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Abstract: The present study investigates the impact of copper doping on the thermoelectric properties
of zinc selenide (ZnSe) nanoparticles synthesized by the hydrothermal method. Nanoparticle samples
with varying copper concentrations were prepared and their thermoelectric performances were
evaluated by measuring the electrical transport properties, the Seebeck coefficient, and extracting
the power factor. The results demonstrate that the thermoelectric properties of Cu-doped ZnSe
nanoparticles are significantly enhanced by doping, mainly as an effect of an improved electrical
conductivity, providing a promising avenue for energy applications of these nanomaterials. To
gain further insights into the fundamental mechanisms underlying the observed improvements in
thermoelectric performance of the samples, the morphological, structural, and vibrational properties
were characterized using a combination of scanning electron microscopy, X-ray diffraction, and
Raman spectroscopy.
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1. Introduction

The rise of global energy consumption and the pressing need to address climate
change by reducing greenhouse gas emissions have emphasized the importance of devel-
oping sustainable and efficient energy generation and management systems. However, the
current low efficiency of energy utilization leads to a significant amount of energy being
wasted as heat, which can be recovered and utilized. Furthermore, there is a growing
demand for locally available, non-intermittent energy sources to power various devices,
including wearable, implantable, and biomedical devices, as well as to manage heat flows
in electronic circuits. This need has prompted the intensification of theoretical and ex-
perimental studies on thermoelectric energy conversion, which aims to generate usable
electrical energy from temperature gradients and potentially convert wasted heat into a
valuable resource. Thermoelectric devices, display several advantages, such as the lack of
moving parts, which simplifies the design and increases reliability, the possibility to operate
in remote or harsh environments, making them suitable for a wide range of applications
such as space exploration, automotive and industrial systems. Moreover, they have no
emissions and are silent, and have the potential to be highly scalable and easily integrated
into existing systems. Despite the current challenges, the scientific community is actively
investigating new materials and designs to improve the performance of thermoelectric
devices and unlock their full potential. In particular, achieving high thermoelectric figure
of merit requires simultaneous optimization of interdependent thermoelectric properties,
including electrical conductivity, thermopower, and thermal conductivity. While the effi-
ciency of thermoelectric materials is still relatively low, recent advances in nanotechnology
have unlocked significant potential for improving their performance [1]. These include
leveraging quantum phenomena and density of states engineering to improve the power
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factor [2,3], as well as utilizing nano-structuring to minimize the lattice contribution to
thermal conductivity [4,5]. Such techniques have shown great potential for optimizing
the performance of thermoelectric materials. More recently, innovative gating approaches
have been proposed as a new means of tuning the thermoelectric properties of various
semiconductor nanostructures [6].

Group II-VI semiconductor nanostructures have gained considerable attention and
are extensively studied due to their diverse range of applications in several fields of
technology as well as their unique physical properties [7]. Among them, ZnSe is a widely
studied semiconductor with a wide bandgap of 2.7 eV, possessing attractive properties such
as eco-friendliness [8], optical transmittance, low resistivity, high electrical conductivity,
mechanical hardness, and stability to heat treatment. These properties make it suitable for
use in solid-state gas sensors, sensing arrays, photovoltaic cells, and other applications [7].
ZnSe is also used as a buffer layer in copper zinc tin sulfide (CZTS) solar cells instead
of CdSe due to its non-toxicity and superior optoelectronic application [9]. In addition,
ZnSe has many other applications and properties, including white light emitting diodes
(LEDs) [10], optically controlled switches [11], and blue laser diodes [12]. Numerous
studies have been conducted on the structural, electrical, and optical properties of ZnSe
nanocrystals prepared by different methods, such as chemical vapor deposition (CVD),
laser-assisted evaporation (LAE) [13], metal organic chemical vapor deposition (MOCVD),
electron deposition (ED) [14], photochemical deposition [15], chemical bath deposition
(CBD) [16], and thermal evaporation (TE) [17].

Doping of these nanostructures can significantly enhance their properties, and the use
of transition metals, such as Mn*?, has been extensively studied in various nanocrystalline
and nanoparticle materials [18-21]. Among different transition metal doping agents, copper
ions (Cu?*) are also interesting dopants for ZnSe, as Cu possesses similar electronic shell
structure and physical and chemical properties to that of Zn [22]. Thus, Zn?* ion can be
easily replaced by Cu?*. Literature studies report their role in improving luminescence of
ZnSe quantum dots and inducing physical properties such as ferromagnetism addition it
also improves the magnetic saturation [23,24].

The objective of the current study was to investigate the effect of copper doping on the
thermoelectric properties of zinc selenide (ZnSe) nanoparticles grown by the hydrothermal
synthesis method, a topic which has received relatively little attention in previous research.
Specifically, the study analyzed the effect of varying copper ion concentrations on the
thermoelectric properties of the resulting Zn;_,CuySe nanocomposites, as well as the
role of Cu dopants on the structural, vibrational, and morphological properties of the
synthesized nanoparticles. To achieve these objectives, a comprehensive set of experimental
techniques was utilized. Initially, the Seebeck coefficient and electrical conductivity of the
samples were measured using a standard homemade setup. Subsequently, X-ray diffraction
(XRD) and scanning electron microscopy (SEM) were utilized to analyze the structural and
morphological properties of the synthesized nanocomposites. Raman spectroscopy was
used to gain insights into their vibrational properties.

The results demonstrate that doping and temperature have a significant impact on the
thermoelectric properties of ZnSe nanoparticles, particularly through improved electrical
conductivity. Additionally, although less pronounced, doping also enhances the Seebeck
coefficient, an effect which is not commonly observed. The analysis of the samples’ structure
and morphology revealed that doping increases defect concentration, reduces crystal size,
and leads to the formation of secondary crystal phases. The analysis of the samples structure
and morphology revealed that doping increases the defects concentration, reduces the
crystal size, and leads to the formation of secondary crystal phases in the material. The
reduced crystallinity, likely elevates the significance of grain boundary regions, where the
secondary phases are probably located, in determining the thermoelectric properties.

The results of this study contribute to the understanding of the thermoelectric prop-
erties of ZnSe nanoparticles doped with Cu and the underlying mechanisms govern-
ing their behavior. The findings may have potential applications in the development of
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high-performance thermoelectric materials for various energy conversion and harvesting
applications.

2. Materials and Methods

Copper-doped zinc selenide nanoparticles were synthesized using the hydrothermal
method. A first solution of ZnSe was prepared, and different concentrations of Cu (0.1,
0.2, 0.3, and 0.4) were added. Zinc acetate dihydrate (Zn(CH3;COO),2H,0, 99% purity,
Sigma Aldrich) and selenium (Se, 99% purity, Sigma Aldrich) were separately dissolved
in deionized water and mixed together. The necessary amount of copper chloride (CuCl,,
8% purity, Sigma Aldrich) was then added to the aqueous solution of zinc selenide. The
pH of the reaction was adjusted to 8.4 £ 0.2 using sodium hydroxide (NaOH, 99% purity,
Sigma Aldrich). The precursor solution was stirred for 30 min to obtain a homogeneous
mixture. The resulting clear greenish-colored solution of precursors was then transferred
into a Teflon-lined stainless steel autoclave with a volume of 50 mL. The autoclave was
tightly closed and placed in a hot oven at 200 °C for 24 h. Afterwards, the autoclave was
allowed to cool down to room temperature and the solution was filtered using filter paper
to separate the precipitate. The product was washed with distilled water five times and
finally dried in an oven at 100 °C. After the synthesis, rectangular pellets of the material
were realized by using a hydraulic press having pressure 13 ton [25]. The density of the
pellets was found to be around 2.1 g/ cm?.

The Seebeck coefficient and Power Factor were measured using a homemade See-
beck system, and the electrical conductivity was measured using Hall measurement. The
nanoparticles were characterized using various techniques. X-ray Diffraction (XRD) with
a Bruker D8 Advanced instrument and a CuK« source with a wavelength of 0.145 nm
was used to examine the crystalline structure of the sample. Raman spectroscopy was per-
formed using an MN STEX-PR 1100 instrument to analyze the vibration modes. Scanning
Electron Microscopy (SEM) with an Emcrafts instrument was used to observe the surface
morphology.

To investigate the effect of Cu ion concentration on on Znj_,CuySe nanoparticles, the
molar ratio of [Cu]/[Zn] in the reaction mixture was varied from 0.0 to 0.4 M. The resulting
samples were denoted as ZS, CZS1, CZS2, CZS3, and CZS54, and had doping concentration
of 0 (undoped), 0.1M, 0.2M, 0.3M, 0.4M, respectively.

3. Results and Discussion
3.1. Thermoelectric Measurements

The performance at a temperature T of a thermoelectric material is quantified by the
thermoelectric figure of merit ZT [26], defined by the equation:

_ 08T

ZT r

where ¢ is the electrical conductivity, k is the thermal conductivity (which comprises both
electronic and thermal contributions), and S is the Seebeck coefficient, defined as the
open-circuit voltage developed across a material in response to an imposed temperature
gradient. The numerator of this expression, 0S?, is known as the power factor, P, and is a
crucial parameter in evaluating a material’s thermoelectric properties. A high power factor,
combined with low thermal conductivity, is necessary for achieving a high ZT value.

Figure 1a,b display, for all the samples, the values of the electrical conductivity and of
the Seebeck coefficient as a function of temperature.
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Figure 1. Measured Measured values of the electrical conductivity (a) and of Seebeck coefficient
(b) for the undoped and Cu-doped ZnSe samples, as a function of temperature.

The undoped sample displayed a typical semiconducting behavior, with an electrical
conductivity of about 140 Scm ! at room temperature, which increased to about 390 Sem !
as the temperature was raised to 100 °C. As expected for doped semiconductors, as the
doping concentration was increased, the electrical conductivity of the samples also in-
creased. The electrical conductivity of all the samples increased as the temperature was
raised, which is again a common feature of semiconductors. Overall, the results showed
that the electrical conductivity of the samples increased from 140.98 Sem ! to 827.99 Scm !
as the doping concentration and temperature were varied.

The positive Seebeck values indicate holes as the predominant charge carriers, reveal-
ing a p-type behavior, in agreement with previously reported literature studies [27].

The Seebeck coefficient exhibits a general increasing trend with both doping and
temperature, although its dependence on both factors is not particularly strong. While
simultaneous enhancements in Seebeck coefficient and electrical conductivity have been
reported several times in the literature [28,29], such occurrences are not common. A
comprehensive understanding of the underlying mechanisms and strategies to exploit
them for producing high-performance materials is still unknown. Although dedicated
theoretical calculations may be required to fully comprehend the physical mechanisms that
dictate the specific behavior of the analyzed samples, valuable insights can still be gained
by analyzing the morphology and crystal structure of the samples.

The power factor of Zn;_,CuxSe was calculated according to the formula PF = S%g,
where S is the Seebeck coefficient and o is the electrical conductivity. The graph of the
power factor versus temperature, for all the samples, is shown in Figure 2.

The power factor is significantly improved through doping and temperature changes,
primarily due to an increase in electrical conductivity. Additionally, the simultaneous
increase in the Seebeck coefficient partially contributes to the improvement.

In order to gain more insights into the thermoelectric properties we deeply investigated
the structural, morphological and vibrational properties of the synthesized nanocomposites
by XRD, scanning electron microscopy and Raman spectroscopy.
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Figure 2. Calculated values of the power factor for the undoped and Cu-doped ZnSe samples, as a
function of temperature.

3.2. Scanning Electron Microscopy

Figure 3 displays scanning electron micrographs of the as-grown samples, revealing
that their morphology consists of aggregates of smaller-sized particles. The undoped sam-
ple appears relatively compact, with very large aggregates. Meanwhile, the intermediate-
doped samples show a similar morphology, with small particles agglomerating into large
grains, having sizes ranging from several pm to tens of microns. Only the sample with the
higher doping level exhibits a slightly different morphology, with particles aggregating
into almost round-shaped agglomerates with an average size of around 1 pm.

Sample l\é%rg-iul:gl
VA ZnSe (undoped)
CZS1 Zny, Cuy, Se
CZS2 Zn,y 5 Cuy,Se
CZS3 Zn,; Cugy; Se
CZ54 Zn,, Cug, Se

Figure 3. Scanning electron micrographs of the prepared Cu?* doped ZnSe samples.

3.3. X-ray Diffraction

The X-ray diffraction pattern of Cu-doped ZnSe nanoparticles, scanned at 20 in the
range of 20-60°, is shown in Figure 4.

The undoped sample (ZS) exhibits well-defined peaks at 26 = 27°,45°, and 53°. These
peaks correspond to diffraction from the (111), (220), and (311) planes in ZnSe with a zinc
blende structure (JCPDS File no. 80-0021), which is consistent with previous findings in
the literature [30]. Small peaks located at 23.81° and 39.67° are related to the pure zinc and
selenium secondary phases [31].
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By increasing the Cu concentration the crystallinity of ZnSe nanoparticles decreases,
the intensity of the main ZnSe (111) peak decreases and other peaks can be detected. In
particular, the additional peaks are located at 20 = 31.81°, 36.29°, and 50.11° and are related
to the formation of a new CuSe phase in the composite. In particular, peaks at 31.81°, 36.29°
and 50.11° correspond to planes (006), (115) and (108), respectively, and correspond to
the hexagonal phase of CuSe (JCPDS file no 34-0171) [32,33]. The intensity of these peaks
increases as the doping concentration is increased, while the incorporation of Cu in ZnSe,
as expected, does not have a strong effect on ZnSe lattice structure as Cu?* and Zn?* ions
have a small ionic radii mismatch [34,35].
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Figure 4. XRD patterns of undoped and Fe-doped ZnSe nanoparticles, synthetized using the hy-
drothermal method.

The grain size was estimated using the Scherrer relation [36,37], D = 0.9A/f cos ©,
where D is the crystallite size, 3 is full width at half maximum of the highest intensity
(111) peak, A is the wavelength of X-ray radiation (1.542 A of Cu Ke) and 0 is the Bragg’s
angle. The dislocation density (), that is the number of defect present in the sample, was
calculated using the Williamson and Smallmman’s relation [38], 6 =1/ D?, and the lattice
microstrain was calculated according to the formula ¢ = (3cot(0))/4 [39].

Figure 5 reports, as a function of the dopant concentration, the calculated values of the
full width at half maximum, of the crystalline size, of the dislocation density and of the
microstrain, extracted from the (111) peak of Zn;_,Cu,Se.

5.5 5.0x10" T T

1 1 T 4.8x10°

T
X * ~@- Dislocation density " I 4.6x10°

T T
0.26 *
—*=FWHM 4
—*= o 4.5x10" o | —@—Microstrain
Crystalline size 50 — I 4.4x10°
0.24 4 € —~
= @ 4.0x10" Fa.2x10° 7,
£ - E
. < = 3 %
® s = Fa.0x10® ‘@
o 022 M4 o £ 3.5x10" - £
5 N - 13 =
S 5 > F3.8x10° =
[} o @ - =
c c 4| - i -
= 0204 | = @ 3.0x10 3.6x10” S
s 4.0 3 3 £
H 3 H F3.4x10° @
[ 2 5 25x10" 2
0.18 o |+ F3.2x10° S
3.5 k-] =
g 2.0x10% 4 I 3.0x10°
0.16 ]
* } I 2.8x10°
. . . . T 30 1.5x10 T T T T T
0 1 2 3 4 0 1 2 3 4
Cu Concentration (%) Cu Concentration (%)

Figure 5. (left) Peaks full width at half maximum (FWHM) and crystalline size as a function of the
dopants concentration; (right) dislocation density and microstrain as a function of dopants concentration.
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As shown in the figure, the undoped sample has a nanocrystalline structure, with a
crystalline size about 5.2 nm (Figure 5). The increase of the doping induces an increase
in the FWHM and consequently a reduction of crystallinity of doped ZnSe nanoparticles.
In particular, the crystalline size decreased monotonically from about 5.2 nm to about
3.2 nm. This reveals the nanocrystalline nature of the material. The results also show that
the dislocation density and the microstrain of Zn;_,CuSe increased as the concentration
of copper increased in ZnSe. The presented evidence, especially the decrease in ZnSe
crystallinity upon doping, along with the enhanced intensity of the peaks attributed to
the secondary CuSe phase, and the increase in defects concentration, suggests that doping
plays a role in elevating the significance of grain boundary regions, and that in that regions
the secondary CuSe phase is prevalent.

This results shed light on the possible origin of the observed simultaneous increase in
Seebeck coefficient and electrical conductivity with increasing temperature, which is not
a very common or expected phenomenon but has been reported in the literature several
times [28,29]. Previous studies have demonstrated that optimized doping can induce the
formation of nanocrystalline structures where the contribution of secondary crystal phases,
located at grain boundaries, can be as significant as that of grain regions to the thermoelec-
tric properties [28,40,41]. Indeed, grain boundary engineering has been proposed as a valid
tool for enhancing the thermoelectric properties of granular semiconductors [42].

The band structure of the material, the position of the chemical potential, and the
carriers’ effective mass around grain boundaries can be strongly modified compared to
the bulk material. This modification leads to various mechanisms such as the contribution
of higher energy carriers to transport and an increase in the electrical conductivity due
to an increased scattering mean free path of these carriers. Moreover, energy barriers can
form at grain boundaries, promoting an energy filtering effect that enhances the Seebeck
coefficient [29], by introducing a strongly energy-dependent scattering mechanism [42].

3.4. Raman Spectroscopy

Raman spectroscopy is also a powerful technique for thermoelectric materials char-
acterization as it provides valuable information about their crystal structure, phonon
scattering mechanisms, defect density, doping level, and nanostructuring effects [43,44].
The Raman spectroscopy results confirm the information obtained from XRD. Figure 6
shows the Raman spectra of Zn;.,CuxSe at different concentrations of Cu dopant.

—1ZS
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(260) —CZ82
253 -
N \: / o czs3
A P CZs4
8 |
S’ LA
=y
s (440)
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Figure 6. Raman spectra of the undoped and Cu -doped ZnSe samples.
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Several series of peaks are observed, including 239 cm~1, 253 em™1, 260 cm™1,

440 cm~1, and 547 cm 1. The peaks at 253 cm ! and 547 cm ™! were attributed to the
longitudinal optical (LO) phonon modes of ZnSe [45]. The intensity of these peaks weakens
as copper concentration increases, as copper replaces ZnSe. In the doped samples, the
presence of a strong copper selenide phase, which was already detected by XRD analysis,
is confirmed by the Raman spectra. Specifically, the intense peak observed at 196 cm~! in
the Raman spectra can be attributed to the Cu-Se vibration (LO) phonon mode of copper
selenide, as reported in the literature [46,47]. The peak at 239 cm ™! is attributed to Se-Se
extending vibration and can be related to trigonal selenium [47,48].

4. Conclusions

The present study investigated the effect of copper doping on the thermoelectric
properties of zinc selenide (ZnSe) nanoparticles synthesized through the hydrothermal
method. Five Zn; _,CuySe samples were prepared, with varying Cu?* concentrations from
x =0 to x = 0.4. Our results demonstrate that Cu doping significantly improves the ther-
moelectric properties of the ZnSe nanoparticles. Specifically, increasing Cu concentration
leads to an increase in the electrical conductivity and Seebeck coefficient of the Zn;_,Cu,Se
nanocomposites, resulting in enhanced power factors. The structural, vibrational, and
morphological properties of the synthesized nanoparticles were investigated using X-ray
diffraction, scanning electron microscopy, and Raman spectroscopy, in order to gain more
insight into the thermoelectric behavior. The analysis revealed the formation of composites
with multiple phases and nanocrystalline morphology. The extracted average grain size
was found to be lower than 5 nm and decreased with increasing doping concentration.
The observed changes in the structural and morphological properties, particularly the
emergence of secondary crystal phases at grain boundaries induced by the dopants, are
likely related to the improvement in the thermoelectric properties of the Cu-doped ZnSe
nanoparticles. The promising results of this study need to be complemented with further
experiments focused on the measurements of the material’s thermal conductivity. Our
findings provide valuable insights into the underlying mechanisms governing the thermo-
electric properties of these nanoparticles and highlight their potential for use in various
energy conversion and harvesting applications.
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