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Abstract: Despite the use of transition metal dichalcogenides being widespread in various applica-
tions, the knowledge and applications of MoyW1_,S, compounds are relatively limited. In this study,
we deposited a MoW alloy on a Si substrate using a sputter system. Consequently, we successfully
utilized a furnace to sulfurize the MoW alloy from 800 to 950 °C, which transferred the alloy into
a MoyW1_,S, ternary compound. The Raman spectra of the Mo,W;_,S; samples indicated an
additional hybridized Raman peak at 375 cm ! not present in typical MoS, and WS,. With increasing
sulfurization temperature, the scanning electron microscopy images revealed the surface morphology
of the MoxW;_,S; gradually becoming a sheet-like structure. The X-ray diffraction results showed
that the crystal structure of the MoyW1_S, tended toward a preferable (002) crystal orientation. The
I-V results showed that the resistance of MoxW1_S, increased when the samples were sulfurized at
a higher temperature due to the more porous structures generated within the thin film. Furthermore,
a high-temperature coefficient of resistance for the MoxW;_S, thin film sulfurized at 950 °C was
about —1.633%/K 1. This coefficient of resistance in a MoyW1_4S; thin film indicates its suitability
for use in thermal sensors.
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1. Introduction

In the past few years, transition-metal dichalcogenides (TMDCs) such as MoS, and
WS; have been attractive subjects for experimental and theoretical studies owing to their
unique electrical and optoelectronic properties [1,2]. These two representative materials of
TMDCs have also been applied to aspects of next-generation ultrathin devices, including
light-emitting devices [3,4], photodetectors [5], gas sensors [6], catalytics [7,8], and pho-
tovoltaic devices [9,10]. Recently, Khan et al. observed that both atomically thin MoS,
and MoTe; layers possess a large temperature coefficient of resistance (TCR) due to the
reduction in the density of Coulomb impurities and scattering centers [11]. Lee et al. drew
WS; bulk film on paper substrates, demonstrating the usability of a WS;-on-paper thermal
sensor [12]. Although the above literature confirms MoS; and WS; are suitable for appli-
cation in thermal sensors, no report related to the temperature-dependent resistance and
TCR of MoyW1_45; compound semiconductors has been published. Compared with bulk
structure, it is still challenging to fabricate thermal sensors using a few-layer structured 2D
material because of the difficulty in controlling size, shape, and dimensions. In addition, the
resistance variation of a material caused by heating depends on its TCR. The microstructure
of a thin film and film interface strongly influence the TCR of a material [13]. Therefore, the
issues related to the relationship between TCR and film morphology for both large-area
and bulk MoxWj_S, are worth investigating.

Appl. Sci. 2022, 12, 5110. https:/ /doi.org/10.3390/app12105110

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app12105110
https://doi.org/10.3390/app12105110
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-4974-7749
https://doi.org/10.3390/app12105110
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12105110?type=check_update&version=1

Appl. Sci. 2022,12, 5110

20f7

In this work, we sulfurized a MoW alloy at different temperatures from 800 to 950 °C
to transform the metallic layer into a MoxW;_,S; compound semiconductor thin film.
Raman spectrum, X-ray diffraction (XRD), and scanning electron microscopy (SEM) were
implemented to observe the relevant microstructural characteristics of the samples and
further understand the sulfurized mechanism. Furthermore, we utilized temperature-
dependent I-V measurements to analyze the influence of the MoyW;_4S, microstructure
on resistance and TCR. A series of experimental results indicated that the large-area and
bulk MoxW1_S, thin film has great potential as a thermal sensor.

2. Materials and Methods

We selected boron-doped single-crystal Si wafers with a native oxide layer as the
substrates for further Mo, W;_,S; growth. At first, the pressure of the sputter was pumped
down to 5 x 107° torr. Before sputtering, Ar was injected as a carrier gas and the pressure
of the sputter was kept at 5 x 1073 torr. Consequently, the Mo and W thin films were
simultaneously deposited by using radio frequency (50 W) and direct current (25 W)
sputtering methods at room temperature, respectively. The thickness of the MoW alloy film
was about 100 nm.

Then, the MoW films were transferred to a two-zone vacuum furnace for further
sulfurization processes to grow the MoyW;_4S,. We placed 8 g of sulfur powders at
the upstream source zone while the MoW films were placed at the downstream reaction
zone. We set various sulfurized temperatures of 800, 850, 900, and 950 °C for 60 min in
the reaction zone for progressive sulfurization and to investigate the effect of different
sulfurized temperatures on the MoxW1_45; films. The temperature in the source zone was
set to about 400 °C. The temperature ramping rate was set to 5 °C/min for the heating and
cooling procedures. Argon was injected at a fixed rate of 200 sccm as the carrier gas at a
pressure of around 0.1 torr during the whole process. The sulfur vapor was transported
from the source zone via the carrier gas and reacted with MoW alloy to transform into the
MoyxW1_4S; thin film on the substrates in the reaction zone.

SEM (FEI Helios 1200+, Hillsboro, OR, USA) was used to observe the morphology
and thickness of the as-grown samples. The Raman spectra were recorded using a confocal
Raman microscopy system (Tokyo Instruments, Inc., Nanofinder 30, Tokyo, Japan) with a
solid-state laser excitation (laser power: 0.05 mW). The laser beam was focused to 1 um
in diameter via a microscope objective with a magnification of 100x and an NA of 0.9.
The grating in the spectrometer was 300 lines/mm. Before the Raman measurements of
the samples, the spectra were calibrated using the Si peak position (520 cm~!) from a
bulk Si substrate. A charge-coupled device mounted within the spectrometer was cooled
to —50 °C by using a thermoelectric cooling chip to reduce noise during measurement.
The relevant parameters related to sulfurization and Raman measurement can be found
in our previous work [14]. The crystal structure was analyzed using XRD with CuKo
radiation. Furthermore, recorded the temperature-dependent current density—voltage
(I-V) characteristics of the samples from 290 to 570 K. Meanwhile, we also analyzed the
electrical properties of the samples, including their resistance and temperature coefficient
of resistance (TCR) according to the temperature-dependent I-V results.

3. Results and Discussion

The Raman spectra of the MoxW1_S, thin films sulfurized at 800~950 °C are shown
in Figure 1. All samples presented the same peak position with no obvious difference.
The broad peak around 413 cm~! was created by the merging of two peaks: Ajg mode
at 405 cm~! for MoS, and Ajg mode of 417 cm ! for WS,, which are associated with the
out-of-plane vibration frequency. The peak around 350 cm ! could be attributed to the
in-plane vibration E! 2¢ mode of WS;. The above results are consistent with previously
reported results [15,16]. However, there was a unique peak around 375 cm ™! related to
MoS,, similar to that in the E! 2¢ mode. Lin et al. observed that the peak position of the
MoS,-like Elzg mode shifted from 383 to 373 cm ™! for the Mo,W;_,S, hybrid triangle,
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suggesting that the MoS;-like Elzg mode could be attributed to local strain [17]. This
phenomenon of mode shift was also found in uniform alloys of MoS, and WS, produced
by chemical vapor transport [18]. Therefore, we inferred that mixing the two phases with
different lattice constants resulted in the generation of the local strain when the MoxW1_4S,
thin film formed in our case, then the peak position of MoS,-like E! 2¢ was encountered
at around 375 cm~!. However, the peak position of WS,-like Elzg at 350 cm~! does not
shift even though the local strain exists [19]. Our Raman spectra results confirmed that our
sulfurized conditions allowed the MoW alloy films to be completely sulfurized into the
MoxW1_4S; thin films because no peak correlating with the oxides of Mo or W elements
could be found.
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Figure 1. Raman spectra of the Mo,W;_,S, thin films by sulfurizing MoW alloy at different tempera-
tures from 800 to 950 °C.
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Figure 2a—d shows the SEM images of the MoyW1_,5; thin films after various sulfur-
ized temperatures from 800 to 950 °C. For the sample sulfurized at 800 °C, Figure 2a reveals
that there were some bumps swelling on the local area. In comparison, the morphology
was highly consistent for the sample sulfurized at 850 °C in Figure 2b. For sulfurized
temperature above 900 °C, Figure 2c presents the porous structure formed on the sample
surface, and Figure 2d reveals the crystal feature had become more clearly visible. The
insert images in Figure 2a—d provide information about the thicknesses after various sulfur-
ization temperatures. The thickness was about 130 nm when the samples were sulfurized at
800 and 850 °C. The thickness reached 190 nm when the sulfurizing temperature was 900 °C
and then decreased to 160 nm after sulfurizing the MoW alloy film at 950 °C. In addition,
the MoxW1_S, thin film was partially separated from the substrate, as shown in the insert
in Figure 2d. We provide a detailed discussion about the sulfurization mechanism below.

We performed XRD on our samples in w-26 mode to confirm the crystal orientations
and determined the sulfurization mechanism for the MoyW1_S; thin films under various
sulfurized temperatures (see Figure 3). We thought that the present (002) peak was created
by merging both MoS, and WS, (002) phases (JCPDS No. 24-0513 and JCPDS No. 08-0237,
respectively). However, it was difficult to distinguish the X value of Mo composition for
the MoyW1_S; thin film because the spacing along (002) for both MoS; and WS, were
very close. The samples sulfurized below 850 °C exhibited a broad peak ranging from 20°
to 40°, which could be attributed to amorphous MoS; and poorly crystallized WS, [20-22].
This broad peak gradually disappeared when the sulfurized temperature was above 900 °C.
As aresult, the crystalline quality of MoxW1_4S; thin film could be improved by means of
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adjustment to the sulfurized temperature, which is consistent with the SEM observations.
We initially determined the sulfurization mechanism in terms of our SEM and XRD results
as follows: When the MoW alloy was sulfurized at a low temperature (below 850 °C), only
some of the sulfur vapor reacted with the local MoW area, producing a few bumps, as
shown in Figure 2a. At this stage, the sulfur atoms diffused into the layer in a disorderly
pattern and reacted with Mo and W atoms, causing the amorphous structure and the poor
crystal quality of the MoxW;_4S; thin film. Additionally, the increase in the thickness of
the MoxW;_«5; thin film was limited. When the sulfurized temperature was increased
to 850 °C, most sulfur atoms obtained enough energy to diffuse and react with the MoW
alloy. Furthermore, the crystal quality improved, and the thickness of the MoyW1_4S;
thin films increased. In comparison, the thickness of the Mo,W1_,S, thin film sulfurized
at 950 °C slightly reduced from 190 to 160 nm because of high-temperature conditions
leading to the desorption effect. In addition, our results confirm that a well-crystallized
MoyxW7_«S; thin film was obtained when the MoW alloy was sulfurized at 950 °C. Because
of the lattice mismatch between the MoxW1_,S; thin film and the substrate, the crystal
orientation of MoxWj_4S; thin film produced high stress and strain. Once the stress relaxed,
the MoyW1_,S; thin film separated from the substrate, as shown in the insert in Figure 2d.

900 °C

Figure 2. SEM images of the MoxW;_4S; thin films by sulfurizing MoW alloy at different tempera-
tures: (a) 800, (b) 850, (c) 900, and (d) 950 °C. The insertion in each figure is the corresponding cross
sectional SEM image.
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Figure 3. XRD 20 scan results of the MoxW1_,S; thin films sulfurized at various temperatures.

In order to understand the possibility of applying MoxW_4S; thin films as thermal
sensors, we measured the temperature-dependent I-V characteristics of our samples from
290 to 570 K, as shown in Figure 4a—d. The distance (ca. 5 mm) between the prepared
electrodes was maintained as constant as possible for each sample. The I-V results show
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linear and ohmic measurements within —1 to 1 V for each sample at various temperatures.
The resistance trend for each sample was consistent with that of the semiconductor, de-
creasing with increasing measured temperature. The reason is that the electron absorbed
the thermal energy when the temperature increased and further broke covalent bond to
become a free electron. More and more free electrons were produced as the temperature
increased, resulting in increased conduction and decreased resistance.
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Figure 4. The temperature-dependent I-V characteristics of the MoyW1_,S; thin films sulfurized at
(a) 800, (b) 850, (c) 900, and (d) 950 °C.

According to Ohm’s law, we calculated the resistances in terms of the results in
Figure 4a—d. The resistances of the samples measured at different temperatures are shown
in Figure 5a. The relationship between resistance and structural properties for a sample
is worth investigating, especially at measurements of 290 K, which is close to room tem-
perature. Figure 5a shows that the resistance was about 7, 1.3, 9.9, and 25.6 M() when the
sample was sulfurized at 800, 850, 900, and 950 °C, respectively. The above SEM and XRD
results suggest that the sample sulfurized at 800 °C had an obvious amorphous structure,
which led to its slightly higher resistance in comparison with the sample sulfurized at
850 °C. However, as increasing the sulfurizing temperature improved the crystal quality of
the sample, the porous feature would be a critical reason for increasing the resistance of
the MoxW1_4S; thin film. The highest resistance value of 25.6 M() could be attributed to
the severe interface separation between the MoyW1_S; thin film and the substrate due
to large stress when the sample was sulfurized at 950 °C. The cross-section SEM image
reveals these sheet-like Mo, W1_,S5; thin films were partially detached. We also calculated
the TCR of each sample from Figure 5a using Equation (1) [11,12]:

1 dR
TCR = RodT 1)
where Ry is the resistance of each sample at 290 K. Figure 5b displays the TCR values of the
samples measured at different temperatures. In comparison with the TCR values (0.29%
to 0.48%) for metallic the MoW alloy obtained by Geiss et al. [23], the MoxW;_,S; thin
film sulfurized at 950 °C had a TCR value of —1.633%/K. Kato et al. reported that any
degradation in crystal quality would lower the TCR of a semiconductor [24]. Moreover,
a well-crystalized structure can result in a high TCR for a VO, thin film [25]. So far, no

relevant study reports the correlations between crystal quality and TCR for the MoxW1_,Sp
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compound. Therefore, our results show that a well-crystalized MoxW1_4S, thin film has a
high TCR, which is beneficial for its application in thermal sensors.
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Figure 5. (a) The resistance as a function of measured temperature for the MoxW;_S, thin films
sulfurized at various temperatures. The insert shows a cross-section SEM image of the Mo, W1_4S;
thin film sulfurized at 950 °C. (b) The corresponding TCR values of the samples obtained from (a).

4. Conclusions

In this study, we deposited a MoW alloy on a Si substrate using a sputter system.
Consequently, we successfully sulfurized the MoW alloy from 800 to 950 °C, forming
MoxW1_4S; ternary compound films, which was confirmed by Raman spectra results. Both
the SEM and XRD results indicated that increasing sulfurization temperature improved the
crystal structure and produced further changes in microstructures to affect the resistance
and TCR for the MoxW1_,Sy. The I-V results showed that the well-crystalized MoxW1_4S;
thin film sulfurized at 950 °C had a high TCR of —1.633%/K. This attractive high TCR of
the MoxW1_,S; thin film demonstrates its potential for its further development and future
applications in thermal sensors.
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