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ABSTRACT MoS, nanostructures were prepared using the hydrothermal method by reacting ammonium hep-
tamolybdate tetrahydrate ((NH,)sMo;0.4,4H>0) with citric acid monohydrate (C4HsO-H-0) in distilled water
with the presence of sodium sulfide (NayS). The surface structure studies of MoS, showed that the size of the
surface clusters of the studied tablet is of the order of 50 — 100 nm. Using measurements (Zetasizer Nano
Series), we found that the particle sizes ranged from 150 — 350 nm. Alternating current (LCR) measurements
were made for (tablet-MoS,) under a constant temperature T' = 10 °C. Measurements of the parallel electrical
capacitance (C,) in terms of frequency (F') of tablet-MoS, showed a sharp drop in the value of the electrical
capacitance (C,) with an increase in frequency within the range 20 Hz — 16 kHz. It is shown that the series
capacitance increased with the increase of the applied potential.
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1. Introduction

When studying semi-conducting materials of silicon or its compounds in nanoscale dimensions, scientists found that
they are subject to quantum constraint. Therefore, these materials seem as if they have reached their practical limits and
cannot be used in modern technologies and devices that depend on nanotechnology. Therefore, scientists began searching
for new materials that have properties that meet the requirements of technological progress and molybdenum disulfide was
among these materials, which is characterized by multiple structural phases that give it unique properties that enable it to
be used in electronic, photovoltaic, or magnetic applications. MoSs is considered as one of the types of semiconductors
that belong to the family of transition metal chalcogenides (TMDs) that consist of layers linked by van der Waals forces
that allow the formation of several crystalline phases of dichalcogen MX2, where M belongs to the metallic elements in
the periodic table within the groups It represents the element chalcogen [1,2]. MoSs is considered as one of the important
and promising compounds of this group as a result of its important physical properties, where molybdenum disulfide
(MoS2-3R) is considered as a promising alternative to silicon because of its excellent photovoltaic properties and its gap
with an energy equal to the energy gap 1.2 eV of silicon [3, 4], it also has a unique multilayer or single-layer structure.
These properties make it an ideal material for future applications in semiconductors, transistors, chips, and other fields of
advanced science and technology. Therefore, in recent years, scientists have maintained great interest in the exploration
and research of molybdenum disulfide (MoS3-3R) [5-7].

Molybdenum disulfide exists in three patterns 3R-2H-1T, the two patterns (2H, 1T) have a semi-metallic behavior,
while the pattern 3R has a semi-conducting behavior, where the pattern MoS»-3R is characterized by an energy gap similar
to the energy gap of silicon in its structural state (bulck), the sulfide is distinguished by its multi-layered structure, where
we will focus in this research on studying the electrical properties of molybdenum disulfide MoS2-3R [8-10].

2. The importance of research:

In the present work, a characterization of the electrical properties of molybdenum disulfide MoS,, prepared chemically
in the form of nanostructures with a structure of the type MoS,-3R using alternating current measurements. We also study
the nodal resistance changes with the change of temperature of the studied sample in order to employ this compound in
electronic applications The molybdenum sulfide in the type MoS2-3R has a wide optical absorption in the infrared and
visible light fields. In its structural state (bulk), it has an energy gap similar to the silicon gap. Therefore, a comprehensive
electrical characterization of this compound must be made.
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3. Practical and experimental study
3.1. The devices and tools used: instruments & devices

(1) Zetasizer Nano-Particle size and zeta potential measurement.

(2) Atomic Force Microscopy (AFM).

(3) X-ray spectroscopy (XRD) from Phywe.

(4) LCR meter (LCR meter-microtest-6379).

(5) Chemical preparation tools (accurate electronic balance, desiccant, and thickened).
(6) Magnetic mixer with heater model (502p-2) from the American company PMC.

3.2. Materials used, method and stages of preparation

3.2.1. Materials used. Ammonium heptamolybdate tetrahydrate (NHy)gMo7024 4H50), tetrathiomolybdate ammo-
nium, distilled water, citric acid monohydrate (C¢HgO7 H20).

3.2.2.  Method of preparation. To prepare nanostructures from 3R-MoS,, the preparation process was carried out using
the hydrothermal method [11], where in the manufacturing process, sodium sulfide was used as a source of sulfur in
order to obtain molybdenum sulfide through chemical reactions, and thus we have obtained a pure powder of Molybde-
num sulfide as shown in Fig. 1. Where we pressed an amount of this powder amounting to M/ = 1 gr, we obtained a
MoS;,-Tablet with a diameter of 15 mm and a thickness of 2 mm for the electrical characterization, using a hydraulic
compressor with a capacity of 5 ton/cm?, and without heat treatment (the tablets have not been heat treated).

(a) (b)

FIG. 1. Pure powder prepared from MoS; (a); MoSs powder prepared and compressed into tablets (b)

3.3. Measurements (Zetasizer Nano Series) of formed nanoparticles

To determine the size of the formed nanoparticles, we measured the size of these granules using the Zetasizer Nano
device, model ZS-Nano, produced by Malvern Company, using a red laser source, with a wavelength of 632.8 nm. We
placed a suspension of molybdenum sulfide (MoS5) in quartz cells designated for the device. The device is calibrated at
a constant temperature of 25 °C. The dimension of the scanned cell are 5.5 mm, and a count rate is 141.8 = count rate
(Kcps), so we found that the particle sizes ranged from 150 — 350 nm and that the average particle size was equal to 267 nm
as shown in Fig. 2.
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FIG. 2. Zetasizer Nano Series measurements of the size of the prepared MoS, granules
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3.4. X-ray diffraction spectrum

In order to verify the structure of the prepared molybdenum disulfide, the crystallization of the prepared samples was
studied by using an X-ray device produced by Phywe company and applying a current which intensity is 0.1 mA and an
angle hop of 0.1 degrees every 10 sec). Measurements between angles 80° — 10° were taken and a copper anode which
wavelength 1.541 A was used.

X-ray spectra (XRD) of the nanopowder prepared from MoS; showed that there are no clear peaks, and this indicates
and confirms the nanostructure of MoS, is amorphous, and this is consistent with the data of the card (JCPDS No. 06-
0097) [12-14], as in Fig. 3(a). Since the crystallization process in the patterns (1T, 2H) is related to pressure and the
degree of oxidation, we prepared tablets with diameters of 1.5 cm and thickness of 3 mm from powder-MoS» using a
hydraulic compresser by subjecting powder-MoS, to a pressure of 5 ton. The X-ray diffraction measurements of these
discs showed the presence of a very clear and intense peak corresponding to the crystalline plane (002) corresponding to
the degree (20 = 14.6°). This is consistent with the values of the aforementioned molybdenum disulfide reference cards.
Fig. 3(b) shows the presence of several diffraction peaks. It means that there are several phases within the structure of
MOSQ.
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F1G. 3. XRD of nanopowder prepared from MoS; (a); XRD of nanopowder prepared from MoSs (b);
Representing the W-H relation (c)

Table 1 shows the diffraction angles and corresponding crystal planes.

TABLE 1. The diffraction angles and corresponding crystal planes

26 14.6 325 50
(hkl) (002) (100) (105)

The (002) crystal plane is the preferred crystal plane for MoS, crystals, as shown in Fig. 3(b). In accordance with
Bragg’s law of the X-rays diffraction (1), the distance between the crystal planes defined by Miller’s indices (hkl) can be
set:

2dn 11 sin(@hkl) =nA. (D

Here dj,i; represents the distance between the parallel crystal planes according to the hkl direction, the angle 6, is the
diffraction angle, and n is the diffraction rank, A represents the wavelength of the X-rays (A = 1.541 A). By calculation,
it turns out that the value of the lattice constant is dp,x; = 5.906 A, and by using the Williamson—Hall relation, which is
given by relation (2):

1  2esinf  [Bcosh

S S ()
Other parameters can be determined from the X-ray spectra, such as the size of crystallization and strain of the crystal
lattice, where (3 is the width of the mid-intensity of each peak estimated in radians, D is the size of crystallization, ¢ is
the effective tension between atoms within the structure, and X is the wavelength of the X-rays used. By plotting the
previous relation, where it represents the point of interpart (A/D) and the slope represents 2¢ and the W-H relation can
be represented in Fig. 3(c).

By calculation, we found that:

A A 1.5418
p 00082 = D= = 0.0082

The value of the lattice constants (a) is calculated from relation (3):
a

dpy = ————s.
Rkl RN CERP

=192.7 A = 19.27 nm.

3)
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By calculation dpg; = 5.906 A, the atomic dislocations within the crystal structure can be calculated based on the
XRD spectrum using relation (4) [15, 16]:

5— 145 cos 6
~ 4aD

where higher values of § indicate lower crystallinity levels of the films and amount of defects in the structure.

=0.0152 (Linnm™'), 4)

3.5. Studying the surface structure of molybdenum disulfide MoS,-Tablet using AFM atomic force microscopy

Using atomic force microscopy AFM, a microscopic picture of the surface of the tablets prepared from molybdenum
sulfide powder (MoS,-Tablet) was taken, where we used different sizes and the same area of the sample surface (3 pm X
3 pm) (1.01 gm x 1.01 pm).

These images showed the shape of the surface atomic clusters on the surface, where the average size of the atomic
clusters formed in the structure of the surface of the MoS,-Tablet was determined, as the formed sizes ranged between
50 — 150 nm as shown in Fig. 4, where the crystalline phases of MoSs are formed under the process of hydraulic pressure.
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FI1G. 4. AFM images of tablet molybdenum disulfide at two scales (3 pm x 3 pm), (1.01 gm x 1.01 pm)

3.6. Measurements of alternating current (AC)

Alternating current measurements (capacitance, conductivity, electrical resistance, and parallel resistance ([2,, values
of the nanostructures were studied using a LRC meter within a frequency range 20 Hz — 1 MHz and applying an alternating
potential 3 V at a room temperature 7' = 11 °C.

3.6.1.  Electrical parallel capacitance C,,. Parallel capacitance (C},) measurements as a function of frequency (£) under
constant temperature (I" = 11 °C) showed a sharp decrease in the C), value with increasing frequency within the range
20 Hz — 16 kHz, after which it decreases. Parallel capacitance gradually as shown in Fig. 5, where the capacitance is
Cp = 4500 pF at frequency F' = 20 Hz, and decreases dramatically. Very close to the value C}, = 44.8 pF is obtained at
the frequency 16 kHz, where the capacitance changes become constant with increasing frequency from 1000 —16 kHz.

But in the frequency range 16 — 300 kHz, the changes in the parallel electrical capacitance C), become gradual,
ranging from C,, = 44.8 — 17 pF The changes in the parallel electrical capacitance C), become slight and almost constant
in the frequency range 300 — 1000 kHz, where the changes in the capacitance corresponding to this frequency range is as
follows: C}, = 14 — 17 pF, as shown in Fig. 6.

This change in the electrical capacitance of the molybdenum sulfide discs in terms of frequency is explained by
the return to the polarization mechanisms that occur at different frequencies. At frequency less than 300 KHz, the four
polarization mechanisms (electronic, ionic, orientational spacecharge) occur. This polarization includes displacement of
charges either by orientation (i.e. directional polarization) or by migration of charge carriers (such as hopping polarization
or space charge). The parallel capacitance relation with the loss factor is given by the relation (5) [17, 18]:

1

D=—
W-Rp - C, ©)
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50
45
a0
35
— 30
-
=]
Q.
“ 20
15
10

FIG. 6. Variations of the parallel electrical capacitance (C}) with frequency (F') between 16 — 300 kHz
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3.6.2.  Parallel capacitance changes C,, with potential V. When studying the changes of the parallel capacitance C),
with the change in the potential applied to MoS»-Tablet, it was shown that the electrical capacitance values of crystalline
molybdenum change with the change of electrical potential as shown in Fig. 7.

For applied potentials 145 — 900 mYV, it is similar to an alternating current wave, while for higher potentials in a range
of 1000 — 2000 mV, the electrical capacitance changes are semi-regular and ranges between 132 —125 pF.

3.6.3. Determining the type of semiconductor. To determine the type of semiconductor, the electrical capacitance changes
were studied with the electric potential within the range of 0.05 — 1.8 V, and at a frequency of F' = 1 KHz and at a room

11\
temperature 7" = 9 °C. By plotting the changes of (C — 20) in terms of V' (Volt) according to the relation (8):
0

1 1\? 2
(6= m) =+ ©

From Fig. 8, we notice that the slope of the graph line representing the changes is negative and therefore N, > Ny,
and this means that the semiconductor is of type p.
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3.6.4. Parallel Electrical Resistance (RP) of MoS»-Tablet. Measurements of the parallel resistance RP of crystallized
molybdenum disulfide MoS,-Tablet show semi-regular behavior which is completely different from the behavior of mor-
pho molybdenum sulfide, where it was found that the electrical resistance RP decreases in the range 1500 — 108 Kf2 in
the low frequency diapason 20 Hz — 100 KHz. Then the resistance increases again at the frequency 200 KHz and the
resistance value becomes 130 K€ and then it returns to decreasing as shown in Fig. 9, the RP resistance changes become
constant and range from 30 — 70 K2 in the frequency range 1000 KHz — 250 KHz.
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F1G. 9. Parallel resistance (12 p) changes with frequency intensity (F’)
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We note from the previous figure, that the resistance changes are a sharp decrease in the parallel resistance values RP
at low frequencies and the parallel resistance changes become simple at high frequencies, and the parallel resistance is
related to both the quality factor and the parallel inductance by the relation (7) [19]:

Rp = Rs (14 Q%) = QuLp. (7)

3.6.5. Capacitive Electrical Resistance (Xc) of MoSs-Tablet. The measurements showed that the absolute value of the
capacitive resistance of crystallized molybdenum disulfide (X.) decreases sharply with the frequency at low frequencies,
then the changes become small and gradual as shown in Fig. 10, where it is found that the changes of X, are sharp with
the frequency within a range of frequencies 20 Hz — 200 KHz, and in the range of frequencies 50 Hz — 3000 KHz the
value of X, changes gradually with increasing frequency.
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F1G. 10. Changes of capacitive resistance X, in crystallized molybdenum disulfide with frequency F'

As the frequency applied to MoS,-Tablet increases, it leads to reducing of the capacitive resistance. Likewise, when
the frequency applied to MoS»-Tablet decreases, its capacitive resistance value increases. As the frequency increases,
the MoSs-Tablet passes more charge, which leads to a larger current flow between the electrodes, which appears as
if the internal impedance (capacitive resistance) has decreased, so the value of the capacitive resistance is “frequency
dependent”. Whereas, the value of capacitive resistance is given by the relation:

—1

wC’

where X, is the capacitive resistance, w is the angular frequency (w = 27 F'), and C is the capacitance of the capacitor.
Several facts are evident from this formula alone. The X is of an ideal capacitor, and therefore its impedance, is negative
for all values of capacitance.

X, =

3.6.6. Series Electrical Capacitance (C). Series electrical capacitance Cs changes with frequency F'. Measurements
of the series electrical capacitance C' in terms of frequency F' showed a sharp drop in the value of electrical capacitance
Cp =70 - 980 pF (see Fig. 11) with an increase in frequency within the range 20 Hz — 16 kHz.
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The series capacitance C decreases gradually with the frequency increase from 16 — 300 kHz, under a constant
temperature 7' = 10 °C, as shown in Fig. 12.
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F1G. 12. Variations of series electrical capacitance C’s with frequency I’ between 16 — 1000 kHz

The series electrical capacitance changes C; become slight and almost constant at the frequency range 300 — 1000 kHz,
where the corresponding capacitance changes for this frequency range are C; = 20 — 15 pF as shown in the Fig. 12.

3.6.7. Series electrical capacitance variations Cs with potential V. When studying the changes of the series capaci-
tance C with the change of the applied potential on MoS,-Tablet, it was found that the changes of the series electrical
capacitance range from increasing and decreasing within the range of low potential 50 — 350 mV as shown in Fig. 13. The
series capacitance increased gradually and slightly with the increase of the applied potential in the range 250 — 900 mV,
C having a sharp dip for the potential 950 mV as shown in Fig. 13.
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F1G. 13. Variations of the parallel electrical capacitance C), with the electrical potential V'

The series capacitance changes becomes increasing 300 — 320 pF with applied potential 1000 — 2000 mV as shown
in Fig. 13.

3.6.8.  Parallel induction study (L) of crystalline molybdenum sulfide MoS»-Tablet. From studying the changes of the
parallel inductance L, with the frequency F’, it was found that the absolute value of L, decreases very sharply from the
value 48390 mH to the value 2 mH at low frequency F' = 0.02 — 50 KHz as shown in Fig. 14.

For values of frequency of 50 — 1000 KHz, the parallel inductance changes become decreases and slight as shown
in Fig. 15, until the absolute value of the parallel inductance ranging between L, = 0.1 — 0.02 mH at the frequency
1000 KHz. However, there is a response and a jump in the parallel inductance at frequency 350 KHz, where value of the
parallel inductance becomes L,, = 0.267 mH as shown in Fig. 15. Parallel inductiveness is related to the quality factor by
the relation (8) [20]:

1 wLS - R P

Q===

2 = ) 8
D Rs wLp ( )
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3.6.9. Series induction study Ls of crystalline molybdenum disulfide (MoSs-Tablet). From studying the parallel induc-
tance changes of L¢ with frequency F, it was found that the absolute value of L, decreases very sharply from the value
of 6500 mH to the value of 1.3 mH at low frequency F' = 0.02 — 16 KHz as shown in Fig. 16.

For frequencies in the range F' = 100 — 1000 KHz we find that the changes in series inductance become slight and
gradual as the absolute value of the inductivity of L is between 0.07 — 0.01 mH. We notice the appearance of a peak and
increase in series inductance at frequency F' = 650 KHz to value 0.367 as shown in Fig. 17.
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FI1G. 17. Variations of series inductance L, with frequency F' between 16 — 1000 KHz

4. Conclusion

(1) The XRD spectrum of the powder prepared from MoSs showed that its structure is morphic and amorphous,
and with a process using a hydraulic press, the structure becomes crystalline. We observe the appearance of a
preferred crystallization level 200 at 20 = 14.6°.

(2) The AFM images show that the surface atomic clusters of the surface of the molybdenum sulfide sample (MoS-
Tablet) range between 50 — 150 nm, where it is clear that the crystalline phases of MoS, are formed under the
process of hydraulic pressure.

(3) Measurements of the parallel electrical capacitance (C}) in terms of frequency (F) of (tablet-MoS3) showed a
sharp drop in the value of the electrical capacitance C,, with an increase in frequency within the range 20 Hz —
16 kHz.

(4) Measurements of the series electrical capacitance (C') in terms of frequency (F’) showed a sharp drop in the value
of electrical capacitance C}, = 980 — 70 pF, after which the series capacitance C'; decreases gradually, where the
capacitance changes become constant with the frequency increase from 200 — 1000 KHz.
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