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Abstract

This work presents an extensive investigation on the synthesis, structural characterization, optical
evaluation, and device applications of Er-doped and Er-Yb co-doped ZnO thin films prepared via a
citric acid-assisted sol-gel process combined with spin coating. Pd/ZnO:Er and (Er/Yb)/n-Si/Au-Sb
Schottky barrier diodes were fabricated using resistive evaporation technique for precise contact
deposition. The impact of Er and Er-Yb codoping on structural, optical, and electrical properties, as
well as device performance was compared in detail, providing insights into rare-earth codoping
strategies for high-performance optoelectronic devices. X-ray diffraction (XRD) analysis confirmed
the retention of the hexagonal wurtzite structure in all films, with minor shifts in peak positions
indicating successful doping. Optical characterization revealed a slight widening of the bandgap in
co-doped films, attributed to the dopant effect. Electrical measurements of SBDs demonstrated
improved rectification ratios, lower ideality factors, and higher barrier heights in co-doped films
compared to undoped Er doped counterparts. These findings underscore the efficacy of Er/Yb co-
doping in modulating the properties of ZnO thin films for advanced optoelectronic applications.

Keywords: Er-doped ZnO; Er/Yb co-doping; sol-gel spin coating; Schottky barrier diode; thin films

1. Introduction

Zinc oxide (ZnO) thin films are widely recognized for their potential in optoelectronic devices
due to their wide bandgap (~3.37 eV), high exciton binding energy (~60 meV), and excellent
transparency across the visible spectrum [1,2]. Consequently, these intrinsic properties make ZnO
suitable for a range of applications including photodetectors, light-emitting diodes (LEDs), and solar
cells [3]. Furthermore, the versatility of ZnO allows for integration with other materials and dopants
to tailor its properties for specific device requirements [4].

Incorporating rare-earth ions such as erbium (Er) and ytterbium (Yb) into ZnO modifies its
optical behavior. Specifically, erbium introduces characteristic green and red emissions, while
ytterbium acts as a sensitizer, enhancing up-conversion luminescence efficiency [5,6]. Moreover,
recent investigations suggest that co-doping ZnO with both Er and Yb can produce synergistic effects,
resulting in higher luminescent efficiency and extended device functionality [7]. Therefore,
understanding the interaction between these dopants and the ZnO lattice is critical for optimizing the
optical performance of thin films [8,9].

The sol-gel spin coating technique is favored for thin film fabrication due to its low cost,
simplicity, and ability to produce uniform coatings [10]. In addition, this method allows precise
control over thickness and chemical composition, enabling the production of high-quality ZnO thin
films with tailored properties [1,11,12]. Consequently, sol-gel spin coating has become a widely
adopted approach for incorporating rare-earth dopants into ZnO thin films, bridging the gap between
material synthesis and device implementation [13].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Device performance is strongly influenced by the choice of metal contacts. Palladium (Pd) is
commonly used to form Schottky contacts on ZnO, benefiting from its suitable work function [14,15].
Meanwhile, gold-antimony (AuSb) alloys have been demonstrated as low-resistance ohmic contacts
for n-type ZnO, facilitating efficient charge transport [16]. Therefore, the combined optimization of
Schottky and ohmic contacts is essential for achieving high-performance optoelectronic devices based
on doped ZnO thin films [17].

Although extensive research exists on individual doping of ZnO with Er or Yb, few studies
address co-doping and its impact on structural, optical, and electrical properties [6,12,18,19]. For
example, Ahmed et al. [20] examined Er and Yb co-doped ZnO thin films using sol-gel spin coating,
showing enhanced electrical characteristics; however, the underlying mechanisms and device
implications were not fully explored. Consequently, there remains a need to understand how co-
doping affects both the microscopic and macroscopic properties of ZnO films [17,21]. Moreover,
while sol-gel spin coating is well established, there is limited investigation into innovative sol-gel
strategies that ensure uniform rare-earth doping and scalable production [10,22-25]. D. Tolera et al.
[1] proposed an acid-assisted sol-gel approach for stabilizing precursor solutions, improving the
homogeneity of Er-ZnO and Yb-ZnO thin films. Nevertheless, their study focused primarily on
synthesis rather than in-depth property analysis. Hence, further research is required to link
fabrication techniques with the resulting film performance. On other hand, despite prior work on Pd
Schottky and AuSb ohmic contacts, research examining their combined effect on devices based on Exr-
Yb co-doped ZnO is scarce [26]. Elgazzar et al. [27] explored Pd and Sn co-doping in ZnO
nanostructures, but the performance of Er-Yb co-doped films with these specific contacts remains
largely uninvestigated. Therefore, systematic studies that correlate dopant co-incorporation, contact
materials, and device performance are essential [28,29].

This study aims to address the aforementioned gaps by systematically examining the effects of
Er and Yb co-doping on ZnO thin films fabricated via sol-gel spin coating. By optimizing processing
parameters and thoroughly characterizing the films, we intend to enhance understanding of their
luminescent and electrical properties. Moreover, integrating Pd Schottky contacts and AuSb ohmic
contacts into these co-doped films is expected to improve device efficiency and reliability [30]. In
addition, the insights gained from this work could contribute to the development of advanced
optoelectronic devices including LEDs, solar cells, sensors, diodes and photodetectors with enhanced
performance and broader applicability [31]. This research tries to addresses existing knowledge gaps
for future device engineering based on rare-earth co-doped ZnO thin films.

2. Experimental Details

2.1. Materials and Solution Preparation

High-purity reagents were used to ensure reproducibility and to minimize contamination. Zinc
acetate dihydrate (Zn(CH3COO)2-2H20) served as the zinc source, while erbium and ytterbium were
introduced as their nitrate pentahydrate salts (Er(NOs)35H20 and Yb(NO3)3-5H20). Ethanol was used
as solvent, and monoethanolamine (MEA) together with citric acid were added as chelating and
complexing agents to stabilize the precursor solution. Deionized water was used throughout to avoid
ionic impurities.

A 0.5M zinc acetate stock solution was prepared in 60 mL ethanol. MEA (2 mL) and citric acid
were added to control hydrolysis and keep the solution stable. The mixture was magnetically stirred
at 60 °C for 2 hours to fully dissolve and homogenize the solution, then left to age at room
temperature for 48 hours to promote network formation and improve dopant dispersion. Dopant
salts (Er and Yb) were introduced to yield atomic concentrations of 0, 1, 3, and 5 at.% for single (Er)
and co-doped (Er-Yb) formulations, with continuous stirring during addition to avoid local
aggregation.

2.2. Thin Film Deposition

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Microscope glass slides were chosen for structural and optical studies, whereas n-type silicon
(n-Si) substrates were reserved for electrical tests and device fabrication. Substrates underwent
ultrasonic cleaning in acetone, ethanol, and deionized water and were dried under nitrogen prior to
coating. Films were spun at 4000 rpm for 40 s. After each coating step, films were soft-baked at 350
°C for 10 min to drive off solvent and reduce stress. The coating and preheat cycle were repeated
three times to build a uniform film of the desired thickness.

The thermal treatment of the sample was done at 500 °C. Here, we annealed the as-deposited
films in air at 500 °C for 1 hour to crystallize the ZnO, remove organics, promote grain growth, and
reduce defect densities (such as oxygen vacancies) that strongly influence transport and optical
behavior.

2.3. Schottky Diode Fabrication

Schottky diodes were fabricated on n-Si substrates by depositing a 100 nm palladium (Pd)
Schottky contact featuring a 0.6 mm diameter circular contact area. Rear-side ohmic contacts were
formed using a 150 nm AuSb alloy to ensure low-resistance back contact and reliable current
collection. This contact scheme was chosen to provide rectifying behavior with minimized contact
resistance.

2.4. Characterization Techniques

X-ray diffraction (XRD) measurements were carried out with Cu Ka radiation (A =1.5406 A) over
20 = 20-80° to determine phase purity, lattice parameters, and crystallite size (Scherrer analysis).
These structural metrics are used to correlate doping level with changes in crystallinity and to check
for secondary phases.

Transmittance and absorbance measurements were done using UV-Vis spectroscopy in the
range of 200-800 nm. Bandgap values were extracted by Tauc-plot analysis to assess how dopants
shift the electronic structure and optical absorption edge.

To analyze electrical properties, the I-V curves measurements were performed using an HP
4140B parameter analyzer with applied voltages swept from -2 V to +2 V. The measured I-V data
were analyzed using Schottky-diode models to extract barrier height, ideality factor, and leakage
currents, which enable direct comparison of device behavior across dopant concentrations.

3. Data Analysis Methods

The XRD analysis was done using lattice spacing (Bragg’s law) and crystallite size (Scherrer
equation). The average crystallite size (D) was estimated using the Debye-Scherrer equation given
by:

0.91
- B cos 6 1)
where A is the X-ray wavelength (1.5406 A for Cu Ka), B is the full-width at half maximum (FWHM)
of the diffraction peak in radians, and O is the Bragg angle. For crystal spacing (d), Bragg's law is

given by:
A

d = 2sinf @
The micro-strain (¢) takes the form:

_ _B
€= 4tan 6 ®)
The dislocation density () is:

1
0 = > 4)
The lattice parameters are:
2d

Cc = 2d002; a = _\/0501 (5)

The texture coefficient (TC) is given by:
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Using standard intensities , , .

UV-Vis spectral analysis was performed with the help of Tauc plots for optical bandgap
estimation. The optical bandgap (Eg) was determined using the following Tauc relation:

(ahv)? = A(hv — Eg) )
where a is the absorption coefficient, hv is the photon energy, A is a constant, and Eg is the optical
bandgap. Extrapolation of the linear region of vs hv yields the bandgap value.

The I-V curves analysis employed nonlinear regression fits to Schottky diode equations to obtain
barrier height and ideality factor. The following equations were used:

I = I;[exp (%) — 1] ®)
Is = AxAT? exp (— %) ©)

where n is the ideality factor, ®s is the barrier height, A is the effective contact area (2.827 x 103 cm?),
and A* is Richardson’s constant (32 A-cm=2-K-2 for ZnO).
The ideality factor (n) is extracted from the slope of the forward bias region in the semi-log I-V

plot via:
_ 4 av
n=r d(n()) (10)

The barrier height (®s) is calculated from the reverse saturation current Is:

kT A" AT?
®B = (L In ( ) (11)
q Is
The rectification ratio (RR) is obtained using;:
_I(#+1V)
RR = FTaEs) (12)
Table 1.

Parameter Selected Value Purpose / Notes
Zinc acetate concentration 0.5 M Host precursor concentration
Solvent volume 60 mL ethanol Sol formation and viscosity control
Stabilizers MEA 2 mL, Citric acid Chelation; stabilizes sol and controls

Dopant concentrations

Stirring temperature

Stirring time

Aging time

Spin speed

Spin time

Preheat (soft-bake)

Number of coating cycles

Annealing

0,1, 3,5at.% (Er; Er-Yb)

60 °C

2h
48 h

4000 rpm

40s
350 °C, 10 min

500 °C, 1 h (air)

hydrolysis

Study of single and co-doping effects
Promote dissolution and
homogenization

Ensure complete sol formation
Improve precursor stability and
homogeneity

Achieve uniform film thickness

Control film thickness

Remove solvents between layers

Achieve  target thickness and
uniformity
Crystallization and removal of

organics
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Schottky contact Pd, 100 nm, 0.6 mm Rectifying top contact
diameter

Ohmic contact AuSb, 150 nm Low-resistance back contact

Electrical measurement HP 4140B, -2to+2 V Extraction of I-V device

4. Results and Discussion

This section presents a consolidated analysis of the structural (XRD), optical (UV-Vis), and
electrical (Schottky diode) properties of ZnO thin films doped with Er and Er:Yb.

4.1. Structural Analysis (XRD)

Figures 1 and 2 show the X-ray diffraction (XRD) patterns of undoped, Er-doped, and Er/Yb co-
doped ZnO thin films. The diffraction peaks in all samples correspond to the hexagonal wurtzite
structure of ZnO (JCPDS Card No. 36-1451), confirming that the primary phase remains intact after
doping.

ZnO

ZnO:Er (1 at%)
ZnO:Er (3 at%)
ZnO:Er (5at%)

|

g
»

w (110)
(103)
(112)

.
>
F (102)

25 30 35 40 45 50 55 60 65 70 75
26 (°)

Figure 1. XRD patterns of undoped and Er-doped ZnO thin films, showing the characteristic hexagonal wurtzite
structure. Peak broadening and intensity reduction indicate decreasing crystallite size with higher Er content.
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Figure 2. XRD patterns of undoped and (Er, Yb)-co-doped ZnO thin films. All diffraction peaks correspond to
the hexagonal wurtzite phase. Peak shifts and broadening reflect lattice distortion caused by co-doping.

4.1.1. Er-Doped ZnO Films

Figure 1 indicates that increasing Er concentration leads to a notable reduction in peak intensity
and broadening of diffraction peaks, particularly the (002) reflection. The increase in full-width at
half maximum (FWHM) suggests a reduction in crystallite size and deterioration of crystallinity with
higher Er content. Additionally, the (002) peak shifts slightly toward lower 20 values with increasing
Er concentration, which is attributed to lattice expansion caused by the substitution of larger Er®* ions
(0.89 A) for smaller Zn?* ions (0.74 A). This substitution induces tensile strain in the ZnO lattice and
promotes the formation of lattice defects.

The average crystallite size (D) estimated using the Debye-Scherrer equation decreased
progressively from ~22.6 nm for undoped ZnO to ~5.7 nm for 5 at.% Er-doped ZnO. This reduction
is mainly due to the strain introduced by larger Er* ijons, which hinder grain growth.
Correspondingly, dislocation density (5) increased with higher Er doping levels, indicating increased
lattice imperfections. The lattice constants (a and c) remained close to the standard values (a = 3.243
A, c=5.213 A), with only minor variations due to Er incorporation (Table 2).

Table 2. Structural parameters derived from XRD data.

Sample Doping 20  FWHM  TCom D (nm) d(102cm?) (103 a(A) c(A)
@t%) () ©)

ZnO:Er 0 3447 0.368 1226 226 0.20 5.18 3.243 5.200

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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1 34.31 1.487 1164 5.6 3.20 21.0 3.234 5.223

3 34.37 1.236 1.294 6.7 221 17.4 3.296 5.214

5 3434 1.461 1164 5.7 3.09 20.6 3.245 5.219
ZnO:(Er- 0 35.24 0.480 1.121 17.4 0.33 6.59 3.167 5.089
Yb)

1 3521 0.897 1146 93 1.16 12.3 3.165 5.094

3 35.12 1.616 1.145 52 3.76 22.3 3.161 5.106

5 3497 1.668 1.147 5.0 4.01 23.1 3.155 5.128

4.1.2. Er/Yb Co-Doped ZnO Films

Figure 2 displays the XRD patterns for Er/Yb co-doped ZnO films. Similar trends were observed,
where all peaks remained consistent with the hexagonal wurtzite structure and no secondary phases
(e.g., Er20s or Yb20s) were detected. With increasing co-doping concentration, a reduction in peak
intensity and an increase in FWHM were recorded. The (002) peak also shifted slightly toward lower
20 values, indicating lattice distortion due to the substitution of Er3* (0.89 A) and Yb* (0.87 A) into
Zn? sites.

The crystallite size decreased significantly with increasing Er/Yb concentration, from ~17.4 nm
in the undoped film to ~5.0 nm at 5 at.% co-doping. This reduction is consistent with the behavior
observed in Er-only doped films and confirms that rare-earth ion incorporation restricts crystal
growth due to strain effects and ionic radius mismatch. Moreover, dislocation density increased with
higher dopant concentration, reflecting increased lattice distortion (Table 2). These structural
modifications align with earlier reports where rare-earth doping in ZnO resulted in decreased
crystallite size, peak broadening, and shifts due to induced strain and substitutional incorporation
[33].

From Table 2, it is observed that (i) Er doping increases strain and lattice disorder, reducing grain
size and increasing defect density. (i) Er/Yb co-doping stabilizes the lattice, leading to relatively
larger crystallites and lower strain compared to Er-only doping.

4.2. Optical Analysis (UV-Vis)

The optical transmittance and absorbance spectra of undoped, Er-doped, and Er/Yb co-doped
ZnO thin films were recorded in the wavelength range of 350-800 nm, as shown in Figures 3-7. All
samples exhibited high transparency in the visible region, indicating good optical quality of the thin
films.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. UV-Vis transmittance spectra of undoped and Er-doped ZnO thin films. High visible transmittance is
maintained with minor variations depending on Er concentration.
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Figure 4. UV-Vis absorbance spectra of undoped and Er-doped ZnO films, displaying a sharp absorption edge
in the UV region. The blue shift with increased Er content indicates bandgap widening.

—=—27n0

—— ZnO:Er (1 at%)
—+— ZnO:Er (3 at%)
—v— ZnO:Er (5at%)

(ahv)A2 (eV/m)r2

hv (eV)

Figure 5. Tauc plots for Er-doped ZnO films. The linear extrapolation of (ahv)? versus hv allows estimation of
the optical bandgap, showing an increase with Er doping.
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Figure 6. UV-Vis transmittance spectra of undoped and (Er, Yb)-co-doped ZnO thin films. Transmittance

decreases at low co-doping levels but partially recovers at higher concentrations.
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Figure 7. UV-Vis absorbance spectra of undoped and (Er, Yb) co-doped ZnO films, displaying a sharp absorption
edge in the UV region. The blue shift with increased Er content indicates bandgap widening.

4.2.1. Er-Doped ZnO Films
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Figure 3 shows the transmittance spectra of undoped and Er-doped ZnO thin films. The mean
transmittance values showed slight variation with increasing Er concentration: 67.80% (undoped),
67.74% (1 at.% Er), 64.28% (3 at.% Er), and 70.99% (5 at.% Er), as summarized in Table 3. These
fluctuations may arise from microstructural differences such as surface roughness, film thickness
variation, nano-porosity, and defect density, which can lead to light scattering and interference effects

[5].

Table 3. Optical properties of Er and Exr/Yb doped ZnO thin films.

Sample Doping Avg. Trans (%)  Absorp. Edge (nm)  Bandgap (eV)
(at.%)
ZnO:Er 0 67.80 410 3.023
1 67.74 403 3.040
3 64.28 401 3.059
5 70.99 393 3.125
ZnO:(Er, Yb) 0 66.99 403 3.113
1 55.51 383 3.156
3 63.82 386 3.195
5 64.25 390 3.214

The absorbance spectra (Figure 4) reveal a sharp absorption edge near the UV region for all
samples. A clear blue shift in the absorption edge was observed with increasing Er concentration,
suggesting an increase in optical bandgap energy. This behavior can be explained by the Burstein—
Moss effect and the quantum confinement effect due to reduced crystallite size [31].

The Tauc plots (Figure 5) were used to estimate the optical bandgap using the direct transition
model (Equation 7). The extracted bandgap values increased with Er content, measured at 3.023 eV,
3.040 eV, 3.059 eV, and 3.125 eV for 0, 1, 3, and 5 at.% Er doping, respectively (Table 3). This trend is
consistent with previous studies reporting bandgap widening in Er-doped ZnO thin films [5].

4.2.2. Er/Yb Co-Doped ZnO Films

The optical behavior of undoped and Er/Yb co-doped ZnO films was also studied using UV-Vis
spectroscopy.

Figure 6 shows the transmittance spectra, which generally exhibit reduced transmittance
compared to undoped ZnO. The average transmittance values were 66.99% (undoped), 55.51% (1
at.% co-doped), 63.82% (3 at.%), and 64.25% (5 at.%) (Table 3). The initial reduction in transmittance
at 1 at.% may be attributed to enhanced light scattering caused by increased surface roughness,
structural imperfections, or the formation of sub-bandgap states due to dopant incorporation [32].
With increasing co-dopant concentration, partial recovery of transmittance suggests improved film
quality or better dopant homogenization at higher concentrations.

The absorbance spectra (Figure 7) show a prominent absorption edge around 362 nm for the
undoped ZnO film. The absorption edge shifts toward shorter wavelengths (blue shift) with
increasing co-dopant concentration, indicating changes in band structure and carrier concentration.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The bandgap energies were obtained from Tauc plots (Figure 8). The calculated bandgap values
for undoped, 1 at.%, 3 at.%, and 5 at.% Er/Yb co-doped ZnO films were 3.113 eV, 3.156 eV, 3.195 eV,
and 3.214 eV, respectively (Table 3). Unlike the monotonic increase observed in Er-only doped films,
the co-doped samples displayed a slight bandgap narrowing at low concentration (1 at.%) followed
by broadening at higher concentrations. This behavior can be explained by competing effects of
defect-induced band tailing and the Burstein—-Moss shift [33].

—=—27Zn0
—o—ZnO:Er (1 at%) ‘
—+—ZnO:Er (3 at%) f !
—+— ZnO:Er (5at%) I

(@hv)*2 (eV/m)*2

2.25 2.50 2.75 3.00 3.25
hv (eV)

Figure 8. Tauc plots for (Er, Yb)-co-doped ZnO films. Bandgap energies slightly widen at higher co-doping levels

due to a combination of defect effects and Burstein-Moss shift.

4.2.3. Bandgap Comparison and Discussion

For undoped ZnO, the bandgap values were ~3.023 eV (Er system) and ~3.113 eV (Er/Yb system).
With Er doping, a gradual increase in bandgap was observed due to the Burstein-Moss effect and
reduced crystallite size. In contrast, Er/Yb co-doping resulted in a modest blue shift, indicating
increased carrier concentration and modified band structure. These trends confirm that rare-earth
doping effectively alters the electronic structure and optical transitions in ZnO, in agreement with
previous studies on Er/Yb co-doped ZnO systems [34].

4.3. Electrical Properties and Schottky Diode Performance

The current-voltage (I-V) characteristics of Pd/ZnO:RE/n-Si/AuSb Schottky diodes (RE = rare
earth) were measured under forward and reverse bias conditions. All devices exhibited rectifying
behavior, confirming successful Schottky junction formation.

4.3.1. Er-Doped ZnO Schottky Diodes

The room-temperature semi-logarithmic I-V characteristics of Schottky diodes fabricated on
undoped and Er-doped ZnO films are presented in Figure 9. A clear improvement in the
forward/reverse current ratio was observed for Er-doped devices compared to the undoped

reference.
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Figure 9. Semi-logarithmic I-V characteristics of Schottky diodes fabricated on undoped and Er-doped ZnO thin

films. Er doping enhances the forward/reverse current ratio and reduces reverse leakage.

In the low forward bias region (V < 0.4 V), diodes fabricated on undoped (0 at.% Er) and 3 at.%
Er films display generation-recombination current mechanisms, whereas thermionic emission
dominates at higher bias (Equation 8). In contrast, devices fabricated on 1 at.% and 5 at.% Er films
follow a pure thermionic-emission behavior across the entire forward-bias range. Deviations from
linearity at V > 0.7 V are attributed to series resistance effects [35]. Additionally, the reverse leakage
current is significantly reduced in all Er-doped devices compared to the undoped sample, indicating
improved barrier quality.

Schottky barrier height (®s) and ideality factor (n) were extracted from the linear region of the
forward semi-log I-V curve using thermionic emission fitting (Figure 10).
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Figure 10. Forward In(I)-V plots for Er-doped ZnO Schottky diodes. Linear fitting in the thermionic emission
region allows extraction of Schottky barrier height and ideality factor.

The undoped diode exhibited ®b ~ 0.655 eV and n = 4.77, whereas Er-doped devices showed
enhanced barrier heights of 0.674 eV (1 at.%), 0.761 eV (3 at.%), and 0.789 eV (5 at.%), with a
corresponding decrease in ideality factor (Table 4). Ideality factors greater than unity are attributed

to carrier recombination in the space-charge region, barrier height inhomogeneity, and series
resistance effects [21].

Table 4. Schottky diode parameters for Er-doped ZnO thin films.

Sample Doping Ideality Saturation B. Height Resistance L. Current Rect. Ratio

(at.%) Fac.(n) Current(A) (eV) Rs (Q3) @-1.0V @+1.0V
ZnO:Er 0 4.77 8.34x10-8 0.655 512 6.02x10- 1.4x101
1 1.70 3.98x10-8 0.674 108 1.12x10-¢ 2.1x10°
3 1.68 1.38x10-° 0.761 105 8.45x10-° 2.3x10°
5 1.38 4.60x10-10 0.789 66 5.92x10-8 1.1x10°

4.3.2. Er/Yb Co-Doped ZnO Schottky Diodes

Figure 11 shows the semi-log I-V curves for Schottky diodes on undoped and Er/Yb co-doped
ZnO films.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202602.1078.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 February 2026 d0i:10.20944/preprints202602.1078.v1

15 of 19

—— (Er,Yb) O at.%
——=— (Er,Yb)1 at.%
—— (Er,Yb) 3 at.%
——~— (Er,Yb) 5 at.%

| foward (4

Voltage (V)

Figure 11. Semi-log I-V curves for Schottky diodes on (Er, Yb)-co-doped ZnO thin films. Co-doping improves

rectification and reduces reverse leakage current compared to undoped and Er-only doped films.

All co-doped devices demonstrate good rectification, with the 3 at.% (Er, Yb) sample showing
the highest forward/reverse ratio. Devices on undoped (0 at.%) and 1 at.% co-doped films exhibit
generation-recombination mechanisms at low bias, transitioning to thermionic emission at higher
bias (Equation 8). For 3 at.% and 5 at.% co-doped devices, thermionic emission is dominant across
the forward-bias range, with deviations at V > 0.8 V due to series resistance. The reverse leakage
current is significantly lower in co-doped devices compared to undoped. The extracted ®s and n
values are listed in Table 5. Barrier heights increased from 0.595 eV (undoped) to 0.758 eV (1 at.%),
0.771 eV (3 at.%), and 0.743 eV (5 at.%) upon co-doping.

Table 5. Schottky diode parameters for Er/Yb co-doped ZnO thin films.

Sample Doping Ideality Barrier Series Leakage Rectification

(at.%) Factor Height ®B Resistance Rs Current @ - Ratio@+1.0V

(n) (eV) Q) 1.0V (A)

ZnO:Er:Yb 0 4.71 0.595 386 5.23x105 1.6x10!
1 1.73 0.758 225 9.36x107 2.6x10°
3 1.50 0.771 183 6.94x10~ 2.6x10
5 1.13 0.743 113 4.81x10° 1.2x10°

Concurrently, the ideality factor decreased from n = 4.71 (undoped) to n = 1.13 (5 at.%) (Figure
12). Elevated ideality factors reflect recombination effects, barrier inhomogeneity, and series
resistance contributions in these thin-film diodes [6].
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Figure 12. Forward In(I)-V plots for Er:Yb co-doped ZnO Schottky diodes. The extracted Schottky barrier heights

and ideality factors confirm superior electrical performance due to co-doping.

4.3.3. Discussion of Electrical Performance

The results indicate that Er doping increases barrier height and reduces ideality factor, which is
consistent with reduced leakage and improved junction quality. Co-doping with Er/Yb further
enhances diode performance, producing higher barrier heights, lower ideality factors, and improved
rectification ratios compared to Er-only doped devices. This behavior suggests synergistic effects in
passivating defects, improving interface quality, and enhancing charge transport.

Both Er and Er/Yb doped devices show a transition from highly non-ideal behavior (n > 1)
toward near-thermionic emission behavior (n = 1.13-1.38) with increasing dopant concentration.
Er/Yb devices consistently show lower ideality factors at matched doping levels, indicating cleaner
interfaces and reduced defect-assisted transport. The saturation current (Is) decreases by several
orders of magnitude from undoped to doped samples, consistent with reduced thermally activated
leakage and improved barrier integrity.

The reverse leakage current at 1.0 V decreases dramatically with doping, especially at 3 at.%,
producing rectification ratios greater than 105 for the best devices. The enhanced performance of
Er/Yb co-doped diodes highlights the benefits of co-doping in improving structural, optical, and
electrical properties simultaneously, supporting potential applications in UV photodetectors,
upconversion-based photonic devices, transparent electronics, and energy conversion systems.

5. Conclusion

Er-doped and Ex/Yb co-doped ZnO thin films were successfully synthesized using a citric acid—
assisted sol-gel spin coating technique. Structural characterization confirmed the retention of the
hexagonal wurtzite ZnO phase, with no secondary phases detected. Er and Er/Yb incorporation led
to grain size reduction, peak broadening, and lattice distortion due to the substitution of larger rare-
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earth ions into Zn sites. Co-doping with Yb improved crystallinity and reduced lattice strain
compared to single Er doping.

Optical analysis revealed that all films maintained high transparency in the visible region. The
optical bandgap exhibited a blue shift with increasing dopant concentration, attributed to the
Burstein-Moss effect and quantum confinement in nanostructured films. Er/Yb co-doping produced
a higher bandgap shift and enhanced optical response compared to Er-only doping.

Electrical characterization of Pd/ZnO:RE/n-Si/AuSb Schottky diodes demonstrated clear
rectifying behavior in all devices. Both Er and Er/Yb doping improved the Schottky barrier height
and reduced the ideality factor, indicating enhanced interface quality and reduced recombination.
The best performance was achieved at 3 at.% co-doping, where the device showed the highest barrier
height, lowest leakage current, and a rectification ratio exceeding 10°. Overall, Er/Yb co-doped films
exhibited superior electrical performance compared to Er-only doped films.

The results confirm that Er/Yb co-doping is an effective strategy for tailoring the structural,
optical, and electrical properties of ZnO thin films. These findings highlight the potential of co-doped
ZnO films for high-performance Schottky barrier diodes, UV photodetectors, and other transparent
optoelectronic devices.
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