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Abstract: MoS; films were prepared via magnetron sputtering under different deposition pressures,
and the effects of deposition pressure on the crystal structure, surface morphology, and optical
properties of the resulting films were investigated. The results show that the crystallinity of the
films first increases and then decreases with increasing pressure. The surface of the films prepared
by magnetron sputtering is dense and uniform with few defects. The deposition pressure affects
the grain size, surface morphology, and optical band gap of the films. The films deposited at a
deposition pressure of 1 Pa revealed remarkable crystallinity, a 30.35 nm grain size, and a 1.67 eV
optical band gap. Given the large electronegativity difference between MoS, molecules and weak van
der Waals forces between layers, the MoS, films are prone to defects at different deposition pressures,
causing the exciton energy near defects to decrease and the modulation of the surrounding band.

Keywords: molybdenum disulfide films; magnetron sputtering; deposition pressure; optical band
gap; surface morphology

1. Introduction

Advances in technology have increased the demand for various materials, and optoelectronic
materials with adjustable band gaps and high stability have become research hotspots [1-3]. MoS;
materials, with alterable band gaps and excellent physicochemical stability, have attracted considerable
research interest [4-10]. MoS; is a transition metal disulfide with large global reserves and high
stability that has long been used as a solid lubricant in various fields [11-13]. Rapid developments in
optoelectronic devices have focused on the optical performance of MoS; [14-19].

MoS; exhibits a hexagonal-layered structure in which Mo and S are covalently bonded and layers
of S-Mo-S5 are connected by weak van der Waals forces; this structure enables control of the optical band
gap of MoS, [20-23]. First-principles calculations have been used to determine the crystal band structure
of MoS,, and band gaps of 1.2-1.8 eV have been identified [24-27]. MoS, films may be prepared
using magnetron sputtering and chemical vapor deposition, among other methods, and optical band
gaps in the range of 1.2 to 1.9 eV have been produced [20,28-30]. The photoluminescence (PL) band
gap characteristics of MoS; films have also been studied [31-34]. However, although the optical
properties of MoS; have been extensively reported, the mechanism through which crystal structure
changes, caused by the pressure parameters of magnetron sputtering, remains unknown. Thus,
further exploration of the preparation technology and performance of MoS; films is necessary.

In this study, MoS, films were prepared under different sputtering pressures, and the structural
and optical properties of the resulting films were tested. The chemical composition and microstructure
of the films were analyzed, and the relationship between the structure and morphology of the films
and their optical band gap was assessed. Variations in optical band gap with pressure were evaluated.
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2. Experimental Details

2.1. Preparation of MoS; Films

MoS; films were deposited onto silicon (100) and quartz substrates by magnetron sputtering using
argon (purity 99.999%) as the sputtering gas. The magnetron was operated with a radio-frequency
power (Py) supply. The substrates were ultrasonically cleaned in acetone and ethanol solution for
15 min, rinsed with deionized water, dried using a heater, and then placed in a substrate holder for
film deposition. The sputtering chamber was evacuated to 9.9 x 107 Pa, and the MoS; films were
deposited at pressures of 0.8, 1.0, 1.2, or 1.4 Pa using a high-purity MoS; target (diameter, 5 cm.; purity,
99.99%). Prior to sputtering, impurities on the surface of the target were etched off using plasma Ar*
ions. During sputtering, the films were deposited at room temperature, the radio-frequency power
was 300 W, the total gas flow was fixed to 30 sccm, and all samples were deposited for 5 min.

2.2. Characterization of MoS; Films

The structure of the deposited films was examined by X-ray diffraction (XRD; X'Pert PRO,
PANalytical B.V, Almelo, Netherlands) with CuKa radiation at 0.154 nm. X-ray photoelectron
spectroscopy (XPS; Escalab, Waltham, MA, USA) was used to characterize the chemical composition
and bonding of the films. The thickness of the films was characterized by scanning electron microscopy
(SEM; SU5000, Hitachi, Tokyo, Japan). The surface morphology and roughness of the films were
determined by atomic force microscopy (AFM; Nitegra Prima SPM, NT-MDT Spectrum Instruments,
Moscow, Russia). The PL spectrum of the films was obtained using a fluorescence spectrophotometer
(F-4600, Hitachi). The transmittance of the films was measured using a UV spectrophotometer
(UV-visible (UV-Vis); TU-1800, Shimadzu, Kyoto, Japan) at room temperature in a dry environment.

3. Results and Discussion

The XRD spectra of MoS; films prepared on the silicon substrate are shown in Figure 1; here,
two peaks at 69.4° and 69.6° were found. The peak at 69.6° reflects the peak position of the (400) crystal
plane of the silicon substrate (Joint Committee on Powder Diffraction Standards (JCPDS) card number:
01-0791), whereas that at 69.4° corresponds to the (202) crystal plane of MoS, (JCPDS card number:
89-2905). Figure 1 shows that the crystallinity of MoS, films first increases and then decreases with
increasing pressure. At a deposition pressure of 1 Pa, the maximum peak intensity and smallest half
width were observed, indicating that the film crystal is the best. This finding may be related to the MoS,
molecules only being deposited on the surface of the substrate at low pressure, and the bond between
film and substrate is loose. At higher pressures, the mean free path of ions bombarding the substrate is
reduced, which etches the film surface and results in poor film crystallization. Thus, MoS; films with
good crystallization and dense bonding without etching are formed at 1 Pa. The crystallinity of a film
directly reflects the presence of defects, which is the fundamental reason behind the change in optical
band gap with pressure.
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Figure 1. XRD patterns of the MoS, films deposited at different pressures.

To investigate the grain growth and crystal structure of the MoS; films, we analyzed the peak
half width of the (202) plane of MoS; on the basis of Bragg’s equation (Equation (1)), the cubic system
distance in Equation (2), and Scherrer’s equation (Equation (3)), which can be used to calculate the
interplanar spacing (d), lattice constant (a), and average grain size (D) [35], respectively:

nA
4= 5eno M
d=a/ V2 +k2+12 ()
D =kA/BcosO 3)

where n = 1; A is the X-ray wavelength; 0 is the diffraction angle; 4, k, and [ are crystal plane indices;
k is the Scherrer constant (0.89); and { is the full width at half maxima [35-38]. Table 1 shows the
interplanar spacing, lattice constant, and average grain size of the MoS, film samples prepared at
different deposition pressures. The grain sizes of the MoS, crystals considerably differ and gradually
increase with increasing pressure. When the pressure is low (e.g., 0.8 Pa), the nucleation rate and number
of crystal grains are large; thus, the crystal grains that are formed are relatively small. As pressure
increases, the growth rate of the crystal also increases, and the crystal grains grow. The size of the
grains directly affects the surface topography and thickness of the films, ultimately modulating the
optical band gap of the samples.

Table 1. Interplanar spacings, lattice constants, and grain sizes of MoS; films deposited by different
pressures: d, interplanar spacing; 4, lattice constant; and D, average grain size.

Crystal Parameter Pressure
0.8 Pa 1.0 Pa 1.2 Pa 1.4 Pa
a (nm) 3.851 3.828 3.829 3.828
d (nm) 1.362 1.354 1.354 1.353
D (nm) 22.804 30.353 28.782 31.499

Figure 2a—-d shows the two-dimensional AFM images of the MoS, films. Combining findings
with the average roughness of the films provided in Table 2, remarkable differences in the surface
morphology of the films at different deposition pressures were observed [39]. The surface roughness
of the MoS; films changes with increasing deposition pressure, but the overall trend decreases; thus,
increasing pressure smoothens the film surface. When the pressure is low (e.g., 0.8 Pa), the number of
crystal nuclei per unit volume is large, and the bonding between crystal grains is not dense, resulting in
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high surface roughness. As the pressure increases, voids are reduced to increase the compactness and
uniformity of the films, to smooth the surfaces, and lower the roughness [40]. The surface morphology
of the MoS, films directly affects the diffuse scattering, absorption, and transmission of incident light,
which are key to their different optical band gaps.

SEM images of MoS; films (Figure 2e,f) show that the films prepared by magnetron sputtering
have a smooth surface, uniform particle size, and obscure pores. Table 2 reveals that the thickness
of the MoS, films first decreases and then increases with increasing deposition pressure. When the
deposition pressure is low (e.g., 0.8 Pa), the between-grain stacking distance is large and thick films
are formed. As the pressure increases (to not more than 1.2 Pa), the films become denser and their
thickness decreases. When the pressure continues to increase to 1.4 Pa, the grain size acts on the
film thickness, so that the thickness of the films is the largest. The thickness of the films affects the
transmission and absorption of incident light, thereby changing their transmittance.
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Figure 2. Two-dimensional (2D) atomic force microscopy (AFM) images of the MoS; films at (a) 0.8 Pa,
(b) 1.0 Pa, (c) 1.2 Pa, and (d) 1.4 Pa. SEM images of the MoS, films at 1.0 Pa: (e) surface morphology
and (f) cross-sections.
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Table 2. Roughness and thickness of the MoS, films deposited at different pressures.

Sample Parameter Pressure
0.8 Pa 1.0 Pa 1.2 Pa 1.4 Pa
Roughness (nm) 16.83 5.96 7.21 4.08
Thickness (nm) 148 137 128 153

Figure 3a shows the XPS survey spectra of the MoS; films prepared by different deposition
pressures. All four samples displayed peaks at the same positions, and all samples were composed of
three elements: Mo, S and O. The O element is attributed to the residual atmosphere in the vacuum
chamber during sputtering and oxidation of the sample during subsequent testing [41]. Figure 3b
shows four peaks appearing at 225, 228, 232, and 235 eV in the Mo 3d spectrum; these peaks correspond
to S 25, M0S,, and MoOs, respectively [42]. The high-intensity peaks of Mo 3d3/2 at 228 eV and Mo
3d5/2 at 232 eV are consistent with previous research [43-46]. Figure 3c shows the high-intensity peaks
of the S 2s spectrum at 164 and 163 eV, which correspond to the orbital peaks of S 2p1/2 and S 2p3/2,
respectively, and are consistent with the reported peak positions of MoS; crystals [46—48]. Figure 3d
shows the seam fitting of O in the MoS, films. Mo 3d has a relatively high oxidation state (Mo®") at 235
eV, which indicates that Mo** is oxidized to Mo®" during deposition; the presence of the secondary
phase MoQOj in the MoS, films may also be observed. However, compared with the MoOj3 impurity,
MoS, is present at a higher content in the deposited film [43]. MoO3, as an impurity, has a certain
influence on the optical band gap of the MoS; films, but trace impurities do not play a decisive role in
the performance of these films. Oxidation is also inevitable during the production and testing of the
films. Thus, the optical band gap of the MoS; films may be solely attributed to their properties.

(a) (b)

Mo 3d Ols
S2p

/

Me5.(1.2pa)

Mo 3d

MoS_(1.0pa)

MaS,(0.8pa) — <

Intensity {a.u.)
Intensity (a.u.)

] T T M T T T T T T M T T T M T T T T T T T . T
i 300 600 900 1200 224 226 228 230 232 234 236 233 240
Binding energy (eV) Binding energy (eV)
(c) , S 2p (d) 5 01s
e
)
1 3
- = f.‘ i\
E = AR
. H va e
& 3, lia
' - F :/§;
= ~ o
= =1 F [
@ E LA R
g 5 HE
15} - I
£ = ;| i
— — o £y
— T T T T T T* T T* T T+ T T+ T T©T T T
158 160 162 164 166 168 170 172 174

T T T T T T T T T T
526 528 530 532 534 536 538 540 542 344

Binding energy (eV) Binding energy (eV)

Figure 3. XPS spectra of the MoS; films: (a) measured spectra, (b) Mo 3d core energy level spectrum,
(c) S 2p core energy level spectrum, and (d) O 1s core energy level spectrum.
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The PL of MoS; films prepared at different deposition pressures was evaluated using a fluorescence
spectrophotometer, and the intrinsic PL band gap of MoS; films was obtained on the basis of the
position of the luminescence peak. As shown in Figure 4, the PL band gap of the MoS; film samples
prepared at different deposition pressures is in the range of 1.807 to 1.81 eV [47]. As the deposition
pressure increases, the PL band gap of MoS, films first increases and then decreases, and the main
peak of PL spectrum shifts toward blue. This finding indicates that the film thickness first decreases
and then increases [49], consistent with the change in film thickness observed by SEM. At a deposition
pressure of 1 Pa, the film exhibits good crystallization, consistent with the XRD characterization results.

Intensity (a.u.)

T T
1.75 1.80 1.85 1.80

Photon Energy (eV)

Figure 4. Photoluminescence spectra of the MoS; films deposited at different pressures.

The transmitted spectra of MoS; films prepared on quartz are shown in Figure 5a. The spectra
change with the deposition pressure, and the film thickness is displayed. The transmittance from
ultraviolet to green light is relatively low. As the MoS, films are relatively thick, their transmittance
is relatively low. Significantly increased transmittance occurs as the deposition pressure increases,
which may be attributed to the increased deposition pressures smoothing the surface of the films
and reducing their thickness. These changes decrease the diffuse reflection of incident light and
affect the transmittance of the films. At a deposition pressure of 1.2 Pa, the films exhibit low surface
roughness and thickness. Scattering and absorption of incident light by the films are also low. Therefore,
the transmittance of the MoS, films is relatively low. The change in transmittance indirectly reflects the
difference in optical band gap of the films.

The optical band gap (Eg) of the films was calculated from the UV transmission spectrum by using
the Tauc model. Eg is calculated as follows:

(Ohv)* = B(hv - Eg) 4

9 = In[100/T)/d ®)

In Equation (4), B is constant values, hv is the optical energy and the absorption coefficient o
is calculated by the Equation (5), where T is the transmittance and 4 is the films thickness [37,40].
Figure 5b shows the relationship between the (9hv)* and ho of the MoS, films. Eg is obtained by
extrapolation. Notable differences in optical band gaps were observed in films prepared at different
deposition pressures. As the deposition pressure increases, the optical band gap of the MoS; films first
increases and then decreases. At 1.0 Pa, the film produces a relatively large Eg = 1.67 eV this result is
0.14 eV lower than the PL band gap because PL is generated by the high-energy defects in the films.
Changes in the optical band gap of the MoS; films may be attributed to several factors. For example,
changes in deposition pressure cause changes in the crystallinity and surface morphology of the films
and, in turn, directly change their optical band gap. At low deposition pressure (e.g., 0.8 Pa), the films
are characterized by low energy, poor crystallization, and numerous defects, resulting in a small optical
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band gap. As the sputtering pressure increases, the crystallinity of the films gradually increases and
the defects decrease. The crystallinity of the MoS, films is relatively good at 1.0 Pa; thus, the optical
band gap of these films is relatively high. As pressure continues to increase, the optical band gap of
the films decreases because the mean free path of ions bombarding the substrate reduces under high
pressure, which exerts an etching effect on the surface of the films, an increase in their surface defects,
and a reduction in their optical band gap. Taking the results together, magnetron sputtering must
be conducted at high deposition pressure to prepare MoS; films with a small optical band gap and
high crystallinity.
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Figure 5. (a) Transmittance spectra of the MoS, films. (b) Relationship between (8hv)2 and hv of the
MoS, films.

4. Conclusions

In this study, MoS; films deposited at different pressures were prepared on silicon and quartz
wafer substrates by magnetron sputtering. Microstructural studies showed that the diffraction peak
intensity of the MoS, (202) crystal plane first increases and then decreases with increasing deposition
pressure. At 1 Pa, the MoS; films are densely bonded and good crystallization was observed. As the
deposition pressure increases, the grain size of the MoS, films increases and peaks at 31.5 nm at 1.4
Pa. The increased deposition pressure reduces the surface roughness of the films. The deposition
pressure considerably influences the thickness of the MoS; films. As the deposition pressure increases,
the film thickness decreases and then increases. At 1.2 Pa, the film thickness is 128 nm. The large
difference in electronegativity between the MoS, molecules and weak van der Waals forces between the
layers promote film defects under different deposition pressures, which is the root cause of changes in
band gap. The electronegativity difference is affected by several factors, including film size, thickness,
and surface roughness, and the optical band gap of the MoS, films first increases and then decreases
with increasing deposition pressure. The optical band gaps of the MoS, films are in the range of 1.58
to 1.67 eV, and the optical band gap at 1 Pa is relatively large at approximately 1.67 eV. In general,
a deposition pressure of 1.0 Pa is the optimum pressure for magnetron sputtering to prepare MoS,
films with large optical band gaps.
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