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Abstract

In this study, polyvinylpyrrolidone (PVP) fibers were fabricated using
electrospinning, and their properties were enhanced through dual doping with zinc
(Zn) and tin (Sn) ions at different Zn: Sn mixing ratios. The structural, optical, and
electrical characteristics of the fibers were investigated to evaluate their potential for
photodetector applications. The X-ray diffraction (XRD) analysis of pure PVP fibers
indicates an amorphous nature, whereas two broad diffraction peaks emerge after
mixing with ions, which is caused by the rearrangement of PVP chains due to their
interactions with the added ions. Field emission scanning electron microscope
(FESEM) images show a significant reduction in fiber diameters and an increase in
the density of the prepared fabric with an increase in the metal ion dopant. Fourier
transform Infrared (FTIR) analysis revealed shifts and intensity changes in
characteristic peaks and the appearance of metal oxide bands, indicating interactions
between the polymer matrix and the dopant ions, that contributing to the enhanced
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functional properties. Incorporating Zn and Sn ions significantly improved the
photodetector performance of PVP fiber/n-Si devices. The doping with the two ions
significantly enhanced the photocurrent to 12.5 times compared to 2.5 times in the
pure PVP fiber/n-Si sample. The fabricated photodetector fibers at a 3:7 metal ion to
PVP ratio show a maximum photosensitivity of 24.8% under a violet light source. The
results from this study demonstrate the potential of dual Zn and Sn ion-doped PVP
fibers as efficient, low-cost, and flexible materials for photodetector applications to
violet light.

1. Introduction

Electrospun fibers have gained significant attention due to their unique properties, including
high surface area-to-volume ratio, tunable porosity, and mechanical flexibility [1]. These
characteristics make electrospinning fibers suitable for a wide range of applications, including air
or water filtration [2], tissue engineering [3], gas sensors [4], and detectors [5]. By adjusting
various processing parameters, the electrospinning technique can produce fibers with controllable
properties, such as diameter, shape, distribution, and orientation [6]. The working parameters of
electrospun fibers include solution viscosity, applied voltage, flow rate, and the needle-collector
distance [7]. Additionally, incorporating functional dopants, such as metal ions or nanoparticles,
further enhances the properties of the fibers, enabling them for specific applications [8]. Varying
the type, concentration, and combination of dopants [9]. It is possible to tailor the mechanical,
thermal, optical, magnetic, and electrical properties [10,11].

Conventional photodetectors are typically fabricated based on silicon, germanium, or other
inorganic semiconductors due to their excellent optoelectronic properties [12]. However, these
materials often involve complex and costly fabrication processes, limited flexibility, and poor
compatibility [13]. Recently, polymer-based composite materials have emerged as a promising
alternative for photodetector applications [14]. Electrospun polymer composite fibers combine
polymers' flexibility and low cost with the enhanced functional properties of incorporated dopants,
such as metal ions or nanoparticles [15].

Incorporating metal ions into the electrospun polyvinylpyrrolidone (PVP) fiber matrix
enhances the performance of the fabricated detectors. These metal ions can interact with the
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polymeric chains and influence the local electronic environment, potentially reduction the energy
band gap by introducing localized states within the band structure. Furthermore, their presence
can enhance the generation and mobility of charge carriers, which is essential for improving the
sensitivity and overall performance of the detectors [16].

Jilani et al. (2024) [17] examined composite materials based on polyvinyl alcohol
(PVA)/PVP blend loaded by CdS/ZnO core—shell nanostructures. The resulted nanocomposites
exhibited improved functional properties, such as enhanced electrical conductivity and optical
transparency. Hamadamin et al. (2025) [18] prepared Cr.O3-doped PVP nanofibers with high
crystallinity and UV light sensitivity onto glass substrates by electrospun deposition at room
temperature.

This study focuses on fabricating and characterizing electrospun PVP fibers doped with Zn
and Sn ions. The goal is to investigate how dual ion doping influences the structural and functional
properties of the fibers and to evaluate their potential in photodetector applications.

2. Experimental Setup

The starting materials are PVP of MW~9000 (from Sigma-Aldrich), tin acetate
(Sn(CH3CO2)2), and zinc acetate (Zn(CH3COz)2) from Sigma-Aldrich Co. 1 g of PVP was
dissolved in 12 mL of 70% ethanol: water solution under stirring for 6 hours at room temperature.
0.5 g of each tin and zinc acetate was dissolved in 10 mL of an ethanol: water solution. The metal
acetate solutions at different mixing volumetric (Sn, Zn) to PVP ratios of 0:10, 1:9, 2:8, and 3:7
were mixed with the PVP solution by a magnetic stirrer for 40 minutes.

The flow rate of polymer injection by syringe pump was fixed at 0.5 mL/h. The needle-to-
collector separation distance was adjusted to 12 cm. A voltage difference of 20 kV was applied,
where the syringe was connected to the positive pole of the power supply and the collector to the
negative pole, as shown schematically in Fig. 1. The electrospun doped PVP fibers were deposited
on glass substrates.
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Collector

Syring pump

High Voltage
Power Supply

Figure 1: Electrospun experimental setup.

The surface morphology and crystallinity of pure and doped electrospun PVP fibers were
examined by a field emission scanning electron microscope (FESEM) (Inspect £-50) and X-Ray
diffractometer (XRD) (Shimadzu 6000). The Fourier transformer Infrared spectroscopy (FTIR)
from Shimadzu was used to identify chemical bonds and functional groups in the prepared
samples.

Fig. 2 shows the scheme of a photodetector based on an electrospun (Zn, Sn) ion-doped PVP
fiber layer on an n-type Si. An aluminum mesh electrode of 200 nm thickness was thermally
evaporated on the fiber layer surface with the aid of a suitable mask under a high vacuum using
the Eduard coating system at room temperature. An aluminum electrode was deposited on the
entire back of the Si wafer. Thin wire connections were attached to the Al electrodes by silver
paste.
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Figure 2: Schematic diagram of the prepared photodetector.

The photocurrent response was examined under light conditions using different light
colors of 20 mW/cm? intensity. Photocurrent measurements were performed using a Keithley
2400 Source Meter to record the current variation under illumination at 1 V forward bias voltage.

3. Results and Discussion

Fig. 3 displays the XRD patterns of the electrospun PVP fiber on glass slides compared to
those of the dual ions of Zn and Sn-doped electrospun PVP at different mixing ratios. The pure
PVP fiber shows an amorphous nature. This result agrees with previous studies [19, 20]. No
variations were noticed at low mixing ratios of the two ions, while at the 3:7 ratio, two broad
diffraction peaks appeared at diffraction angles 20 = 14° and 17°. These two diffraction peaks
result from more arrangements of PVP chains and the strengthening of their ordered structure,
indicating its semi-crystalline nature, which was assigned to previous literature work (JCPDS card
No. 65-2870) [21]. These peaks reflect the short-range order in the polymer chains. These results
agree with those reported by Hotaby et al. [22].
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Figure 3: XRD patterns of (a) the electrospun PVP fiber and that of the dual doped with Zn and Sn at
different mixing ratios of (b) 1:9, (c) 2:8, and (d) 3:7.

Fig. 4 displays the FESEM images of electrospun PVP fibers doped with zinc and tin at
different mixing ratios. Variations in fibers diameter and distribution over the surface with
increasing mixing ratio were noticed. The pristine PVP fibers have uniform fiber diameters of
several microns in length distributed randomly. The histogram of fiber diameter next to the image,
completed using SPSS software, displays a mean diameter of 179.4 nm, with standard deviation
of 58 nm. The mixing of zinc and tin acetates at a 1:9 mixing ratio reduced the mean fiber diameter
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to 142.47 nm, in addition to minor irregularities with a 71.59 nm standard deviation. The mixing
ratio of 2:8 caused a significant reduction in fiber diameters to a mean value of 93.07 nm and a
more systematic diameter. The electrospun PVP fiber film exhibited a higher number of
crosslinking points. The fibers' diameter became thinner at the mixing ratio of 3:7. It became 71.55
nm, with a narrow distribution; a dense fabric appeared in this ratio. The fibers at this ratio
appeared dotted, probably due to the accumulation of added ions on the fiber surface. These
variations in fiber morphology agree with the study of Nartetamrongsutt and Chase [23]. The
significant reduction of fiber diameter, especially at a high mixing ratio, may be due to the
decrease in viscosity of the polymer blend during extrusion in the deposition process. These
variations of fiber diameters and their distribution over the surface with increasing mixing ratios
with the two ions convert it to denser, entangled fabric, improving the entire surface area of the
fiber network and enhancing its capability for sensor applications.

The FTIR transmission spectra of the electrospun PVP fiber and that of the dual-doped with
Zn and Sn at different mixing ratios are shown in Fig. 5. The pure sample displays several
characteristic peaks of PVP structure and some bands corresponding to the moisture content. The
broad absorption band centered at 3436 cm™ corresponds to the hydroxyl group (-OH). The two
bands at 2923 and 2853 cm™! are attributed to the C-H asymmetric and symmetric stretching
vibrations in the CH2 group [24], while their bending modes appeared at 1464 and 1425 cm™
[25]. The band at 1659 cm! is assigned to the C=0 stretching of the amide group in the PVP [26].
The band appears at 1290cm! associated with C-N stretching, and at 1114 cm™, corresponding to
C-0O vibration [27].

After mixing with the two ions of Zn and Sn, slight variations in the spectra were observed
in terms of band shift, intensity, and the emergence of metal oxide bands, due to the bonding
between the added ions and the functional groups of the polymer. Increasing the mixing ratio
causes the attendance of bands associated with Sn-O and Sn-O-Sn bonds to be more distinct at
650 and 586 cm’!, respectively [28]. In addition, the appearance of the broad band around 490
cm™! corresponds to the Zn-O bond. These bands confirm the interaction of these ions with oxygen
in the PVP structure [24]. The more predominant Zn-O than Sn-O bands result from the high
degree of oxidation of zinc compared with tin. Table 1 lists the FTIR bands of electrospun PVP
fibers mixed with Zn and Sn ions at different ratios.

Fig. 6 illustrates the UV-Visible absorbance spectra of the pure and doped electrospun PVP
fiber with Zn and Sn ions at different mixing ratios deposited on glass substrates. The curves
indicate that absorbance increases, particularly in the UV range, as the mixing ratio rises,
accompanied by a slight redshift of the absorbance edge. These changes are attributed to the
interactions between tin and zinc ions with the PVP matrix, leading to improved charge transfer
and new localized electronic states. The higher absorbance in the UV range and reduction of the
bandgap make the prepared fiber fabric layer promising for photoelectronic applications [29]. The

Tauc plots are utilized to determine the energy gap Eg Pt of pure and doped PVP fibers at different
(Zn:Sn) ratios, Eq. (1) [30], as shown in Fig. 7.

(¢hv)? = B(hv — Eg*") 1)
where o represents the absorption coefficient, hv is the photon energy, and B is a constant.

The bandgap significantly decreased from 4.0 eV for the pure PVP fibers to 3.0, 2.5, and
2.0 eV for the doped PVP fibres with different Zn:Sn mixing ratios of 1:9, 2:8, and 3:7,
respectively. This reduction can be attributed to incorporating tin ions into the polymer matrix,
which introduces localized electronic states. These states reduce the energy required for electronic
transitions, effectively narrowing the bandgap.
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Figure 4: FESEM images and fiber diameter distributions of (a) the electrospun PVP fiber and
that of the dual doped with Zn and Sn at different mixing ratios of (b)1:9, (c) 2:8 (c), and (d)3:7.
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Figure 5: FTIR of (a) the electrospun PVP fiber and that of the dual doped with Zn and Sn at
different mixing ratios of (b)1:9, (c) 2:8, and (d)3:7.
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Table 1: FTIR bands of the electrospun PVP fiber and that of the dual-doped with Zn and Sn at
different mixing ratios.

Band Type PVP 1:9 2:8 3:7
-OH 3436.71 3431.87 3431.91 3430.87
C-H stretch 2923.22 2923.35 2923.53 2923.59
2853.11 2853.27 2853.31 2853.33
O-H bending 1730.04 1730.00 1730.00 1730.00
C=0 1659.23 1656.93 1659.33 1658.52
CH, bending 1464.14 1464.25 1464.18 1464.92
1425.07 1425.39 1425.10
Sn-OH 1384.72 1384.74 1384.77 1384.82
C-N 1290.23 1290.00 1289.65
C-O0 1114.01 1088.13 1101.19 1113.63
C-H 798.94 792.94
720.87 720.67 721.80
Sn-O-Sn 650.21 651.33
Sn-O 586.32
Zn-0O 456.29 490.00 490.00
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Figure 6: UV-visible absorbance of (a)the electrospun PVP fiber and that of the dual doped with Zn

and Sn at different mixing ratios of (b)1:9, (c)2:8, and (d)3:7.
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Figure 7: Tauc plots of (a) the electrospun PVP fiber and dual doped with (Zn:Sn)ions at
different ratios of (b)1:9, (c)2:8, and (d)3:7.
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Fig. 8a and b show the I-V characteristics of the pure and doped PVP fiber/n-Si
photodetector systems under light and dark conditions, respectively. Both configurations exhibit
a diode-like response. The light current was slightly higher than the dark current for the pure PVP
fiber/n-Si photodetector. The 3:7 (Zn: Sn): PVP fiber/n-Si photodetector showed a significant
increase in current under light illumination compared to the dark condition.
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Figure 8: I-V characteristics at dark and light conditions using 30 mW/cm’ white light of (a) PVP and
(b) 3:7 (Zn: Sn):PVP fiber/n-Si.

The ideality factor (B) of the pure and doped samples was determined from the slope of the
linear part at the low-bias region from the relation between In(I) versus the applied voltages, as
shown in Fig. 9.
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Figure 9: (a) Ln(l) versus V of PVP fiber/n-Si (b) 3:7 (Zn, Sn ions): PVP fiber/n-Si.

Table 2 lists a comparison between dark and light current at 1 V forward bias voltage of PVP
fiber/n-Si and 3:7(Zn:Sn):PVP fiber/n-Si. The Zn and Sn dual-doped sample demonstrates
significantly enhanced characteristics compared to the pure PVP fiber, where the current increased
about 2.5 times that of the pure sample, and 12.4 times compared with the dark current in the
doped sample. Furthermore, the ideality factor (B) of 2.15 for the doped sample was lower than
that for the pure sample of 3.31, signifying better diode behavior.

Table 2: (a) I-V characteristics parameters of PVP (b) 3:7 (Zn, Sn ions):PVP fiber/n-Si.

Sample Liark(MA) | Lighe(MA) | Liighe/Taark B
PVP fiber/n-Si 2.40 5.95 2.5 3.31
3:7 (Zn, Sn ions):PVP fiber/n-Si 2.00 24.84 12.4 2.15
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The Zn and Sn dual-doped photodetector demonstrates significantly enhanced sensitivity
compared to the pure PVP fiber photodetector. The sensor of 3:7 (Zn: Sn ions):PVP fiber/n-Si was
examined under different-colored light centered at 701, 609, 587, 534, 473, 422 nm wavelengths.

Fig. 10 displays the current-time (I-t) curves with light-on and —off for six colors in the
visible spectrum centered at (701, 610, 587, 535, 474, and 423) nm. The curves appeared of nearly
square pulses. Rise and fall times are calculated directly at a 90% variation. The sensitivity was
determined according to the photocurrent (1) and dark current (I, ) using Eq. (2)[31]:

S = ””;‘ﬂ x 100% 2)

dark

Fig. 11 illustrates a bar graph of the photosensitivity of the fabricated photodetector fibers at
a 3:7 mixing Zn:Sn ratio when illuminated with different light colors of 20 mW/cm? intensity. A
variation of photosensitivity with wavelength appeared, which is attributed to differences in
photon energy. Wavelengths with photon energies exceeding the bandgap induce more efficient
carrier excitation, resulting in higher sensitivity. The maximum photosensitivity of 24.8%
appeared at the violet light source, attributed to the adequate photon energy being higher than the
calculated band gap of the active layer.

The photosensitivity variation at different light colors indicates the sample's potential as a
selective photodetector for violet light. Table 3 lists the photosensitivity, rise time, and fall time
at different lighting colors. Although the photon energies of red and orange light are below the
estimated bandgap of the 3:7 (Zn:Sn):PVP fiber (~2.0 eV), the device still exhibits a minor
measurable response. This behavior may be attributed to the introduction of localized defect states
within the bandgap due to metal ion doping. These states can act as intermediate energy levels,
enabling sub-bandgap photon absorption.

The fabricated (Zn,Sn):PVP/n-Si sensor achieved a violet light sensitivity of 24.8%, which
is moderate when compared to the 3% La- PVP based UV photodetector, which reported a higher
sensitivity of 93.75% [32], but it is significantly better than the 17.7% sensitivity observed in a
previous study of 3% Ag-PVP nanofiber-based UV detector. The following equations were used
to evaluate the performance of the photodetector. The quantum efficiency (n) can be calculated
using the following Eq. (3) [33]:

1240
n()\') B A(mm)xRy

x100% 3)
where A and R, represent wavelength and responsivity (R;), respectively.

The noise-equivalent power (NEP) is expressed in Eq. (4):

In
NEP =2 @)

A

where I, is the noise current.

The Detectivity (D) and Specific Detectivity (D*) were determined according to the
relations Eqgs. (5 and 6):
1

D=— )]
» T ®

where A, It is an active area of the detector.
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Figure 10: Photosensitivity of the 3:7 (Zn, Sn ions):PVP fiber/n-Si using different light colors.
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Figure 11: Photosensitivity of 3:7 (Zn, Sn ions): PVP fiber/n-Si using different light colors.

Table 3: Photosensitivity, rise time, and fall time at different shining colors.

Color Average A (nm) Sensitivity (%) | rise time (s) | Fall time (s)
Red 701 12.6 3.6 3.6
Orange 609 7.4 3.6 2.9
Yellow 587 11.4 5.1 43
Green 534 14.5 2.9 5.1
Blue 473 22.7 4.3 3.6
Violet 422 24.8 2.9 3.6
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Table 4 lists the detector parameters of (Zn, Sn ions):PVP fiber/n-Si across different
wavelengths, including quantum efficiency, noise equivalent power, detectivity, and specific
detectivity. The n values calculated according to Eq. (3) increased from 0.29% at 701 nm to a
maximum of 0.55% at 422 nm, implying that the detector is more efficient at violet regions. This
is consistent with the behaviour of wide-bandgap semiconductor materials. The NEP calculated
based on Eq. (4) decreased from 2.90 x 10-10 W at 609 nm to 2.44 x 10-10 W at 422 nm, indicating
improved sensitivity at shorter wavelengths. The D and D* were calculated using Egs. (5 and 6),
respectively, which are inversely proportional to NEP, decreased with decreasing wavelength.

Table 4: n, NEP, D, and D* at different light colors.

Average L (nm) | 1 (%) | NEPx10"° (W) | D x10° (1/W) | D*x10° (cm.Hz'"2. W)
701 0.29 2.74 3.65 1.27
609 0.32 2.90 3.45 1.20
587 0.35 2.78 3.60 1.25
534 0.39 2.71 3.69 1.29
473 0.47 2.53 3.95 1.38
422 0.55 2.44 4.11 1.43

4. Conclusions

This study demonstrates that electrospun PVP fibers, doped with both Zn and Sn ions, can
be useful for incorporating these ions into the PVP matrix, significantly enhancing the fibers'
structural, optical, and electrical properties. The dual doping also reduced fiber diameter and
increased fabric density, so the active surface increased, enhancing its capability for sensing
applications. The I-V characteristics of the doped fiber sensor showed enhanced photocurrent,
especially under a violet light source. The doped sensor with dual doping exhibits higher current
levels under illumination compared to the pure sensor. The results indicated that Zn and Sn dual
doping substantially enhances the performance of PVP fiber/n-Si photodetectors, making them
more suitable for advanced optoelectronic applications. The photosensitivity analysis revealed
that the 3:7 sample exhibited the best performance, with a maximum sensitivity under violet light.
These conclusions point to the promise of (Zn, Sn) ion-mixed PVP fibers for photodetector
applications.
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