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Abstract: Optical properties play a crucial role in diverse applications. However, the optical characteristics of materials are determined by their
structure and composition. This study focused on nanostructured materials, which exhibit enhanced optical properties compared to their bulk
counterparts. Specifically, copper oxide (CuO) and Sn-doped CuO materials were experimentally synthesized using the hydrothermal
method. The CuO and Sn-doped CuO nanostructure materials were subsequently compared, and their optical characteristics and structural
composition were investigated using various analytical techniques, including photoluminescence spectroscopy (PL), scanning electron
microscopy (SEM), and ultraviolet-visible spectroscopy (UV-Vis). A significant finding of this study is that doping can be utilized to
modulate the band gap of materials and enhance their optical characteristics. The investigation revealed that CuO has a band gap of 2.5 eV.
However, doping decreased the band gap; the band gap of synthesized CuO is 3.1 eV, which decreases with the doping of Sn to 2.1 eV,
consequently improving the material’s optical characteristics. This experimental investigation in optics demonstrates the enhancement of a
material’s optical qualities through band gap reduction via doping. Furthermore, potential real-world applications for these materials in
fabricating LEDs and photodetectors were discussed. With their improved optical characteristics, these materials could be utilized in various
optical applications such as sensors, displays, and solar cells. In conclusion, this study contributes to the existing knowledge regarding
enhancing optical properties in nanostructured materials and their potential applications in real-world contexts.
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1. Introduction

Nanostructured materials offer a multiplicity of applications in
the optical field because their band gap is smaller than that of bulk
materials. The small band gap in copper oxide (CuO), which can be
synthesized in different sizes, shapes, and morphologies in the
visible light region, opens new prospects for developing optical
technologies. Hundreds of scientists focus on developing
nanomaterials for several uses, especially in industrially developed
contemporary engineering applications. This emphasis is mainly
due to the considerable improvements in nanotechnology and
nanostructure developments during the last decade. These
materials are applied in optical electronic devices, photocatalysis,
and the conversion of solar energy, photoconductive materials,
and photothermal uses. The addition of tin into CuO improves the
optical properties to enable suitable size, shape, and band gap
modifications for application into different optical devices [1, 2].

Regarding semiconductors, CuO belongs to a p-type semiconductor
composed of a small band gap ranging from 1.8 eV to 2.5 eV [3–6]. This
material is utilized actively in numerous applications, such as thermal
conductivity, glucose sensor circuitries, and lithium-ion batteries.
Besides, it can be employed in a magnetic storage medium. Several

strategies synthesize CuO, including sol-gel, chemical pretreatment,
simple pretreatment, and aqueous solution methods. Scientists today are
interested in nanoscale transition metal oxides. This surge in attention
can be attributed to the expansive diversity of nanomaterials compared
to bulk materials. Their properties encompass nearly all facets of
science and physics in materials, showcasing remarkable chemical and
physical characteristics. CuO, recognized as a prominent p-type
semiconductor, has become increasingly appealing due to its wide array
of potential applications. Several studies have explored enhancing
optical and structural properties through doping and synthesis
techniques. For instance, El Sayed et al. [7] investigated the effects of
co-doping CuO with Sn and Zn, demonstrating improved magneto-
optical and corrosion-resistant properties. However, their focus was
primarily on co-doping and corrosion inhibition, with less emphasis on
optical enhancements for optoelectronics. Our work diverges by
targeting single-element Sn doping to reduce the band gap and enhance
optical absorption properties for optoelectronic applications.
Furthermore, our study incorporates computational simulations to
optimize light absorption, an aspect not addressed in their work.

Similarly, while Mohebbi et al. [8] studied Sn-doped CuO
nanoparticles synthesized via a hydrothermal method, they analyzed
structural and optical properties (e.g., XRD, photoluminescence (PL),
FT-IR). Unlike Mohebbi et al., which focused on basic optical

*Corresponding author: SaddamHussain, School of Physics, Beijing Institute of
Technology, China. Email: 3820202051@bit.edu.cn

Journal of Optics and Photonics Research
2025, Vol. 00(00) 1–8

DOI: 10.47852/bonviewJOPR52023409

© The Author(s) 2025. Published by BON VIEW PUBLISHING PTE. LTD. This is an open access article under the CC BY License (https://creativecommons.org/
licenses/by/4.0/).

01

mailto:3820202051@bit.edu.cn
https://doi.org/10.47852/bonviewJOPR52023409
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


enhancements, they observed a blue shift in PL spectra and reported
particle size increases from16nm (pureCuO) to 22 nm (Sn-dopedCuO).

Our study investigates similar enhancements and achieves
smaller nanoparticle sizes (19 nm for CuO and 30 nm for Sn-doped
CuO), improving light absorption for specific optoelectronic
applications. He also reported structural stability after Sn doping
but did not extend their findings to practical device fabrication. We
connect the optical enhancements to applications like solar cells and
photodetector, validated by computational simulations. It is worth
noting that Jan et al. [9] SnxCu1-xO (where x= 0,0.04, 0.06 & 0.10)
nanostructures have been prepared via co-precipitation technique and
characterized for different physiochemical properties and anticancer
activity. In our work, we use the hydrothermal method to enhance the
optical properties of CuO through Sn doping for optoelectronic
applications. Doping is crucial for modifying material properties,
enhancing surface qualities, reducing particle size, and altering
shapes [10, 11]. This process can significantly improve various
attributes of CuO, including its electrical, optical, magnetic, and
bioactive properties. Moreover, doping influences the morphological
features of CuO by facilitating an exchange between the s and p
electrons of the host CuO and the d electrons of the doped material
[12, 13]. Additionally, the optical and antibacterial properties of CuO
nanostructures are significantly improved throughdoping treatments [14].

Previous research examined nanoparticle sizes ranging from
93 to 44 nm for the Cu1-2xSnxZnxO structure. The CuO
nanoparticles detected in this study were 19 nm, while Sn-doped
CuO was 30 nm. Compared to the Cu1-2xSnxZnxO, they are
much smaller (19–30 nm) than the nanostructures produced in this
investigation. Consequently, this work mainly focused on the
impact of Sn doping on optical characteristics and prospect use in
optoelectronics. The new features of this work are the attempts to
minimize the band gap and improve the optical properties together
with the simulation of light absorption to make an addition to the
experimental part and introduce computational aspects to the work.

In this respect, Sn doping is preferred over the other dopants
because it improves the PL properties, band gap engineering,
compatibility, solubility, and chemical stability. The hydrothermal
method is favored for its precise control of morphology and size,
high purity/crystallinity, low-temperature synthesis, homogenous
doping, using environmentally friendly materials and scalability.
Therefore, we have focused on examining the various properties
of these nanostructures and evaluating the results against undoped
CuO nanostructures synthesized via the same route.

2. Materials and Methodology

This part will describe the hydrothermal method used to
produce CuO and Sn-doped CuO (Sn). Several characterization
techniques will be employed to analyze the samples.

2.1. Fabrication of CuO and Sn-doped CuO

CuO and Sn-doped CuO were synthesized by using various
techniques [15]. We are currently employing the hydrothermal
approach in our operations.

2.1.1. Materials
The materials for synthesizing CuO and Sn-doped CuO are

CuCl2, NaOH, KOH, SnCl2, deionized water, and distilled water
as solvents.

2.1.2. Methodology
The hydrothermal technique is used to manufacture CuO and

Sn-doped CuO [16]. This relatively simple procedure illustrates the
various concentrations found in the two samples in Tables 1 and 2.

2.1.3. Preparation of sample 1
To complete the operation, you must agitate two distinct

solutions, NaOH and KOH, for thirty minutes each. The two
solutions are combined into the CuCl2 solution drop by drop and
then agitated for sixty minutes until they become a homogeneous
and consistent mixture. This process is repeated until the two
solutions are ready. A blue hue will be produced by the solution
that is created. Following this step, the blue solution is transported
into an autoclave lined with Teflon and then placed in an oven at
a temperature of 180 degrees Celsius for twenty hours. Following
the completion of the reaction, the water and particles are
separated through centrifugation. After that, the particles are
washed with ethanol and distilled water to eliminate any more
particles that may have been left behind. In conclusion, filter
paper is utilized for filtration to separate any particles that may
still be present thoroughly. After filtration, the particles are dried
at a temperature of sixty degrees Celsius for sixty minutes [16].

2.1.4. Preparation of sample 2
Doping CuO with tin is a straightforward process that utilizes

the hydrothermal method [17]. The first three solutions produced
are presented in Table 2.

It is recommended that each solution be stirred for thirty minutes.
The first two solutions should be combined and swirled for thirty
minutes. The third solution should be added gradually, drop by
drop, while stirring continually until the solution is consistent. It is
recommended that the final solution be a grayish color. After the
solution has been made, it is placed in an autoclave lined with
Teflon. The autoclave is then placed in an oven for eighteen hours.
When the reaction is finished, the particles and water are separated
using centrifugation to separate them, respectively. After being
filtered, the particles are washed with deionized water and ethanol to
remove surplus particles. After this step, the particles are dried at a

Table 1
Shows a detailed description of synthesized CuO

1st solution CuCl2= 0.1 M Distilled water = 25 ml CuCl2= 0.16 g

2nd solution NaOH = 0.3 M Distilled water = 12.5 ml NaOH= 0.1 g
3rd solution KOH = 0.3 M Distilled water = 12.5 ml KOH= 0.1 g

Table 2
Shows a detailed description of synthesized Sn-doped CuO

1st solution CuCl2= 0.1 M Deionized water= 25 ml CuCl2= 0.16 g

2nd solution KOH= 0.3 M Deionized water= 15 ml KOH= 0.1 g
3rd solution SnCl2= 0.1 M Deionized water= 10 ml SnCl2= 0.08 g
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temperature of sixty degrees Celsius for sixty minutes. A digital
balance is one of the pieces of equipment utilized to determine the
quantity of salts. A magnetic hot plate is utilized to produce a
homogeneous solution. An autoclave of steel vessels lined with
Teflon is used to grow nanoparticles. The separation of
nanoparticles and water is accomplished with the help of a
centrifuge machine. Filter paper is utilized to filter the excess
particles from the manufactured product. In addition to being used
for the reaction, the oven is used to heat and dry the fragments.

3. Result and Discussion

3.1. Scanning electron microscope

The synthesized CuO and Sn-doped CuO were analyzed using
scanning electron microscopy (SEM) for research purposes. SEM
allows for examining the surface structure, shape, and size of the
produced nanostructures by detecting electrons emitted from the
molecules. Various images were captured at different resolutions,
revealing that the nanostructures had an average diameter of
approximately 100 nanometers. Using ImageJ software, the size of
the CuO nanostructures was observed to be smaller than that of
the Sn-doped CuO nanostructures. Specifically, the diameter of
the CuO nanostructures was around 19 nm, as illustrated in
Figure 1(a–e). In contrast, the doping of Sn resulted in an increase
in the average size of the Sn-doped CuO nanostructures to 30 nm.
This finding was consistent with the X-ray diffraction (XRD) data.

3.2. XRD

XRD is a technique used to determine prepared samples’ size,
spacing, and shape. By analyzing the diffraction patterns from
various angles, we can obtain Miller indices, which are instrumental

in identifying the monoclinic phases of CuO. To calculate particle
size, we apply the Scherrer formula. This formula can be expressed as:

D ¼ kλ=βcosθ (1)

The letter k represents the constant 0.9, λ denotes the X-ray
wavelength (1.5418 Å), and θ refers to the Bragg diffraction angle.
The letter k represents the continuous 0.9, λ denotes the X-ray
wavelength (1.5418Å), and θ refers to theBragg diffraction angle [18].

From the XRD analysis in Table 3 from Figure 2(a), we
calculated the average size of CuO using the Scherrer formula,
which is 19 nm.

According to the XRD study of Sn-doped CuO nanostructures, the
structure of theCuOmaterial is not altered by the presence of Sn doping.
Sn doping, on the other hand, reduces the amount of noise while
increasing the nanostructures’ size. Based on the results of the XRD
investigation of Sn-doped CuO, the average size was determined to
be 30 nanometers. Additional information can be found in Table 4.

3.3. Ultraviolet-visible spectroscopy (UV-Vis)

UV-Vis spectroscopy is a technique used to determine the
absorbance of UV and visible light, facilitating research into the
optical properties of synthesized nanostructures. Atoms and
molecules can absorb light within the ultraviolet (UV) and visible
spectrum when the energy of the radiation matches the energy
difference between two electronic levels [19].

A UV-Vis spectrometer can confirm the presence of
nanostructures by analyzing the optical absorption spectra
associated with them. For example, the presence of CuO can be
identified by an absorption peak between 240 and 330 nm in
Figure 3(a) and (b). Each nanostructure has a broad absorption
range from the UV to the visible spectrum. Additionally, doping

Figure 1
(a), (b) show SEM images with different resolutions of sample 1. (CuO with NaOH= 0.3 moles,

CuCl2= 0.1 moles, and KOH = 0.3 moles). (c), (d) (e) shows SEM images with different resolutions
(Sn-doped CuO is prepared with Cucl2= 0.1 moles, KOH= 0.3 moles, and SnCl2= 0.1 moles)
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Sn into CuO can extend the absorption peak range; Sn-doped CuO
exhibits an absorption peak between 330 and 380 nanometers.

3.4. Energy-dispersive X-ray spectroscopy

Energy-dispersive X-ray analysis is a technique for determining
a sample’s elemental composition. This method employs X-rays
generated by electron beams to extract detailed information about
the chemicals.

As demonstrated by Shirley and Jarochowska, as well as Scimeca
et al. [20, 21], in Figure 4, the EDX examination of the synthesized
nanostructures confirms the presence of CuO, supported by visible
peaks in the graph corresponding to the elements copper and oxygen.
The carbon peak evident in the figure arises from using a carbon
substrate on which the sample is positioned. Additionally, there is
clear evidence that tin (Sn) has been successfully absorbed into the
CuO, as demonstrated by the elemental peaks for copper, tin, and
oxygen as shown in Figure 2(a) and (b). This indicates that the
incorporation of tin into CuO has achieved its intended outcome. The
sulfur signal is associated with impurities found in the salt, while the

small carbon signal observed can be attributed to the equipment used
for the sample presentation.

3.5. Photoluminescence spectroscopy

These figures illustrate that Sn doping employs the scientific
technique known as PL spectroscopy. PL is used to analyze the
optical characteristics of samples, primarily aimed at identifying
defects, such as vacancies and impurities, that exist within the
visible spectrum of materials [22, 23]. For instance, in the case of
pure CuO nanostructures (Figure 5(a)), oxygen or copper
impurities generate additional energy levels within the band gap,
resulting in light emission from the sample. CuO is classified as a
p-type semiconductor characterized by vacancies in the copper
atoms, which facilitate this emission. Both copper and oxygen
vacancies contribute to the light emitted in CuO, with the
formation energy of these vacancies being similar to that of
oxygen vacancies. The sharp PL emission peak observed between
280 nm and 350 nm reflects the radiative recombination of charge
carriers, indicating the intrinsic optical behavior of pure CuO.

Figure 5(b), representing Sn-doped CuO nanostructures,
demonstrates how the doping process slightly alters the intensity of
the emitted light. The emission bands, extending from 270 nm to

Table 3
Analysis of crystallographic peaks and particle size

determination of CuO nanostructures

Peak (2ϴ) (hkl) FWHM degree FWHM radian Particle size

20 101 0.41831 0.03721 19.19
28 011 0.29856 0.00723 23.76
32 110 0.38762 0.08712 27.91
38 111 0.56742 0.10981 15.23
53 200 0.56723 0.13421 13.21
57 202 0.87654 0.23901 21.11
60 210 0.84972 0.21765 25.10
64 311 0.98765 0.78265 13.30
67 113 0.2783 0.07865 12.09

Figure 2
(a) X-ray diffraction of pure copper oxide nanostructure and (b) X-ray diffraction of Sn-doped copper oxide

Table 4
Crystallographic analysis and particle size estimation

of Sn-doped CuO nanostructures

Peak (2ϴ) (hkl) FWHM degree FWHM radian Particle size

28 101 0.07292 1.2726 32.98
36 011 0.25604 0.2365 28.23
40 111 0.79768 1.2748 32.10
42 200 0.20234 0.0341 26.87
44 201 0.8713 0.0072 22.24
50 200 0.81717 1.9821 37.91
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Figure 3
(a) UV-visible spectroscopy of pure copper oxide nanostructure and (b) UV-visible of Sn-doped copper oxide nanostructure

Figure 4
(a) EDX analysis of pure copper oxide nanostructure. (b) EDX analysis of Sn-doped Copper oxide nanostructure

Figure 5
(a) Shows the PL of pure CuO nanostructure and (b) shows the PL of Sn-doped CuO nanostructure
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360 nm, highlight the effect of Sn incorporation on the electronic
structure of CuO. The doping does not introduce new energy levels
into the band structure of CuO but modifies the defect density and
band gap characteristics. This results in subtle changes in the optical
emission, attributed to the influence of Sn on the charge carrier
dynamics and defect states.

In conclusion, while Sn doping leads to a minor modification in
the intensity and emission range, it remains effective in slightly
tuning the optical characteristics without fundamentally altering
the band structure of CuO.

3.6. Application in optoelectronic device
fabrication

The creation of light-emitting diodes and photodetectors with
superior optical properties can be accomplished by synthesizing
nanostructures of CuO and Sn-doped CuO [24, 25]. The design
process for the simulation is carried out with the help of
MATLAB, as depicted in Figure 6. This simulation analyzes the
light absorption in the active zone of light-emitting diodes
(Figure 6(a)) and the absorption layers of photodetectors
(Figure 6(b)), providing information about the light absorption. It
is essential to have this information to maximize the gadget’s
performance. There is a very high absorption (almost complete
absorption, reaching the upper limit of the scale on the graph) in
the UV range, specifically from about 200 nm to just under
300 nm. This indicates that the material in the LED’s active
region (Figure 6(a)) is highly efficient at absorbing UV light.
Absorption sharply decreases following this range, reaching
almost nothing, and stays low through the visible spectrum and
into the near-infrared. The material used in the LED’s active
region appears to be specially designed to absorb UV light while
allowing other wavelengths to flow through or reflect based on
the measured absorption spectrum. This can signify a material
composition ideal for UV emission-dependent applications, such
as sterilization, medicinal procedures, or specific chemical
reactions. Strong UV absorption combined with visible light
transparency points to applications where regulated light outputs
are required, maybe in multi-wavelength LED systems where

various layers absorb and emit different portions of the spectrum.
The outcome highlights the significance of material science in
developing cutting-edge LED technologies by pointing to unique
material features designed for specific optical applications. This
absorption property is essential for enhancing the efficiency of
LED-based gadgets and their range of applications.

The y-axis represents the absorption level (in arbitrary units)
on a × 10−16 scale. The graph demonstrates that absorption remains
constant at approximately 1.2 × 10−16 between 200 and 300 nm.
Subsequently, it exhibits a sharp decline toward nearly zero,
commencing at approximately 320 nm, maintaining this constant
value afterward. This graphical representation illustrates that the
LED’s active region exhibits significant absorption in the UV range
(approximately 300 nm) but minimal absorption in the visible and
near-infrared spectra.

The x-axis represents wavelength (in nm) from 200 nm to 800
nm. The y-axis similarly depicts the absorption level on a comparable
scale to the first graph, with mean values approximating 2.5 × 10−16

(Figure 6(b)). In a range of 200 nm and 300 nm, the absorption starts
at an elevated level of 2.5 × 10−16, which subsequently descends
sharply and levels off to around the value of 1 × 10−16 at a broad
range up to 800 nm. This graph shows that the absorbing layer of
the present photodetector has a high absorption coefficient in the
UV region and a sound absorption coefficient in the visible and
near-infrared regions. In contrast, the LED only has a high
absorption coefficient in the UV region.

These characteristics indicate that the LED has been designed
for effective emission in the visible or near UV region with a
slight reabsorption loss. On the other hand, the photodetector has
broader absorption, which ranges from the UV region and up to
the visible and near-IR wavelength range, therefore suitable for
multiple wavelength detection. Hence, the LED works within a
specific range, experiencing little or no reabsorption losses, and
the photodetector, apart from detecting a wide range of
wavelengths, can operate independently of the LED. Through the
absorption properties analysis, the photodetector’s absorbing layer
is optimized for UV and visible region up to the green area, and
the cutoff wavelength is estimated to be around the blue-green
boundary. This might be because the material’s electrical

Figure 6
(a) LED active region absorption 1.5 m−1 and (b) photodetector active layers absorption 2.4 m−1
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characteristic bars its ability to capture longer infrared wavelengths.
This means the photodetector’s performance is ideal for detecting
visible and UV light, not red or infrared. This can be important, for
example, if the dye exhibits fluorescence, which is essential for
visible and UV light but unwanted for infrared light. Suppose more
layers or even modifications of existing materials are required to
bring the cutting edge of the photodetector further into longer
wavelengths for a given application. In that case, more work may
be done in this field. Refining the design of a photodetector to
maximize its efficiency and response time for the target
wavelengths requires a thorough understanding of the material’s
absorption properties. This absorption profile provides valuable
information about the spectral sensitivity of the photodetector’s
absorbing layer, highlighting its capabilities and limitations, which
are crucial for tailoring the device to specific applications.

4. Conclusion

Various solutions were employed to synthesize the nanostructures
of CuO and Sn-doped CuO, after which the properties of these
nanostructures from different solutions were compared. The research
revealed that the size of CuO was 19 nanometers, whereas the size
of Sn-doped CuO was 30 nanometers. Furthermore, the band gaps of
both structures shifted from 3.1 electron volts to 2.1 electron volts.
Additionally, it was observed that the optical properties of the
material could be enhanced by decreasing the size of the band gap.
As doping tin with CuO has resulted in novel applications in optics,
this method is considered an innovative approach with potential
applications in producing optoelectronic devices. The synthesized
nanostructures of CuO and Sn-doped CuO have potential
applications in the fabrication of light-emitting diodes with enhanced
optical characteristics. Simulations were conducted using MATLAB
to determine the light absorption in the active region of light-emitting
diodes and the absorption layers of photodetectors. This information
is essential for optimizing device performance.
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