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ABSTRACT

In this work, copper-doped zinc ferrite CuyZn;_xFe;O4 thin films with x ranging
from 0 to 0.09 were synthesized by electric-field-enhanced spray pyrolysis, a novel and
successful technique for depositing this cubic-structured material system. The films’
structural, morphological, and optoelectronic properties were characterized in detail by
X-ray diffraction (XRD), photoluminescence (PL) spectroscopy, field-emission scanning
electron microscopy (FE-SEM) imaging, and current—voltage (I-V) measurements to
assess their overall suitability as visible-light photodetectors. XRD analyses confirmed
a polycrystalline cubic spinel structure. Blue-to-near-infrared emission peaks were
observed in PL spectra, and shifts associated with variations in crystallite size and defect
states were considered. [-V measurements confirmed improved photoconductivity under
illumination, with the best performance at x = (.05, showing the highest photosensitivity
(50.6%) and responsivity (3.39x 10~* A/W). Although high doping caused agglomeration
and cracking, FE-SEM images showed improved particle uniformity at lower copper
concentrations. The films were better suited for detecting blue light, showing their
highest sensitivity at 420 nm. By optimizing composition to improve performance,
these results highlight the potential of Cu-doped zinc ferrite thin films for optoelectronic
devices, particularly photodetection. This work also describes how copper doping
enhances the structural and functional characteristics of spinel ferrites for advanced
technological applications.
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1 INTRODUCTION

Photodeteotors are optoelectronic sensors that detect
incident light or optical power and convert optical

erties. In conventional photovoltaic devices, such as p—n
junction or metal-semiconductor junction-based devices,
photogenerated charge-carrier separation is governed by
an intrinsic built-in electric field of the semiconductor

signals into corresponding electrical signals [1]. Pho-
todetectors are used in a broad range of applications,
including, but not limited to, optical communication
systems, image detection, information processing in
optoelectronics, medical diagnostics and imaging, envi-
ronmental monitoring and detection, and defense and
military applications [2]. Among all photodetectors, fer-
roelectric photodetectors are one of the most researched
topics in recent years due to their distinct material prop-

material. In contrast, ferroelectric photovoltaic materi-
als utilize the electric field generated by their intrinsic
spontaneous polarization to facilitate photoexcited carrier
separation and transport. This new mechanism holds
promise for future photodetection technologies [3].
Among spinel ferrites, Cu—Zn ferrites exhibit a tunable
bandgap [4]. Prior studies indicate that these systems face
several challenges when used as photodetectors, including
bandgap constraints, charge recombination, Fermi-level
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pinning, and defect density [5—7]. Additionally, operation
under a DC current bias has been reported [8].
Spinel-structured ferrites are the most widely used in
electrical engineering due to their magnetic properties,
which are employed in contemporary electrical engineer-
ing [9]. These ferrites exhibit high magnetic permeability
and electrical resistance, making them particularly suit-
able for inductors, sensors, and low- and high-frequency
circuits. In addition, their low eddy-current losses make
them suitable for magnetic and humidity sensors, filter
circuits, and transformers [10-12]. Apart from their
desirable electromagnetic characteristics, ferrites are low-
cost, stable, small in size, and have a high quality factor,
making them ideal base materials for electronic devices
in this frequency range [13, 14]. Spinel ferrites adopt the
AB,Oy structure, where A sites accommodate divalent
cations (Ni%*, Zn%*, Cu?*) and B sites contain trivalent
cations (Fe**, Cr**) [15, 16]. These materials possess a
face-centered cubic (FCC) spinel structure, with Cu—Zn
ferrites exhibiting very strong magnetic behavior. The
magnetic and structural characteristics of these ferrites
are a function of the relative proportion of Cu®* and Zn>*
because Cu?* substitution affects cation distribution and
magnetic ordering within the spinel lattice [17, 18].
Various synthesis pathways, such as sonochemical,
solvothermal [19], co-precipitation [20], sol-gel auto-
combustion [21], spray pyrolysis [22], and hydrother-
mal [21], have been reported. The spray pyrolysis
method is simple, fast, convenient, efficient, and low-
cost. The preparation technique, dopant type, and dopant
concentration affect the structural and optical properties
of spinel ferrites. Current research on CuxZn;_xFe;O4
spinel ferrites indicates that copper-type doping is an
important factor in altering structural and optical prop-
erties. Awad et al. [23] synthesized CuyZn;_4Fe,O4 via
a low-temperature combustion method. They observed
that while particle size increased, the lattice constant
and combustion temperature decreased with increasing
Cu’* content. Next, using Moringa oleifera extract
(MOE), Komal Yadav et al. [24] prepared copper-doped
zinc ferrite nanoparticles via a green method. They
confirmed that particle size is influenced by the Cu?*
content. The sol-gel self-combustion process was also
used by Jamdade et al. [25]to create copper-doped zinc
ferrite CuyZn;_xFe;O4 (x = 0.1, 0.2, 0.3, 0.4, 0.5, 0.6,
and 0.7). Nonetheless, there is a direct correlation
between copper concentration and porosity and structural
parameters. In contrast, Harisha et al. [26] found that
particle size increased with increasing copper content
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despite decreasing lattice parameters. Ankam et al. [5]
studied the system CuxZn;_xFe,O4 and reported that the
structural and optical properties are directly affected by
copper content at x values of 0, 0.25, 0.5, 0.75, and 1.

The objective of this research is to synthesize copper-
substituted zinc ferrite CuyZn;_4Fe,O4, where x = 0
to 0.09, and examine its structural properties at room
temperature using electric field-enhanced spray pyrolysis,
where the electric field is used to increase the deposition
efficiency; this is a novel and successful technique for
depositing this cubic-structured material system. To
the best of the authors’ knowledge, the application of
the electric-field-assisted spray pyrolysis technique for
preparing ferrite materials of the formula CuyZn; _xFe,O4
and their use as visible-light photodetectors has not
been reported elsewhere in the literature. The technique
should lead to the further development of spinel ferrite-
based photodetectors, which are increasingly needed for
technological and medical applications.

2 MATERIALS AND METHODS

The following precursors were used: cupric
nitrate trihydrate (Cu(NO3); -3H,0), zinc acetate
(Zn(CH3COO0O);), and ferric nitrate nonahydrate
(Fe(NO3)3 - 9H,0). These chemicals were supplied by
Loba Chemie Pvt. Ltd. and Thomas Barker (UK),
respectively.

2.1 Preparation of solutions

Aqueous precursor solutions were prepared by dissolv-
ing Cu(NO3), - 3H,0 (2.416 g) (0.1 M), Zn(CH3COO),
(2.195 g) (0.1 M), and Fe(NO3)3 - 9H,0 (4.040 g) (0.1
M) in 100 mL of deionized water for each solution. The
solutions were then mixed in the ratios listed in Table 1.

Table 1 The ferrite compound solution CuxZn; xFe;Oq4, (x=0,-
0.09)

value Composition (Cu (NO3), - 3H,0) | ((CH3 - COO); Zn - 2H,0) | Fe (NO3); .9H,O
x) (ml) (ml) (ml)
0 ZnFe;04 0 25 25

0.01 | Cug.01Zng.99Fe204 0.25 2475 25

0.03 | Cug.03Zn0.97Fe204 075 2425 25

0.05 | Cug.05Zng.95Fe204 1.25 23.75 25

0.07 | Cug.07Zn0.93Fe204 175 2325 25

0.09 | Cug.00Zn0.91Fe204 225 2275 25

2.2 Synthesis of ferrites

Thin films of CuyZn;_yFe,O4 were prepared by elec-
tric field-enhanced spray pyrolysis on n-type silicon
substrates with <100> orientation and 171 Q.cm (1.5 cm
x 1.5 cm). The optimized substrate temperature was 350
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+ 10 °C, the distance between the nozzle opening and the
substrate was calibrated to 30 cm, and an electric field
of 5 kV was established between the nozzle opening and
the substrate. Compressed air was used as a carrier gas.
Prior to deposition, the substrates were cleaned using
a hydrofluoric acid solution and deionized water in an
ultrasonicator. The cleaned substrates were dried in air
and used for spray deposition. The deposition process
consisted of 15-second spray intervals followed by 15-
second pauses. Next, the prepared films were annealed at
500 °C for 30 minutes. Figure 1 illustrates the schematic
diagram of the electric field-enhanced spray pyrolysis
technology and its associated equipment. The reaction is
expected to follow the following chemical equation: Six
thin films of copper-doped zinc ferrite were synthesized
according to the value of (x).

xCu (NO3), - 3H,0 + (1 — x)Zn (CH3COO), - 2H,0
+2Fe(NO3)3 - 9H,0 — Cu,Zn;_FeyOs+
(23 = 2x)H20 + (x + 3)N, + 2(1 — x)CO,

Nozzle

Solution flow

Power| supply

thermocontiol
_ -
Fig. 1 Schematic diagram of the electrical field—enhanced
spray pyrolysis system setup

The structural properties of the ferrite were examined
by X-ray diffraction (XRD) at ambient temperature. The
diffraction angle was measured from 10 to 90 degrees at
a scanning velocity of 0.05 degrees per second. Cu Ka
radiation with a wavelength of 1.5405 A was employed.
In addition, photoluminescence spectra were measured
from 0 to 900 nm.

For I-V characterization and evaluation of the pho-
todetectors’ behavior, aluminum grid electrodes (thick-
ness about 250 nm) were deposited using a vacuum
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evaporation system. Figure 2 illustrates a diagram of the
deposited electrode and a photograph of the system used.

Fig. 2 A diagram of the deposited electrode and a photograph
of the used system

In addition, the photosensitivity of the prepared films
was tested to determine the optimal wavelength for use as
a photodetector in the 200-800 nm range using a single-
wavelength variable light source. Optimal performance
was found in the blue region, and a 450 nm blue laser
source with an intensity of 50 mW /cm? was used under an
AC bias of 3.5 V. The -V (dark and light) characteristics
were also studied using 30 mW /cm? halogen light.

3 RESULTS AND DISCUSSION

The XRD patterns, shown in Figure 3, indicate that
CuxZn;_xFe 04 films exhibit a polycrystalline cubic
spinel structure. The (111), (220), (311), (400), (422),
(333), and (440) planes are represented by peaks at
specific angles (26) of 18.06°, 29.57°, 34.96°, 42.56°,
52.88°,56.44°, and 62.63°, respectively. The dominant
phase across all prepared samples is 311, which is related
to the ZnFe,04 system according to the ICDD 01-082-
1049 database. The crystal size was estimated using the
Williamson—Hall (W-H) relation and ranged from 14.154
nm to 94.81 nm, as shown in Table 2. To express the
cumulative stress-induced and volumetric stress at the
hkl diffraction peak, Equation 1 was used; this equation
is commonly used to account for strain effects that can
change the crystallite size. The volumetric strain and
cumulative strain-induced strain at the hkl diffraction
peak can be represented by Equation 1 [27].

Bpii = (Bhkt) D + (Brit) € (1)

where Dp;( nm) is the crystallite size, Sp; is the full
width at half maximum (FWHM) of the diffraction peaks
and ¢ is the strain.

The crystallite size was determined using the
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Williamson-Hall (W-H) Equation 2 [28]

cos 0Bnk1 = (ﬂ) + (4esin ) 2)
Dy

where (A) denotes the dimensionless shape factor (0.9)

and 6 (rad) is the diffraction angle.

Increasing the copper ion concentration induces pro-
nounced structural changes, including variations in crys-
tallite size and microstrain, as a consequence of site-
occupation preference and ion redistribution. Cu?* ions
preferentially occupy octahedral positions, whereas Zn>*
occupies tetrahedral positions [29]. With increasing
concentration, Cu?* can migrate from octahedral to tetra-
hedral sites, generating strain due to incomplete replace-
ment [30]. This correlation is supported by the XRD data
(Table 2), where the shift in diffraction angle increases
proportionally with the strain value [31]. Specifically, for
x =0 (26 = 34.93°), compressive strain (-0.085%) yields
crystallites of 20.92 nm. Incorporation of Cu?* at x = 0.01
(26 = 35.23°) increases strain (0.159%) and crystallite
size (40.83 nm) as Cu®* occupies octahedral sites. The
maximum strain (0.135%) at x = 0.05 (26 = 34.83°)
is synchronized with Zn>* migration into tetrahedral
sites [29], decreasing the crystallite size (16.25 nm).
Stable occupancy at x = 0.07 (26 = 35.28°) achieves
the minimum strain (-0.026%) with improved stability
(21.89 nm crystallites). Conversely, Cu dominance at x =
0.09 (20 = 35.22°) triggers recrystallization (66.13 nm
crystallites) with high strain (0.321%). Interestingly, the
composite strain is again moderate, suggesting that the
material accommodates these site-local redistributions
effectively.

FE-SEM images of CuxZn;_xFe;O;4 thin films over
a compositional range (x = 0 to 0.09) are shown in
Figure 4. Smaller spherical particles ( 1 pm average
diameter) coexist with large, irregular agglomerates in
the highly heterogeneous morphology of the ZnFe,O4 (x
=0) film. Several particles exhibit necking characteristics
(neck diameter 200 nm), indicating thermally induced
coalescence into larger structures (up to 5.4592 pm).
Weak grain connectivity and possible phase segregation
are indicated by this morphology. Although the average
particle size drops to 600 nm, a similar pattern is observed
at x = 0.01. Interestingly, agglomerates as big as 2.8 pm
are developed when interparticle coalescence increases,
without the clear development of evident necks. The
remarkable morphological change occurs at x = 0.03;
the film exhibits an excellent, uniform distribution of
spherical microparticles and nanoparticles, with much
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lower agglomeration and improved substrate smoothness.
Such enhanced dispersion implies that low-level Cu substi-
tution supports desirable nucleation and growth kinetics.
When the Cu content is increased further (x = 0.05), the
surface becomes smoother, and quasi-spherical particles
are a sign of coalescence. However, with thermal stress
development during annealing, higher substitutions (x =
0.07 and 0.09) lead to evident agglomeration and crack
formation. Cracks serve as defect sites or recombination
foci inside the material. When charge carriers (electrons
and holes) produced by light absorption interact with
these defect-laden areas, they are more prone to non-
radiative recombination instead of contributing to the
photocurrent. This diminishes the quantum efficiency
of the photodetector, leading to a reduced photocurrent
production and decreased responsivity (Figures 4e—f).

—ZnFe,0, Cu, 4,205 Fe,0, —Cu, ., Zn, Fe,0, ——Cu,,Zn,,Fe,0,
('u“ rv‘Lnn LNFC!O" Cuu m)énu 91 FCZO"
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Fig. 3 XRD Diffraction Patterns of
CuyxZn; _xFe;04(x = 0,0.01,0.03,0.05,0.07,0.09)

Table 2 XRD data analysis of CuyZn;_yFe,Oy4
x=(0,0.01,0.03,0.05,0.07,0.09)

. | d-spacing FWHM | Cryst. Size | Lattice strain | Chemical
No. | [2Th. ] (4] WKL orrhy) | [nm] [%o) formula
X=0 34.93 2.56 311 0.46 20.92 -0.0852 ZnFe;04
X =0.01| 3523 2.54 311 0.32 40.83 0.159 ZnFe;04
X =003 3478 2.57 311 041 32.04 0.209 ZnFe,04
X =0.05| 34.83 2.57 311 0.61 16.25 0.135 ZnFe;0y4
X =0.07| 3528 2.54 311 0.4 21.89 -0.026 ZnFe;0y4
X=0.09| 3522 2.54 311 0.36 66.13 0.321 ZnFe,0y4
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Fig. 4 FE-SEM images of CuyZn;_xFe;0y, the prepared films

The photoluminescence (PL) properties of
CuxZn;_xFe,04 films are strongly influenced by their
chemical composition, which modifies both the crystal
structure and electronic transitions. The PL spectra
exhibit five distinct peaks across compositions (x = 0-
0.09), as illustrated in Figure 5 and Table 3. In the absence
of Cu?*, a dominant emission appears at 445.7 nm in the
blue region. With increasing Cu®* concentration, this
peak shifts further into the blue, reflecting changes in
crystallite size that enhance quantum-confinement effects
and correlate with direct bandgap transitions spanning
3.6-2.8 eV [32,33].

Peaks in the 511-545 nm range are attributed to
radiative recombination at octahedral sites, specifically
Fe’*: T2g — Eg transitions [33]. The disappearance
of these peaks at higher Cu concentrations (x = 0.09)
indicates an altered cation distribution within the lattice.

A prominent emission at 365 nm is characteristic
of direct band-to-band transitions, where electrons in
the valence band recombine with holes in the conduc-
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tion band, emitting photons with energy close to the
bandgap [33]. In oxide materials such as ferrites, this near-
ultraviolet peak signifies intrinsic transitions between the
main energy bands. For CuxZn;_4Fe,O4, the persistence
of this peak suggests robust radiative recombination,
underpinned by high crystalline quality and effective
band alignment. Doping-induced strain or compositional
changes can shift the exact position of this peak, reflecting
adjustments in the electronic structure as Cu substitutes
for Zn [5]. These features are particularly valuable
for optoelectronic applications requiring efficient light
emission or absorption in the UV-near-visible range.
As noted above, peaks in the 511-545 nm range are
attributed to radiative recombination at octahedral sites
(Fe’*: Try — E,), and their disappearance at x = 0.09
reflects an altered cation distribution within the lattice.

Substituting Cu for Zn increases the optical bandgap,
for example, from 1.8 eV in pure ZnFe,O4 to approxi-
mately 2.8 eV in Cu-doped samples. The augmentation
of the optical bandgap with the substitution of Cu for Zn
is predominantly ascribed to the Burstein-Moss effect,
resulting from an elevated carrier concentration that
displaces the absorption edge to higher energies. The
512 nm peak (x2.42 eV), located in the green region,
is commonly associated with exciton recombination or
transitions involving defect states such as oxygen va-
cancies or cation disorder. Mid-wavelength emissions
(575674 nm) are linked to oxygen vacancies and elec-
trons trapped at tetrahedral sites [5,34]. Variations in
intensity, such as the enhanced peak at x = 0.05- correlate
with structural distortions induced by Cu?* substitution,
which also affects Fe** occupancy in octahedral sites.
Longer-wavelength peaks (737-860 nm) are attributed
to deep-level defects, including Fe?*/Fe>* inter-valence
charge transfer and infrared transitions. The gradual
disappearance of the 860 nm peak with increasing Cu
content indicates suppressed oxygen-vacancy formation,
as Cu?* stabilizes the spinel lattice [5].

Pure ZnFe,04 (x = 0) adopts a cubic spinel struc-
ture, while higher Cu concentrations (x > 0.5) result in
tetragonal distortion [5,35]. This phase transition alters
cation distribution, with Zn?* preferentially occupying
tetrahedral sites and Fe** octahedral sites, thereby modi-
fying PL emission pathways [36]. The optical bandgap
increases with Cu substitution (e.g., from 1.825 eV for x
=0to0 2.776 €V for x = 1), consistent with the blue shift
observed in the 445.7 nm peak. Higher Cu content also
reduces the density of oxygen vacancies, diminishing the
intensities of certain peaks.
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Increasing Cu content in CuxZn;_cFe;O4 films shifts
PL peak positions due to changes in the crystal field and
defect states, and can either enhance or reduce PL intensity
depending on whether Cu introduces additional radiative
centers or non-radiative pathways [36-38]. The specific
behavior of the 512 nm peak, which shifts or disappears
with increasing Cu, highlights its strong dependence on
the local environment and defect structure.
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Cu“ mZ"u »FE:()A
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Fig. 5 The photoluminescence peaks of the
Cun2Zn(1,x)Fe204 films

Table 3 The photoluminescence peaks of the CuxZn;_xFe;O4
films

X=0 [ Intensity | X= 0.01 | Intensity | X= 0.03 | Intensity | X= 0.05 | Intensity | X= 0.07 | Intensity | X= 0.09 | Intensity
om | @ | om | @uw | om | @ | om | @uw | om) | @uw | om) | @u)
345 | 243 363 173 369 45 365 323 344 1.9
532 | 37 545 533 530 53 512 347 512 69 164 15.16
633 | 1138 663 253 655 162 674 39 614 34 575 15.1
737 |79 781 26.5 754 29.9 796 10.27 771 233
803 | 85 825 478 360 1927

Figure 6 presents I-V (current—voltage) plots illustrat-
ing the electrical performance of CuyZn;_yFe;O4 thin
films under dark and illumination (light) conditions for
various copper concentrations (x = 0, 0.01, 0.03, 0.05,
0.07, 0.09). For all compositions, the current under
illumination (red line) is higher than in the dark (black
line) at any voltage. This indicates clear photoconductive
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behavior, demonstrating that the films are photosensitive
and generate additional charge carriers under illumination.
The curves are roughly symmetrical about the origin,
suggesting near-ohmic contacts and uniform film prop-
erties across the voltage range. CuyZn;_xFe;O4 films
display enhanced current under illumination for all copper
concentrations, with a sharp peak in photoconductive
response at x = 0.05. This implies that precise adjust-
ment of copper concentration can effectively influence
the material’s prospects for utilization in optoelectronic
devices such as photodetectors.
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Fig. 6 Dark and light I-V characterization of CuyZn;_xFe;O4,
x=0-0.09

Figure 7 illustrates the wavelength-dependent Pho-
toresponse of the films ranging from 200 to 700 nm. The
optimized wavelength was around 420 nm.

The experimental findings, as shown in Figure 8 and
Table 4, demonstrate a clear trend in the photodetection
performance of CuxZn;_xFe,;Oy4 thin films as a function
of copper content (x = 0-0.09). More specifically, Figure
8a shows that the photodetection performance of the
films at a wavelength of 450 nm improves systematically
with increasing copper-ion concentration. Figure 8b
also shows that the photosensitivity (S%) of the films
increases with copper content up to a certain extent. It
attains optimal performance at x = 0.05, likely due to
the electronic structure’s design and the introduction of
localized states, which enable more efficient absorption
and charge transport under illumination [39,40]. It then
begins to deteriorate with increasing Cu>* content due to
the formation of cracks, which increase at x = 0.07 and
0.09.
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Fig. 8 (a) Photodetector behavior for various x, (b) the
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These enhancements are consistent with previous
work on ferrite and oxide transition-metal-doped films,
where cation substitution (e.g., Co or Cu) has been
observed to improve photodetector performance by in-
creasing carrier mobility and reducing recombination
rates. For example, ZnFe,;04-doped thin films exhibited
high photosensitivity and fast response times to visible
light, confirming that targeted doping is an effective
strategy for optimizing photodetector materials [41,42].

These results confirm the potential of CuxZn_xFe;O4
films as efficient visible-light photodetectors. The mono-
tonic increase in photosensitivity and sensitivity with
increasing copper concentration indicates that careful
composition engineering can be used to tune the op-
toelectronic properties of such ferrite films for device
applications. However, over-doping can eventually lead
to defect states that act as recombination centers and
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hamper further improvements, a trend observed in similar
oxide systems [39—42].

Table 4 The Photodetector parameters

photo 6 -4 -9 " ] .
Jx10 R, x 10 NEP x10 D* x 10° | Sensitivity

LU ety | A [ TEOE P XA Gones) | ()

0 0.866 2.89 5.78 0.205 1.32 7.55 1.55 14.7
0.01| 0.704 2.35 4.69 0.16 6 1.49 6.69 1.40 15.2
0.03] 0425 1.42 2.84 0.100 2.07 4.83 1.14 25.7
0.05| 0.508 1.69 3.39 0.120 1.89 5.29 1.35 50.6
0.07| 0.711 2.37 4.74 0.16 8 1.79 5.59 1.43 22.8
0.09| 0.895 2.98 5.97 0.21 1.52 6.58 1.59 17.3

4 CONCLUSION

Electric field-assisted spray pyrolysis is a power-
ful, easy, and affordable method for depositing copper-
doped zinc ferrite (CuxZn;_xFe,04, x = 0-0.09) films.
I-V measurements confirmed improved photoconduc-
tivity under illumination in copper-doped samples.
The Cug gsZng.9sFe;O4 film achieved a responsivity of
3.39 x 10~ A/W, surpassing undoped ZnFe,04 by 2x,
demonstrating the effectiveness of controlled Cu dop-
ing. Cu?* substitution introduces compressive strain
and promotes crystallite growth, which can significantly
affect the optical and possibly magnetic properties of
the synthesized Cu—Zn ferrite, even though it has no
discernible effect on the crystal-structure phases.

CuxZn|_xFe,Oy thin films are suitable for optoelec-
tronic applications under limiting conditions where strict
control over lattice strain and crystallinity is essential
because their structural and microstructural properties are
influenced by the ratio of Cu®* ions. Further studies could
explore doping with other transition metals (e.g., Ni, Co)
to enhance responsivity beyond 1073 A/W and suggest
these films as promising materials for photodetection and
advanced technological applications.
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