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ARTICLE INFO ABSTRACT
Keywords: In this manuscript, the thin films of Magnesium Selenide (MgSe) were synthesized on a glass substrate using a
MgSe thin films single-stage horizontal tube furnace (SSHTF) which is supposed to be the simplest and a cost-effective approach.

Vacuum tube furnace
Source to substrate distance
Thermoelectric power generation

Before the deposition of thin films, the substrate was cleaned using standard methods. A pellet was formed by
taking an equal ratio (1:1) of magnesium (Mg) and selenium (Se) powders and then evaporating them at 700°C
for 1 h. The flow rate of nitrogen gas (100 SCCM) was maintained during the deposition process to avoid un-
wanted oxygen. A number of samples were synthesized by varying the source to substrate distance, and some
representative samples are chosen for this study. The post-growth samples were characterized using XRD, SEM,
and Raman Spectroscopy. The thermoelectric potential of all samples was tested by a home-developed Seebeck
system. We have observed some promising values of the Seebeck coefficient (7.175 x 10™> V/'C) and power
factor (6.35 x 1078 Wm~1°C~2) at optimized source-to substrate distance. These encouraging results will open
the door for MgSe-based thermoelectric research and further explore its power generation potential in the future.

1. Introduction which is dimensionless and given as (see Table 1)

Conventional energy sources are limited, and soon, these sources will ZT= SZJT/ K @
be expected to have vanished, so to meet the energy requirement, it is
necessary to look for different alternative energy generation systems.
These sources should produce green and environmentally friendly en-
ergy so that environment won’t get affected [1,2]. There are different
kinds of green and environmentally friendly energy production systems,
such as hydro power, wind power, solar power, piezoelectric, and
thermoelectric power generation system. Among them, thermoelec-
tricity is one of the cheap and environment friendly source of energy
because it harvests wasted heat energy from the environment and con-
verts it into useable electrical energy [3-10]. It has been almost half a
century since researchers are trying to improve the material’s properties
and making efforts to enhance the efficiency of thermoelectric power
generation systems both in experimental and theoretical domains. The
overall efficiency of material (both in power generation & refrigeration)
is determined by a mathematical relation called (ZT) or figure of merit,

Here in eq (1) Seebeck coefficient is represented by “S”, and electrical
conductivity is meant by “c”, whereas “K’ stands for thermal
conductivity.

Although thermoelectric research has been a continuous point of
interest for more than 50 years, the renaissance started in the 1990s.
Hicks and his buddy researcher Dresselhaus published a research article
in which they presented the idea of nanostructure’s effect on material
properties that brings new horizons in thermoelectric power generation.
Two major pathways under the researcher’s focus that help to enhance
the Figure of merit (ZT) are reducing the thermal conductivity through
the lattice. Low thermal conductivity could be achieved using different
approaches, such as incorporating the rattler atom in the crystal struc-
ture. On the other hand, the 2nd approach is a significant improvement
in the power factor, indicating better thermoelectric behavior. It
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Table 1

The Xray diffraction data for major peaks.
Sr 20 Intensity (a. FWHM Crystalline size hkl
# (degree) u) (degree) (nm)
1 33.15 619 0.23 37.92 (200)
2 32.82 313 0.17 51.76 (200)
3 32.70 285 0.063 136.56 (200)
4 32.78 165 0.15 57.64 (200)

attributes the utmost potential of electronic transport properties of the
material and the effect of temperature on the thermoelectric properties
[11,12]. Although much progress in achieving a high merit figure has
been made in the above-mentioned cases but much work is still needed
[13-22].

MgSe is a wide band gap semiconductors which is supposed to be a
good candidate for electronic and optoelectronic device applications
due to good electrical and elastic properties [23-25]. But the thermo-
electric potential of MgSe is not investigated in the literature. Only few
reports are presents on the thermoelectric properties of this materials i.e
Rehman et al. investigated the thermoelectric potential of magnesium
selenide thin films grown by chemical bath deposition method [44].
Therefore, there is still need to thoroughly investigate the thermoelec-
tric properties of MgSe thin films to use this material for the fabrication
of thermoelectric generators for commercial applications.

In this manuscript, we have reported some good thermoelectric pa-
rameters such as the Seebeck coefficient and power factor 6.35 x 10~8
Wm™!°C2and 7.175 x 10~° V/'C respectively. Such high values of the
Seebeck coefficient and power factor have never been reported for
MgSe, according to the best of our knowledge and available literature
[26-41]. The samples under investigation were grown by thermal
evaporation method using a vacuum tube furnace. A series of samples
was prepared varying source to substrate distance in the tube furnace by
keeping all other parameters constant during growth process.

2. Methodology

This experiment was carried out using a locally designed single-stage
horizontal tube furnace (SSHTF), a simple, easy-to-operate, and cost-
effective apparatus. The labeled experimental schematic diagram is
given below (as Fig. 1).

e Ais a Nitrogen gas cylinder

e Bisa gas flow meter that also has a valve to control the flow of gas (in
this experiment, we used nitrogen gas)

e Cis the Vacuum gauge (Pirani gauge)

¢ D is the left pair of flanges made of stainless steel (SS)

e E is the Upper side heater filament
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o F is the upper body of the system, which help to insulate the system

and help to prevent heat dissipation into the environment

G is the Quartz tube in which the whole experiment takes place

H is the right pair of flange made of SS

I is the exit control valve for gasses

J is the vacuum pump (Rotary pump)

K is the exhaust of the vacuum pump

L is the lower heater filament

M is a ceramic boat in which the material subjected to evaporation is

placed

o N is the substrate holder

e O represents the substrate placed at a different distance from the
source

e P is the Lower body of the experimental setup, which also helps to
insulate the setup and stop heat dissipation in the environment

Before deposition the cleaning of substrates was performed to
remove the impurities from the surface. Four glass substrates were
washed with soap and then placed in a sonicator for 1 h. After soni-
cation, the substrates were cleaned with acetone and dried for half an
hour using a hot plate.

In 1st step, 99.9 % pure metal powder of magnesium and selenium
was taken (from sigma Aldrich) in an equal ratio of 1:1. After that,
grinding was performed in an agate mortar pestle to get the finer and
completely mixed powder. This mixing and grinding help to get a better
surface morphology of thin film on a glass substrate. In 2nd step, the
physical vapor deposition method was employed using tube furnace.
After that the grinding and mixing of powders, a pellet was formed and
placed in a ceramic boat, and the ceramic boat was placed in a quartz
tube. The position of the source material was at the center of the heating
zone of the furnace. The substrate was 5, 10, 15, and 20 cm from the
center. After that, 10”2 torr pressure was achieved using the rotary
pump, and to further constrain the role of unwanted gasses like oxygen,
a 100 SCCM flow of nitrogen gas was given. In the last step, the furnace
temperature was set at 700°C for 1 h [42]. At 700°C, Mg and Se powder
react and vaporize which forms MgSe vapor in the quartz tube and these
vapors get deposited on glass substrate placed on different distance from
the source. After the deposition, the furnace was cooled down to room
temperature naturally under the continuous flow of nitrogen to avoid
oxygen to react with MgSe vapors.

The grown samples were characterized by Raman spectroscopy
(Confocal micro Raman mapping system, South Korea, the wavelength
of laser used in Raman spectrometer was 633 nm, XRD (Bruker D8
advanced Germany with CuKa source of wavelength 0.154 nm), Seebeck
coefficient, Hall measurement (Home made and Ecopia HMS-3000,
Korea) and SEM (Emcrafts, South Korea). The temperature difference
between two plates of Seebeck coefficient was achieved by heating one
plate and keeping the other plate at constant temperature. The induced

Fig. 1. The schematic diagram of the SSHTF experimental setup.
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voltage at different delta temperatures was measured and graph was
drawn between delta temperature and induced voltage. The slope of this
graph was gives Seebeck coefficient.

3. Results and discussion

Fig. 2 demonstrates the X-ray diffraction pattern of Magnesium
selenide (MgSe) thin films on a glass substrate. Two major peaks were
observed at 32 and 68° which are related to Millar indices (200) and
(400), respectively, according to JCPDS# 65-2922 [35]. It is further
observed that as the source-to-substrate distance is increased from 5 to
20 cm, the X-ray peak intensity decreases. This degradation of crystal-
linity with increasing the distance between the source and substrate is
due to the lack of thermal energy. As the sample moves away from the
center of the furnace, the temperature gradient rises, vapor flux and
decreased due to which particles don’t get optimal energy to be settled
in proper crystalline arrangements. There is a slight phase shift in
different peaks because the stress applied by a different experimental
condition caused the strain in the lattice, which shows slight fluctuations
from the position [36,39].

Fig. 3 shows the effect of source-to-substrate distance on crystalline
size and the FWHM in graphical interpretation to get an overview of
behavior. This chart shows that as the source-to-substrate distance is
increased, the crystalline size is increased up to 15 cm and then slightly
decreased. The observed increase in crystalline size leads to the relation
between rate of deposition, adatom mobility and surface diffusion dur-
ing the growth process. At 5 cm the temperature and vapor flux were
high which results in high deposition rate and surface diffusion was
limited. As the distance increased at 10, and 15 cm now substrates are
placed slightly lower temperature zone and have lower vapor flux,
deposition rate and the overall reduced thermal energy that helps for
better adatom mobility and surface diffusion. For 20 cm all the relevant
parameters decreased significantly which caused less favorable condi-
tion for crystal growth so the crystallite size decreased. As the source-to-
substrate distance increases, the FWHM shows a decreasing trend up to
15 cm and then shows a slight increase. The detailed of all parameters
was shown in table 1.

Fig. 4 depicts the Raman spectrum of MgSe thin films grown on a
glass substrate. In this pattern, one (LO) mode can be observed at 341
em ™Y which shows characteristic of Mg-Se bond vibration in the lattice
and as the source to the substrate distance increases, the intensity of
vibration decreases. This behavior showed a similar trend as demon-
strated in the XRD pattern that means films are away from source have
low crystallinity because of reduced thermal energy and also have low
adatom mobility during deposition [43,44]. The slight peak shift is
because of the reduced crystalline size can cause the confinement of the

—— 20cm
—— 15cm
—— 10cm
5cm | (200)
= A (400),
5 ~
< |
3 A
‘@
c
2 ]
£
M
JCPDS# 65-2922
]
20 30 40 50 60 70
20 (degree)

Fig. 2. The Xray diffraction pattern of Magnesium selenide.
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Fig. 3. The effect of source-to-substrate distance on FWHM & Crystalline size.
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Fig. 4. The Raman spectroscopy Pattern of Magnesium selenide.

phonon which results in peak shift.

In Fig. 5 shows the Scanning electron microscope (SEM) micro-
graphs. It can be seen that in fig (a), the surface is quite smooth and
coherent, which shows the smooth surface morphology of the sample
that was prepared at SSD 5 cm. In Fig (b) surface is still somehow
coherent in some places, and rough patches start appearing. Fig (c)
shows that the smooth surface turned slightly into a granular structure
for the sample at 15 cm. In fig (d), the surface becomes vividly granular,
and grains are very visible in this micrograph representing a 20 cm
sample surface. This pattern is because the energy required is higher to
get a smooth texture. And the surface with grains is because there is a
temperature gradient, so it is evident that being far from the center and
less energy transferred to the particles are responsible for this type of
structure. These SEM micrographs were obtained using Scanning Elec-
tron Microscope (EMCRAFT Cube-Series).

The effect of source-to-substrate distance on the electrical conduc-
tivity/resistivity is described in Fig. 6. As the source to the substance is
varied from 5 cm to 15 cm, the electrical conductivity decreases and
electrical resistivity increases. The decrease in crystalline behavior (as
evident in XRD data) may cause a decrease in electrical conductivity and
an increase in resistivity, which controls the transfer of charge carriers,
resulting in slightly lower thermal conductivity. Further verification of
this argument was done by SEM as well. SEM images already demon-
strated that grain boundaries play their part in increasing the electrical
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Fig. 5. The scanning electron microscope (SEM) morphological images deposited (a)5 cm, (b) 10 cm, (c) 15 cm, and (d) 20 cm.
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Fig. 6. The effect of source-to-substrate distance on Electrical resistivity and
conductivity.

resistivity as the grain starts appearing. The grain boundaries act as
barriers for the low-energy carriers at the grain boundaries, which re-
sults in the enhancement of the mobility of carriers. The high mobility of
carriers simultaneously enhances the Seebeck coefficient and power
factor (discussed in Fig. 7). The main understanding lies in microstruc-
tural evolution of grown thin films and how it impacts the charge carrier
dynamics. The main factors which caused the high carrier mobility
despite the reduced crystallinity are reduced grain boundary scattering,
reduced defects, and suppressed phonon scattering. Fewer grain
boundaries mean less number of obstacle for carrier transport and less
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Fig. 7. The effect of the source-to-substrate distance on the Seebeck Coefficient
& Power factor.

scattering will be observed and similarly few defects means less traps for
charge carriers. Similarly, phonon scattering will be reduced as the
crystallinity will decreases which also accounts for high mobility. At 5
cm the deposition rate was high which causes more defects and more
grain boundaries which results in high carrier concentration due to
defect induced doping. At distance 10 and 15 cm the grain size has
improved with fewer grain boundaries as compared to 5 cm which re-
sults in less trapping and scattering and better mobility of charge car-
riers. At 20 cm the lower thermal energy caused the smaller grain size
which means more grain boundaries and more scattering of charge
carriers which translates into reduced mobility of charge carriers.
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Fig. 7 shows the relation between source to substrate distance with
the Seebeck coefficient and power factor. We have applied the
controlled temperature difference across sample to measure the elec-
trical conductivity and Seebeck coefficient. One end of the sample was
placed on heater to heat it incrementally from room temperature up to
50°C. The heater temperature was increased in 5°C-25°C. At each step
we measured the induced voltage which is used to calculate Seebeck
coefficient using (—AV/AT). In this graph, it can be seen that as the
distance between the source and substrate varies from 5 to 15 cm, the
value of the Seebeck coefficient increases and achieves the best value at
15 cm. After that, it starts decreasing because the crystallinity drops at
20 cm very much, as evident from the X-ray diffraction pattern and
Raman spectrum. It can also be substantiated from the SEM micrographs
that as the surface becomes more granular and more grain boundaries
appear, and it starts affecting its efficiency. The value of the Seebeck
coefficient and power factor has seen an abrupt decrease in the values of
the Seebeck coefficient and power factor.

4. Conclusion

This article presents the synthesis of MgSe thin films using a simple
and cost-effective thermal evaporation technique. Four samples were
prepared on glass substrate using different source-to-substrate distances
(5-20 cm). The effect of source-to-substrate distance on the structural,
electrical, and thermoelectric properties was determined using XRD,
Raman, and Seebeck measurements. The observed highest values for
power factor and Seebeck coefficient are 6.35 x 10~° Wm ™! °C2 and
7.175 x 107° V/°C, respectively, which were observed for a sample
synthesized using substrate to source distance 15 cm. This improved
performance is attributed to the balance between high carrier mobility
and low carrier concentration because of improved crystallinity and
large grain size. This work not only improve the understanding of MgSe
thin films and also provide a base foundation for future research into
efficient thermoelectric materials.
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