributes to the observed higher photocurrent.

It is important to note that the relationship between incident
light intensity and the resulting photocurrent density is
nonlinear. This nonlinearity indicates the complexity of the
electron-hole transportation reaction occurring in the KI:CTC/
CuO bilayers. Several factors may influence the overall photo-
current response, such as carrier recombination, trapping, or
other transport mechanisms. These factors can affect the effi-
ciency of charge carrier generation, transport, and collection,
leading to the photocurrent density does not increase propor-
tionally with an increase in incident light intensity.*

The relationship between J,, and P for the KI:CTC/CuO
bilayers can be described using the power-law equation

Jon = CP* (3)

Here, C represents constant and P represents the incident light
power. In the context of photodetectors, the exponent param-
eter (k) reflects processes such as e/h generation, recombina-
tion, and carrier trapping.** When fitting the experimental
results in Fig. 6(b) with eqn (3), an approximate exponent

30 40 50 60 70 80 90 100
Light Power (mW.cm2)

(a) Effect of the light power density on the photocurrent values (b) the relationship between the photocurrent values and the light power

© 2025 The Author(s). Published by the Royal Society of Chemistry
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parameter (k) of 0.96 is observed. This indicates the ability of
KI:CTC/CuO bilayers to generate and effectively separate
photoinduced charge carriers in response to incident light.
Consequently, the bilayer material can efficiently convert
changes in light power into proportional changes in photocur-
rent density. As a result, the bilayer material exhibits excellent
photosensing ability, rendering it suitable for use as
a photodetector.

3.4.2. Light wavelength. The correlation between the
wavelength of light and the corresponding photocurrent values
holds significant importance. To investigate the spectral
response of the KI:CTC/CuO bilayer, photocurrent-voltage (/-
V) measurements were performed in dark condition and across
a range of monochromatic wavelengths spanning the UV-visible
regions as display in Fig. 7(a). In the absence of light (dark
conditions), Fig. 7(a) shows that the dark current density (J4)
varies from —0.15 to 0.10 mA cm > as the applied voltage
sweeps from —1.0 to +1.0 V. This observation suggests that
under dark conditions, only a limited number of free electrons
in the KI:CTC/CuO bilayers respond to the applied voltage. The
0O, molecules from the atmosphere adsorb onto the surface of
the KI:CTC/CuO bilayers in the absence of light. The adsorption
occurs due to the presence of active sites or chemical interac-
tions on the bilayer's surface. The adsorbed O, molecules
capture free electrons located on the surface of the perovskite
bilayer. Consequently, this leads to an increase in the resistivity
of the bilayer, resulting in a low dark current density.****

The photocurrent-voltage measurement across a range of
monochromatic wavelengths is presented in Fig. 7(a). This
analysis covers wavelengths from 390 to 636 nm, with the light
intensity for all different wavelengths maintained at a constant
75.0 mW cm >, As the wavelengths increase, the J,, values
decrease. Fig. 7(b) further illustrates this correlation by plotting
the photocurrent values at +1 V against different mono-
chromatic light sources during illumination. According to
Fig. 7(b), the photocurrent density decreases non-linearly as the
incident light wavelength increases. Specifically, the photocur-
rent density at a wavelength of 390.0 nm is 12.8 mA cm ™2, while

at 636.0 nm, it drops to 3.4 mA cm > This decrease in
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photocurrent is due to the longer wavelengths of light carry
lower energy photons. These lower energy photons possess
a reduced ability to excite electrons across the energy bandgap
of the material. Consequently, the diminished excitation of
electrons leads to a reduction in photocurrent. The high
photocurrent observed under short-wavelength light irradiation
in the UV region attributed to the increased generation of e/h
pairs. This occurs when the photon energy exceeds the
bandgap of the bilayer, leading to a greater number of photo-
generated carriers. This indicates the photoresponse strongly
depends on the photon wavelength. This proves the broadband
detection capability from ultraviolet to the visible range.

3.4.3. Performance analysis. The performance of a photo-
detector is commonly assessed by considering several parame-
ters, namely the photoresponsivity, specific detectivity, and
external quantum efficiency. These parameters provide valuable
insights into various aspects of the detector's performance.”

The photoresponsivity (PR) is a crucial factor for evaluating
the performance of a photodetector. PR denotes the ratio of the
generated photocurrent to the incident light power on the
effective area of the photodetector. The calculation is performed
using the following equation.***

PR — .(Jph —Ja )
light power

(5)

The photoresponsivity is determined by analyzing the rela-
tionship between light intensity and photocurrent density at
a specific applied voltage. Fig. 8(a) displays the PR values for
different applied wavelengths at +1 V. Notably, the maximum
PR of 143 mA W' is observed at 390 nm, which agrees with the
Jon results depicted in Fig. 7(b). The PR is lower in the visible
region compared to the UV region due to factors such as
reduced absorption and shorter recombination time in that
range.

External quantum efficiency (EQE) is a key factor that
measures the efficiency of a photodetector in converting inci-
dent light photon flux into photocurrent.*®** The flux of
photons is directly proportional to the intensity of the incident
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Fig.7 (a) The relationship between the photocurrent values and the voltage in the presence of several wavelengths and (b) the correlation of J,,

— Aat +1V for KI:CTC/CuO photodetector.
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KI:CTC/CuO photodetector.

light. EQE is defined as the ratio of the number of generated
charge carriers to the number of incident photons. The
bandgap and absorption coefficient of the photodetector
material influence its EQE. A higher EQE value corresponds to
a more efficient photodetector that can convert a larger fraction
of incident photons into detectable charge carriers. High EQE
generally leads to higher D*. The EQE can be determined using
the next equation®

EQE = PR (@) 100 7)

Based on Fig. 8(b), it can be observed that the external
quantum efficiency (EQE) of the KI: CTC/CuO perovskite bilayer
decreases from 61.0% to 30.0% as the wavelength increases
from 390.0 nm to 636.0 nm. This trend indicates a reduction in
the efficiency of converting incident photons into electric
current as the wavelength of light increases, which agrees with
the responsivity (PR) values in Fig. 8(a).

Detectivity (D*) is a valuable parameter used for comparing
the performance of different photodetectors under specific
conditions, such as a particular wavelength and bandwidth. It
quantifies the minimum detectable signal that the photode-
tector can reliably differentiate from the noise level. This
characteristic is important for applications that require the
detection of weak light signals in the presence of background
noise, such as in astronomy, night vision systems, medical
imaging, optical communication, and sensing. The detectivity
can be calculated using eqn (6) (ref. 49)

D" = PR\/(A4/2e]y) (6)

Here, (A) represents the surface area of the photodetector, and
(e) represents the electron charge. The specific detectivity rea-
ches its maximum value of D* = 7.95 x 10° Jones at a wave-
length of 390 nm. A higher detectivity value indicates a more
sensitive photodetector that can detect weaker signals with
greater accuracy.

3.4.4. Stability and reproducibility. Reproducibility is
indeed a vital characteristic of photodetectors as it ensures
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accurate and reliable data collection across repeated measure-
ments. A highly reproducible photodetector maintains consis-
tent readings without variations over multiple measurement
cycles under identical conditions. This aspect is especially
critical in industrial applications. To assess the reproducibility
of the KI:CTC/CuO photodetector, J,,-voltage measurements
were performed multiple times at a light intensity of 100.0 mW
cm >, Fig. 9(a) demonstrates that all runs have nearly identical
values, indicating that the KI:CTC/CuO photodetector exhibits
good reproducibility. This characteristic is important for the
mass production and commercialization of photodetectors.
Stability refers to the photodetector's ability to maintain
a consistent and reliable response over an extended duration,
which is crucial for long-term performance and reliability.
Factors such as aging of components, degradation of materials,
operating conditions, and electronic drift can affect the
stability. To assess the stability of the KI:CTC/CuO photode-
tector, chronoamperometry was performed. This technique
involves applying a voltage of 1.0 V and measuring the photo-
current values under a light intensity of 100.0 mW em™>. By
monitoring the photocurrent over an extended period, the
stability of the photodetector can be evaluated. Analysis of
Fig. 9(b) reveals that the photocurrent values initially decreased
during the first 270 seconds, followed by a nearly constant level
maintained until 500 seconds. These findings indicate an
acceptable level of stability for the prepared KI:CTC/CuO
photodetector. The presence of oxygen molecules adsorbed on
the KI:CTC/CuO surface contributes to a relatively small change
in the photocurrent values over time. The use of stable inor-
ganic materials in the construction of the KI:CTC/CuO photo-
detector significantly contributes to its high stability.”® The
improved crystallinity and low defect density in the KI:CTC/CuO
bilayers enhance the stability of photodetector applications’
performance over an extended period. The high-quality crystal
structure of the bilayers enhances charge transport properties,
promotes efficient carrier generation, and reduces charge
carrier recombination, resulting in stable photodetection
capabilities. This also exhibits enhanced durability and
decreases the chances of performance degradation or failure.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Reproducibility (b) stability, and (c) chopping current of the KI:CTC/CuO photodetector.

On/off light chopping is a technique used to achieve more
precise measurement and analysis of the photodetector's
performance by isolating the photocurrent generated by the
incident light. This technique involves alternating between
periods of white illumination provided by the xenon lamp
(light-on at 100 mW cm™?) and darkness (light-off at 0 mW
ecm~?). By using this technique, the signal of interest (the
photocurrent generated by the incident light) can be separated
from other sources of current, such as dark current or back-
ground noise. The transient photocurrent response to on/off
illumination is exhibited in Fig. 9(c), where three cycles were
measured. Good repeatable photocurrent generation indicates
that the photoresponse of the photodetector is reversible, and
the photocurrent remains stable without degradation. When
the light is turned on, the photocurrent rapidly increases to its
maximum value and remains stable. Conversely, when the light
is turned off, the photocurrent drastically drops back to its
initial value.

The on/off ratio, defined by the photocurrent/dark current
(on/off = Jpn/Jaark), is another factor parameter of the photo-
detector. A high on/off ratio is desirable for practical applica-
tions of KI:CTC/CuO as a high-quality photosensitive switch. At
an applied voltage of +1.0 V, the photodetector exhibits an on/
off (Jphoto/Jdark) Tatio of approximately 3.0. The rapid increase
in current and the stable value achieved demonstrate fast
charge transfer and reliable performance.

© 2025 The Author(s). Published by the Royal Society of Chemistry

The rise and decay times are critical parameters for evalu-
ating the response speed of the photodetector. During the
illumination on/off cycle, the rise time and decay time are
defined as the time required for the photocurrent to transition
from 10% to 90% and 90% to 10%, respectively, of its stable
value. The calculated rise time is 20.0 s, while the decay time is
34.0 s, enabling effective detection and analysis of light signals.
The observed hysteresis and delayed response during the
switching process result from the complex charge generation
and transport dynamics during the on/off cycles, which do not
follow a linear pathway. This behavior suggests energy retention
within the material, potentially affecting measurement accuracy
and precision.>**

As a result, the photodetector holds strong potential for
practical applications involving the detection of many wave-
lengths and light power intensities. Its competitive character-
istics make it a promising choice in the field. Lastly, Table 1
compares the performance of the presented KI:CTC/CuO
photodetector with earlier research.

4. Mechanism

Fig. 10 illustrates the energy diagram of the KI:CTC/CuO
photodetector system and the charge transfer mechanisms.
When the semiconductor material (either KI:CTC or CuO)
absorbs suitable photons, it excites electrons from the VB to the
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Table 1 The performance of the fabricated photodetector KI:CTC/CuO with earlier articles

Structure Wavelength (nm) Bais (V) R (AW-1) D (Jone)
Cu,0/Zn0°° 596 0 0.288 x 107 —
n-Cu,O/p-Cul®’ 465 0 0.25 —
TiO,/CsSnl;/P3HT® 350-1000 0 0.257 1.5 x 10*°
CsSnl; (ref. 59) 940 0.1 0.054 3.85 x 10°
GO/Cu,0% 300 2 0.0005 1.0 x 10°
Cs,Snl; (ref. 61) — 3 — —

CuO nanowires'? 390 5 — —

CuO/Si Nanowire'* 405 0.2 3.8 x10°° —
Zn0O-Cu0°®* 405 1 3x107° —
CuFe0,/Cu0/Cu®? 390 1 0.33 —
Cu/CuO NP** 390 1 6.2 x 107° —
KI:CTC/CuO (this work) 400 1 0.143 7.95 x 10°

CB, creating e/h pairs. The KI:CTC/CuO bilayer enhances light
absorption and e/h pair generation due to its low band gap,
rough surface texture, and large surface area. However, the
recombination of e/h pairs can decrease carrier mobility and
hinder their contribution to the photocurrent.

At the interface between the KI:CTC and CuO layers, charge
transfer occurs. Carrier diffusion between CuO and KI:CTC
continues until the Fermi energy levels (Eg) of both materials
reach equilibrium. This results in band bending of the elec-
tronic structure and the formation of a depleted region at the
KI:CTC/CuO junction. Consequently, a pn junction is formed
between the n-type CuO and p-type Cs,SnCls (KI:CTC), creating
a built-in electric field. Under the influence of this internal
electric field, electrons from CuO migrate to the CB of KI:CTC,
while holes generated in KI:CTC move to the VB of CuO. The

built-in electric field thus acts as a potential barrier that sepa-
rates e/h pairs more quickly and effectively.®* In addition, the
interface between the Ag electrodes and the KI:CTC/CuO layer
can be crucial for optimizing charge transfer. The work function
of silver can significantly influence the energy barrier for carrier
injection, helping to create a built-in electric field that effi-
ciently separates and collects photogenerated charges.®® The
junction's ability to improve light absorption leads to the
creation of additional free carriers.®® Moreover, the internal
electric field facilitates carrier transfer and electron accumula-
tion on the surface of KI:CTC. Consequently, the KI:CTC/CuO
structure demonstrates an improved photoresponse, resulting
in an increased photocurrent value.

The efficiency of the KI:CTC/CuO photodetector can be
further enhanced by incorporating potassium iodide (KI) into

1

J

+ + + +

(.....x................

Ooh+

CuO

O o
KI:CTC

Fig. 10 Energy diagram of the KI:CTC/CuO photodetector system.
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the system. While pure Cs,SnClg has its merits, it lacks the
enhanced properties that KI brings to the table, such as
improved absorption characteristics, better carrier mobility,
and overall stability. KI modifies the band alignment of the
perovskite material, reducing the charge-transfer barrier and
improving conductivity.®”*® This enhancement facilitates more
efficient charge transfer and higher photocurrent generation.
Consequently, the photodetector exhibits high performance,
making the KI:CTC/CuO photodetector well-suited for a variety
of industrial applications.

5. Conclusion

In this study, a high-efficiency KI-doped Cs,SnClg (KI:CTC)/CuO
bilayer was synthesized for photodetector applications. The
KI:CTC/CuO bilayers were tested over a range of light intensities
from 25.0 to 100.0 mW cm > and wavelengths from 390.0 to
636.0 nm. Various techniques were used to characterize the
optical, chemical, and morphological properties of the bilayers.
The KI:CTC/CuO bilayers exhibited good crystallinity and a low
bandgap (E). Notably, the photoresponsivity of the bilayers was
measured to be 143 mA W™ ', with an external quantum effi-
ciency of 61.0% and a high detectivity of 7.95 x 10° Jones. The
impressive performance demonstrated by the synthesized
KI:CTC/CuO bilayer opens up exciting opportunities for its
utilization across numerous fields and a wide range of techno-
logical applications.
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