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Abstract: Fe2+-doped ZnSe nanoparticles, with varying concentrations of Fe2+ dopants, were pre-
pared by the hydrothermal method and investigated using a multi-technique approach exploiting
scanning electron microscopy (SEM), X-ray diffraction (XRD), and Raman spectroscopy, as well as
measurement of the electrical transport properties and Seebeck coefficient (S). The doped nanoparti-
cles appeared as variable-sized agglomerates on nanocrystallites upon SEM investigation for any
doping level. Combined XRD and Raman analyses revealed the occurrence of a cubic structure in the
investigated samples. Electric and thermoelectric (TE) transport investigations showed an increase in
TE performance with an increase in Fe atom concentrations, which resulted in an enhancement of the
power factors from 13 µWm−1K−2 to 120 µWm−1K−2 at room temperature. The results were also
dependent on the operating temperature. The maximum power factor of 9 × 10−3 Wm−1K−2 was
achieved at 150 ◦C for the highest explored doping value. The possible applications of these findings
were discussed.

Keywords: nanoparticles; thermoelectrics; energy conversion; transport measurements

1. Introduction

Zinc selenide is one of the most studied semiconductors and is nowadays considered
as a very important, environmentally friendly, and multipurpose material with prominent
applications in several fields of technology [1]. ZnSe is a wide band gap semiconductor
(Eg = 2.7 eV) with a large exciton binding energy (21 meV) [2] and is largely employed in
solar cells [3], short wavelength lasers [4], LEDs [5], photodetectors [6], sensors [7], and
catalysts [8]. In particular, low dimensional ZnSe nanostructures, such as nanocrystals,
nanowires, nanorods, etc., have received great attention due to the intriguing properties
deriving from the high surface area and quantum confinement effects, which make them
interesting optical and electronic materials [9]. An effective way to tune and improve the
physical properties of nanostructures is through doping [1,10]. Transition-metal-doped
ZnSe nanostructures have attracted great research attention as they display enhanced
properties compared with their undoped counterparts for applications in spintronics and
as tunable laser materials in the mid-infrared [11,12].

In this study, we aimed at exploring the effect of the concentration of iron dopants on
the thermoelectric properties of ZnSe nanoparticles in view of the possible use of this class
of nanomaterials for energy conversion and harvesting applications. Thermoelectric energy
conversion [13], i.e., the generation of an electric voltage or current exploiting a thermal
gradient, is considered a very powerful approach for powering small-scale devices, such as
wearables, sensors, etc., or for managing heat flows in micro and nanoelectronics circuits.
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The performance of thermoelectric materials is described by the thermoelectric figure of
merit ZT, defined as:

ZT =
σS2T

k
where σ is the electrical conductivity, k is thermal conductivity (which includes an electronic
contribution and a thermal contribution), S is the Seebeck coefficient of the material, and T
is the absolute temperature [14]. The expression at the numerator, σS2, is defined as the
power factor, P, and is considered as a crucial parameter for evaluating the thermoelectric
properties of a material. Indeed, high power factors and low thermal conductivities are
required for securing high ZT [15]. Several materials have been assessed as interesting
thermoelectric materials, such as tellurides (i.e., BiTe, PbTe, GeTe, etc.), skutterudites, TAGS,
half-Heusler, and others [15]. More recently, chalcogenide materials based on selenium and
the lighter homologs of tellurium, such as tin selenide, have shown a strong competitive-
ness among thermoelectric materials [16,17]. Beyond the specific thermoelectric material,
the advent of nanotechnologies in the 1990s offered enormous advantages for finding new
strategies for enhancing ZT [18]. Among them, the exploitation of quantum phenomena
and density of states engineering for increasing the power factor [19,20] and the use of
nanostructuring for reducing the lattice contribution to the thermal conductivity [21,22]
have shown great potential for optimizing the performance of thermoelectric materials.
Very recently, new strategies for tuning the thermoelectric performances of several semi-
conductor nanostructures have been proposed, based, for example, on innovative gating
approaches [23].

Here, we focused on a nanostructured selenide nanomaterial and in particular on
hydrothermally grown ZnSe nanoparticles, and we aimed to investigate the role of iron
doping (Fe2+) on the thermoelectric properties. We grew several samples with different
Fe2+ doping levels. We then investigated the morphological and structural properties of
the material by scanning electron microscopy, X-ray diffraction (XRD), and Raman spec-
troscopy. Finally, we measured the electrical conductivity and Seebeck coefficient in order
to estimate the material power factor. The results show how the thermoelectric properties
(Seebeck coefficient and power factor) of Fe2+-doped ZnSe nanoparticles are strongly af-
fected by doping and open the way for the application of such classes of nanomaterials in
energy applications.

2. Results and Discussion
2.1. Scanning Electron Microscopy Investigation

Fe2+-doped ZnSe nanoparticles were synthesized using the hydrothermal method.
Five different Zn1−xFexSe samples were prepared, with Fe2+ concentrations of x = 0 (un-
doped), x = 0.1, x = 0.2, x = 0.3, and x = 0.4. Figure 1 shows the scanning electron mi-
crographs of the grown samples, whereas the table in the bottom right part of the figure
summarizes the characteristics of the five prepared samples. In Figure 1, the scale bar of the
micrographs is the same for all the samples. The images clearly show the morphological
changes induced by the different Fe2+ doping concentrations. The undoped ZnSe sample
(ZS) displays a non-homogenous microscopic morphology, with large clusters of material,
surrounded by agglomerates of smaller-sized particles. By introducing a small dopant
concentration (x = 0.1), the size of the agglomerates is reduced and some rod-like structures
start to appear (FZS1). The sample with an Fe concentration x = 0.2 (FZS2) is quite peculiar,
as the material appears as a continuous film homogeneously covering the substrate. The
samples with Fe2+ concentrations x = 0.3 and x = 0.4 (FZS3 and FZS4) display the presence
of both large aggregates and smaller-sized particles. In particular, FZS4 (x = 0.4) displays
smaller aggregate sizes and has higher size homogeneity.
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Figure 1. Scanning electron micrographs of the prepared Fe2+-doped ZnSe samples. The scale bar is 
common to all the images. The table summarizes the preparation parameters for the five samples. 

2.2. X-ray Diffraction Study 
An X-ray diffraction (XRD) analysis was conducted to investigate the samples’ 

structural properties, using CuKα (λ = 1.54 Å) as the radiation source. The diffraction an-
gle was varied from 20° to 60°. Figure 2 shows the XRD patterns of as-prepared undoped 
ZnSe and the Fe2+-doped ZnSe samples. The undoped sample (ZS) displays sharp peaks 
at 2θ = 27°, 45°, and 53° corresponding to diffraction from the (111), (220), and (311) 
planes in zincblende ZnSe (JCPDS Card No.80-0021). This is in agreement with other 
studies [24,25]. Very small peaks located at 2θ = 23° and 39°, attributed to the planes (100) 
of Se and Zn, respectively, which are related to excesses of these materials in the synthe-
sis, can also be observed. This is also in agreement with previous observations [26,27]. 

 
Figure 2. (a) XRD patterns of undoped and Fe-doped ZnSe nanoparticles synthetized using the 
hydrothermal method. (b) Peaks full width at half maximum (FWHM) as a function of the dopant 
concentration; (c) dislocation density as a function of dopant concentration. 

Figure 1. Scanning electron micrographs of the prepared Fe2+-doped ZnSe samples. The scale bar is
common to all the images. The table summarizes the preparation parameters for the five samples.

2.2. X-ray Diffraction Study

An X-ray diffraction (XRD) analysis was conducted to investigate the samples’ struc-
tural properties, using CuKα (λ = 1.54 Å) as the radiation source. The diffraction angle
was varied from 20◦ to 60◦. Figure 2 shows the XRD patterns of as-prepared undoped
ZnSe and the Fe2+-doped ZnSe samples. The undoped sample (ZS) displays sharp peaks at
2θ = 27◦, 45◦, and 53◦ corresponding to diffraction from the (111), (220), and (311) planes
in zincblende ZnSe (JCPDS Card No. 80-0021). This is in agreement with other studies
[24,25]. Very small peaks located at 2θ = 23◦ and 39◦, attributed to the planes (100) of Se
and Zn, respectively, which are related to excesses of these materials in the synthesis, can
also be observed. This is also in agreement with previous observations [26,27].
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For Fe2+-doped samples, the XRD patterns show additional peaks at 2θ = 23◦, 31◦,
and 34◦, which display an increasing intensity when the doping concentration is increased,
whereas the intensities of the characteristic peaks of zincblend ZnSe are slightly reduced.
These peaks are the signature of the formation of a new phase in the composite material
induced by doping. Specifically, they correspond to the (110), (002), and (111) planes of
FeSe [28]. Moreover, a smaller peak at 2θ = 42◦ that is related to phase (101) of FeZn is
present, with increasing intensity going from lower to higher Fe concentrations.

The crystallite sizes of pure ZnSe and Fe-doped ZnSe samples were estimated from the
highest intensity diffraction peak in the XRD patterns (111) by using the Debye–Scherrer
formula [29]:

Dhkl =
kλ

βcosθ

where D is the crystalline size, k is a numerical factor (frequently referred to as the crystallite-
shape factor and approximated to 0.9 [30] ), λ is the wavelength of the X-ray beam, β is the
full width at half maximum (FWHM), and θ is diffraction angle.

Bragg’s relation was used to calculate the interplanar spacing d.

d =
nλ

2sinθ

The dislocation density, that is the number of defects present in the sample, was
calculated using Williamson and Smallmman’s relation [31]:

δ =
1

D2

and the lattice microstrain was calculated according to [32]:

ε =
β cot(θ)

4

Table 1 summarizes the extracted values of the full width half maximum (FWHM), the
crystallite size, the interplanar spacing, the dislocation density, and the microstrain for all
the samples.

Table 1. Effect of Fe doping in Zn1−xFexSe nanoparticles on the FWHM, crystalline size, interplanar
spacing, dislocation density, and microstrain.

Sample FWHM
(Degree)

Crystalline
Size (D)

(nm)

Interplanar
Spacing

(dhkl)
(Å)

Dislocation
Density (δ)

10− (Line m−2)

Microstrain
(ε)

10−4 (Line −2 m−4)

ZS1 0.11 7.34 3.27 1.85 4.82
FZS1 0.20 4.01 3.27 6.23 8.84
FZS2 0.17 4.70 3.27 4.54 7.54
FZS3 0.26 3.24 3.27 9.51 10.92
FZS4 0.27 3.08 3.27 10.57 11.52

As shown in Table 1, increasing the doping concentration leads to an increase in
the half weight at half maximum and consequently to a reduction in the material crystal
size. For undoped ZnSe, the calculated crystallite size is 7.34 nm. For x = 0.1, 0.2, 0.3,
and 0.4 Fe2+-doped ZnSe, the crystallite sizes are on average reduced to 4.01 nm, 4.7 nm,
3.24 nm, and 3.1 nm, respectively, although the sample with x = 0.1 doping slightly deviates
from the monotonic behavior. This trend could be attributed to the smaller ionic radii of
the dopant Fe2+ (0.064 pm) compared with Zn2+ (0.074 pm), which could lead to lattice
distortions, resulting in poorer crystallization and a smaller grain size. As a consequence,
the dislocation density (due to the inverse relationship with crystalline size [33]) and
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microstrain increase with increasing dopant concentrations. This is in agreement with
previously reported studies [34]. The results of XRD analysis suggest that a reduction in
ZnSe crystallinity, observed in conjunction with an enhancement in the intensity of the
peaks associated with the FeSe secondary phase and increase in defect concentration, is
associated with an increase in the significance of grain boundaries. These are the regions
were the FeSe phase is likely predominantly located, and the FeSe phase is probably the
primary factor influencing the effect of doping on the material’s properties. A similar
behavior has been observed in metal-doped ZnSe nanoparticles [35].

2.3. Raman Characterization

The structure of the samples was further investigated using Raman spectroscopy, a
versatile and powerful technique for addressing the main structural features of nanomate-
rials at large, including not only nanoparticles but also nanorods and nanotubes, as well
as low dimensional materials such as two-dimensional systems [36–38]. The spectra for
the five samples are reported in Figure 3. As shown in the figure, the spectra of undoped
and Fe-doped samples are similar, revealing that Fe doping does not induce significant
modifications of the crystal structure. Five peaks located at 140 cm−1, 203 cm−1, 241 cm−1,
292 cm−1, and 492 cm−1 were found, which may be assigned to the 2TA(L), TO, LO,
LO(L) + TA(L), and 2LO phonon modes, respectively [25,39]. The existence of the peaks
related to the TO phonon mode at 203 cm−1 and the LO phonon mode at 241 cm−1 and TO
mode confirms the cubic structure of ZnSe that is already suggested by the XRD analysis.
The occurrence of the additional scattering peaks is related to higher-order phonons modes,
which indicates that there is strong anharmonicity in the lattice vibrations [26,40,41]. In
the literature, the formation of the LO(L) + TA(L) has been attributed to the fact that the
movement of some optical phonons is partially limited by stacking faults [41]. The peak
intensity decreases as the Fe content increases.
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higher-order phonon modes.

2.4. Electrical and Thermoelectric Measurements

In order to investigate the thermoelectric properties of pure ZnSe and Fe2+-doped
ZnSe samples, we performed measurements of the Seebeck coefficient and of the electrical
conductivity and extracted the material’s power factor. Pressed powder pellets of the
hydrothermally grown materials were prepared using the standard cold pressing tech-
nique. This approach was chosen over more advanced methods such as hot pressing or
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spark plasma sintering as it offered a more cost-effective and scalable approach to device
production. The measurements of the Seebeck coefficient, S, were carried out using a
homemade setup described in session 4. The electrical conductivity, σ, was measured by
using an Ecopia 3000 Hall Measurement SystemTM. All the thermoelectric parameters were
measured as a function of temperature in the 25–150 ◦C range. The results are reported
in Figure 4:
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the undoped and Fe-doped ZnSe samples as a function of temperature.

The values obtained for the Seebeck coefficients are positive, revealing a p-type behav-
ior. It can also be observed that, for all the samples, as the temperature increases from 25 to
150 ◦C, the Seebeck values also increase. The maximum Seebeck value, which is close to
420 µV/K at 150 ◦C, was observed for the x = 0.4 Fe-doped sample. Undoped ZnSe has
a lower Seebeck value, which reaches to 220 µV/K at 150 ◦C. The slight deviation in the
Seebeck coefficient for the sample with the x = 0.4 doping concentration, which exhibits
a behavior that deviates slightly from that of the other samples, is included within the
error in the measurement, which was estimated to be ±30 µV/K. As expected for a doped
semiconductor, the electrical conductivity also increases when the dopant concentration or
the temperature are increased. Enhancement of the Seebeck coefficient values is observed
for increasing levels of doping. The simultaneous increase in the Seebeck coefficient and
electrical conductivity with increasing doping is not common, despite being reported mul-
tiple times in the literature [42–45]. The precise understanding of the mechanisms involved
requires dedicated theoretical calculations. Nonetheless, some tentative explanations can
be suggested based on the available evidence. The analysis of the samples studied in this
work revealed that the introduction of Fe dopants in the material reduces the size of the
crystallites, thus increasing the significance of grain boundaries, and increases the crystal
dislocation and microstrain. These can be reasonably identified as the main mechanisms
affecting the observed thermoelectric behavior. In fact, previous studies have also shown
that optimized doping can induce the formation of nanocrystalline structures where the
contribution of grain boundaries and defects to thermoelectric properties can be as signif-
icant as that of grain regions [42]. The band structure of the material, the position of the
chemical potential, and the carrier’s effective mass around the grain boundaries can be
strongly modified compared with the bulk material, leading 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. Additionally,
energy barriers can form at grain boundaries, promoting an energy filtering effect that
enhances the thermoelectric efficiencies [44]. The combination of these effects may explain
the observed simultaneous increase in the Seebeck coefficient and electrical conductivity
with temperature and doping.

The trends of the Seebeck coefficient and the electrical conductivity are reflected in the
values of the power factors, which also increase with the doping concentration and with
the temperature. The samples investigated displayed power factors at room temperature of
around a few µWm-1K-2, which increased for temperatures above 100 ◦C and had a more
pronounced effect at higher doping levels. The sample with the highest doping concen-
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tration (x = 0.4) exhibited the largest power factor, reaching about 9 × 10−3 Wm-1K-2 at
150 ◦C, approximately one order of magnitude higher than the power factor of the undoped
sample. Similar results were previously obtained by some of the authors of this study on
aluminum-doped ZnSe nanoparticles synthesized using the same approach [45]. Although
a comprehensive understanding of the mechanisms behind the enhanced thermoelectric
performance would require dedicated computational studies, it is worth noting that similar
results were achieved in similar classes of materials, such as doped nanocrystalline SnSe-
based compounds. In these materials, defect engineering led to significant improvements
in the thermoelectric properties, resulting in a ZT as high as 2.6 [42]. These results support
the hypothesis that the nanocrystalline nature of the material, along with doping, may be
the main contributors to the material’s favorable thermoelectric performance.

3. Materials and Methods

Iron-doped zinc selenide samples were prepared by using the hydrothermal method.
Firstly, an aqueous ZnSe precursor solution was prepared by mixing zinc acetate dihydrate
(ZnC4H6O4) (99% Sigma Aldrich, St. Louis, MO, USA) and selenium Se (99% Sigma
Aldrich), both separately dissolved in distilled water. Zn1−xFexSe samples with x ranging
from 0.1 to 0.4 were prepared by incorporating different amounts of iron sulfate FeSO4
(98% Sigma Aldrich). The pH of the reaction was maintained to 8.4 to ±0.2 using sodium
hydroxide (NaOH) (99% Sigma Aldrich). The precursor solution was stirred for 30 min
and then transferred to a Teflon-lined stainless-steel autoclave with a 50mL capacity. The
autoclave was then sealed, heated to 200 ◦C, and maintained at 200 ◦C for 24 h. The
autoclave was then naturally cooled down to room temperature and the precipitates
were separated by filtering through filter paper. The primary amorphous precipitate
was then dissolved in 50 mL of deionized water by continuous stirring at 80 ◦C. Again,
the solution was naturally cooled at room temperature and a secrondary nanoparticle
precipitate was obtained. The Fe-ZnSe nanoparticles were prepared by centrifuging the
secondary precipitate (3000 r/min), washing, and then annealing in a muffle furnace for
2 h at 100 ◦C.

The morphology of the samples was investigated by scanning electron microscopy
(SEM) (Emcrafts), whereas the crystalline structure was characterized by X-ray diffraction
(XRD) (Bruker D8 Advanced), using a Cu Kα source that had a wavelength of 0.154 nm.
Raman spectroscopy (MN STEX-PR 1100) was used to examine the vibrational modes.
In order to perform the thermoelectric characterization, pressed powder pellets of the
hydrothermally grown materials were prepared by resorting to the standard cold pressing
technique. After the synthesis, rectangular pellets of the material were realized by using
a hydraulic press with 13-ton pressure [46]. The density of the pellets was found to
be around 2.1 g/cm3. The Seebeck coefficient was measured using a homemade setup:
thermal gradients were applied at the two extremities of the pellets by exploiting Joule
heating that was induced by using indium paste electrodes at one of end of the pellet and
keeping a fixed temperature at the other end. The thermal gradient was monitored by
using a thermocouple, and the voltage was measured using a probe station connected to
a sourcemeter unit. The electrical conductivity was measured using an Ecopia 3000 Hall
Measurement SystemTM.

4. Conclusions

In this paper, the effect of iron dopant concentration on the thermoelectric properties
of ZnSe nanoparticles was investigated. Five Zn1−xFexSe samples were prepared, with Fe2+

concentrations ranging from x = 0 (undoped) to x = 0.4. The samples were investigated
from a morphological and structural point of view and then the thermoelectric properties
were investigated as a function of the doping concentration and temperature. The XRD
data indicated that the samples consisted of very small crystallites, with the grain sizes
decreasing as the doping concentration increased. The thermoelectric performance of
the material was strongly affected by the doping concentration and temperature. In
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particular, both the Seebeck coefficient and electrical conductivity increased with the
doping concentration and temperature. This behavior is consistent with that observed in
the other nanocrystalline materials and suggests that the nanostructure of the material is
highly promising for thermoelectric applications. The highest power factor, corresponding
to 9 × 10−3 Wm−1K−2, was measured at 150 ◦C for the sample with the highest doping
concentration (x = 0.4). The results of this research demonstrate that the incorporation
of Fe dopants into the synthesis of ZnSe nanoparticles is an effective way to enhance the
material’s thermoelectric properties. Specifically, the results show that Fe-doped ZnSe
nanoparticles are interesting thermoelectric materials in the temperature range around or
above 150 ◦C. This range is very interesting for applications in the recovery of waste heat
in medium temperatures industrial processes, such as in the food industry.
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