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Abstract
Recent progress in nanostructuring and targeted doping has accelerated thermoelectric research by enabling more effective 
control over coupled electrical and thermal transport. In this context, transition-metal chalcogenides such as MnSe have 
emerged as promising candidates because their electronic structure and carrier concentration can be systematically tuned 
through compositional engineering to optimize transport performance. Thermoelectric power generators therefore offer a 
compelling, environmentally benign route for converting waste heat into electricity, operating silently and without direct 
pollutant emissions. This study presents a simple technique for synthesized the MnSe nanoparticles, along with an analysis 
of their structural, morphological, and thermoelectric characteristics. By using the hydrothermal technique to successfully 
synthesise the p-type pristine and MnSe nanoparticles. Various methods of characterisation including X-ray diffraction 
(XRD), scanning electron microscope (SEM), and Energy-dispersive X-ray spectroscopy (EDX) were used to characterize 
the synthesized nanoparticles. Results confirmed that nanoparticles crystalline in a cubic crystal structure with an average 
crystallite size 56 nm. The electrical conductivity of the MnSe material decreases as the Al content increases from 478 to 
92 S/cm, primarily because of the decrease in the number of charge carriers. However, the Seebeck coefficient values are 
increased from 29 to 92 µV/K. The findings demonstrated a significant enhancement in the thermoelectric characteristics 
of MnSe nanoparticles with the introduction of Al doping, employing the hydrothermal technique. Consequently, the 
power factor increased from 42 to 79 µWm–1K–2, respectively. This study presents a cost-effective and efficient approach 
for producing a substantial amount of Al-codoped MnSe at low temperatures. The resulting material exhibits excellent 
thermoelectric properties, making it suitable for various practical applications.
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1  Introduction

Thermoelectric (TE) materials have attracted consider-
able interest because of their capacity to convert heat into 
electricity directly and reversibly [1–4]. This makes them 
highly promising for applications such as waste heat recov-
ery, which can enhance energy efficiency and sustainabil-
ity. Furthermore, TE cooling technology is essential for 
dissipating heat in electronic devices, thanks to its excep-
tional dependability and the ease with which it can be made 
smaller in size [5, 6]. A dimensionless figure of merit (ZT) 
was employed to evaluate the efficiency of TE materials, 
which is calculated as:

ZT = PF × T

Ktol

PF = S2σ

The defining factors of the system are the Seebeck coeffi-
cient S, electrical conductivity σ, total thermal conductivity 
ĸtol (which encompasses electrical thermal conductivity ĸele 
and lattice thermal conductivity ĸlat), and Kelvin tempera-
ture T [7, 8]. It is essential to maximise the power factor and 
simultaneously decrease the lattice thermal conductivity in 
order to enhance the performance of TE materials. Effec-
tive enhancement of the power factor of materials can be 
achieved through the manipulation of electrical properties, 
including band convergence [9, 10], resonance level [11, 
12], carrier concentration optimization [13], and energy fil-
tering effects [14]. To further control the phonon transport 
process in materials and reduce the heat transport, nano-
structuring [15, 16], phase separation, and all-scale hierar-
chical architecturing [17] are extensively employed.

PbTe is widely recognized as the benchmark thermoelec-
tric material for medium-temperature applications due to its 
superior performance and long-standing use in commercial 
devices [18, 19]. However, growing environmental con-
cerns related to lead toxicity have significantly limited its 
broader deployment, motivating the search for eco-friendly 
alternatives. SnTe has emerged as a promising nontoxic 
substitute because of its similar crystal structure and chemi-
cal characteristics, making it attractive for waste-heat recov-
ery in the 500–900  K range [20]. Despite this potential, 
intrinsic SnTe exhibits inferior thermoelectric performance 
owing to its narrow band gap, excessive hole concentra-
tion, and large energy separation between light and heavy 
valence bands, which promote strong bipolar diffusion and 
suppress the Seebeck coefficient [20–22]. Additionally, the 
relatively low atomic mass of Sn results in inherently high 
lattice thermal conductivity, further reducing its figure of 

merit compared to PbTe. Recent studies (Cu [23], Zn [24, 
25], Mn [26], etc.) demonstrate that targeted elemental dop-
ing can effectively converge the valence bands and enhance 
the Seebeck coefficient, while phonon-engineering strate-
gies such as nanoinclusion formation and defect engineer-
ing have proven successful in suppressing lattice thermal 
conductivity. These advances highlight viable pathways to 
overcome the intrinsic limitations of SnTe and significantly 
improve its thermoelectric performance.

In recent studies, manganese tellurides, specifically 
MnTe [27] and MnTe2 [28] have demonstrated great poten-
tial as thermoelectric materials because of their naturally 
low lattice thermal conductivity. The highest values of ZT, 
specifically 1.1 and 0.7, have been attained in MnTe and 
MnTe2, respectively, by optimizing the carrier concentration 
and introducing extra phonon scattering. This would gener-
ate significant interest in the utilization of Mn-based semi-
conductors for their potential in thermoelectric applications.

Manganese Selenide (MnSe) compound is gaining sig-
nificant interest and is considered highly promising for 
medium-temperature thermoelectric applications because 
of its inadequate noxiousness, abundance of earth elements 
and excellent TE characteristics. MnSe exhibits p-type con-
duction and has a large band gap of 2.0 eV, has been widely 
studied for its crystal structure [29], optical properties [30, 
31], magnetic properties [32], and low-temperature electri-
cal properties [33, 34]. Pristine manganese selenide dem-
onstrates a significant Seebeck coefficient and a diminished 
electrical conductivity at room temperature as a result of 
its low carrier concentration around ×1018 cm− 3 [33]. This 
suggests that it has the potential to be an environmentally 
acceptable material for thermoelectric applications.

The hydrothermal approach offers the advantages of hav-
ing a low synthesis temperature and fine particle sizes in 
comparison to other processes that are used to synthesize 
nanostructure materials [35]. By selecting the appropriate 
operating conditions, it is possible to exert control over 
the chemical composition and form of the powder on a 
nanoscale. An extensive variety of morphologies, such as 
nanotubes, nanosheets, nanowires, and nanorods, amongst 
others, have been synthesised by the utilization of this 
method [36–39].

In our current study, we have effectively synthesized 
the pristine and Al-doped MnSe nanoparticles using the 
straightforward hydrothermal approach and investigate 
it’s structural and thermoelectric properties. SEM, XRD, 
and EDX were employed to assess the morphology, crys-
tal structure, and composition of the samples, respectively. 
Thermoelectric properties of pristine and Al-doped MnSe 
were investigated between 300 and 525  K. Electrical and 
Seebeck measurements were conducted to study the effect 
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of Al concentration on the thermoelectric transport param-
eters of the MnSe nanoparticles while the TE application is 
the major emphasis of our work.

2  Experimental procedures

2.1  Chemicals

All chemicals used in this study were of analytical grade. 
Manganese nitrate (Mn(NO3)2, 99.9%), selenium powder 
(99.9%), aluminum nitrate (Al(NO3)2, 99.9%), sodium 
hydroxide (NaOH), ethylene glycol (EG), Ethylenediamine 
tetraacetic acid (EDTA), and Sodium borohydride (NaBH4, 
99.9%) were used according to the required stoichiometric 
ratios.

2.2  Synthesise of pristine MnSe and Al-doped MnSe 
nanoparticles

Pristine and Al-doped MnSe nanoparticles were synthesised 
using a solvothermal method. Manganese nitrate Mn(NO3)2, 
selenium powder, and aluminum nitrate Al(NO3)3 (for 
doped samples) were dissolved in ethylene glycol (EG), 
which served as the reaction solvent. EDTA was added as a 
surfactant to control particle growth, followed by NaOH to 
adjust the pH of the solution. Sodium borohydride NaBH4 
was then introduced as a reducing agent to promote the 
formation of MnSe nuclei. The resulting homogeneous 

solution was transferred into a 100 mL Teflon-lined stain-
less-steel autoclave and magnetically stirred for 30 min. The 
sealed autoclave was heated at 200 °C for 20 h to complete 
the reaction, after which it was allowed to cool naturally 
to room temperature. The obtained product was filtered, 
repeatedly washed with ethanol and deionised water, and 
subsequently dried at 80  °C for 10  h. The dried material 
was then gently ground using a mortar and pestle to obtain 
fine MnSe nano-powder. Al-doped MnSe samples were 
prepared following the same procedure, with the required 
stoichiometric amount of Al(NO3)3 added during precursor 
preparation. Figure 1 illustrates the solvothermal synthesis 
route used for producing the MnSe nanoparticles.

2.3  Characterization

The structural properties of the samples were exam-
ined using X-ray diffraction (XRD) on a Malvern PANa-
lytical diffractometer equipped with Cu Kα radiation 
(λ = 0.1554 nm). Diffraction patterns were recorded over a 
2θ range of 20–80° with a step size of 0.002° and a scanning 
rate of 4◦ min-1 under operating conditions of 40 kV and 
15 mA. Rietveld refinement was performed using the High-
Score Plus software package to analyse the crystallographic 
structure. The morphology of the synthesized nanoparti-
cles was investigated using scanning electron microscopy 
(SEM) at an accelerating voltage of 30 kV, while elemental 
composition and spatial distribution were assessed using 
energy-dispersive X-ray spectroscopy (EDX) with an FEI 

Fig. 1  Schematic illustration of 
hydrothermal synthesis of pris-
tine MnSe nanoparticles
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Magellan 400 high-resolution system equipped with an 
Oxford Instruments X-Max 80 silicon drift detector. For 
thermoelectric characterization, the as-synthesized powders 
were consolidated into dense disk-shaped pellets by uniax-
ial cold pressing using a hydraulic press under an applied 
load of 15 tons for 5 min. The obtained pellets were suf-
ficiently compact and were used for subsequent transport 
measurements. Thermoelectric properties, including elec-
trical conductivity, Seebeck coefficient, and power factor, 
were measured from room temperature up to 575 K using 
a NETZSCH SBA 458 Nemesis system. The electrical con-
ductivity was determined using a conventional four-probe 
method, while the Seebeck coefficient was measured using a 
standard differential technique. In addition, the carrier con-
centration (n) and mobility (µ) were evaluated using the van 
der Pauw method.

3  Results and discussion

3.1  Crystal structure and phase identification

The XRD data were analyzed using the X’Pert HighScore 
Plus software. Before peak identification, the baseline was 
corrected and the K-α component was removed from the raw 
diffraction profile. The minimum detectable peak intensity 
was then defined to enable accurate peak searching. Figure 2 

(a) illustrates the XRD patterns of pristine and Al-doped 
MnSe nanoparticles. Both samples exhibited a cubic crystal 
structure, consistent with the JCPDS card number 04-003-
2552 (space group Pa-3). The diffraction patterns show dis-
tinct reflections corresponding to the (111), (200), (101), 
(210), (211), (220), (221), (012), (111), (311), (023), (321), 
and (400) crystallographic planes. The most intense peak 
appears at 31°, indexed to the (210) plane, which is char-
acteristic of MnSe. The second strongest reflection occurs 
at 34°, associated with the (211) plane. Selenium-related 
peaks were observed at 29°, 43°, and 45°, corresponding 
to the (101), (012), and (111) planes of the hexagonal Se 
phase (space group P3121), in agreement with JCPDS card 
no. 04-004-4240. Importantly, no secondary phases were 
detected after Al doping, indicating successful incorpora-
tion of dopants into the MnSe lattice.

With increasing Al concentration, the intensity of the 
diffraction peaks progressively decreases. This reduction 
is attributed to the substitution of Mn2+ ions, with a larger 
ionic radius, by smaller Al3+ ions within the MnSe lattice. 
The resulting lattice distortion reduces overall crystallinity, 
producing broader and less intense XRD reflections. Addi-
tionally, the incorporation of Al introduces further structural 
imperfections and strain, which contribute to the continued 
weakening the diffraction peaks. The average crystallite size 
of both pristine and Al-doped MnSe nanoparticles was esti-
mated using the Scherrer equation [40]:

Fig. 2  (a) XRD patterns of pristine and Al-doped MnSe nanoparticles with indexed (hkl) reflections; (b) variation of crystallite size and FWHM as 
a function of Al concentration; (c) corresponding evolution of microstrain and dislocation density with Al doping
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Dhkl = Kλ

β hkl cosθ hkl

where D is crystallite size, K is the shape factor (0.9), λ is 
the x-ray wavelength (Cu Kα, 1.5406 Å), β hkl is the full 
width at half maxima (FWHM) of the most intense diffrac-
tion peak (in radians), and θ hkl is the Bragg diffraction 
angle. The FWHM values were obtained from the (210) 
peak after background subtraction, and the values were con-
verted from degrees to radians before calculation. Instru-
mental broadening was neglected in this analysis.

The crystallite size of the MnSe nanoparticles decreases 
with increasing Al concentration, primarily due to the sub-
stitution of smaller Al+ 3 ions for Mn+ 2 ions within the lat-
tice. This substitution introduces additional lattice defects 
and strain, which hinder crystal growth and consequently 
reduce the crystallite size, as illustrated in Fig. 2(b). At the 
same time, FWHM of the XRD peaks increases, indicating 
broader diffraction features. This peak broadening is attrib-
uted to enhanced lattice distortion and reduced crystallinity, 
which result in greater structural disorder and diminished 
peak sharpness.

Micro − strain (ε ) = β cosθ
4

Dislocation Density (δ ) = 1
D2

where β represents the full width at half maximum (FWHM), 
θ is the Bragg angle, and D is the crystallite size. The rela-
tionship between these parameters for the synthesized MnSe 
nanostructures is shown in Fig.  2(c). The results indicate 
that the microstrain and dislocation density are inversely 
proportional to the crystallite size; specifically, both ε and 
δ increase as the crystallite size decreases. Table 1 presents 
the calculated values of microstrain, dislocation density, 
and crystallite size for pristine and Al-doped MnSe nano-
structures. Hence, the average microstrain was determined 

to be 0.65 ± 0.0866, which corresponds to the slope of the 
fitted line. The crystallite size D was calculated to be 51 nm, 
which closely agrees with the value obtained from the 
Debye–Scherrer equation.

The size and lattice deformation of the nanoparticles 
were further evaluated using the Williamson–Hall (W–H) 
method, as illustrated in Fig. 3. Since both crystallite size 
(D) and microstrain (ε) contribute to peak broadening, 
the W–H relation was used to estimate their contributions 
according to [43]:

β hkl cosθ hkl = (ε × 4sinθ hkl) + Kλ

D

where βhkl represents the peak broadening, θhkl is the Bragg 
angle, ε denotes the average lattice strain, and K is the shape 
factor with a value of 0.9. This equation was compared 
with the linear form y = mx + c, and a plot was constructed 
between 4 sin θ (x–axis) and β cos θ (y–axis). The y-inter-
cept of the plot was used to determine the crystallite size, 
whereas the slope provided the corresponding lattice strain.

3.2  Morphology and chemical composition

Scanning electron microscopy (SEM) was used to examine 
the surface morphology and structural features of pristine 
and Al-doped MnSe nanoparticles, as presented in Fig. 4(a–
d). The pristine MnSe sample exhibits a relatively uniform 
and homogeneous morphology, indicating well-controlled 
synthesis conditions that promote consistent particle growth 
without significant agglomeration. As the Al concentration 
increases, a noticeable reduction in particle size is observed, 
accompanied by changes in particle geometry and surface 
texture. This size reduction can be attributed to several fac-
tors: the substitution of Al3+ ions introduce lattice strain, 

Table 1  Calculated crystallite size (D), FWHM, dislocation density 
(δ), and microstrain (ε) of pristine and Al-doped MnSe nanoparticles
Sample
(MnSe1–xAlx)

Crystal-
lite size
(nm)

FWHM
(Degree)

Dislocation 
density
m–2 (δ × 10–4)

Microstrain
(ϵ×10–4)

Pristine 61 0.136 2.626 5.741
0.4 58 0.144 2.927 6.061
0.8 56 0.148 3.117 6.254
1.2 52 0.159 3.565 6.688
The dislocation density (δ) and microstrain (ε) are important param-
eters for evaluating the characteristics of the synthesized nanostruc-
tures and were derived from the XRD data. The values of δ and ε for 
all samples were calculated using the following Eqs. [41, 42]:

Fig. 3  Williamson Hall plot with liner curve fir which gives us slop for 
lattice strain and crystallite size from intercept
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which suppresses crystal growth; Al incorporation can 
enhance nucleation rates by providing additional nucleation 
sites; and changes in surface energy induced by Al doping 
may favour the formation of smaller particles to minimize 
total surface energy. Furthermore, Al influences the local 
chemical environment during synthesis, potentially accel-
erating nucleation relative to growth, resulting in finer 
nanoparticles. The particle size distributions shown beneath 
each SEM image provide a qualitative indication of the size 

variation among the samples. However, it should be noted 
that these distributions were obtained from high-magni-
fication SEM images and are therefore based on a limited 
number of particles; as such, they are intended to illustrate 
general trends rather than provide rigorous statistical quan-
tification. Even with this limitation, the SEM observations 
suggest a progressive reduction in particle size with increas-
ing Al content, which is in good agreement with the crystal-
lite size trend obtained from XRD analysis.

Fig. 4  SEM micrographs and cor-
responding grain-size distribution 
histograms of (a) pristine MnSe, 
(b) Al-doped MnSe (x = 0.4), (c) 
Al-doped MnSe (x = 0.8), and (d) 
Al-doped MnSe (x = 1.2)
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Energy-dispersive X-ray spectroscopy (EDX) was 
employed to examine the elemental composition and chemi-
cal purity of the synthesized samples. As shown in Fig. 5, 
the EDS spectra confirm the presence of Mn, Se, and Al in 
all nominal compositions, indicating successful incorpora-
tion of Al into the MnSe matrix. The measured elemental 
ratios are in reasonable agreement with the expected com-
positions. No impurity-related peaks were detected within 
the sensitivity limit of the measurement, suggesting good 
chemical purity of the samples. Furthermore, the elemental 
mapping reveals a fairly uniform distribution of Al through-
out the MnSe matrix, with no obvious evidence of phase 
separation or abnormal elemental segregation during the 
hydrothermal synthesis process. without obvious phase sep-
aration or severe segregation.

3.3  Carrier concentration and mobility

Hall measurements were conducted to determine the car-
rier concentration and mobility of pristine and Al-doped 
MnSe nanoparticles at room temperature as shown in 
Fig.  6. The positive Seebeck coefficients observed across 
all samples clearly confirm that both pristine and Al-doped 
MnSe behave as p-type semiconductors, with holes acting 
as the dominant charge carriers. This behaviour is consis-
tent with previous studies on MnSe–based chalcogenides, 
where intrinsic defects such as Mn vacancies (VMn) or Se 
anti-site defects typically act as acceptor states and gener-
ate holes within the lattice [13]. As shown in Fig.  6, the 
carrier concentration decreases steadily with increasing Al 
content. This reduction can be attributed to the substitution 
of Mn2+ by Al3+, which modifies the defect chemistry of 
MnSe. In pristine MnSe, Mn vacancies serve as the primary 
acceptor species responsible for hole formation. When Al3+ 
occupies Mn2+ sites, it introduces a donor-like compensa-
tion effect that partially neutralizes these acceptor defects, 
thereby lowering the hole concentration [44, 45]. Further-
more, Al incorporation stabilizes the lattice and suppresses 
the formation of Mn vacancies, contributing to an additional 
decrease in hole generation [46, 47].

In contrast, the carrier mobility increases with Al dop-
ing. This improvement arises from several crystallographic 
and electronic factors. First, a reduction in the concentration 
of ionised acceptor defects decreases ionised impurity scat-
tering, allowing charge carriers to move more freely [48]. 
Although XRD analysis indicates that Al incorporation 
reduces the crystallite size and increases the microstrain 
and dislocation density factors that would typically enhance 
carrier scattering the experimental results show that the 
mobility still increases with higher Al content. This appar-
ent contradiction can be explained by the competing scatter-
ing mechanisms: the reduction in ionised defect scattering is 

significantly stronger than the additional scattering caused 
by microstrain-related defects [48]. In addition, the decrease 
in carrier concentration reduces carrier–carrier scatter-
ing, which further enhances mobility. Such a simultaneous 
reduction in carrier concentration coupled with an increase 
in mobility is a well-established strategy for optimising 
thermoelectric materials, as it enhances the Seebeck coef-
ficient while maintaining acceptable electrical conductivity 
[17, 49].

3.4  Electrical conductivity of Al-doped MnSe

Figure  7(a) presents the temperature-dependent electrical 
conductivity of pristine and Al-doped MnSe samples. All 
compositions show a decreasing electrical conductivity 
with rising temperature, confirming their degenerate semi-
conductor behaviour. A clear reduction in conductivity is 
also observed with increasing Al concentration; at room 
temperature, the electrical conductivity decreases from 
478 to 158 S cm− 1 as the Al content increases from 0.4 to 
1.2  M. This behaviour can be attributed to two dominant 
mechanisms: impurity scattering and phonon scattering. 
The incorporation of Al into the MnSe lattice introduces 
additional scattering centres, which disrupt the periodicity 
of the crystal and impede charge-carrier transport, thereby 
reducing mobility. Simultaneously, elevated temperatures 
enhance phonon vibrations that further scatter carriers, 
collectively contributing to the reduction in conductivity 
[44, 13]. Figure  7(b) displays the room-temperature elec-
trical conductivity as a function of Al content, showing a 
monotonic decrease with increasing doping level. Accord-
ing to the conductivity relation σ = neµ, this trend arises 
from the competing effects of decreasing carrier concentra-
tion and slightly increasing mobility, as shown in Fig.  6; 
the dominant decrease in carrier concentration outweighs 
the mobility enhancement, leading to an overall decline in 
conductivity. Moreover, Al doping widens the energy gap 
of MnSe solid solutions, causing an exponential reduction 
in carrier concentration and thus a significant drop in elec-
trical conductivity. A similar behaviour has been reported 
by Wang et al. [50], who observed a decrease in electrical 
conductivity with increasing SnTe content in alloyed MnSe, 
consistent with the trends obtained in this study.

3.5  Seebeck coefficient of Al-doped MnSe

The Seebeck coefficient of pristine and Al-doped MnSe 
nanoparticles was measured in the temperature range of 
300–575  K, and the corresponding results are shown in 
Fig.  8(a). All samples exhibit an increase in the Seebeck 
coefficient with rising temperature, which is characteristic of 
p-type semiconductors, where holes dominate the transport 
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process. The positive Seebeck values further confirm p-type 
conduction, consistent with the defect-driven hole forma-
tion reported for MnSe-based chalcogenides. The Seebeck 
coefficient also increases systematically with Al content, 
with the 1.2 M Al-doped sample showing the highest value. 
This enhancement can be understood by considering the 
semiconductor Seebeck relation [51]:

S = π 2k2
BT

3e

[
1
n

dn (E)
dE

+ 1
µ

dµ (E)
dE

]

E=EF

which indicates that S increases when the carrier concentra-
tion decreases or when the energy dependence of mobility 
becomes stronger. As demonstrated earlier (Fig. 7), Al incor-
poration decreases the carrier concentration due to defect 
compensation while only moderately increasing mobility, 
meaning the reduction in carrier concentration dominates 
and leads to a larger Seebeck coefficient. Furthermore, Al 
doping induces electronic band distortion and local energy-
level modification, which can enhance band convergence 
and promote higher thermopower. This trend is consistent 
with previous reports, such as the Na-doped MnSe system 
studied by Zheng et al. [52] where increasing temperature 
and dopant content also enhanced the Seebeck coefficient. 
Overall, the combined effects of reduced carrier concen-
tration, band modulation induced by Al substitution, and 
thermally activated carrier transport result in a pronounced 
improvement in the Seebeck coefficient and point toward 
enhanced thermoelectric performance of Al-doped MnSe 
nanoparticles [53–55]. Figure  8(b) presents the variation 
of the room-temperature Seebeck coefficient as a function 
of Al content for the MnSe nanoparticles. As shown in the 
figure, the Seebeck coefficient increases progressively with 
increasing Al concentration, indicating that Al incorporation 
effectively enhances the material’s thermoelectric response.

3.6  Power factor of Al-doped MnSe

Figure  9(a) illustrates the thermoelectric power factor of 
pristine and Al-doped MnSe nanoparticles, calculated using 
the measured electrical conductivity (σ) and Seebeck coef-
ficient (S) values at different temperatures. The power factor 
was obtained from the standard relation:

Fig. 5  Energy-dispersive X-ray (EDX) spectra of pristine and Al-
doped MnSe samples, with corresponding elemental mapping images 
included within each spectrum to illustrate the spatial distribution of 
Mn, Se, and Al

Fig. 6  Shows the variation of carrier concentration and mobility as a 
function of Al content at room temperature

 

Fig. 7  Shows (a) the temperature dependence of the electrical conductivity of MnSe1–xAlx with varying Al content and (b) the room-temperature 
electrical conductivity of MnSe1–xAlx as a function of Al content
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P .F = S2 × σ

As shown, the power factor improves with increasing tem-
perature and Al content. This enhancement arises primar-
ily from the substantial increase in the Seebeck coefficient, 
which outweighs the moderate reduction in electrical con-
ductivity caused by Al-induced impurity scattering. The 
rise in S with both temperature and Al doping is attributed 
to reduced carrier concentration, band modulation, and 
enhanced energy–filtering effects introduced by Al substi-
tution. Consequently, despite the expected decrease in σ at 
higher Al concentrations, the pronounced increase in S results 
in an overall improvement in the power factor. Figure 9(b) 

further shows the variation of room-temperature power fac-
tor with Al content, revealing a steady increase from 0.4 to 
1.2 at% Al. This behaviour reflects the competitive relation-
ship between decreasing σ and substantially increasing S, 
confirming that Al incorporation effectively enhances the 
thermoelectric performance of MnSe nanoparticles.

3.7  Density of states effective mass

To further understand the carrier transport behaviour in 
Al-doped MnSe nanoparticles, the relationship between 
the Seebeck coefficient (S) and the carrier concentration 
(n) was analysed using the single-parabolic-band (SPB) 

Fig. 9  Illustrates (a) the temperature dependence of the power factor of MnSe1–xAlx with varying Al content and (b) the corresponding room-
temperature power factor as a function of Al content

 

Fig. 8  Illustrates (a) the temperature dependence of the Seebeck coefficient for MnSe1–xAlx with different Al concentrations and (b) the variation 
of the room-temperature Seebeck coefficient with Al content
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model. Within this framework, assuming acoustic phonon 
scattering as the dominant scattering mechanism (scattering 
parameter λ = 0), the Seebeck coefficient can be expressed 
as [56, 57]:

S = 8π 2k2
B

3eh2 m∗
DOST

( π

3n

)2/3

where the density-of-states effective mass is given by

m∗
DOS = N

2/
3

v m∗

.
Here, S is the Seebeck coefficient, n is the Hall carrier 

concentration, m∗
DOS  is the density-of-states effective mass, 

m* is the band effective mass, Nv is the valley degeneracy, 
kB is the Boltzmann constant, e is the elementary charge, h is 
Planck’s constant, and T is the absolute temperature. Using 
these relations together with the experimental Seebeck and 
carrier concentration data, the DOS effective mass for the 
Al-doped MnSe samples was extracted and is shown in 
Fig. 10(c). The results reveal that m∗

DOS  decreases progres-
sively with increasing Al content. Physically, this decrease 
corresponds to a flattening of the valence-band curvature and 
reflects the modification of the electronic structure induced 
by Al incorporation. A smaller effective mass generally 
implies reduced carrier scattering and a higher carrier trans-
port rate. Figure 10(a–b) further illustrate the relationships 
among electrical conductivity, carrier concentration, and 
Seebeck coefficient: the electrical conductivity increases 
nonlinearly with increasing carrier concentration, while the 

Fig. 10  Shows (a, b) room-temperature electrical conductivity and Seebeck coefficient versus carrier concentration, (c) effective mass as a function 
of Al content, and (d) Seebeck coefficient versus electrical conductivity for MnSe1–xAlx
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Seebeck coefficient decreases as n increases, consistent with 
SPB expectations. Figure 10(d) presents the Seebeck coef-
ficient as a function of electrical conductivity, showing a 
clear inverse and nonlinear relationship for Al-doped MnSe. 
These results collectively confirm that Al doping modifies 
both the electronic structure and transport behaviour, con-
sistent with the observed enhancement in thermoelectric 
performance.

4  Conclusion

In this study, pristine and Al-doped MnSe nanoparti-
cles were successfully synthesised using a hydrothermal 
method, demonstrating controlled structural and thermo-
electric modification through Al incorporation. The average 
crystallite size decreased from 61 to 52  nm with increas-
ing Al concentration, reflecting enhanced lattice distortion 
and defect formation. Electrical transport measurements 
revealed that Al doping markedly improved the thermoelec-
tric properties: the Seebeck coefficient increased from 29 
to 92 µV K− 1, while the power factor rose from 42 to 79 
µW m−1K− 2 at room temperature. Pisarenko analysis further 
showed that the density-of-states effective mass decreased 
progressively with increasing Al content, indicating notable 
changes in band curvature and carrier dynamics induced by 
dopant incorporation. These findings confirm that Al sub-
stitution is an effective strategy for tuning the electronic 
structure and enhancing the thermoelectric performance of 
MnSe-based materials. Although the thermal conductivity 
of the samples could not be measured in this work prevent-
ing evaluation of the full figure of merit (ZT) future efforts 
will focus on determining the thermal transport properties to 
comprehensively assess the potential of Al-doped MnSe for 
thermoelectric energy conversion and related applications 
such as sensing and waste-heat harvesting.
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