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Abstract: This study presents the successful synthesis of an
innovative nanospherical As(III) oxoiodide/iodide-interca-
lated poly(N-methylpyrrole) composite (As(III)OI/I-PNMP NS
composite), which serves as an n-type active layer in a
high-performance photodetector. The composite is coated
onto a polypyrrole (PPy) base, creating a novel As(III)OI/
I-PNMP/PPy heterojunction device that efficiently senses
photons. Structural analysis of the synthesized composite
shows uniformly distributed spherical nanoparticles, aver-
aging around 100 nm in diameter, on a rough, highly textured
surface that improves light–matter interaction. It exhibits a
promising crystallite size of 21 nm and an optimal bandgap of
2.35 eV, facilitating effective absorption across a broad spec-
tral range. The optoelectronic performance of the photo-
detector was systematically tested under varying illumination
conditions, employing photons from both UV and visible (Vis)
regions. During illumination, the photoresponse was ana-
lyzed using current density measurements (Jph), highlighting
the composite’s essential role in charge carrier generation
and transport. The device’s photoresponsivity (R) was notably
improved, achieving values between 0.23 and 0.28mA/W,
reflecting the material’s high sensitivity to incoming light.
Furthermore, the detectivity (D), an important performance
metric for photodetectors, was calculated to be between 0.52
× 108 and 0.63 × 108 Jones, indicating excellent proficiency in
detecting low-intensity optical signals. In summary, incorpor-
ating As(III)OI with I-doped PNMP into a PPy-based structure

signifies a promising strategy for developing broadband,
high-efficiency photodetectors, with significant potential
for future use in optoelectronic sensing and imaging
technologies.
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(N-methylpyrrole), photodetector, optoelectronic.

1 Introduction

Optoelectronic devices are essential in various advanced
technological systems, especially in the aerospace and
aviation sectors [1,2]. The fundamental function of these
systems is to transform light energy into electrical signals,
achieved through the creation of electron-hole pairs when
light is absorbed. This process of charge carrier generation is
essential for their ability to detect and react to light stimuli
with exceptional sensitivity and accuracy. The ongoing
advancement of optoelectronic systems depends on discovering
and designing materials that enhance photoresponsivity, boost
charge separation efficiency, and function reliably under
diverse environmental conditions [3].

N-Type semiconductors are widely studied for opto-
electronic applications, as they offer excellent optical
transparency, adjustable energy band gaps, and reliable
electronic performance. Tin oxide (SnO) and phenyl-C61-
butyric acid methyl ester (PCBM) are notable examples of
n-type semiconductors with favorable characteristics [4].
These materials effectively transport electrons, making
them suitable for electron-conducting layers in photodetec-
tors and solar cells. However, a significant drawback of
many n-type materials is their comparatively low charge
carrier mobility, which can hinder the efficiency of photo-
generated charge transport, particularly during high-fre-
quency operation or low-intensity lighting. This limitation
has spurred ongoing research focused on discovering or
engineering new n-type materials or composites that pro-
vide enhanced electron mobility while preserving their
advantageous optical properties [5].
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Conversely, p-type semiconductors that primarily conduct
through holes are crucial in optoelectronic device design. Copper
oxide (CuO), a well-researched p-type metal oxide, is recognized
for its ability to produce significant photocurrents, thanks to the
effective movement of holes opposite to that of electrons [6,7].
This behavior enhances charge separation and collection,
boosting the device’s overall performance. Similar to n-type
materials, the performance of p-type materials is significantly
impacted by their bandgap, which determines the range of
wavelengths they can absorb. Bandgap engineering, often rea-
lized through nanostructuring or the creation of composites,
enables the customization of materials’ optical responses to fit
specific application needs. Additionally, crystal structure, phase
purity, and nanoscale morphology influence the bandgap and
optoelectronic performance.

While n-type and p-type semiconductors hold great poten-
tial, their restricted photoresponsivity is a significant hurdle in
creating efficient photodetectors (R). This parameter, the ratio
of photocurrent to incident light power, indicates how sensitive
a material is to light. Although many materials have suitable
band gaps, they often experience recombination losses or
inadequate interfacial charge transport, resulting in relatively
low photoresponsivity. Consequently, there is a growing focus
on engineering innovative composite materials that merge the
advantages of n-type and p-type components while addressing
their shortcomings [1,8]. Also, photodetectors based on Si mate-
rials may achieve broader optical absorbance; however, they
suffer from several drawbacks, including instability at high
temperatures, the use of highly complex synthesis techniques,
and high production costs [9,10].

Previous research has explored various materials and
composite systems to enhance the performance of photo-
detectors. For example, silicon-based heterojunctions, includ-
ing CuO/Si [9], have been investigated, providing reasonable
structural compatibility yet limited sensitivity. Likewise,
metal oxide heterostructures, such as ZnO/Cu2O [10] and gra-
phene oxide/Cu2O [11], have shown photoresponsivity values
near 0.005mA/W. While these values are measurable, they
fall short for high-performance applications. Additionally,
some researchers are focusing on carbon-based materials
like PC₇₁BM [12] and conductive polymer hybrids, including
TiO2-polyaniline (PANI) composites [13], intending to improve
both flexibility and functionality.

Conductive polymers have recently become a highly
appealing category of materials for optoelectronic applications,
thanks to their distinctive blend of mechanical flexibility,
adjustable electrical conductivity, and ease of processing
[11,12]. These organic semiconductors provide several benefits
compared to inorganic ones, such as cost-effective manufac-
turing, durability in various environments, and suitability for
flexible substrates. In particular, PNMP emerges as a highly

promising option for photodetector applications. PNMP pos-
sesses a conjugated backbone that enables efficient charge
delocalization, leading to better light absorption and move-
ment of charge carriers. Its environmentally friendly charac-
teristics and straightforward synthesis make it attractive for
large-scale device production.

This study examines how the optical performance of
PNMP can be further improved by incorporating inorganic
nanoparticles, particularly metal oxides like arsenic iodide
(As(III)OI). These nanocomposites often show synergistic
effects due to the interfacial interactions between the organic
polymer and the inorganic phase. Such interactions can
enhance crystallinity, charge mobility, and light-harvesting
capabilities. When PNMP is paired with materials such as
As(III)OI, the resulting composite displays superior optical
absorption, a broader spectral response, and a reduced
bandgap, making it more suitable for optoelectronic applica-
tions. These hybrid nanocomposites capitalize on the
strengths of organic and inorganic components and offer a
platform for bandgap tuning and interface engineering,
which are vital for optimizing photodetector performance.
Developing such materials represents a proactive approach
in optoelectronics, aiming to address current limitations and
satisfy the increasing demand for high-sensitivity, low-power,
and cost-effective photodetection technologies. In our device
design, the photodetection process is inherently synchronized
with the incident light modulation to ensure accurate and
reproducible measurements across the targeted broadband
range. The synchronization is achieved by coordinating the
illumination source and the electrical readout system, such
that the photocurrent response is recorded in real time. We
construct a functional heterojunction capable of efficient
charge separation and light-induced current generation by
integrating the n-type As(III)OI/I-PNMP nanocomposite with
p-type polypyrrole (PPy). By maintaining precise timing
between optical excitation and electrical measurement, the
device performance metrics – particularly responsivity and
detectivity – are accurately extracted, thereby validating the
broadband detection capability. This work highlights the
potential of combining conductive polymers with metal oxide
nanoparticles to develop next-generation optoelectronic
devices with improved responsivity and stability.

2 Experimental section

2.1 Materials and characteristics

N-methylpyrrole (99.9% purity) was procured from Sigma-
Aldrich, Germany. In addition, several crucial reagents
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were acquired from Pio-Chem, Egypt, including ammo-
nium persulfate ((NH4)2S2O8, 99.9%), potassium iodide (KI,
99.9%), iodine (I2, 99.9%), and acetic acid (CH3COOH,
99.8%). Moreover, sodium arsenite (NaAsO2, 99.9%) and
hydrochloric acid (HCl, 36%) were supplied by VWR,
Germany, ensuring their high purity and reliability.

The characterization methods employed in this study
comprise X-ray diffraction (XRD) (X-Pert) for the determina-
tion of crystalline phases, fourier transform infrared spectro-
scopy (FTIR) (Bruker) for the analysis of molecular vibrations,
UV-Vis spectroscopy (PerkinElmer) for the examination of
electronic transitions, X-ray photoelectron spectroscopy
(XPS) (Kratos) for the assessment of surface chemical compo-
sition, in addition to both transmission electron microscopy
(TEM) (JEOL) and SEM (Zeiss) for a comprehensive analysis of
microstructural and morphological features investigations.

2.2 Fabrication of the As(III)OI/I-PNMP/PPy
photodetector device

The As(III)OI/I-PNMP/PPy photodetector is developed using
a two-step method that involves depositing two separate

layers: the p-type polypyrrole (PPy), produced following
our previously documented technique [13], and the n-type
As(III)OI/I-PNMP composite layer (Figure 1(a)).

The n-layer fabrication incorporates highly light-sensitive
materials, particularly the As(III)OI/I-PNMP NS-composite, into
the PPy layer. This composite is developed through a meticu-
lously controlled oxidation and doping procedure to improve its
optoelectronic characteristics. The process starts with the oxida-
tion of the N-methylpyrrole monomer (0.06M) using iodine
(0.14M) as the oxidizing agent. In this reaction, the N-methyl-
pyrrole monomer is dissolved in 7mL of acetic acid to ensure it
disperses properly in the medium. Simultaneously, iodine (I2) is
dissolved using solid potassium iodide (KI), which helps release
iodide ions into the system. As the oxidation progresses, iodine
reacts with the monomer, triggering polymerization. This reac-
tion results in a polymer network that incorporates iodide ions,
forming the I2/I-PNMP complex material.

Following initial polymerization, doping the polymer
with arsenic ions is the next important step. This occurs via
the reaction of the pre-formed I2/I-PNMP complex with
sodium arsenite (NaAsO2, 0.1 M). During this phase, arsenic
ions (As(III)) are successfully integrated into the polymer
network, creating the As(III)OI/I-PNMP NS-composite.
Ultimately, this composite is deposited as a thin film on a

Figure 1: (a) Schematic illustration of the fabrication process and (b) electrical performance testing of the As(III)OI/I-PNMP/PPy-based device.
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glass substrate to ensure even coverage and optimal inter-
action with incident light. The resulting photodetector
device is engineered to provide heightened sensitivity
and efficiency to light exposure, making it ideal for
advanced optoelectronic applications.

2.3 Electrical testing of the As(III)OI/I-PNMP/
PPy photodetector device

The electrical characterization of the As(III)OI/I-PNMP/PPy
photodetector is performed to evaluate its performance
when illuminated by light. This assessment primarily
aims to analyze the generation and migration of hot elec-
trons from the photodetector’s surface under light expo-
sure, serving as a crucial indicator of its efficiency and
sensitivity.

To achieve this, a CHI workstation is employed, uti-
lizing linear sweep voltammetry to assess the photodetec-
tor’s current density (Jph). Two silver (Ag) contacts are
positioned at opposite edges of the thin film to establish
the electrical connection between the photodetector and
the composite film. The active surface area of the device is
about 1.0 cm², which facilitates a consistent and controlled
assessment of the electrical response. A vacuum metal halide
lamp (100mW/cm−2), China, illuminates the photodetector,
emitting broad-spectrum white light to enable thorough
testing across various photon energies. When light hits the
photodetector surface, the response is captured as Jph, sig-
nifying the photocurrent density. Additionally, the dark cur-
rent density (Jo) is recorded without illumination to establish
a baseline for comparison. This comparison aids in under-
standing the degree of enhancement in electrical conductivity
when exposed to light. The Jph value is calculated across
different photon frequencies to evaluate the photodetector’s
performance further. This analysis reveals how the photo-
detector responds to various light wavelengths, showcasing
its spectral sensitivity. By graphing the photocurrent
response against different photon energies, the photodetec-
tor’s adaptability within the electromagnetic spectrum
can be examined (Figure 1(b)). The estimated optical filters
(730, 540, 440, and 340 nm) are supported by Thorlabs
Inc., USA.

Two essential performance metrics, photoresponsivity
(R) and detectivity (D), are calculated to assess the effi-
ciency of the photodetector. The photoresponsivity (R) is
derived from Eq. (1) [2,17], which incorporates the relation-
ship between Jph, incident light power density (P), and the
active surface area (S). Likewise, detectivity (D) is obtained
using Eq. (2) [2,17], taking into account Jph, background

noise, and electron charge (e). These metrics offer an in-
depth insight into the photodetector’s capacity to detect
and respond to incoming photons effectively. By per-
forming these electrical tests, the performance and sensi-
tivity of the As(III)OI/I-PNMP NS-composite photodetector
can be thoroughly assessed, aiding its prospective applica-
tions in advanced optoelectronics.
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3 Results and discussion

3.1 Physicochemical analysis of the
synthesized NS-composite

Figure 2(a) showcases the FTIR spectra of the As(III)OI/I-PNMP
composite (red) compared to the I2/I-PNMP system (black),
highlighting vibrational modes that indicate successful struc-
tural and chemical interactions within the composite matrix.
The I2/I-PNMP spectrum reveals characteristic absorption
bands at 886, 1,051, 1,142, and 1,404 cm⁻¹, attributable to out-
of-plane bending vibrations and C═C stretching associated
with substituted aromatic amine structures. The bands
observed around 1,311 and 3,409 cm⁻¹ correspond to C–N
stretching and N–H stretching vibrations [18], signifying the
integrity of the PNMP polymer backbone and its amine func-
tionalities. These characteristics represent the fundamental
vibrational profile of the iodine-doped polymer system.
Upon incorporating as (III)OI into the I-PNMP matrix, distinct
spectral changes manifest in the composite spectrum.
Notably, the absorption band at 1,051 cm⁻¹ shows a slight shift
and a significant decrease in intensity. This indicates interac-
tion or coordination between the arsenic species and the
electron-donating groups (likely nitrogen or oxygen atoms)
of the PNMP chains. Additionally, a new, prominent band
at 1,529 cm⁻¹ appears solely in the composite, likely corre-
sponding to As–O stretching or asymmetric vibrational modes,
further validating the successful integration of arsenic oxide
species. In the higher wavenumber region (3,000–3,500 cm⁻1),
subtle shifts in N–H stretching vibrations are noted – from
3,409 cm⁻1 in I2/I-PNMP to 3,411 cm⁻1 in the composite – along
with the emergence of a new band at 3,128 cm⁻¹ [19]. These
alterations suggest potential hydrogen bonding or coordination
between the PNMP matrix and hydroxyl/oxide groups derived
from As(III)OI. These spectral modifications provide compelling
evidence for the chemical integration of As(III)OI within the I2/
I-PNMP framework, enhancing the material’s structural
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complexity and potential functional capabilities in catalytic or
adsorption applications. A distinct spectral feature appears at
885 cm⁻¹, where the band intensity shows a significant reduction
after the composite is formed. This reduction arises from the
incorporation of the inorganic As(III)OI phase into the polymer
framework, which modifies the local vibrational environment
associatedwith thismode. Similar shifts and intensity changes in
low-wavenumber bands have also been reported in previous
studies [14,15].

The synthesized As(III)OI/I-PNMP NS-composite’s struc-
tural and physicochemical properties were extensively
analyzed through XRD, as shown in Figure 2(b). The XRD
pattern reveals essential information about the material’s
crystallinity and phase composition. Notably, there is a
significant increase in the XRD intensity of the As(III)OI/I-
PNMP NS composite compared to the I2/I-PNMP complex,
indicating improved optical behavior. This suggests that

the material has a heightened capacity for photon absorp-
tion, which is vital for its use in photoactive devices.

Upon exposure to light, the absorbed photons transfer
their energy to free electrons, elevating them into an
excited state characterized by increased kinetic energy.
This energy transfer mechanism is fundamental to the
material’s photoresponsivity, thus significantly influencing
its sensitivity to incident light. The crystalline characteris-
tics of As(III)OI/I-PNMP NS composite are further validated
by identifying distinct diffraction peaks, which confirm the
presence of various crystal planes.

In the case of the As(III)OI phase, a total of eight dif-
fraction peaks were observed at 2θ values of 19.3° (corre-
sponding to the (111) plane), 21.7° ((115) plane), 25.1° ((042)
plane), 27.5° ((310) plane), 31.6° ((222) plane), 39.4° ((511)
plane), 42.3° ((257) plane), and 44.3° ((444) plane), as refer-
enced in JCPDS card 23-1519 [20]. Similarly, the iodide phase

Figure 2: Chemical and optical characterization of the As(III)OI/I-PNMP composite: (a) FTIR spectrum and (b) XRD pattern illustrate the structural and
compositional features, while (c) UV–Vis absorption spectrum and (d) Tauc plot provide insights into the optical absorbance behavior and bandgap
estimation, respectively.

Nanospherical arsenic(III) oxoiodide/iodide-intercalated poly(N-methylpyrrole) composite synthesis  5



displayed prominent peaks at 30.4°, 33.4°, 36.0°, 42.3°, and
45.3°, thus confirming the integration of iodide within the
composite matrix [21]. The PNMP polymer indicated dif-
fraction peaks at 21.7° and 25.1°, signifying its structural
contribution to the hybrid composite. The presence of
both iodide and PNMP in the synthesized material was
further substantiated by comparison with the I2/I-PNMP
complex, thereby ensuring the successful formation of
the targeted NS composite.

The size of the crystallites in the As(III)OI/I-PNMP NS-
composite was determined using Equation (3) [16,17],
which accounts for the incident X-ray wavelength and
the full-width at half maximum (FWHM) of the diffraction
peaks. The calculated crystallite size was roughly 21 nm,
highlighting its nanostructured characteristics.

This nanoscale dimension is crucial for boosting the
material’s photon absorption ability. The small crystallite
size enables the formation of a strong localized electric
field, which promotes the efficient generation and trans-
port of hot electrons. These high-energy charge carriers
demonstrate the composite’s capacity to transform
incoming light into usable electrical signals, emphasizing
its potential for applications in optoelectronics and photo-
detection. Thus, the XRD analysis verifies the well-defined
crystallinity and nanoscale attributes of the synthesized As
(III)OI/I-PNMP NS composite, positioning it as a promising
candidate for advanced photoactive and semiconductor-
related technologies.

=D λ β θ0.9 / cos . (3)

The optical attributes of the As(III)OI/I-PNMP nanos-
tructured composite (NS-composite) were thoroughly
examined with UV–Vis absorption spectroscopy, depicted
in Figure 2(c). The Tauc plot analysis presented in Figure 2(d)
obtained the corresponding optical bandgap values. A notable
link between the absorption spectrum and bandgap estima-
tion underscores the composite material’s adequate light-har-
vesting capacity.

The absorption spectrum of the As(III)OI/I-PNMP com-
posite shows a notable redshift compared to the pristine
PNMP polymer. This composite feature has a strong, broad
absorption that reaches up to about 520 nm, while the
PNMP polymer’s absorption edge caps at approximately
450 nm. The broader absorption spectrum of the composite
suggests enhanced optical performance, likely due to the
synergistic interactions between the inorganic arsenic
oxide and the conjugated PNMP matrix. These interactions
may promote charge transfer processes and improve the
material’s light absorption capacity. Furthermore, the Tauc
method (Eq. (4)) [18,19] was utilized to estimate optical
band gap values, assuming an indirect electronic transition

with a power factor of n = 1/2, following Eq. (4). The band
gap for the As(III)OI/I-PNMP composite was approximately
2.35 eV, significantly lower than the 2.7 eV estimated for
pristine PNMP. This decrease in band gap energy aligns
with the observed increase in visible light absorption and
indicates enhanced semiconducting behavior. Altogether,
the shift in the absorption edge and the reduction in band gap
upon incorporating As(III)OI into the PNMP matrix demon-
strate improved optical activity. These features position the
composite as a strong candidate for optoelectronics, photo-
catalysis, or solar energy applications, where efficient light
absorption and charge transfer are essential.

( )= −αhν A hν E .g
1/2 (4)

Accurately identifying the oxidation states of key ele-
ments – arsenic (As) and iodine (I) – in the As(III)OI/I-PNMP
nanostructured composite (NS composite) is essential for
revealing the composite’s chemical structure and under-
standing its properties. XPS was utilized as a powerful
analytical method to examine the electronic environment
and oxidation states of the existing elements, providing
extensive insight into the material’s composition and
bonding. The detailed XPS spectra, shown in Figure 3, illus-
trate the effective incorporation of various elements and
their unique chemical states within the composite
structure.

The survey spectrum displayed in Figure 3(a) confirms
the presence of essential elemental components: As, O, I, C,
and N. The identification of carbon and nitrogen links back
to the organic PNMP matrix, with the C 1s and N 1s peaks
located at binding energies around 285.8 and 400.0 eV,
respectively. These signals validate the existence of the
polymeric backbone, which is vital for structural stabiliza-
tion and electronic interaction within the composite.

Figure 3(b) provides a detailed analysis of arsenic,
demonstrating the high-resolution XPS spectrum of the
As 3d orbital, which shows two prominent peaks at 42.9
and 44.5 eV. These peaks correspond to the As 3d5/2 and As
3d3/2 spin–orbit components, respectively, indicating that
arsenic is present in the +3 oxidation state (As3+). This
finding confirms the presence of trivalent arsenic in the
As(III)OI moiety, aligning with the intended oxidation state
in the composite and showcasing successful chemical
synthesis and structural preservation. Regarding iodine,
the high-resolution spectrum of the I 3d region reveals
two distinct doublets. The first doublet appears at
619.3 eV (I 3d5/2) and 630.6 eV (I 3d3/2), associated with
iodide ions (I⁻). The second doublet, with peaks at 620.5
and 632.4 eV, pertains to oxidized iodine species, such as
molecular iodine (I2) or other higher oxidation states [20].
This mixed oxidation state indicates some redox activity in
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the composite’s iodine-containing phases. Additionally, the
presence of oxygen is confirmed by a prominent O 1s peak
at 530.8 eV, which signifies metal–oxygen coordination,
especially within the As–O framework. Together, these
XPS results support the structural configuration and
multi-element integration of the As(III)OI/I-PNMP NS-com-
posite, highlighting the material’s well-defined and chemi-
cally consistent architecture.

Figure 4 illustrates the morphology of the As(III)OI/
I-PNMP composite and the PNMP polymer, utilizing
advanced imaging techniques such as SEM, TEM, and 3D
surface topography analysis. SEM images (a) and (b) cap-
ture the As(III)OI/I-PNMP composite at various magnifica-
tions. The SEM images of the As(III)OI/I-PNMP composite,
captured at different magnifications, reveal a densely
packed, hierarchical architecture predominantly con-
sisting of spherical to semi-spherical nanoparticles with
an average diameter of approximately 100 nm. These nano-
particles are tightly clustered into larger, cauliflower-like
assemblies, a morphology well-known for significantly
increasing the accessible surface area. Such an enlarged
and texturally rich surface facilitates enhanced catalytic
and adsorption performance by offering a greater number
of active sites for interaction with arsenic ions.

Furthermore, the observed variation in particle size indi-
cates a polydisperse distribution, which can improve
packing density and create additional meso- and micro-
porous channels. These structural features collectively
contribute to superior arsenic ion adsorption through
synergistic effects of high surface area, abundant reac-
tive sites, and improved mass transfer pathways. Also,
surface roughness can potentially introduce more inter-
face states, which may act as recombination centers for
photogenerated carriers. These interface states can trap
electrons or holes, increasing the likelihood of non-
radiative recombination and thereby reducing the
overall carrier lifetime. However, in certain photocata-
lytic or photoelectrochemical systems, a moderate
increase in roughness can be beneficial, as it enlarges
the effective surface area.

The TEM analysis in image (c) offers a deeper under-
standing of the nanoparticles’ size and structural unifor-
mity. The measured particle sizes range from about 81 to
125 nm, which corresponds well with the SEM observa-
tions, affirming the nanoscale dimensions of the composite.
TEM images also indicate that the particles maintain con-
sistent spherical shapes and are evenly distributed within
the matrix, exhibiting minimal aggregation. This uniform

Figure 3: XPS analysis of the As(III)OI/I-PNMP nanostructured composite, illustrating its chemical composition and elemental states: (a) full survey
spectrum confirming the presence of As, O, I, C, and N; (b) high-resolution As 3d spectrum indicating the +3 oxidation state of arsenic; (c) I 3d
spectrum showing the coexistence of iodide (I⁻) and oxidized iodine species; and (d) O 1s spectrum.
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dispersion enhances the composite’s performance in appli-
cations such as photocatalysis and contaminant adsorp-
tion. Moreover, the clear contrast between the cores and
edges of the particles might hint at a core-shell structure or
variations in composition within.

Image (d) showcases the composite’s 3D surface rough-
ness and cross-sectional structure. The vertical height var-
iation nearly reaches 100 nm, indicating a rough and
uneven texture. This surface roughness is crucial for enlar-
ging the overall surface area, significantly boosting the
material’s ability to adsorb and interact with pollutants
such as As(III). Additionally, the rough and porous structure
may enhance light scattering and absorption characteris-
tics, which is particularly advantageous for photocatalytic

and sensor-based applications [21]. In contrast, images (e)
and (f) depict the morphology of the pristine PNMP
polymer at varying magnifications. Although PNMP also
exhibits a spherical form, it appears less densely packed
and more porous than the composite. At lower magnifica-
tion (e), the polymer shows a fluffy, open texture, while
higher magnification (f) reveals finer, granulated features
on the particle surfaces. This morphology is characteristic
of conjugated polymers and is ideal for integrating inor-
ganic components like As(III) OI. The PNMP matrix offers
structural support and stability to the nanoparticles, pro-
moting their uniform distribution.

Thus, the morphological characterization of the As(III)
OI/I-PNMP composite emphasizes its effectiveness as a

Figure 4: Morphological characterization of As(III)OI/I-PNMP composite and pure PNMP: (a) and (b) SEM images of the As(III)OI/I-PNMP composite at
different magnifications, (c) TEM image illustrating a uniform spherical morphology of the composite; (d) 3D surface topography and cross-sectional
profile of the composite; and (e) and (f) SEM images of pure PNMP at different magnifications.
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multifunctional material suitable for environmental and
sensing uses. Integrating high surface area, nanoscale
characteristics, and structural intricacy from both PNMP
and As(III)OI parts improves its performance and possibi-
lities in practical applications.

3.2 Electrical testing of the As(III)OI/I-PNMP/
PPy optoelectronic device

The electrical characterization of the As(III)OI/I-PNMP/PPy
optoelectronic device was conducted to assess its ability to
generate and transport hot electrons when illuminated.
This evaluation offers vital insights into the optoelectronic
properties of the hybrid nanocomposite system. The device
was integrated into a measurement setup utilizing a
CHI608E electrochemical workstation, where it underwent
linear sweep voltammetry across a wide potential range
from –2.0 V to +2.0 V. To guarantee dependable electrical
contact, silver paste (Ag paste) was meticulously applied to
both ends of the device, serving as effective electrical term-
inals for connecting to the testing circuit.

The main goal of this electrical assessment was to
ascertain the photo-response characteristics of the device,
notably the photogenerated current density (Jph), which
directly indicates the hot electrons generated from photon
absorption. These hot electrons, excited to higher energy
states under light exposure, move through the external
circuit, producing a measurable photocurrent. The magni-
tude of this current indicates the optoelectronic perfor-
mance and photon-harvesting efficiency of the material
system.

As depicted in Figure 5(a), the current density versus
applied potential (J–V) profiles were captured under both
dark (black curve) and illuminated (red curve) conditions.
The device exhibited a low and nearly flat current
response in darkness, reflecting minimal dark conductivity
and negligible leakage current – features that validate
excellent off-state behavior. Conversely, under illumina-
tion, a notable increase in current density was noted,
with the device reaching a peak photocurrent density of
about –0.036 mA·cm−2 at –2 V. This marked increase in
current under light exposure emphasizes the efficient
photon absorption, exciton generation, and charge separa-
tion taking place within the active layers.

The difference between light-induced and dark cur-
rent densities determines the Jph. The notably higher Jph
when illuminated indicates the synergistic operation of the
hybrid components. Integrating As(III)OI and I-PNMP into
the conductive PPy matrix forms a heterojunction that
aligns energy levels and enhances effective directional
charge transfer. In this process, photoexcited electrons
are likely injected into the conduction band of As(III)OI.
At the same time, holes stay in the HOMO of PPy, resulting
in efficient electron–hole pair separation and reduced
recombination losses.

Figure 5(b) further assesses the device’s photostability
through three sequential light exposure cycles, indicated as
Light run 1 (black), Light run 2 (red), and Light run 3 (blue).
The nearly coinciding J–V curves demonstrate the device’s
remarkable reproducibility and stability under continuous
illumination. The absence of significant current drift or
degradation across the three cycles illustrates the mate-
rial’s structural durability and its capacity to endure
repeated photoexcitation without any loss in performance.

Figure 5: Electrical characterization of the As(III)OI/I-PNMP/PPy optoelectronic device: (a) linear sweep voltammetry curves recorded under light and
dark conditions, highlighting the device’s photoresponse behavior; (b) stability assessment through multiple consecutive illumination cycles,
demonstrating reproducibility and operational consistency.
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This cyclic durability, in conjunction with robust photo
response behavior, indicates that the As(III)OI/I-PNMP/PPy
device is exceptionally well-suited for advanced optoelec-
tronic applications, including photodetectors, UV-Vis light
sensors, and opto-switching elements, where long-term
operational stability and sensitivity are of paramount
importance. In addition, Figure S2 illustrates the stability
of the As(III)OI/I-PNMP/PPy-based device during transitions
from dark to light illumination at a small applied potential
of 0.1 V, as evaluated through the relationship between
time (s) and Jph. The observed stability up to 400 s indicates
the device’s capability to operate continuously with excel-
lent stability.

The photoresponse characteristics of the As(III)OI/I-
PNMP/PPy optoelectronic device were systematically
examined under different photon energies to understand
its sensitivity across a wide spectral range. Figure 6(a)
shows the current density–voltage (J–V) characteristics of
the device when exposed to various photon energies: 1.7 eV
(green), 2.3 eV (blue), 2.8 eV (red), and 3.6 eV (black). These
photon energies cover the near-infrared to visible spec-
trum and approach the UV region, providing a comprehen-
sive overview of the device’s optoelectronic response
throughout this energy range.

As the energy of the photons increases, a significant
enhancement in the photoinduced current density (Jph) is
observed. It is noteworthy that at an illumination energy of
3.6 eV, the device demonstrates the highest Jph, attaining a
peak of approximately 0.028 mA·cm−2 at a voltage of +2 V.
This observed trend strongly suggests that the photogener-
ated current is directly proportional to the incident photon
energy, since photons with higher energy possess a greater
capacity to excite charge carriers across the band structure
of the material.

The operational principle is closely linked to the elec-
tronic bandgap of the As(III)OI/I-PNMP/PPy hybrid system,
estimated at approximately 2.35 eV. When photon energy
meets or surpasses this bandgap, efficient photoexcitation
takes place, generating electron–hole pairs. Photons with
energy equal to or greater than 2.35 eV can elevate electrons
from the valence band to the conduction band, thus enhan-
cing charge carrier separation and transport. However, at
photon energies below this threshold (e.g., 1.7–2.3 eV), excita-
tion efficiency notably decreases, resulting in lower photocur-
rent values due to sub-bandgap absorption, which limits
electron excitation and diminishes exciton dissociation prob-
ability. Figure 6(b) outlines the Jph values obtained under
different photon energy exposures, reinforcing the trends
observed in Figure 6(a). The bar graph illustrates a steady
increase in photocurrent as photon energy rises. The pro-
nounced jump in Jph at 3.2 and 3.6 eV further verifies the
optimal spectral responsiveness of the device within and
beyond the bandgap range. These findings affirm the device’s
effective photoconversion capability, particularly under high-
energy light exposure. The As(III)OI/I-PNMP/PPy optoelec-
tronic device exhibits substantial energy-level alignment
and spectral sensitivity, enabling efficient operation under
photon energies that approach or exceed its bandgap. The
rising Jph correlated with photon energy highlights the sys-
tem’s promise for high-performance applications, including
UV-visible photodetectors, energy-harvesting devices, and
multispectral sensors [22].

The As(III)OI/I–PNMP/PPy optoelectronic device’s sensi-
tivity is scientifically characterized by its responsivity (R)
and specific detectivity (D), depicted in Figure 7(a) and (b),
respectively. These figures provide quantitative insight
into the device’s capability to detect and convert incident
photons into measurable electrical signals over a range of

Figure 6: Electrical characterization of the As(III)OI/I-PNMP/PPy optoelectronic device: (a) Linear sweep voltammetry curves recorded under various
photon effects and (b) the estimated Jph values of this optoelectronic device at 2.0 V.
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photon energies. Importantly, the observed photoresponse
is in strong agreement with the structural and optical fea-
tures revealed by our material characterization. XRD and
TEM confirm a nanospherical morphology with uniform
size distribution, promoting efficient light scattering and
enhanced optical path length within the active layer.
UV–Vis–NIR analysis indicates a direct bandgap of
∼2.35 eV, which aligns well with the photon energy
threshold observed in the R and D trends.

As shown in Figure 7(a), R exhibits a non-linear
increase with increasing photon energy, with a sharp rise
beyond 2.3 eV and a peak of ∼0.28 mA·W⁻¹ at 3.6 eV. This
matches the bandgap energy extracted from the optical
data, where photons with energies below 2.35 eV
(1.6–2.3 eV) are insufficient to excite electrons from the
valence band to the conduction band, resulting in minimal
carrier generation and low R. Once the photon energy
exceeds this structural bandgap, interband electronic tran-
sitions are more efficient, yielding a higher density of

photogenerated carriers. The nanospherical architecture
– confirmed by SEM/TEM – shortens carrier transport
paths and increases the effective interfacial area, further
aiding separation and collection efficiency.

The specific detectivity (D), shown in Figure 7(b), also
rises with photon energy, from ∼0.49 × 108 to 0.63 × 108

Jones. This improvement is attributable to (1) enhanced
carrier generation and mobility at energies above the
bandgap, as enabled by the composite’s crystalline
ordering and conductive polymer network, and (2) a rela-
tively low dark current, which suppresses noise. These
structure–property correlations confirm that the superior
photodetection performance stems from the interplay
between the engineered nanospherical composite mor-
phology, the optimized bandgap, and the efficient charge
transport pathways, providing a synchronized relationship
between structural characteristics and optical–electronic
functionality. These promising values for the device are
attributed to the strong correlations between the chemical

Figure 7: The sensitivity of the fabricated As(III)OI/I-PNMP/PPy optoelectronic device through the evaluation of the (a) R and (b) D.

Table 1: The behavior of the As(III)OI/I-PNMP/PPy optoelectronic device relative to other devices

Optoelectronic device R (mA W−1) Wavelength (nm) Potential (V) D (Jones)

MnO2-poly-m-methylaniline [23] 0.22 340 2 0.47 × 108

TiO2-PANI [24] 3 × 10−3 320 0 —

Graphene oxide-polypyrrole [25] 0.1 340 2 0.60 × 108

PC71BM [26] 0.005 300 2 —

P3HT [27] NA 325 1 —

Ppy/CuO [28] 0.05 340 1 0.8 × 106

CuO/Si Nanowire [29] 3.8 × 10−3 405 0.2 —

PbI2-5%Ag [30] NA 532 6 —

ITO/CsPbBr3:ZnO/Ag [31] 0.01 405 0 —

Ppy/NiOX [32] 0.07 450 2 0.5 × 108

ZnO/RGO [33] 1.3 × 10−3 350 5 —

Graphene/GaN [34] 3 × 10−3 365 7 —

As(III)OI/I-PNMP/PPy (this work) 0.28 340 2 0.63 × 108
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structure of its constituents, As(III)OI/I-PNMP/PPy, as deter-
mined in Figure S3 (Table 1).

4 Conclusions

This study reports the successful creation of a novel As(III)
OI/I-PNMP/PPy photodetector through the strategic combi-
nation of an n-type As(III)OI/I-PNMP nanocomposite with a
p-type PPy layer, establishing a heterojunction structure.
Comprehensive characterization of the synthesized n-type
material affirmed its composition and structure. XPS ana-
lysis identified arsenic in the As³ oxidation state+, while
XRD analysis exhibited a well-defined crystalline structure
featuring high-intensity peaks, corresponding to a crystal-
lite size of approximately 21 nm.

The device’s optoelectronic properties were thor-
oughly examined under various illumination conditions
using ultraviolet and visible light. The outcomes indicated
a robust photoactive response, as indicated by photogen-
erated current density (Jph) measurements during light
exposure, confirming effective charge generation and
transport within the composite material. The photodetec-
tor’s R was significantly enhanced, ranging from 0.23 to
0.28 mA/W, illustrating the device’s high sensitivity to inci-
dent photons across the visible and ultraviolet spectra.
Additionally, the D, a key parameter reflecting the detec-
tor’s ability to detect weak optical signals, was found to be
between 0.52 × 108 and 0.63 × 108 Jones, emphasizing the
exceptional sensing abilities of the developed device. In
summary, the integration of As(III) oxoiodide, iodide-inter-
calated PNMP, and PPy has facilitated the creation of a
highly responsive, broadband photodetector. This hybrid
structure represents a promising foundation for future
optoelectronic applications, especially in photon sensing,
environmental monitoring, and low-intensity light detec-
tion technologies.
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