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Effect of substrate temperature on
properties of WS, thin films

Monireh Jafaril, Mohammad Mahdi Shahidi?** & Mohammad Hossein Ehsani'**

The WS, thin films were deposited on glass substrates with RF magnetron sputtering using aWs,
target to study the effect of substrate temperature (25, 100, 200, and 300 °C) on their properties.

In this study, we investigated the morphological, structural, and optical characteristics of the films.
FESEM images show that all the samples consist of nanoparticles, with the exception of the film
deposited at 200 °C, which uniquely exhibited a nanosheet morphology. The AFM spectrum of

the samples determined that the sample with a substrate temperature of 200 °C had the highest
roughness, which confirms the results obtained from the FESEM images of the samples. The XRD
patterns of all the thin films showed the preferred orientation (104) related to the WS, phase, and
among the samples, the film deposited at 200 °C exhibited the largest crystallite size and the lowest
strains. Also, no additional peak related to the oxide phase was observed in XRD and Raman spectra.
The band gap of the 200 °C sample was lower than the other samples, and because it has a larger
crystal size, this can be caused by quantum confinement. At 200 °C, the resistivity reached its highest
value, accompanied by a significant decrease in carrier mobility and concentration, likely due to
structural disorder and increased porosity in this sample.
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Recent studies on various nanostructured thin films have shown that factors such as substrate temperature and
synthesis method significantly affect their morphological, optical, and structural properties'. Building on these
insights, tungsten disulfide (WS,) has attracted increasing attention due to its layered structure and promising
optical and electronic characteristics for optoelectronic applications**. Among the applications of WS,, we
can mention gas sensors and photodetectors™®. WS, is a semiconductor with a direct band gap in bulk mode
and an indirect band gap in monolayer mode’. The synthesis of WS, nanostructures can significantly affect
their structural integrity and optical characteristics. There are various physical and chemical methods such
as chemical vapor deposition (CVD)3°, magnetron sputtering!®!!, chemical bath deposition (CBD)'>!3, and
hydrothermal methods!'*!® for the synthesis of this material. Among these synthesis methods, sputtering can be
a suitable candidate, controlling many parameters to attain pure and resistant thin films with high crystallinity
and quality'®!”. This method allows for precise control over the deposition parameters, such as synthesis
time, substrate temperature, target-to-substrate distance, gas flow rate, input gas, and working pressure!®1.
Substrate temperature has been identified as a key parameter influencing the crystallinity, morphology, and
optical performance of WS, films?. In particular, the appropriate thermal energy on the surface of the substrate
increases the mobility of the adatoms, which move to the proper atomic position, thereby increasing the
crystallinity'®. Exploring the effect of substrate temperature on WS, nanostructures can help to optimize their
synthesis processes, leading to enhanced performance in practical applications. Only a few reports have been
presented on the effect of temperature on sputtering WS, layers. Genut et al.! synthesized tungsten thin films
(about 50 nm thick) by a sputtering method on various molybdenum, tungsten, quartz, and glass slides. For
this purpose, the samples were annealed in a quartz furnace with H,S flow in the temperature range of 400
to 1000 °C, and the effect of the substrate at these temperatures on the WS, layers was investigated. Ye et al.?
investigated the effect of annealing temperature on the properties of WS, thin films by sputtering on glass and
silicon substrates. For this purpose, thin WS, layers with a thickness of 300 nm were synthesized by RF magnetic
sputtering using a WS, target, and finally, the samples were annealed in a nitrogen atmosphere at different
temperatures of 200, 300, 400, and 500 °C for 1 h. Ma et al.>* investigated the effects of DC sputtering power and
rapid thermal processing temperature on WS, thin films. The layers were synthesized in a sputtering machine
using a WS, target at different powers of 80, 120, and 160 W. The prepared layers were annealed in a rapid
thermal processing system, where the temperature increased from 200 °C to 800 °C at a rate of 3 °C/s. However,
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the effect of substrate temperature during synthesis on this material by the RF magnetron sputtering method has
not been widely investigated yet.

In this study, we investigated how the substrate temperature during synthesis affects the morphology,
structural and optical properties of WS, nanostructures synthesized using the RF magnetron sputtering
technique in the presence of argon gas. This study aims to systematically investigate WS, thin films through
techniques such as FESEM, AFM, XRD, Raman, and UV-Vis. spectroscopy.

Experimental

WS, thin films were deposited using the RF sputtering technique with a WS, target of 99.99% purity, 2 inches
in diameter, and 75 W power in an argon atmosphere. Prior to deposition, the glass substrates were under a
cleaning process involving soap and water, followed by ethanol, acetone, and distilled water in an ultrasonic
device for 20 min. After cleaning, the substrates were dried with an air pump. The cleaned substrates were then
placed into the sputtering chamber, where the base pressure and working pressure were maintained at 8.5x 107>
and 7 x 1073 Torr, respectively. The deposition rate was approximately 2 A/s and the film thickness was uniformly
set at 200 nm, which was controlled by a quartz crystal in the sputtering system. To investigate the influence of
substrate temperature, four different temperatures (25, 100, 200, and 300 °C) were applied during deposition.
The synthesis process parameters are listed in Table 1.

The surface morphology of the fabricated thin films was examined using a Zeiss Sigma 300-HV field emission
scanning electron microscope (FESEM) and an Atomic Force Microscope (AFM). The crystalline structures
were characterized by Grazing Incidence X-Ray Diffraction (GIXRD; Bruker AXS) with CuK_ radiation (1.5418
A). Additionally, Micro-Raman spectroscopy (Avantes 532-Ci) was employed for further structural analysis,
using an excitation wavelength of 532 nm. The optical properties of the films were estimated with a Shimadzu
UV-1800 ultraviolet-visible (UV-Vis) spectrophotometer through the wavelength range of 300-1100 nm. The
electrical properties were evaluated using an ECOPIA Hall effect measurement system, employing the van der
Pauw four-probe configuration.

Results and discussions
Surface morphology
Figure 1 shows the FESEM images of WS, samples at 100 and 200 nm scales. These high-resolution images
present the morphological changes of WS, nanostructures at different substrate temperatures. Increasing the
temperature of the substrate to 100 °C results in a growth in the size of the nanoparticles. As the substrate
temperature reaches 200 °C, a significant transformation takes place, resulting in the formation of nanosheets.
These images suggest a change in the growth mechanism, where higher substrate temperatures promote lateral
growth and thus sheet-like structures. The formation of nanosheets is significant due to their high surface-to-
volume ratio and their performance in various applications. Upon reaching a temperature of 300 °C, the WS,
films exhibit separated grains on the surface. As the temperature rises, the energy levels of the adatoms arriving
at the surface increase significantly, leading to greater atomic mobility?%. Due to the shadowing effect, particles
can be absorbed by higher surface points (hills), or, due to the re-emission effect, particles can “bounce around”
before settling in the correct places on the surface?>?® which could have happened for the T300 sample. The
images displayed on the right show cross-sectional views, where the thickness of all layers is uniformly 200 nm.

Figure 2 shows 3D atomic force microscopy (AFM) micrographs of the surface of all samples at a scale of
5 pum X 5 um. As seen in the pictures, there are small crystal particles in samples T25 and T100. In contrast, the
T200 sample shows a different surface morphology with the presence of larger crystal particles. As the substrate
temperature increases to 300 °C (T300), it shows grains that are spaced apart.

The average roughness (R ) and root mean square roughness (Rq) values were calculated using the following

Eqs?2%.:
1
R, = — i 1
- g Yy (1)

Ry=y/+ 3" 2 @

Here y, represents the analyzed surface profile, and n is the evaluation length. The results of the roughness
measurements are summarized in Table 2. The roughness of the T200 sample is higher than that of the other
samples, and the FESEM images suggest that this sample consists of nanosheet-like structures, indicating increased
porosity. These observations were further supported by AFM analysis. While the combination of FESEM and

Parameters Value

Base pressure 8.5%107° Torr
Working pressure 7% 1073 Torr

RF power 75w

Argon gas flow 10 SCCM

Substrate temperature | 25, 100, 200, 300 °C

Table 1. Parameters and their respective values for the deposition of WS, thin films.
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Fig. 1. Top and cross-sectional FESEM images of WS, thin films deposited at various temperatures by
sputtering method.

AFM data points toward a distinct morphological evolution at this temperature, further investigations would be
beneficial to confirm the detailed structural nature. In particular, at 300 °C, although the surface roughness is
relatively high (about 5.5 nm), other structural changes, such as defect density, grain boundaries, and possible
phase transitions, may lead to increased phonon scattering and non-radiative recombination, which could

reduce the effective phonon lifetime?.

Structural properties

Figure 3 (a and b) present the XRD diffractogram and the Raman shift spectrum of the studied samples.
According to the XRD spectrum of samples (Fig. 3a), it can be seen that the peaks (104), (009), (110), and (116)
are related to the hexagonal phase of WS, (JCPDS Card No. 35-0651). Also, no additional peaks related to oxide
phases are observed. Among the peaks, the peak (104) is considered as the preferred peak. As the temperature
increases from 25 °C to 100 °C and then 200 °C, an increase in peak intensity is observed, while the time reaches
300 °C, a decrease in peak intensity is observed again. Among the samples, sample T200 has sharper peaks. The
sharpness of these peaks indicates a higher degree of crystallinity of the substance®. These observations show
that the T200 sample has been subjected to optimal growth conditions, resulting in better crystallinity compared
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Fig. 2. Topographic images (3D) obtained by AFM for WS, thin films prepared at various substrate
temperatures by magnetron sputtering.

T25 0.0041 1.12
T100 0.617 2.17
T200 0.719 6.01
T300 0.432 5.58

Table 2. The roughness values for all samples WS,

to other samples. According to Table 3, a slight change can be seen in the peaks corresponding to the WS, films
synthesized at different substrate temperatures, which can be caused by the expansion or contraction of the
crystal lattice! 1,

To obtain a more detailed evaluation of the structural properties, we calculated the crystal size (D) using
Scherer’s equation, along with the dislocation density (8) and the micro-strain (¢) values, from the following
relations*-3*;

D =0.9) /8 cosb (3)
§ =1/D? (4)
€ =P cosh /4 (5)

Where 0 is the Bragg angle, § (in radians) is the full width at half maximum (FWHM), and A is the wavelength
of X-ray radiation The results of the calculations are given in Table 3. According to these analyses among the
samples, sample T200 has the largest crystal size and the lowest density of dislocations and crystal strains among
the samples. A lower dislocation density results in fewer defects within the crystal lattice, potentially enhancing
the material’s electrical and optical properties. Furthermore, reduced crystal micro-strain provides improved
stability and performance in various applications.

For further structural analysis of the samples, Raman spectroscopy was employed (Fig. 3b). The clear
observation of Raman peaks indicates the good quality of the samples. The two peaks observed at 349 and
416 cm™ correspond to the E', and A modes, indicating in-plane and out-of-plane vibrations, respectively.
Specifically, the two peaks at 349 and 416 cm? correspond to the E!, and A, modes, which represent in-plane
and out-of-plane vibrations, respectively!®*. Understanding vibrational modes is crucial for the structural
analysis of materials and phonon interactions.

To calculate the phonon lifetime, we have calculated from the energy-time uncertainty relationship**:
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Fig. 3. (a) XRD patterns and (b) Raman spectra of WS, deposited on various substrate temperatures by RF
magnetron sputtering technique, and (c) a comparison between the variations in crystalline micro-strains (for
main diffraction orientation (104)) and phonon lifetimes (for 416 cm™ Raman peak).

Sample | 26, (*) | FWHMXRD () | D(am) | 8 (X 107°nm™2) | ¢ (» 10~3) | FWHM Raman (cm™!)
T25 37.60 0.96 9.13 12.02 3.97 13.82
T100 37.52 0.96 9.14 12.00 3.96 13.04
T200 37.35 0.60 14.62 4.68 2.48 11.85
T300 37.60 0.72 12.19 6.72 2.97 22.87

Table 3. Crystallographic parameters of the samples, based on the main diffraction orientation (104) and
Raman FWHM for 416 cm™! peak.

l:g:%rCF (6)
T h

Where h is PlancK’s constant, A E is the uncertainty in the energy, and I' is equal to FWHM of Raman peaks in
units of cm™L. According to Fig. 3c, the lifetime of phonons for samples T25, T100, T200, and T300 is 0.38, 0.40,
0.45 and 0.23 ps for 416 cm™! respectively. In the T200 sample, larger crystal size and fewer defects enhance the
phonon distribution and extend the phonon lifetime®. The presence of fewer defects allows for less scattering
of phonons and leads to longer phonon lifetimes®. This important phenomenon can help improve thermal and
electrical properties and make materials more suitable for various applications. According to Table 3, it can be
seen that the FWHM of peak 416 cm™ decreased with increasing temperature from 25 °C to 100 °C and then
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200 °C, and at 300 °C the FWHM increased again. Raman peaks related to the WS, layer in T200 are sharper and
stronger than other samples, which indicates a higher degree of crystallinity. The absence of additional peaks in
Raman shows the purity level of the measured sample, which aligns well with the XRD analysis results for these
samples™®.

Optical properties
Figure 4 shows the transmission and absorption spectra of all samples at wavelengths of 300-1100 nm. The
average transmission in the wavelengths of 800-1100 nm for samples is 65-80% and optical reflection (5-30%)
in this region. The absorption spectrum of the samples indicates that as the temperature increases, the absorption
edge of the samples changes and affects their band gap. Although roughness increases with increasing substrate
temperature, the observed decrease in light transmission for the T200 sample is not only due to photon scattering
but also to the significant transformation of the nanosheet structures in this sample, which increases the surface-
to-volume ratio. This morphological change is likely to have a more substantial impact on light transmission
than roughness alone.

The 104pogrilcal band gaps (E,) were calculated from the absorbance spectra of the thin films using Tauc’s
relation4%4!:

(ahv)? = A(hv — Ey) (7)

The E_ values were determined by extrapolating the linear portion of the plot to the energy axis, where,
(ahv 32 = 0*2*3, The results (Fig. 5(a-d)) show that the optical band gap of samples T25, T100, T200, and T300
are 2.63, 2.38, 2.35, and, 2.39 eV respectively. According to Fig. 5(e), there is a significant relationship between
the crystal size of the samples and their optical band gaps. In particular, samples with larger crystal sizes have
smaller band gaps. This phenomenon can be attributed to quantum confinement effects, which occur when the
dimensions of matter approach the Bohr exciton radius. As the crystal size increases, the quantum confinement
effects decrease, leading to a narrowing of the energy band gap.

Electrical properties

Room temperature Hall effect measurements were performed to investigate the electrical properties of WS, thin
films at different substrate temperatures. The results obtained, including resistivity, carrier density, and mobility,
are summarized in Table 4. Increasing the substrate temperature from 25 °C to 100 °C resulted in a decrease in
both carrier concentration and mobility, resulting in a significant increase in resistivity. This behavior suggests
enhanced charge scattering, likely due to the emergence of microstructural irregularities or localized defects. At
T200, the resistance increases, and the carrier density and mobility decrease dramatically. This can be attributed
to the increased carrier dispersion due to the formation of grain boundaries, nanosheets, and higher porosity.
Although the crystalline structure is still evident in the XRD patterns, the dominant effect seems to be related
to structural disorder and high porosity, which lead to strong phonon scattering and carrier trapping, ultimately
reducing the conductivity. At T300, the electrical properties improved again, with a decrease in resistance and
an increase in carrier density and mobility. This change could be due to structural rearrangement in which
nanoparticles are more uniformly distributed and carrier scattering is reduced. These results indicate that
substrate temperature plays a key role in tuning the electrical properties of WS, films, and to fully understand
the charge transport behavior, one must consider the complex interplay between microstructure, crystal order,
and surface porosity.
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Fig. 4. (a) Transmittance and reflectance spectra; (b) Absorbance spectra for WS, thin films deposited at
various temperatures by RF sputtering technique.
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Fig. 5. (a-d) The estimation E, of WS, prepared at various substrate temperatures, (e) Comparison between
crystalline size and band gap energy for WS, samples deposited at various temperatures by RF magnetron
sputtering method.

Conclusion

In this study, WS, thin films were deposited onto glass substrates using RF magnetron sputtering with a WS,
target. The influence of substrate temperature was investigated on the morphological, structural, and optical
properties of the WS, thin films. The FESEM images showed that all the deposited samples had a constant
thickness of about 200 nm. Notably, the T200 sample shows a unique morphology with a series of nanosheets.
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Sample | Resistivity (2.cm) | Conductivity (2.cm)~! | Carrier Concentration (cm™') | Mobility (cm?/V.s)
T25 5.89 2.56x107! 5.77%10' | 1.71x 10

T100 3.48x 10! 3.19x1072 8.22x10% | 2.42x 10"

T200 |4.16x10? 5.03x1073 1.94x10" | 1.02x 1073

T300 | 4.59 2.81x107! 2.81x10'° | 7.70x 10!

Table 4. Hall effect measurement results of the samples.

The formation of these nanosheets can increase the surface-to-volume ratio of the material and potentially
improve its functional properties. The AFM spectrum shows more roughness in the T200 sample and confirms
the FESEM images of the samples. Structural analysis using XRD confirmed the formation of a hexagonal WS,
phase in all samples. The XRD analysis indicated that the film formed at a substrate temperature of 200 °C has
a greater crystal size, better crystallinity, and reduced micro-strains compared to the other samples. The Raman
results showed that the T200 sample has better crystallinity and a longer phonon lifetime, which aligns with
the observations made through XRD analysis. It was evaluated by examining the optical properties of the band
gap, and it showed that the band gap of the T200 sample was lower than other samples. This narrowing of the
band gap, combined with the observed growth in crystal size, could indicate the quantum confinement effect.
Regarding the electrical properties, the highest resistance was observed at 200 ° C. These changes at higher
temperatures were observed due to structural disorder and increased porosity, which led to greater phonon
scattering and reduced electrical conductivity. In general, our findings highlight the significant influence of
substrate temperature on the morphological, structural, optical, and electrical properties of the thin films.
Considering the unique nanosheet-like morphology, high surface roughness, and favorable optical and electrical
properties, the WS, thin film deposited at 200 °C could be promising for future applications in gas sensing
devices.

Data availability
The datasets used and analyzed during the current study available from the corresponding author on reasona-
blerequest.
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