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Abstract

MoS; is one of the most attractive transition metal dichalcogenide (TMD) materials for
electronic applications due to its unique properties. In this study, MoS; nanoflakes were
synthesized by the metal-organic chemical vapor deposition (MOCVD) method on various
substrates including glass and alumina. The substrate effects on the morphology and structural
properties of MoS; nanostructures were evaluated by different techniques including field-
emitting scanning electron microscope (FE-SEM), energy dispersive spectrum (EDS), X-ray
diffraction (XRD), photoluminescen and Raman spectra. The results indicate that MoS,
nanoflakes could be synthesized effectively on both glass (MoSy/glass) and alumina
(MoS2/Al;03) substrates. However, the morphology and many structural properties of MoS;
nanoflakes are modified significantly when changing the substrates. The Mo/S atomic ratio
changes from 0.62 to 0.45 for MoSy/Al,O;z and MoSy/glass, respectively. In addition,
MoS,/Al,O3 reveals a less uniform structure along with thicker edges of MoS; nanoflakes in
comparison to that of MoSz/glass. For application, as-synthesized MoS; nanoflakes could be
considered as a potential candidate for selective H,S detection owing to the presence of
dangling bonds in MoS; nanoflakes as well as the differences in the adsorption ability and
charge transfer between target gases and MoS.
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1. Introduction

Transition metal dichalcogenide materials (general formula MX>, where M is a
transition metal (Mo, W, Sn, etc.) and X is a chalcogen element (S, Se, etc.)) have
attracted much attention owing to their unique properties. Among them, MoS: has been
proven to be a potential candidate for various applications, including gas sensors [1],
photoelectrochemical (PEC) water splitting [2], and solar cells [3]. Recent studies have
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indicated that the properties of MoS. strongly depend on its morphological and
structural characteristics, such as the thickness of MoSz, the morphology (single layer,
multilayer, nano-flake, nanowire...), the defect level of MoS2, etc. Dong-Bum Seo et al.
have found out the deposition of MoS; thin film on TiO2 nanorods can promote photo-
generated electron-hole separation owing to the formation of a p-MoS2/n-TiO>
heterojunction. The authors have also indicated that the photo-current is significantly
reduced when MoS; thickness is large enough. The decrease of photo-current is
originated from a strong electron-hole recombination in thick MoS; layer [2].
In addition, for gas-sensing applications, theoretical and experimental studies suggest
that intrinsic point defect (vacancy) is an important factor that controls the sensing
behavior of MoS;. Sulfur-vacancy-enriched MoS» nanosheets displayed a better NO»-
sensing performance compared to pure MoS; nanosheets [4]. Similarly, doping is also
an effective way to improve the sensing properties of MoS; by altering the binding
configurations with the presence of substitution/interstitial atoms [5]. Along with
structural defects, the morphological effect of MoS» was reported by Kun Hong Hu and
his colleagues. The authors have recognized the large differences in catalytic properties
and lubrication ability between MoS> nano-slices and MoS; nano-balls [6]. From these
studies, it is recognized that the synthesis procedure of MoS, strongly affects its
morphological and intrinsic properties, thereby affecting the applications that MoS; is
used. Therefore, scientists have proposed various methods for the synthesis of different
MoS> nanostructures with desired properties, such as hydrothermal [7], chemical vapor
deposition [8], Au-assissted exfoliation [9], atomic layer deposition (ALD) [10], and
metal-organic chemical vapor deposition (MOCVD) [11, 12]. Along with synthesis
methods, the substrate was also indentified to be an important factor that significantly
affects the performance of MoS». Changing substrate results in the significant changes
in the properties of MoSz, including charge carrier mobility [13], uniform [14],
morphology [15], crystalline quality, built-in strain and charge doping [16]. Woo Hyun
Chae et al. have investigated the MoS: growth on four substrates: boron nitride, SiO/Si,
sapphire, and muscovite mica. They have suggested that the built-in strain and charge
doping increase when the substrates become more rough [16]. Clearly, the substrate
effect should be considered carefully for growth of MoS,. However, while many
researches on the substrate effect on MoS, monolayer have been reported, there are few
such reports toward multi-layer MoS,. Based on such considerations, we have
investigated the substrate effect on the morphology and properties of MoS> nanoflakes
synthesized by MOCVD method. This study aims to evaluate and compare the growth

28



Tap chi Khoa hoc va Ky thudt - ISSN 1859-0209

ability of MoS, nanoflakes on various substrates including glass and alumina.
In addition, we have also examined the gas-sensing performance of prepared MoS>
nanoflakes as an illustration for one of potential applications of MoS; nanoflakes.

2. Experiment

The reagents Mo(CO)s (6N purity level) and H2S gas (5 vol% in balance N2) were
purchased from Sigma-Aldrich Co., Ltd. (USA) and NK Co., Ltd. (Korea), respectively.
For the synthesis of MoS; nanoflakes, ordinary glass (glass) and alumina substrates
(2.5 cm x 2.5 cm) were cleaned many times by acetone, ethanol, and DI water in an
ultrasonicator and dried by N gas. In this study, the roughness of the alumina substrate
is much larger than that of the glass substrate as shown in Fig. 3. Then these substrates
were placed into a quartz tube of a MOCVD system. Mo(CO)s and H>S gas were used
as precursors for the formation of Mo and S atoms during the growth process. Mo(CO)e
bottle was remained at 20°C to ensure Mo(CO)s was vaporized stably. Mo(CO)e vapor
was mixed with H>S with a ratio of 1:3, while the total flow was maintained at 100
standard cubic centimeters per minute (sccm). In this study, MoS; nanoflakes were
grown at a temperature of 250°C, which was optimized to obtain the best uniform of
MoS,. For comparison, the deposition time was controlled similarly for the growth
processes on both alumina and glass substrates (Fig. 1). The alumina and glass
substrates deposited MoS, nanoflakes are denoted as MoS./Al,0s and MoSa/glass,
respectively.

Morphologies of MoS; flakes were observed by scanning electron microscopy
(SEM, Hitachi S4800, Japan), while the composition was analyzed by energy-dispersive
spectrum (EDS) integrated with SEM equipment. Raman and photoluminescence (PL)
spectra were conducted at room temperature using an excitation wavelength of 532 nm.
The crystalline structures of MoS, samples were examined by X-ray diffraction with
Cu-Ka radiation (0.1540598 pum) using Bragg-Brentano geometry.

The sensors were fabricated by depositing Pt comb electrodes on the surfaces of
the corresponding substrates using a direct current (DC) sputtering technique and a
shadow mask (Fig. 1). The sensing properties of MoS2/Al.Oz- and MoS2/glass-based
sensors were examined by a homemade gas-sensing measurement system. The target
gases (CO, Hz, NHz, CHa, H2S, NO) and dry air (approximately 21% O and 79% N>)
were mixed to create different concentrations of the target gases using mass flow
controllers (MFCs). The response (S) of the sensor was calculated by S = Rg¢/Ra or
S = Ra/Rq for reducing and oxidizing gases, respectively. Herein, Rq is ascribed to the
resistance of the sensor in the mixture of dry air and target gas, while Ra is the resistance
of the sensor in dry air.
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Fig. 1. A schematic illustration of MoS; deposition process and fabrication of MoS; sensor.

3. Results and discussions

Fig. 2. SEM images with different magnifications of MoS, grown on (a, b) alumina and (c, d)
glass substrates. The inset in figure (b) shows alumina substrate before (white) and after (black)
deposition of MoS,. The inset in figure (d) is a photograph of the glass substrate with the MoS;
part grown in the middle (black part).
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The insets in Fig. 2 (b, d) show that MoS; can be easily grown on both alumina
and glass substrates. The color of the alumina substrate is changed from white to black
after the deposition of MoS». A similar result is also observed on the glass substrate (the
inset in Fig. 2(d)). The middle part of the glass substrate is black owing to the formation
of the MoS: layer, while the white part is the pristine glass substrate. SEM images of
MoS,/Al>03 and MoSz/glass display nanoflake morphology of deposited MoS. on both
substrates. However, MoS> nanoflakes grown on alumina substrate are accumulated into
MoS: clusters, while those grown on glass exhibit a better uniformity (Fig. 2(a, ¢)). The
high roughness of the alumina substrate is responsible for the low uniformity of the
MoS: layer as well as the formation of the MoS: clusters. At a higher magnification, it is
found out that the dimensions of flakes on alumina and glass are similar. For gas-
sensing applications, it is worth noting that the presence of many large gaps between
clusters is a favorable factor for the diffusion of target gas molecules to the MoS: layers
underneath the surface, thereby increasing the interaction between the sensing material
and the target gas molecules. As a result, a higher response is expected for MoS2/Al.O3
compared to MoSz/glass.

Fig. 3. Cross-sectional SEM images with different magnifications of MoS; grown on
(a, b) glass and (c, d) alumina substrates.
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The cross-sectional image in Fig. 3(a) indicates the excellent uniformity of the
MoS: layer grown on the glass substrate. The thickness of the MoS; layer is almost
unchanged throughout the observed length in Fig. 3(a). On the contrary, the
MoS,/Al>Os reveals a poor uniformity (Fig. 3(c)). These observations can be explained
by the large difference in the roughness between glass and alumina substrates. It also
should be noted that glass substrate possesses an amorphous lattice structure, while
alumina substrate is polycrystalline (as shown in XRD results in Fig. 5(a)). These
results exhibit that MoS, nanoflakes could be grown easily on both amorphous and
crystalline substrates. However, the nature of substrates strongly affects the growth rate
of MoSy,, thereby the thickness of the obtained MoS> nanoflakes layer. The thickness of
the MoS: nanoflakes layer grown on Al,O3 substrate is approximately 1.5 times greater
than that of MoSz/glass while depositing conditions are similar. In addition, the lower
uniformity of MoS2/Al>O3 along the thickness in comparison to MoSz/glass is further
confirmed in Fig. 3. The below part of the MoS2/Al>O3 layer reveals small flakes along
with a low porosity. In contrast, the upper part shows large MoS; nanoflakes with a high
porosity (Fig. 3(d)). In the meantime, the uniform morphology and porosity of MoSz/glass
nanoflakes could be observed in cross-sectional SEM images in Figures 3(a, b).
Generally, the substrate effect on the thickness and morphology of MoS; is significant,
therefore the substrate needs to be chosen carefully for the various applications of MoS..
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Fig. 4. EDS spectra of (a) MoS»/Al,O3 and (b) MoSz/glass.
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In order to consider the substrate effect on the chemical composition of deposited
MoS. samples, energy-dispersive spectra (EDS) were recorded. Fig. 4 shows the EDS
of MoS2/Al,03 and MoS;/glass. The atomic Mo/S ratio of MoS2/Al>Oz is approximately
0.62, while that of MoSz/glass is 0.45. These results suggest that MoS,/Al;03 is S
deficiency, while MoSz/glass is Mo deficiency. Clearly, the role of the substrate is very
important when MoS:; is grown by the MOCVD method. The substrate not only affects
the morphology of MoS: as discussed above but also changes the chemical composition
of MoS;. The Mo or S deficiencies lead to significant changes in the various properties
of MoS», such as charge density [17], electronic structure [18], gas adsorption ability
owing to the formation of dangling bonds [19]. Therefore, this observation also paves a
simple way to synthesize MoS: with desired composition, morphology, and properties
for different applications. Fig. 5(a) shows X-ray diffraction spectra of MoS2/AlOz and
MoSz/glass. Diffraction peaks at 13.87, 32.96, 38.75, and 59.08 are ascribed to lattice
planes (002), (100), (103), and (110) of MoS>/glass [20]. In the meantime, only one
peak (002) of MoS: is observed on the alumina substrate. It is worth mention that
alumina substrate is comprised of lattice phases while glass is amorphous. This thing
results in only one peak observed in the XRD spectrum of MoS,/Al>Oz due to the large
differences in the diffraction intensity between diffraction peaks of Al>O3 substrate and
MoS,. In the XRD spectrum of MoS/glass, the presence of diffraction peak of glass
substrate indicates that MoS»/glass possesses a low crystallinity. In other words,
MoS,/Al>03 nanoflakes gain a higher crystalinity than that of MoSz/glass. But generally
speaking, the crytalinities of as-synthesized MoS; nanoflakes on both kinds of substrate
in this study are relatively low. In order to further understand the effect of the substrate
on the structural properties of MoS,, Raman spectra of MoS, were measured at 25°C
using an excitation source of 532 nm. Characteristic Raman peaks (Eig and Aig) are
observed in both samples (MoS2/Al,O3 and MoSz/glass). These two peaks are strongly
affected by the edge thicknesses of the MoS> nanoflakes. The studies indicated that Exg
reveals a redshift when the number of the MoS; layer increases. In contrast, Aig shows a
blue shift along with the increase of MoS; thickness [21, 22]. In this study, such shifts
were observed when the glass substrate was replaced by the alumina substrate for the
MoS; synthesis process (Fig. 5(b)). However, it should be noted that such shifts only
take place when MoS; thickness is about a few layers. Therefore, we believe that the
observed shifts are related to the edges of MoS: flakes than their bulk part. In other
words, the edges of MoS2/Al>Os flakes are thicker than those of MoS2/glass.
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Fig. 5. (a) X-ray diffraction and (b) Raman spectra of MoS»/Al,O3; and MoSz/glass.

To further confirm the results obtained from the Raman spectrum, the
photoluminescence spectrum was also measured (Fig. 6). The PL peak of MoS/glass is
observed at ~ 687 nm, while that of MoS2/Al>O3 is at 666 nm. An approximately
20 nm shift of PL peak can be attributed to the changes in the composition of
synthesized MoS; nanoflakes which create Mo or S vacancies. The presence of these
vacancies results in changes in the electronic structure of MoS, thereby changing its
optical properties. F. Fabbri et al. have recognized that an excess of sulfur vacancy in
MoS: is the root of a redshift in the PL spectrum [23]. In this study, the PL peak of
MoS2/glass shows a redshift compared to that of MoS2/AlOs. This observation is
consistent with the chemical compositions obtained from EDS (Fig. 4). In conclusion,
substrate change strongly affects the morphological and structural properties of MoS»
grown by the MOCVD technique, such as composition, edge thickness of MoS;
nanoflakes, kind of vacancy, porosity, and uniformity. Therefore, control of MoS:
growth through choosing suitable substrates is a potential solution to obtain desired
MoS: properties for various applications.

Excitation wavelength: 532 nm
ALO

Glass

Intensity (a.u)

600 650 700 750 800
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Fig. 6. Photoluminescence spectra of MoS,/Al,O; and MoS./glass were measured at room
temperature (25°C) using a excitation source of 532 nm.
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In order to illustrate one of the various applications of MoSg, the authors examined
the sensing properties of MoS2/Al,O3- and MoS»/glass-based sensors toward various
target gases, and the results are shown in Fig. 7. Both sensors show responses toward all
examined target gases, including CHs, CO, Hz, H2S, NHs, and NO.. The p-type gas
sensing behaviors of MoS; are observed in both sensors, they inferred that p-doping is
predominant over n-doping in as-synthesized MoS; nanoflakes. P-type MoS: have also
been reported in the literature [24, 25]. Among examined gases, the responses of the
sensors toward H>S gas are significantly faster and higher than those of other gases. This
phenomenon can be attributed to the presence of Mo and S dangling bonds in defective
MoS: nanoflakes. H>S molecules with the presence of S atom can more favorably
interacts with such dangling bonds of MoS;. In addition, this thing could also be
explained by the different adsorption ability and charge transfer between target gases to
defective MoS> nanoflakes in which H2S possesses higher values [25]. However, similar
p-type sensing behaviors of both MoS2/Al;Os- and MoSz/glass-based sensors along with
diferent vacancies (Mo and/or S diefficiency) remain a phenomenon that needs to be
investigated further. The response of the MoS,/Al>Os-based sensor is slightly larger in
comparison to that of the MoSz/glass-based sensor. This thing is originated from the
presence of gaps between MoS; clusters in MoSz/Al203, which promote the gas diffusion
into the MoS> layers underneath the surface, thereby enhancing the gas-MoS; surface
interaction. Generally, the gas-sensing properties indicate that MoS; is relatively selective
for Ha2S gas detection. However, the response of the MoS; nanoflakes-based sensor still
needs to be further improved for real applications.

Glass substrate & 150°C Alumina substrate & 150°C
5{(a) (b)

50 ppm

—o—Co
500 ppm —A—H,
—8—CH, —v—HS

—o—NH,

——NO,

i 50 ppm

} —o—Co
500 ppm —4—H,
—8—CH, —v—H,S
—O—NH,

—v—NO,

Resistance (MQ)
w

Resistance (MQ)
w

300 600 900 1200 0 300 600 900 1200
Time (s) Time (s)
35

(c) —o—500 ppm CH,
—o— 50 ppm CO 3.0
—4—50 ppm H;

—v—50 ppm H,S
—o— 50 ppm NHJ
—+—50 ppm NO,

—o—500 ppm CH,

—o— 50 ppm CO
—+—50 ppm H,
25

n
=)

—v— 50 ppm H,S
—<—50 ppm NH,
—#— 50 ppm NO,

2.0

Response
-
@
Response

1.5

-
(=]

1.0

0 300 600 900 1200 1500 O 300 600 900 1200 1500
Time (s) Time (s)
Fig. 7. Transient resistance curves of (a) MoSz/glass- and (b) MoS,/Al,Os-based sensors
under the exposure of various target gases; (c) and (d) The responses of the sensors
are derived from (a) and (b), respectively.
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4. Conclusions

In this study, we synthesized MoS, nanoflakes on glass and alumina substrates
and the substrate effects on morphological and structural properties were investigated.
The results reveal that edge thickness, kind of vacancy, porosity, and uniformity of
MoS; nanoflakes strongly depends on the kind of used substrate for MoS> growth. Gas-
sensing results illustrate that MoS> nanoflakes can be used for selective H»S detection
due to the presence of Mo or S dangling bonds. The substrate-dependent properties of
MoS; suggest a simple way to improve MoS, nanoflakes-based applications through
choosing a suitable substrate for the growth of MoS; by MOCVD method.
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NGHIEN CUU SO SANH CAC CAU TRUC NANO MoS;
PUGCC MOC TREN CAC BE THUY TINH VA BE NHOM OXIT
BANG PHUONG PHAP LANG DONG PHA HOI HOA HOC (MOCVD)

Nguyén Manh Hung, Nguyén Vin Hoang, Nguyén Tién Hiép
Pinh Xuin Hung, Phung Pinh Phong, Pham Tién Hung

Tom tit: MoS; 1a mét trong nhitng vét liéu dichalcogenide kim logi chuyén tiép hdp dan
nhat cho cdc g dung dién tir do cdc tinh chat déc biét ciia né. Trong nghién ciru nay, cdc cum
nano MoS; di duwoc tong hop bang phirong phdp ling dong pha hoi héa hoc (MOCVD) lén céc
logi dé khdc nhau bao gom dé nhém Oxit va dé thity tinh. Anh hwéng cia dé lén hinh théi va cdc
tinh chat cdu triic ciia cde cdu triic nano MoS, di diege danh gid bang cdc ky thudt khdc nhau bao
gom kinh hién vi dién tir phat xa truong (FE-SEM), phé tan sdc nang lwong (EDS), nhiéu xa tia X,
phé hupnh quang va phé Raman. Céc két qud chi ra rang, cdc MoSs ¢é thé dwoc tong hop hiéu
qua 1én ca dé thity tinh (MoSy/thity tinh) va d@é nhém 0xit (MoSz/nhdm 6xit). Tuy nhién, hinh thai
va nhiéu tinh chdt cau triic ciia MoS; bi bién doi dang ké khi thay doi dé. Ti s6 nguyén tir Mo/S
thay d6i twong img tir 0,62 t6i 0,45 cho M0Sy/thity tinh va MoSsInhém 6xit. Thém vao dé, MoSs!
nhom Oxit tiét 16 mét cau triic dong nhdt thap hon cimg véi cdc canh ciia MoS, day hon so voi
MoSy/thity tinh. Vé iing dung, MoS, da tong hop c6 thé dwoc xem xét nhu la mét iimg vién tiém
nang cho phat hién chon loc khi H>S do sy hién dién cua cac lién két tr do trong MoS> ciing nhu
cac khac bi¢t trong kha nang hdp thu va dich chuyén dién tich giita cdc khi thir va MoS,.

Tir khéa: Bong nano MoS; ling dong pha hoi hoa hoc; lién két treo.
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