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Abstract

Engineering defect chemistry and interface quality in nano-interlayers is an effective strategy for improving carrier
transport in metal—insulator—semiconductor (MIS) photodiodes; however, the influence of composition-controlled
defect engineering in ferrite nano-interlayers remains insufficiently explored. In this work, CuixZnsFe,O4 (x = 0.2—
0.8) nano-interlayers were synthesized by chemical bath deposition and employed as interfacial insulating layers in
Cu/p-Si MIS Schottky photodiodes. Zn substitution was utilized as a composition-driven defect and interface
engineering approach to systematically tailor the structural, optical and electronic properties of the ferrite layer.
Structural and morphological analyses reveal progressive crystallinity enhancement, grain growth and reduced lattice
strain with increasing Zn concentration, while optical studies demonstrate band-gap narrowing from 3.68 to 3.50 eV,
promoting enhanced ultraviolet light absorption. X-ray photoelectron spectroscopy confirms oxygen-vacancy-related
defect states and mixed valence species that facilitate charge transfer and improve interface quality. These
interconnected structural and electronic modifications reduce carrier trapping and recombination, leading to lower
ideality factors and enhanced barrier homogeneity. Consequently, the optimized Cu/ Cug2Zng sFe2O4/p-Si photodiode
exhibits a responsivity of 65.9 mA W™, quantum efficiency of 25.5% and detectivity of 2.41 x 10" Jones under
ultraviolet illumination. The present work establishes a comprehensive structure—defect—interface—performance
relationship, demonstrating that composition-controlled defect engineering offers a practical design strategy for high-

performance ferrite-based silicon photodiodes and other optoelectronic devices.
Keywords: Schottky barrier diodes, Ferrite thin films, MIS diodes, Interfacial layer
1. Introduction

In the recent years researchers have developed a keen interest in the experimental studies of metal-semiconductor
(MS) and metal-insulator-semiconductor (MIS) Schottky barrier diodes (SBDs) due to their vast applications in
modern device technology [1]. The formation of interfacial layer between metal and semiconductor is important as it
serves as a dielectric medium which prevent the inter-diffusion between MS junctions and levitate the issues of electric

field reduction in MS diodes thereby influencing the electrical parameters, performance, stability and reliability of the



device [2]. The appropriate choice of interfacial insulating layer and its deposition conditions are important as the
performance of the diodes depends on interface quality, surface preparation, formation of barrier height at MS
interface, sample temperature, thickness and permittivity of interfacial layer [3]. From the literature it is evident that
the barrier height could be either increased or decreased by using an interfacial layer in the M-S interface [4]. Due to
the simple fabrication and multipurpose usage of MIS structured SBDs, they are the potential components in solar
cells, photodetectors, Zener diodes, microwave mixers, varactors, sensors, radio frequency attenuators, rectifiers,

capacitors, photo voltaic energy converters, photodiodes, phototransistors and several integrated circuits [5-7].

Ferrites in nanosized form can be used as the interfacial layer owing to their excellent electrical, optical and magnetic
properties [8]. The general formula to represent ferrites is MFe>O4 where M represents divalent cation such as Cu, Zn,
Ni, Mg, Mn, Co etc [9]. Ferrites have incredible applications in electromagnetic wave absorption, ferromagnetic fluids,
high-density information storage devices, targeted drug delivery systems, high- frequency electronic devices, magnetic
separation, MRI, gas sensors, magnetic refrigeration systems etc [10-15]. Ferrites in the thin film form can be
synthesized by employing the deposition techniques such as spin coating, dip coating, pulsed laser deposition, RF
sputtering, spray pyrolysis, chemical bath deposition, sol-gel method etc [16-18]. The magnetic, optical and electric
properties of the ferrites are strongly dependent on their chemical compositions, temperature and substitutions [19].
Thin films of ferrites belonging to the series Cu;xZnsFe,O4 (x=0.2, 0.4, 0.6, 0.8) are synthesized using chemical bath
deposition due to its simplicity, reduced cost and lesser number of precursors. Cu;.xZnsFe>O4 are used in magnetic
recording media, antennas, microwave latching devices, sensor, switches, radio frequency coil, transformer cores,
circulators, gyrators, high-density information storage devices and phase shifters etc. due to the high electrical
resistivity, low eddy current loss, low dielectric loss and excellent soft magnetic properties [20-25]. These mixed
ternary oxides (or binary ferrites) show more diverse properties than the original unsubstituted ferrite [26]. The Cu?*
ions occupy the octahedral sites and Zn?* ions occupy the tetrahedral sites while Fe** ions can occupy both tetrahedral

and octahedral sites [27,28].

In the present work, composition-driven Cu;_«ZnsFe,O4 nano-interlayers were synthesized through a simple chemical
bath deposition method and employed as interfacial insulating layers in Cu/p-Si MIS Schottky photodiodes. Instead
of considering Zn substitution merely as compositional modification, this work demonstrates its role as an effective
defect and interface engineering strategy. By systematically correlating structural evolution, morphology, optical band-
gap modulation, oxygen vacancy formation, electrical transport characteristics and photodiode performance under
different illumination intensities and operating temperatures, a comprehensive structure—defect—interface—
performance relationship is established. The study demonstrates that controlled interface engineering through Zn
substitution provides a simple and scalable approach for enhancing carrier transport, suppressing recombination losses

and improving ultraviolet photodetection performance in ferrite-based silicon optoelectronic devices.

Despite the extensive investigations on ferrite nanomaterials and metal—insulator—semiconductor (MIS) Schottky
diodes, most previous studies have primarily focused on improving device performance through the selection of
different interfacial dielectric materials or by optimizing fabrication conditions. Comparatively little attention has been

devoted to understanding how composition-driven defect engineering within ferrite nano-interlayers influences the



structural evolution, interface quality, charge transport and ultimately the photodetection performance of MIS devices.
In particular, the influence of Zn substitution on oxygen vacancy formation, lattice distortion and barrier homogeneity,
and the resulting structure—defect—interface—performance relationship in Cu/ CuixZnsFe,O4/ p-Si MIS photodiodes
has not been systematically established. Addressing this knowledge gap is essential for the rational design of high-

performance silicon-compatible photodetectors.
2. Experimental
2.1 Preparation of CuixZnxFe204 thin films

An aqueous solution of Zinc chloride, Copper chloride and Ferric chloride with adequate stoichiometry were prepared,
mixed together and stirred continuously at 80°C for 1 hour to get homogeneous solution. Then aqueous ammonia was
added dropwise to adjust the pH of the solution. Cu;.«ZnsFe,O4 with varying x concentration were prepared (x= 0.2,
0.4, 0.6, 0.8) and immersed the cleaned substrate vertically in the prepared chemical bath as shown in Fig. 1. The
entire system was kept in a water bath at 70°C for 10 hours. The coated films were dried and later annealed at 500°C
for 3 hours. Brown colored thin films obtained were CugsZng.Fe;O0s, CugeZngsFe,04, CupaZngeFerOa,

Cuo.2Zno sFe;04 and named as CZF1, CZF2, CZF3 and CZF4 respectively.
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Fig. 1 Schematic diagram of preparation of thin interfacial film layer by Chemical bath deposition method

2.2 Fabrication of Cu/ CuixZnxFe204 / p-Si SBDs

The CuixZnsFe;O4 were deposited on well cleaned p-Si wafers (100) by chemical bath deposition. The fabricated
films were annealed at 60°C for 2 hours. DC magnetron sputtering (HIND high vacuum-BC 300) was used to deposit
Copper (Cu) metal on the Cu;-xZnsFe;O4 / p-Si films by to fabricate Cu/ CuixZnxFe;O4 / p-Si SBDs as shown in Fig.
2.
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Fig. 2 Schematic diagram of Sputtering set up for the coating of metal electrode layer

3. Results and Discussion
3.1 X-ray Diffraction (XRD) analysis

X-ray diffraction spectra of CujxZnsFe,O4 thin films recorded by Bruker D8 advanced XRD machine by using CuKa
radiation (1.541A) over a 20 range of 10° to 80° is shown in Fig. 3. All the diffraction peaks from the XRD pattern can
be indexed with the single-phase cubic spinel structure of CuFe>O4 (ICDD cardno:72—1174) and ZnFe;O4 (ICDD card
no: 89-1012) [29]. All four samples exhibit peaks at similar 26 positions, suggesting that the same crystalline phases
are present across the samples. The peaks are relatively broad, suggesting that the crystallite size in the samples is
small. Small shifts in peak positions indicate changes in the crystalline behaviour [30]. Such peak shifts are
characteristic of successful compositional tuning in spinel ferrites and indicate local lattice distortion accompanied by
changes in cation distribution. Absence of the diffraction peaks of other species confirms the purity of the synthesized
samples [31].

The average crystallite size of the thin films is evaluated using Scherrer equation [32]

D= KA (1)

B BcosO

where D, 6, K, A and P are the mean crystallite size (nm), Bragg’s angle, crystallite shape factor (0.9), wavelength of
X-ray (1.541 A) and full width at half maximum (FWHM). The average crystallite size obtained from the Scherrer
method for CZ1, CZF2, CZF3 and CZF4 are 6.21 nm, 13.74 nm, 30.17 nm and 42.79 nm. This is due to the variation
of ionic size of the Zn?"and Cu?" cations as the ionic size of Zn>" (0.80 A) is larger than that of Cu®" (0.70 A) [33].

Large crystallite size indicates higher crystallinity, suggesting a more ordered atomic arrangement.
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Fig. 3 X-ray diffraction pattern of Cui«ZnFe;O4 thin films

The micro-strain (g), dislocation density (8) and stacking fault (SF) of the Cu.«ZnsFe,O4 thin films are evaluated using
the following equations (2)— (4).

cos6

e=p = )

5=— (3)

SF = [—]B @)
45(3tan)2

The Table.1 shows the structural parameters evaluated for the Cui«ZnsFe;O4 thin films. The strain and dislocation
density in the films decreases as the concentration of Zn?" increases because the defects in the lattice are removed.
CZF4 films with good crystallinity and less strain are interesting because they have active centers that can improve

the diode's photo responsivity.

Sample Crystallite size D Dislocation density | Micro strain (g) Stacking fault
(nm) (8) x 10" (lines/m?) (SF)
CZF1 6.21 14.274 0.0058 0.0103
CZF2 13.74 5.289 0.0029 0.0052
CZF3 30.17 1.098 0.0024 0.0053
CZF4 42.79 0.546 0.0008 0.0016

Table. 1 The structural parameters of Cu;.xZnsFe;O4 thin films



The progressive increase in crystallite size accompanied by the simultaneous reduction in lattice strain and dislocation
density indicates that Zn substitution effectively improves the structural ordering of the ferrite lattice. Such structural
evolution is expected to decrease grain-boundary scattering and reduce the density of crystallographic defects acting
as carrier trapping centers. Consequently, charge carriers can traverse the nano-interlayer more efficiently, improving
charge transport across the MIS interface. Furthermore, the reduced structural disorder contributes to a more
homogeneous Schottky barrier and suppresses interface recombination, thereby providing the structural basis for the
enhanced electrical and photodetection characteristics observed in the optimized Cu/CZF4/p-Si device. The
simultaneous increase of the crystallite size and the decrease of the lattice imperfections are important for the
performance of devices. Improved crystallinity reduces scattering at grain boundaries and reduces structural defects
and act as carrier trapping centers. This facilitates charge carriers to diffuse more efficiently through the Cu;<Zn.Fe,O4
nano interlayer, thus improving the charge transport at the MIS interface. The lower defect density is also expected to
reduce the recombination at the interface, thus contributing to the lower ideality factor, higher barrier homogeneity
and improved photoresponse for the MIS photodiode. This structural evolution agrees with the recent reports on
composition engineered ferrite nanomaterials, where controlled cation substitution may enhance the crystallinity,
reduce the lattice strain and improve the electrical and optoelectronic performance of ferrite-based devices. Thus, the
present results show that Zn substitution is not only a compositional modifier but also an effective tool for defect and

interface engineering and provides the structural basis for the improved photodiode properties.

3.2 Field-Emission Scanning Electron Microscopy- Energy Dispersive X-ray spectroscopy (FESEM- EDX)

analysis

The FESEM images of Cu;xZnxFe,Oy4 thin films are shown in Fig. 4. FESEM images consist of the grains appearing
as irregular plate or flake-like and quasi-spherical crystallites, forming clustered assemblies in the nanometer regime.
No large cracks or voids are observed, indicating good film continuity. Fig. 4a represents fine nanograins attached to
larger clusters, suggesting incomplete grain growth. This morphology is usually associated with the presence of lower
Zn concentration where nucleation dominates over grain growth. Lower Zn concentration enhances the nucleation rate
resulting in smaller crystallites and porous texture. In Fig. 4b, the particles appear slightly more compact compared to
Fig. 4a. The grain boundaries are more distinguishable and the distribution is relatively improved. As the Zn content
increases, diffusion and grain coalescence enhances leading to improved packing. Fig. 4c shows well-defined
plate/flake-like crystallites with better uniformity. The particle size appears slightly increased and the surface is denser.
The film shows reduced porosity compared to Fig. 4a and Fig. 4b. With increasing Zn concentration, crystallinity and
grain growth enhances resulting in better structural ordering. The Fig. 4c corresponds to minimum lattice strain and
improved spinel stabilization. Fig. 4d displays densely packed plate-like structures. Higher Zn concentration leads to
strong particle coalescence with increased grain size and enhanced grain growth. Such morphology is expected to
improve interfacial contact between the Cu electrode and the ferrite nano interlayer while simultaneously reducing
localized electric-field fluctuations caused by surface irregularities. Consequently, the CZF4-based MIS photodiode
demonstrates superior electrical characteristics. This trend is consistent with dopant-induced lattice distortion and

enhanced diffusion kinetics during film formation. FESEM observed grain growth with increasing Zn content strongly



agrees with XRD results. The gradual evolution from loosely packed nanograins to dense and well-connected plate-
like crystallites demonstrates that Zn substitution promotes grain coalescence and improves film continuity. A compact
nano-interlayer minimizes structural discontinuities at the metal—insulator interface and provides continuous pathways
for carrier transport. The improved interface uniformity also suppresses localized electric-field fluctuations and
reduces carrier trapping at grain boundaries. Such morphological optimization contributes directly to the lower ideality

factor, higher barrier homogeneity and enhanced photocurrent observed in the fabricated MIS photodiodes.
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Fig. 4 FESEM images of (a) CZF1 (b) CZF2 (c) CZF3 (d) CZF4

Fig. 5 shows the EDX spectra of CujxZnsFe,04 thin films. It confirms that all the films consist of Cu, Zn, Fe and O
only. Absence of any other element confirms the purity of the samples and the reliability of the synthesis route adopted
[34]. The cross-sectional FESEM of the Cu/ CujxZnsFe,04 /p-Si diode is given in the Fig. 6. The thickness of the
Cui.xZnsFe;04 film is 440nm and the Cu layer is 210 nm. Quantum mechanical tunneling of the electrons occurs
through potential barriers at small thicknesses. At greater thicknesses, SCLC (space-charge-limited current) takes over
as a space charge region is created due to the accumulation of the injected carriers inside the material. The current

drops as the oxide thickness rises above a critical thickness.



5 cps/eV cps/eV

5
keV keV

r
SEM HV: 10.0 kV WD: 6.42 mm | i | MAIA3 TESCAN

SEM MAG: 9.84 kx Det: SE 2pm

View field: 14.1 ym | Date(m/d/y): 01/19/26 Performance in nanospace

Fig. 6 Cross sectional FESEM images of fabricated Cu/ Cu;.xZnsFe;O4 /p-Si diode




3.3 The UV-VIS-NIR absorption spectroscopy

The absorbance spectra of all the films recorded between 200 nm and 1500 nm are shown in Fig. 7. All four samples
exhibit a significant absorption peak in the UV region around 200- 300 nm. As wavelength increases beyond 300 nm,
the absorbance decreases and then stabilizes towards the higher wavelength [35]. Absorbance remains non-zero in the
visible and NIR regions indicating that the samples still absorb some light in these regions, although to a lesser extent
than in the UV. The absorption intensity is found to be increasing significantly with an increase in Zn concentration.
This is indicative of the enhanced interaction between the incident photons and the ferrite nano interlayers. Such
behaviour is attributed to the better crystallinity, larger crystallite size and the modification of the electronic structure
due to the Zn substitution. The energy band gap of the samples is found using the Tauc relation [36]

(ahv)"= A(hv — Ey) 5)
where Eg, A, o, h, v and n are band gap energy, constant that depends on the transition probability, coefficient of
absorbance, Planck’s constant, frequency and constant that depends on the band gap type. The energy gap of CZF1,
CZF2, CZF3 and CZF4 found using Tauc plot from Fig. 8 are 3.68 eV, 3.63 eV, 3.60 eV and 3.50 eV respectively. The
reduction in band gap can be attributed to the change in the crystalline potential, band tailing or broadening of impurity
band to merge at the bottom of the conduction band upon increasing the zinc content in the samples [37]. A narrower
band gap enhances the probability of photon absorption under ultraviolet illumination, leading to increased
photogenerated electron—hole pairs and higher photocurrent generation. Talaat M. Hammad et.al [38] synthesized Cu,.
ZnsFe,04 (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1) ferrites and reported that the direct energy band gap values of the samples
are in between 3.64 to 3.10 eV with increase in the concentration of Zn*". The decrease in the band gap by increasing

the Zn content was reported by Chen et al [39], Wang et al [40] and Yogo et al [41].
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Fig. 7 UV-VIS-NIR absorbance spectra Fig. 8 Plot of optical band gap energy

Absorption coefficient (a), extinction coefficient (k) and optical conductivity (oop) of CuixZnFe 04 thin films

evaluated using the following equations (6- 8) are listed in Table. 2.
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Oopt =" ®)
where t, n, ¢, A and T are the thickness of the film, refractive index, velocity of the light, wavelength of light and
transmittance. The o and k increases with Zn?" concentration. The production of electron-hole pairs increases as a
rises, because more photons are trapped in the films. An essential metric for analyzing the allowed interband optical
transitions is the optical conductivity. For CZF4, the highest value of Gop =7.366 x 10'* S/cm is obtained, indicating
the strong photo response of the material. The gradual narrowing of the optical band gap with increasing Zn
concentration reflects modification of the electronic structure through cation redistribution and defect-induced band-
tail states. The reduced band gap facilitates more efficient ultraviolet photon absorption, resulting in enhanced
generation of electron-hole pairs within the ferrite nano-interlayer. Simultaneously, the increased absorption
coefficient and optical conductivity indicate improved interaction between the incident photons and the

semiconductor, thereby facilitating efficient carrier generation and transport. These optical modifications directly

contribute to the enhanced responsivity and quantum efficiency observed for the CZF4-based photodiode.

Sample Absorption coefficient (o) x Extinction Optical bandgap Optical conductivity
107 (cm™) coefficient (k) (Eg) (eV) (Gopt) X 10™ (S/cm)

CZF1 1.13 0.27 3.68 2.74

CZF2 1.50 0.37 3.63 3.89

CZF3 1.88 0.46 3.60 5.18

CZF4 2.44 0.60 3.50 7.36

Table. 2 The optical parameters of Cui.xZnyFe>O4 thin films
3.4 XPS Analysis

XPS analysis is used for the investigation of surface composition, electronic structures and chemical states of the
samples. The C 1s at 284.8 eV is used as the calibration peak and is due to the presence of adventitious carbon
deposition on the samples. The XPS survey spectrum indicates that the sample contains the elements Zinc (Zn), Copper
(Cu), Iron (Fe) and Oxygen (O) as expected and is represented in Fig. 9. The presence of Fe 2ps, peak at 710.5 eV,
shake-up satellite structure at 718.6 eV and Fe 2pi» peak at 724.5 eV is confirmed from the Fe 2p XPS spectra [42].
Difference in the binding energy between the doublets confirms the element and the binding energy value confirms
the chemical state [43]. S. Wang et.al [44] observed the shake up satellite peak of Fe appears at 718 eV which confirms
the presence of maghemite or hematite (Fe*"). The deconvoluted spectrum of Fe 2ps; shows three peaks having
binding energies at 710.08, 711.15 and 712.78eV which can be attributed to octahedral Fe (II), octahedral Fe (IIT) and
tetrahedral Fe (III) respectively [45]. From the XPS spectrum of the Cu 2p, the presence of two main peaks along with
satellite features are observed. The presence of Cu 2p3, at 932.5 eV and Cu 2pi2 peak at 953.2 eV is confirmed. The
deconvoluted spectrum of Cu 2ps3; shows two peaks having binding energies at 932.55 and 934.1eV which can be
attributed to Cu (I) and Cu (II) respectively [46]. The existence of satellite peaks at higher binding energy side of the
main Cu 2p peaks is an indication of the presence of Cu?' ions. These satellite peaks arise from charge transfer
transitions in compounds with Cu?* ions. The XPS spectrum of Zn 2p shows two strong peaks at 1044.9 eV and

1021.9¢V that can be attributed to Zn 2p1, and Zn 2psp, which suggest that zinc is present in the Zn?" oxidation state

10



[44]. The peaks are relatively sharp, indicating a single chemical state of zinc. The XPS spectrum of O 1s provides
information about the oxygen-containing species and their chemical environments within the sample. Oxygen can
exist in various forms and each has a slightly different binding energy. The three characteristic peaks located at 530.05
eV, 531.04 eV and 532.48 eV are assigned as the lattice oxygen, non- lattice oxygen and absorbed oxygen respectively
[47]. The peak of 531.04 eV is closely related to surface oxygen vacancies such as non-lattice oxygen, rather than the
lattice oxygen and they play a major role in stabilizing the lattice disorder by passivating the dangling bonds [48]. The
localized defect states produced by oxygen vacancies change the binding energies of neighboring oxygen atoms,
causing a noticeable shift in the position and intensity of the O 1s peak. The surface oxygen vacancies play a crucial
role in improving light absorption, charge separation and the availability of reactive sites for chemisorption [49]. The
existence of oxygen vacancies can also contribute to increase the hydrophilicity. The oxygen vacancies revealed by
XPS not only change the local electronic structure of Cui.Zn.Fe;Os, but also the electrical behavior of the MIS
junction. These vacancies act as shallow donor-like defects to increase the carrier concentration and enhance the
interfacial charge transfer. This leads to reduced carrier trapping, lower recombination probability and enhanced
photocurrent generation. This interpretation is in line with recent reports highlighting defect engineering as a powerful

way to improve the performance of semiconductor photodetectors.

Thus, XPS analysis provides direct evidence that Zn substitution not only modifies the chemical composition but also
alters the defect chemistry of the ferrite nano-interlayer. In particular, the oxygen-vacancy-related component of the
O 1s spectrum indicates the formation of localized donor-like defect states near the conduction band. These oxygen
vacancies facilitate charge transfer by increasing carrier concentration and providing intermediate energy levels for
trap-assisted transport across the ferrite/Si interface. Simultaneously, the improved crystallinity minimizes deep defect
states responsible for carrier recombination. The combined effect of optimized oxygen vacancy concentration and
reduced structural disorder promotes efficient separation and extraction of photogenerated charge carriers, thereby
resulting in lower ideality factors, higher barrier homogeneity and significantly improved photodetection
characteristics. These findings clearly demonstrate that defect engineering through controlled Zn substitution governs

the electronic behaviour of the Cu/Cui—ZnsFe204/p-Si MIS junction.
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Fig. 9 The XPS spectra of CuixZnsFe,O4: (A) survey scan, (B) Fe2p (C) Cu 2p (D) Zn2p and (E) O 1s
3.5 DC electrical analysis

The dc electrical conductivity of the Cuj«ZnyFe;O4 thin films is calculated by measuring the I-V characteristics using
two probe Keithley source meter 2450 by varying temperature as given in Fig. 10. It can be seen that current increases
linearly with voltage from 5 V to 40 V for all the samples [50]. The current increases with the temperature in all films

as mobility of electrons increases when it absorbs the heat energy [51].
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Fig. 10 I-V characteristics of the Cu;.xZnxFe;Oy thin films

The conductivity (o) is calculated using the following equation [4]

t
Odc — H (9)

where A, t and R are area, thickness and resistance of the films. As zinc concentration rises, the average resistivity of
the films reduces. The decrement in average resistivity is usually due to increased grain size, improved crystallinity,
reduced defects and impurities when zinc content is increased. The lower resistivity can improve the rectification in
the fabricated SBDs [52]. The average conductivity increases with zinc concentration. Conductivity values vary from
1.24 x 10 S/cmto 5.53 x 10-'*S/cm indicating the insulating behaviour of the films thereby making it an appropriate
material for interfacial layer [53].

The activation energy of the films can be calculated from the slope of the Arrhenius plot as given in Fig. 11 using the

equation [54]

o= o0 exp(e) (10)
where E., kg and oy are activation energy, Boltzmann constant and pre-exponential factor. The evaluated values of

conductivity, resistivity and activation energy are listed in Table. 3. The average activation energy values reduces with

increasing Zn?" concentration.
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Fig. 11 Arrhenius plots of 1/T vs. In (o) for Cui«ZnyFe>O4 thin films
Sample Resistivity (p) (Qcm) Conductivity (o dc) Activation energy (Ea)
(S/cm) (eV)
CZF1 8.95x 103 1.24x 10" 0.561
CZF2 6.47x 10" 1.54% 1074 0.518
CZF3 4.53x 101 2.20% 1074 0.391
CZF4 3.13x 103 5.53x 1074 0.322

Table. 3 The electrical parameters of Cui«ZnsFe,O4 thin films

The improvement in electrical conductivity with increasing Zn concentration originates from the combined influence
of enhanced crystallinity, reduced lattice disorder and defect-assisted carrier transport. Although the ferrite films
preserve their insulating nature, which is essential for efficient MIS operation, the moderate increase in conductivity
facilitates carrier transport across the nano-interlayer without compromising the Schottky barrier. Therefore, the
optimized electrical characteristics arise from a balanced combination of sufficient insulation for barrier formation

and adequate carrier transport through the defect-engineered ferrite layer.
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3.6 I-V characterization of Cu/ CuixZnxFe:204 / p-Si Schottky barrier diodes with light variation

Fig. 12 shows the schematic diagram of Cu/ Cu;xZnxFe;O4 /p-Si MIS structured SBD. The I-V characteristics of Cu/
CuixZnyFe 04 /p-Si type SBDs measured using Keithley source meter 2450 observed under dark and light conditions
in the voltage range — 5 V to 5 V by varying the power of UV- C light sources are shown in Fig. 13. The diode under
illumination shows higher values of current compared to dark indicating the photo-conducting nature of the fabricated
diodes [55].

Fabricated diode

Fig. 12 Schematic diagram of Cu/ CuixZnxFe,O4 /p-Si MIS structured SBD

The increased current in an MIS diode upon illumination is a result of the photon induced charge carrier generation
and the modification of the device's electrical characteristics, that is heavily influenced by the insulating layer which
traps or accumulate charge carriers [56]. Also, the current increases with the illuminating power in all the fabricated
diodes. When the illuminating power increases, a higher number of photons are incident on the MIS diode. A greater
number of incident photons leads to a proportional increase in the generation of electron-hole pairs that directly
contributes to a high photocurrent [57]. Ghamdi et. al [58] fabricated Al/WOs/p-Si type photodiode and analyzed the
photo conducting behaviour by varying illuminating power. He observed the increment in the current with the

illuminating power in the fabricated diode.
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Fig. 13 Light dependent I-V characteristics of Cu/ Cui«ZnsFe,O4 /p-Si type SBDs

The In (J)-V plot for Cu/ Cui«ZnsFe,O4 / p-Si type SBDs is shown in the Fig. 14. The current density (J) is calculated
by considering the thermionic emission theory (TET) and the equation is given by [59]

=0 [exp (:25) - 1 (1)

Jo=A*T2 exp( — 328 12
p kgT
B

Where Jo, kg, V, T, q, n, A* and @ are reverse leakage current density, Boltzmann’s constant, voltage, temperature in
kelvin, electron charge, ideality factor, Richardson constant and barrier height. The ideality factor (n) and barrier

height (®g) are calculated using the following equations [60]

_a (4w

=T (d(ln(]))) (13)
Ty (AT

Dy =2 in - ) (14)

The ideality factor characterizes the closeness of diode's behavior with the ideal diode equation. The ideal behaviour
is characterized by an ideality factor of 1 [61]. Values greater than 1 indicate the non-ideal current-voltage
characteristics of the diode and it arises due to the existence of a large number of trapping states, high density of
interface states at M-S interface, barrier inhomogeneity, voltage drop at the insulating layer, bias-dependent barrier

height and series resistance [62]. The ideality factor (n) of the diodes decreases with the increase in the illumination
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power due to the production of a large number of electron-hole (e” - h*) pairs after the absorption of the light [63].
This behaviour is related to the photo conducting nature of the fabricated diodes. The diode having higher Zn
concentration (CZF4) exhibits the lowest n value of 3.23 under illumination using 75 W source. CZF4 absorbs more
photons to generate more charge carriers that crosses the higher junctions as indicated by absorption spectra also. The
barrier height values of the diodes increase under illumination compared to dark conditions [64]. The surface of a
semiconductor material has energy states that can trap the charges and the illumination changes the charge distribution
within the depletion region thereby affecting the barrier height [65]. Fig. 15 depicts the Energy band diagram of the
fabricated Cu/ CuixZnsFe,O4 /p-Si type SBDs.

To analyze the behaviour of the Cu/ CuixZnyFe 04 /p-Si MIS diodes under variable illumination, the photodiode
parameters like Photosensitivity (Ps), Responsivity (R), Quantum efficiency (QE) and Detectivity (D) are calculated

using the following equations [60]

pg = E 2 (15)
D
_lon
R=lo (16)
QE="% (7
_ R
ST (1%)

Where Ipy, Ip, ¢, q, A, P, A and h are photocurrent, dark current, velocity of light, electronic charge, area of the diode,
optical power of the light, wavelength of light and Planck’s constant. The evaluated diode parameters are recorded in

the Table. 4.
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Sample Power of Ideality | Barrier Photo Responsivity Quantum Detectivity
the light factor height sensitivity (mA/W) efficiency (x10'%)
source (W) (n) eV) (%) (%) (Jones)
CZF1 0 5.84 0.634 - - - -
25 5.45 0.644 18000 10.6 4.12 3.86
50 5.19 0.657 29600 15.9 6.16 6.11
75 5.02 0.659 35100 232 8.99 7.80
CZF2 0 5.50 0.644 - - - -
25 5.32 0.651 17500 9.92 3.85 4.11
50 4.93 0.659 25700 13.9 5.38 6.10
75 4.77 0.660 35200 28.8 11.2 8.74
CZF3 0 4.94 0.653 - - - -
25 4.09 0.659 27300 12.6 4.90 4.20
50 3.94 0.662 38700 23.6 9.17 6.66
75 3.78 0.666 68600 48.6 18.8 12.6
CZF4 0 4.51 0.661 - - - -
25 3.77 0.668 32200 23.1 8.97 7.91
50 3.62 0.676 41500 28.8 11.2 10.5
75 3.23 0.688 106000 65.9 25.5 24.1

Table. 4 Diode parameters of Cu/ CuixZnxFe,O4 / p-Si SBDs

The photo-sensitivity of the fabricated diodes increases with illuminating power due to the production of electron-
hole pair after light absorption [66]. CZF4 shows higher sensitivity making it an appropriate candidate for designing
highly sensitive optoelectronic devices. R. Marnadu et. al[67] fabricated Cu/ Ce-WOs3/ p-Si diodes by varying intensity
of light from 0 to 130mW/cm? and a maximum photosensitivity of 17509.62% was observed in the MIS diode
fabricated with 12 % of Ce when illuminated at 130 mW/cm?. The CZF4 shows highest responsivity of 65.9 when
illuminated by 75W light source. A higher photo responsivity indicates the ability of the photodetector to produce
enough electrical output from a given amount of incident light [68]. The Quantum efficiency (QE) is the number of
charge carriers needed to produce the photocurrent for every photon incident on the device [69]. The maximum QE
of 25.5 is shown by CZF4 under illumination using the 75W light source. This enhanced QE is due to the increased
value of absorption coefficient of CZF4 film that is evident from the absorbance spectra. Increased photon absorption,
separation and collection of the photogenerated charge carriers leads to high values of QE [70]. CZF4 has minimum
band gap to support the penetration of higher energy photons to increase the QE. A maximal value of detectivity is
shown by CZF4 so that it can be employed to detect even the weak signals ensuring the fabricated device can operate

under low light conditions thereby maintaining high performance [71].
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The enhanced device performance with increasing Zn concentration is attributed to the combined effect of (i) improved
crystallinity, (ii) reduced lattice strain, and (iii) increased oxygen vacancy concentration, which introduce localized
states near the conduction band. These states facilitate carrier transport via trap-assisted tunneling and reduce
recombination losses. Consequently, improved charge separation and transport lead to enhanced responsivity and
detectivity. The good agreement between the structural, morphological, optical and electrical studies defines a clear
structure property-performance relationship, improved crystallinity, less lattice strain, uniform surface morphology
and optimized oxygen vacancy concentration that collectively increase the transport at the Cuj.xZnsFe>O4 / p-Si
interface resulting in enhanced photodetection performance. The results show that interface engineering by
composition provides a practical and scalable design of next generation ferrite-based MIS photodiodes. The fabricated
Cu/ CuixZnsFe,04 / p-Si SBDs (x=0.8) reveal a promising photo conducting behaviour that is very sensitive to light
intensity indicating a strong potential for photodetector applications. The enhancement in photodiode performance
with increasing Zn concentration cannot be attributed to a single structural parameter; rather, it results from the
synergistic interaction between structural ordering, defect engineering and interface optimization. Larger crystallites
reduce grain-boundary scattering, improved morphology enhances interface continuity, oxygen vacancies facilitate
carrier transport, and the narrowed optical band gap increases photon absorption. These interconnected structural and
electronic modifications collectively improve carrier generation, separation and extraction across the MIS junction,
resulting in lower ideality factors, enhanced barrier homogeneity, higher responsivity and superior detectivity. The
present study therefore establishes a clear structure—defect—interface—performance relationship for composition-

engineered ferrite nano-interlayers.
3.7 I-V characterization of Cu/ CuixZnxFe204/ p-Si Schottky barrier diodes with temperature variation

Fig. 16 shows the I-V characteristics of the diodes recorded using Keithley source meter 2450 by varying temperature
from 30°C to 100°C in the voltage range — 5 V to 5 V and studied how diode parameters are depending on the
temperature. All devices preserve their rectifying behaviour throughout the investigated temperature range,
demonstrating the excellent thermal stability of the Cu;.xZn.Fe>O4 nano interlayers and the robustness of the fabricated

MIS junctions. The temperature dependent values of n and ®@g are given in Table. 5.

The absence of abnormal current fluctuations further indicates the formation of stable and electrically homogeneous
interfaces. There is an increment in the values of barrier height and decrement in the ideality factor with increment in
the diode temperature emphasizing the role of interfacial layer to accomplish temperature-dependent performance
[72]. The In J versus V plot for Cu/ Cuj«ZnxFe,O4 / p-Si SBDs in the temperature range of 30-100°C are shown in
Fig. 17. For CZF4, the ideality factor decreased to 4.08 at 100°C suggesting enhanced electrical characteristics [73].
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Fig. 16 I-V characteristics of the Cu/ Cu;.xZnxFe>O4 / p-Si SBDs at different temperatures

As the ideality factor is not constant with temperature and the decrement in the value of n with temperature is observed,
the existence of a temperature-dependent charge transport mechanism can be confirmed [74]. The presence of the Cu,.
ZnsFe,O4 layer influences the charge recombination processes thereby improving the rectification behaviour and
diode performance [75]. The electrons at low temperatures can overcome the lower barriers as the current transport
across the metal-semiconductor interface is a temperature activated process [76]. As the temperature and bias
increases, more and more electrons acquire enough energy to overcome the higher barrier leading to increased barrier
height with temperature [77]. The increase in barrier height and the simultaneous decrease in ideality factor with
increasing temperature suggest progressive activation of thermionic emission and improved barrier homogeneity. Such
behaviour has been reported in recent MIS Schottky photodiodes employing engineered oxide interlayers, where
temperature facilitates carrier transport across a more uniform interface while reducing the influence of localized
interface states. The temperature dependence of the ideality factor and barrier height for Cu/ CuixZnyFe>O4 / p-Si
SBDs is shown in Fig. 18. A. Tataro glu et.al [72] analyzed the current—voltage (I-V) characteristics of Au/SiO»/n-Si
(MIS) Schottky diodes in the temperature range of 300—400K and observed a decrease in the value of n and an increase
in ®p with increasing temperature. Mehmet Okan Erdal et. al [78] analyzed the I-V characteristics of Al/TiO2/n-Si
SBDs in the temperature range of 50K— 400K and the strong dependence of diode parameters on temperature is
observed. The n decreases and ®g increases with increasing temperature. The enhanced thermal response shows that
the composition-controlled interface engineering will not only improve the device performance at room temperature

but also ensure the stable operation under various environmental conditions.
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Fig. 17 Temperatures dependent In (J)—V plots for Cu/ Cu;xZnsFe,O4 / p-Si SBDs

Temperature Ideality factor (n) Barrier height eV (®g)
©) CZF1 | CZF2 | CZF3 | CZF4 | CZF1 | CZF2 | CZF3 | CZF4
30 6.19 | 598 | 571 | 5.68 | 0.642 | 0.644 | 0.646 | 0.648
40 6.02 | 575 | 542 | 5.14 | 0.646 | 0.649 | 0.651 | 0.653
50 582 | 558 | 526 | 5.02 | 0.648 | 0.651 | 0.655 | 0.658
60 535 | 524 | 512 | 494 | 0.651 | 0.653 | 0.659 | 0.664
70 517 | 5.01 | 483 | 4.64 | 0.657 | 0.658 | 0.661 | 0.668
80 501 | 487 | 451 | 435 | 0.661 | 0.666 | 0.669 | 0.670
90 490 | 468 | 434 | 4.23 | 0.665 | 0.670 | 0.671 | 0.673
100 474 | 457 | 430 | 4.08 | 0.668 | 0.675 | 0.678 | 0.680

Table. 5 Diode parameters of Cu/ Cu;.xZnsFe;O4 / p-Si SBDs at different temperatures
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Fig. 18 Temperature dependent variation of n and ®g for Cu/ Cui.«ZnsFe;O4 / p-Si SBDs
3.8 Capacitance — Voltage (C-V) characteristics of Cu/ CuixZnxFe204 / p-Si diodes

The C-V characteristics of Cu/ Cui.«ZnsFe;O4 / p-Si diodes at room temperature recorded using Keysight E4990A
impedance analyzer is shown in Fig. 19. A high frequency of 1 MHz is used for studying CV profile due to the minimal
contribution to capacitance from interface traps at high frequency. The comparatively flat curves with weak voltage
dependence imply uniform charge distribution in the material, stable dielectric response under bias and minimal
interface states or traps. The nearly constant capacitance over the voltage range indicates good electrical stability and
low interface defect density. The enhanced carrier injection or charge accumulation causes a small increase in
capacitance at positive bias [79]. It is clear that CZF4 shows the highest capacitance and CZF1 the lowest. This
increase is due to the higher dielectric constant due to better crystallinity, increased polarization and reduced defects

that enhances charge storage ability.
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Fig. 19 C-V characteristics of Cu/ Cui«Zn.Fe;O4 / p-Si diodes

Fig. 20 shows the C2-V plot from where barrier height can be evaluated using the following equation [80]

®B=Vd+2—rln(1;—‘j)

(19)

Vs the diffusion potential, Ny is calculated from the slope of C-2-V plot. The origin of kT/q term is by the penetration

of electrons from the metal to the depletion region [81]. N=2.8x10"cm? is the effective density of states in Si

conduction band. The parameters obtained from C-2-V characteristics are given in Table. 6. The comparison of the

performance parameters of Cu/ CuiZnsFe,O4 / p-Si diode with previous reports are summarized in Table. 7. The

optimized Cu/CZF4/p-Si photodiode shows the maximum built-in potential along with favorable depletion

characteristics, indicating the superior quality of the composition engineered interface.

Sample Va (V) Ng (cm™) ®g (I-V method) @ (C-V method) (eV)
(eV)
CT4 1.45 1.94x 10" 0.642 0.427
CT6 1.60 6.42x 1018 0.644 0.487
CT8 1.81 3.56x 1018 0.646 0.669
CT10 1.94 1.49% 1018 0.648 0.710

Table. 6 The parameters obtained from C2-V characteristics of Cu/ Cui.xZnxFe>O4 /p-Si SBDs
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Fig. 20 C2-V plots of Cu/ Cui-xZnxFe;O4 / p-Si diodes
Author Device structure Photosensitivity | Responsivity Quantum Detectivity (Jones)
(%) (mA/W) efficiency
(%)
Vivek et.al [82] | Cu/MoOs/p-Si 610.51 35.130 136.22 11.49 x10'°
G. Su et.al [83] | SnS,/Si0,/Si - 8.8 2.4 2 x10°
V. Cu/Yb@V,0s/n-Si 75545.70 37.90 25.93 9.97 x10'°
Balasubramani
et.al [84]
S. Sil et.al [85] | Al/CusFeS4/FTO 1.13 1.52 - 2.77 x10'0
R.  Marnadu | Cu/Sn-WOs3/p-Si 960.95-137.63 | 5083.5 1971.1 12.089 x10'°
et.al [86]
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P. Gayathri | Cu/ZrO>@Zn/n-Si 10151.51 2.95x10* 1.14x107 1.17 x10°

et.al [87]

V. Cu/Nd-V>0s/n-Si 19427.80 23.79 14.10 -

Balasubramani

et.al [88]

B. Zu et.al [89] | Au/SiO,/Si - 0-4.5 0.27-0.71 1.01-1.50 x10'°

Present work | Cu/CujxZnyFe;04/ p- | 18000-106000 | 10.6-65.9 4.12-25.5 3.86-24.1 x10'°
Si

Table. 7 Comparison of the Cu/ Cui«ZnsFe,O4 / p-Si diode performance with previous reports

Overall, the present investigation demonstrates that Zn substitution serves as an effective composition-controlled
defect engineering approach rather than merely compositional modification. Structural ordering, defect chemistry,
optical absorption and interface quality evolve simultaneously with increasing Zn concentration, producing a
synergistic improvement in charge transport across the MIS junction. This comprehensive correlation between crystal
structure, oxygen vacancy concentration, interface quality and photodetection characteristics provides valuable design

guidelines for developing next-generation ferrite-based silicon-compatible optoelectronic devices.
4. Conclusions

This work establishes that composition-controlled defect and interface engineering is an effective strategy for
improving the performance of ferrite-based MIS photodiodes. Zn substitution simultaneously enhances crystallinity,
reduces lattice strain, optimizes oxygen-vacancy concentration, improves interface quality and facilitates efficient
carrier transport across the Cui—Zn«Fe204/p-Si junction. The systematic correlation established between structural
evolution, defect chemistry, optical properties and electrical performance provides fundamental insight into the
structure—defect—interface—performance relationship governing ferrite nano-interlayers. The optimized composition
Cuo.2Zno sFe,04 MIS diode sample (CZ4) exhibits superior photodiode characteristics, including low ideality factor,
high responsivity, enhanced quantum efficiency and high detectivity under illumination. The improved performance
is attributed to defect-mediated charge transport, enhanced crystallinity, and improved interface quality. The strong
dependence of diode parameters on both light intensity and temperature highlights the multifunctional nature of the
device. The results confirm that Zn-induced interface engineering plays a decisive role in tailoring charge transport
and enhancing the optoelectronic performance of MIS Schottky diodes. The demonstrated facile chemical bath
deposition, composition-tunable nano interlayers and excellent ultraviolet photodetection performance suggest that
Cui«ZnyFe;04 is a promising interfacial material for next-generation silicon compatible optoelectronic devices. Future
work may involve optimizing the film thickness, extending the spectral response to the visible region through further
compositional engineering and incorporating these MIS photodiodes into flexible self-powered and wearable sensing

platforms for environmental monitoring, biomedical diagnostics and optical communication.
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