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Exploring zinc oxide/cerium oxide/indium tin oxide nano-structures as LEDs:
An optical and structural investigation

Zehraa Najim Abdul-ameer1*

Multilayer optoelectronic devices play a crucial role due to their ability to combine the novel prop-
erties of dissimilar materials for superior performance leading to enhanced or novel functionalities.
This study focuses on designing, fabricating and characterizing a novel nano multilayer structure of
zinc oxide/cerium oxide/ITO in a simple chemical method. X-ray diffraction (XRD) and scanning
electron Microscopy (SEM), UV-visible, and photoluminescence were investigated. Optical prop-
erties revealed two wide band gaps of 3.15eV for prepared multilayer structures. The multilayer
devices exhibit a broad photoluminescent peak at 340eV. Results show significant improvements in
charge carrier, optical absorption and quantum efficiency. Addition of the cerium layer enhances
conductivity and photocurrent of nano structures by facilitating electron-hole pair separation under
photo excitation. These findings highlight the importance of the prepared multilayer nano structure
in various optoelectronic technologies such as photodetectors, sensors and light emitting diodes.

I Introduction

Triple layer nanostructures play important roles in
optoelectronics fabrication as they have transforma-
tive fields that take advantage of unique properties to
achieve enhanced performance in optoelectronic de-
vices. Optoelectronic devices are essential because they
transform electrical signals into light and then back
again, allowing communication, sensor and visual dis-
play technologies — such as LEDs, laser diodes and
photodetectors — found in everything from fiber op-
tics to cameras to light detectors [1, 2]. Cerium oxide,
commonly known as ceria (CeO2) is a transparent con-
ducting oxide (TCO) with a wide band gap (∼ 3.2eV),
and unique physical properties [3]. Its cubic structure
and ability to switch oxidation states make it an impor-
tant material for advancing technologies [4]. ZnO is
another transparent conducting oxide with a large band
gap (∼ 3.3 eV) and hexagonal crystal structure, which
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exhibits exceptional optical [4], structural [5], and elec-
tronic properties. The addition of zinc oxide to cerium
oxide offers several advantages due to their comple-
mentary properties. Both metal oxides have wide band
gaps and their combination leads to enhancement in
performance of optoelectronic devices [8].

The current research focuses on optimizing cerium
properties by fabrication of multilayer nano structured
zinc oxide/cerium oxide/indium tin oxide and charac-
terizing its structural, optical, and electrical proper-
ties to investigate efficiency of heterostructures as light
emitting diodes.

II Experimental details

The study employed (0.01) mol of cerium nitrate
hexahydrate solution with a dilute ammonia solution.
Cerium nitrate hex hydrate was dissolved in double
deionized H2O and precipitated by the drop wise ad-
dition of the obtained solution to the ammonia solution.
Water-soluble species were then removed by deionized
water washing. Ethanol was then used to remove water
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Figure 1: (a) spin coating technique (b) triple layer arrange-
ment

and disrupt hydrogen bonded networks between water
and the precursor. The obtained yellow precipitate was
deposited on ITO and dried at 383 K for 12 h, and then
calcined at 500 ◦C for 3 h [9].

Zinc nitrate hexahydrate was dissolved in deion-
ized water under stirring, followed by slow addition
of sodium hydroxide as (precipitating agent) until pH
reached 10. A white precipitate of cerium oxide
formed, then the solution was deposited, filtered, and
washed several times with water and ethanol for im-
purities removal [10, 11]. Finally, the nano structure
was dried at 100 ◦C then subject to calcination at 400-
600◦C [12].

2.3 Preparation of zinc oxide/cerium oxide/ITO triple
layer was performed using spin coating (Fig. 1). The
first layer structure of cerium dioxide solution was de-
posited on ITO substrate using spin coating technique,
then filtered, washed and calcined at 600 ◦C

The second layer was zinc oxide solvent solution, de-
posited on the cerium oxide/ITO and spin coated, de-
posited, and calcined at 600 ◦C. The triple layer thick-
ness of each layer, tested using the spectroscopic reflec-
tometer Interferometer method, was used to determine
the thickness for each layer using laser beam reflection
of the He-Ne laser (632.8 nm) [13]:

d =
∆s

s
· λ
2
. (1)

As d is thickness in nm, ∆s is fringe distance, and s is
fringe width, the thickness of each layer was approxi-
mately 150 nm.

III Results and discussion

Morphology of the multilayer was investigated using X-
ray diffraction with Cu-Kα radiation of (λ = 1.54056

Figure 2: XRD patterns for ZnO, CeO2, ZnO/CeO2, and het-
ereostucture

Å), with Cerium oxide patterns at 2θ = 28.5, 33,
47.5, 56.5, 59.5, 69.5, 76.5, 79.5◦ corresponding to
(111), (200), (220), (331), (220), (400), (331), (420),
(422) (JPCD-34-0394), as in Fig. 2. ZnO patterns are
2θ =31.1, 32.97, 34.25, 43.31, 52.21, 52.81, 60.11,
66.83◦ corresponding to (100), (002), (110), (103)
(200); the crystallite size was calculated using the
Scherer equation. Crystallite size is as below [13]:

d =
∆s

s
· λ
2
. (2)

The micro-strain (ϵ) was determined using equa-
tion [14]:

ϵ =
β cos θ

4
, (3)

where ϵ is the average micro-strain of the heterostruc-
ture which represents disarrangement of lattice and the
number of dislocations per unit area (dislocation den-
sity) as given in equation [15]:

δ =
1

G2
. (4)

Experimental results and calculations were used to
calculate the XRD parameters as shown in Table (1):
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Table 1: XRD parameters

Parameter Zinc oxide Cerium Dioxide Heterostructure

(hkl)
(100), (002),

(110), (103), (200)

(111), (200), (220), (331),
(220), (400), (331),

(420), (422)

(100), (002), (110), (103),
(200), (111), (200), (220),

(331), (220), (400),
(331), (420), (422)

β (rad) 0.05 0.018 0.02
G (nm) 18.5 69.3 33.5

ε (10−3lines−2.m−4) 683 765 452
δ (1/nm2) 2.9 2.1 2.3

Figure 3: Band gap for samples

i Optical properties

A UV-spectrophotometer-(Shimadzu) instrument is
used to investigate optical properties so as to calculate
the energy gap by Tauc equation [16]:

(αhν)2 = A(hν − Eg)
n (5)

where hν is the energy of the photon, Eg is the band
gap energy, and α is the coefficient of absorption.

From Fig. 3, cerium oxide shows 3.3 eV in compar-
ison with bulk cerium oxide (3.0-3.3 eV). As particle
size decreases, band gap increases due to spatial con-
finement of charge carriers. Cerium oxide exhibits tran-
sition from p-orbital to 5d orbital, which, located in the
UV-range, reflects oxygen vacancies from state defects
through the band gap [17].

Figure 4: Photoluminescence for samples

Figure 3 shows a large band gap for ZnO (3.2 eV) due
to Zn+ interstitials which reduce donor states and oxy-
gen vacancies that create trap states within the band gap,
in comparison with bulk, which refers to the confine-
ment effect[18]. The heterostructure shows improve-
ment in the energy band gap with reference to the ad-
dition of a zinc oxide layer to cerium oxide, the het-
erostructure band gap was found to be (3.0 eV), repre-
senting an improvement in optical properties and mark-
ing this heterostructure as a candidate for various appli-
cations.

Photoluminescence emission, Fig. 4, depends on the
energy difference between the defect state and valence
band. For ceria, the PL shows visible luminescence
in the UV- region that may refer to interstitial defects
around 320 nm. So, the presence of Ce+3 ions near
vacancies influences emission wavelength. For ZnO
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Figure 5: SEM images for ZnO, CeO2, ZnO/CeO2/ITO

nano particles, exciton absorption is found to be 380
nm; for CeO2 nano particles exciton absorption is found
to be 364 nm. The multilayer nano structure exhibits
near the visible region about 340 nm; when photons
of greater energy pass across the semiconductor energy
gap, an electron is moved from the valence band to the
conduction band causing an anticipated increase in the
material absorbency to the wavelength when compared
to the band gap energy [18]. Scanning electron mi-
croscope images for ZnO nanoparticles shows nanorod
shapes with particle sizes of about 10nm, and bodies
with hexagonal bases with irregularly oriented aggre-
gates.

Perpendicular to the substrate with average diameters
of about 60nm, according to growth conditions, these
nano rods can be ideal for many applications [19]. The
spherical shape of cerium oxide, with some agglomer-
ations, and particle sizes of about 15nm, with a rough
texture, makes it a candidate for many applications such
as optoelectronics and sensors, as shown in Fig. 5[20].

ii Electrical properties

Electrical properties are essential in investigating effi-
ciency of light emiting diodes, these properties includ-
ing Hall Effect RH, carrier concentration N, mobility µ,
and conductivity of layer calculated from equation [21]:

σ = L/RA, (6)

where L is the distance between electrodes, A is area, R
(resistance in ohm). The Hall coefficient is calculated

Figure 6: I-V characteristic test system

from equation [21]:

RH = 1/Ne. (7)

The synthesized heterostructure shows high mobil-
ity and carrier concentration which enhance LED ef-
ficiency, facilitating electron - hole recombination and
leading to increased light emission, as shown in Table 2.
Voltage-current characterization was tested across the
heterostructure, as shown in Fig. 6. When a voltage
source is connected to both ends of the P-N junction,
the holes, which are the majority charge carriers in the
P layer, will move away from the positive terminal, and
the free electrons, which are the majority charge carri-
ers, will move away from the negative terminal of the
source.

The majority charge carriers (holes and free elec-
trons) will move towards the barrier, and if a voltage (V)
greater than the barrier voltage is applied, this means
that the electrons will cross the barrier as a result of
overcoming the barrier voltage, resulting in the passage
of an electric current whose value depends on the value
of the junction voltage, as in Fig. 7.

I-V generates two regions, the first representing the
current of recombination, the second representing tun-

Figure 7: Forward and reverse bias
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Table 2: Electrical parameters

Parameter ZnO CeO2 ZnO/CeO2

Carrier concentration (cm−3) 1016 1012 1020

Mobility (cm2/V·s) 5 7 26
Hall effect (cm3/C) 0.6 0.5 0.3

Activation energy (eV) 0.4 0.54 0.78
Conductivity (Ω·cm)−1 6.4× 10−6 0.0026× 10−6 0.93× 10−6

Figure 8: Electrical properties

neling current. The forward current arises throughout
the heterostructure under illumination, which is a good
sign for optoelectronic devices such as solar cells, sen-
sors and LEDs. In the dark, the current is weak so it
may make this heterostructure a candidate for photodi-
ode applications.

IV Conclusion

This study demonstrates the ZnO/CeO2/ITO het-
erostructure, which exhibits promising structural, opti-
cal, and electrical properties for optoelectronic applica-
tions such as photodetectors, sensors, and LEDs. This
research explores the design, fabrication, and charac-
terization of heterostructure ZnO/CeO2/ITO. Advanced
characterization techniques including X-ray diffraction
(XRD), scanning electron microscopy (SEM), and pho-
toluminsecence (PL) spectroscopy reveal improvement
in structural and optoelectronic properties of the het-
erostructure. Electronic properties show improvements
in charge carrier separation, optical absorption, and
quantum efficiency. The heterostructure exhibits effi-
cient electron-hole pair separation under photo excita-
tion. Furthermore, the incorporation of CeO2 intro-
duces oxygen vacancy defects, which enhance conduc-
tivity (Fig 8), critical for applications in photodetectors
and light-emitting diodes (LEDs).
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