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Abstract: Tungsten disulfide (WS;) monolayer is a direct band gap semiconductor. The growth of WS,
monolayer hinders the progress of its investigation. In this paper, we prepared the WS, monolayer
through chemical vapor transport deposition. This method makes it easier for the growth of WS,
monolayer through the heterogeneous nucleation-and-growth process. The crystal defects introduced
by the heterogeneous nucleation could promote the photoluminescence (PL) emission. We observed
the strong photoluminescence emission in the WS, monolayer, as well as thermal quenching, and the
PL energy redshift as the temperature increases. We attribute the thermal quenching to the energy or
charge transfer of the excitons. The redshift is related to the dipole moment of WS,.

Keywords: chemical vapor transport deposition; tungsten disulfide; monolayer; photoluminescence

1. Introduction

Tungsten disulfide (WS;) monolayer, a direct band gap semiconductor, shows strong
photoluminescence (PL) emission [1,2]. The PL properties have attracted plenty of research interest.

Yun et al. [3] found the non-uniformity of the PL emission in WS; monolayer. The exciton and
charge carriers form the exciton complexes. Kim et al. [4] suspected that the PL emission originated
from the exciton complexes. The inhomogeneous distribution of the charge carriers resulted in the PL
emission non-uniformity. The PL emission energy shifts as the excitation power or sample temperature
changes. For example, Gordo et al. found the laser irradiation changes the PL emission by introducing
the carrier doping [5]. Rosenberger et al. studied the relationship between the PL intensity and defect
density using conductive atomic force microscopy. They found the PL intensity increases with the
decrease of the defect density. Furthermore, they proposed that the defects act as the nonradioactive
recombination center [6]. The mechanism for PL emission is under exploration. Besides the charge
carrier and defects, chemical doping and surface absorption have an effect on the PL emission. Yao et al.
and Feng et al. found the PL energy changed as the WS, monolayer was immersed into sodium sulfide
(NayS) solution, or coated with DNA nucleobases [7,8].

Before having full understanding of the PL emission mechanism, successful preparation of
WS, monolayer is challenging. Under this background, various methods have been applied for
the preparation of WS; monolayer/layers, such as exfoliation, atomic layer deposition, and pulsed
laser deposition [9-11]. Since chemical vapor deposition (CVD) has been successfully applied to the
deposition of large-scale two-dimensional materials, such as graphene and hexagonal boron nitride,
the CVD method is carried forward for the synthesis of the WS, monolayer [12-14]. Among various
CVD methods, the sulfurization of tungsten oxide in sulfur vapor is a commonly used CVD method.
Gutiérrez et al. deposited a thin film of tungsten oxide on the 5iO, /Si substrate, then heated at 800 °C
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under argon and sulfur vapor. The lateral size of the WS, monolayer with triangular shape is ~15 um.
The WS, showed extraordinary photoluminescence emission at room temperature [2]. Cong et al.
reported the growth of WS, monolayer on the 5iO,/Si substrate through sulfurization of tungsten
oxide powders. The lateral size of triangular WS, domain was up to hundreds of micrometers [15].
Before long, Gao et al. [16] reported the growth of WS2 monolayer with millimeter scale using catalyst.
They found the photoluminescence (PL) emission intensity at 612.6 nm was 10° times stronger than
bulk material. Cong et al. [15] and Gao et al. [16] found the PL emission was far stronger in the
edge region, which is opposite to that of Gutiérrez’s observation. Besides the metal catalyst, WS,
monolayer growth is also sensitive to the promoter and surface condition. Li et al. found the addition
of the alkali metal halides reduces the growth temperature (700-850 °C) [17]. In conclusion, the
growth of WS, monolayer is sensitive to the growth process. Much research into the preparation and
photoluminescence needs to be done.

We recently reported the chemical vapor transport deposition of molybdenum disulfide
monolayer [18]. Molybdenum disulfide reacted with the transport agent water vapor to form
molybdenum oxide at high temperature. Then, the molybdenum oxide reacted with sulfur and
transformed into a molybdenum disulfide monolayer at a low temperature. In this method, water
vapor was used as the transport agent and the nucleation promoter. The introduction of water vapor
promoted the molybdenum disulfide monolayer growth. WS, and molybdenum disulfide are both
transition metal dichalcogenides. An interesting question is whether this method can prepare WS,
monolayer. Here, we show that water vapor can promote the WS, monolayer growth. The synthesized
WS, monolayer shows strong PL emission, and the PL is also sensitive to the temperature. Our findings,
therefore, offer important clues to the transition metal dichalcogenides monolayer growth. The PL
change couldalso be used as a detector of temperature change.

2. Materials and Methods

WS, Layer Synthesis

WS, monolayer was prepared by a previously reported chemical vapor transport deposition
method, which was used for the growth of molybdenum disulfide monolayer on a silicon substrate
with a 300 nm layer of oxide (SiO;/Si) [18]. WS, powders (99.5% purity, Aladdin, Shanghai, China)
were used as the precursor. The precursor (0.5 g) was loaded in the center of a one-inch-diameter tube
furnace (Hefei Kejing Materials technology Co., Ltd., Hefei, China), and heated to 1000 °C from room
temperature in 30 min. The substrate was put downstream of the tube furnace. During the above
process, the substrate was heated to 710-850 °C and kept at 710-850 °C for 60 min, before the furnace
was turned off and cooled naturally to room temperature. The water vapor was carried into the tube
by Ar/Hj (75 Torr, Ar/H; 70 sccm) during the whole heating stage.

Optical microscope image was carried out on a Jiangnan MV3000 digital microscope (Nanjing
Jiangnan Novel Optics Co., Ltd., Nanjing, China). Tapping mode atomic force microscopy (AFM) was
conducted with an Agilent 5500 (Agilent Technologies, Palo Alto, CA, USA) in the air. Raman spectra
and photoluminescence (PL) were measured on a home-built micro-Raman setup that consists of a
532 nm solid state laser, a Nikon inverted microscope (Ti eclipse, Nikon, Tokyo, Japan), a long pass
edge filter (Semrock, Rochester, NY, USA), and a Raman spectrometer (iHR320, Horiba, Kyoto, Japan)
with an attached thermoelectric-cooled CCD camera (Andor Syncerity, Horiba) at room temperature.
PL mapping was measured on a Nib400 fluorescence microscope (Nanjing Jiangnan Novel Optics
Co., Ltd., Nanjing, China). X-ray diffraction (XRD) was performed on a Thermo ARLXTRA (Thermo
Electron, Waltham, MA, USA).
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3. Results and Discussion

3.1. WS, Monolayer Growth

Figure 1a shows the optical image of the separated triangular WS, monolayer grown on the SiO, /Si
substrate in the presence of HyO vapor. Except for the black circled area which is WS, multilayers,
other areas with a triangular shape are the WS, monolayer. The uniform color contrast indicates that
the thickness of the WS, monolayer is uniform. The lateral size of the monolayer is up to ca. 38 um.

Figure 1b shows the PL mapping of the WS, monolayer using an excitation wavelength of 485 nm.
PL mapping was measured at the same location as the one in Figure 1a (marked with black square).
We found the WS, monolayer emitted strong PL while the WS, multilayer (circled area) gave out no PL
emission. Intensive PL emission is due to the direct band gap structure of monolayer. The valence band
maximum and the conduction band minimum in the bulk WS; occur at different k (wave vector) values
in the Brillouin zone. While in the monolayer, the valence band maximum and the conduction band
minimum occur at the same position (K point). Therefore, the indirect-to-direct band gap conversion
occurs as the thickness of the WS; is reduced to a monolayer [19]. The direct band gap is ca. 2.05 eV [20].

Figure 1c shows the PL spectrum of the WS; monolayer excited by a 532 nm laser. The peak
energy (~2.0 eV) is lower than the band gap, and is considered to be related to the excitons [4]. In this
paper, the WS, was synthesized by heterogeneous nucleation-and-growth process (discussed in the
section of the mechanism below). The heterogeneous nucleation could promote the crystal growth as
well as the introduction of crystal defects. The crystal defects play a significant role in the PL emission.
Lattice defects act as nonradiative recombination centers in general semiconductor.
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Figure 1. (a) Optical microscopy image of tungsten disulfide monolayer. (b) Corresponding
photoluminescence (PL) mapping. The multilayer was circled in (a,b). (c) Photoluminescence (PL)
spectrum of the tungsten disulfide monolayer, which was taken from the monolayer region labelled
with a box in (a)/(b). The spectrum was fitted with Lorentzian function (green lines). The peaks at 2.00
and 1.98 eV are due to the transition of charged and defect-related excitons, respectively. The scale bars
represent 50 um.
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However, recent investigations revealed that the lattice defects can promote the PL emission by
forming charged exciton and defect-bound excitons with neutral excitons [4,21]. We fit the strong PL
peak at ca. 2.0 eV with Lorentzian lineshape functions, as shown in Figure 1c. The two components at
2.00 eV and 1.98 eV are possibly due to the transition of charged excitons and defect-bound excitons,
respectively. The intensive PL and single emission peak are characteristics for WS, monolayer, and
once again, testify that the thickness of the WS; is monolayer [2,16].

Figure 2a shows the AFM image of the WS, flake edge within the square in Figure 1a. The height
of the edge is 1.0 & 0.1 nm, which is larger than the theoretical value (0.6 nm) of the monolayer
thickness [22]. Considering the tip—substrate interaction and the surface adsorbate, the flake should be
a monolayer [18].

Figure 3 shows the Raman spectrum of the WS, monolayer. The anti-symmetric peak E! 2g at ca.
357 cm ™! can be fitted with Lorentzian function whose three subpeaks are at 343, 351, and 356 cm~ 1,
corresponding to the in-plane vibrational E! 2¢(M) mode, the longitudinal acoustic phonon 2LA(M)
mode, and the in-plane vibrational E* 2¢(I'), respectively. The peak at 418 cm ! (A1g) is assigned to the
out-of-plane vibrational mode of two sulfur atoms [4,20].
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Figure 2. Atomic force microscopy (AFM) image (a) and the corresponding cross-section (b) (along the
blue line marked in (a)) of monolayer WS, grown on the SiO, /Si substrate.
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Figure 3. Typical Raman spectrum of the WS, monolayer.

To study the growth mechanism of the WS, monolayer, we analyzed the residue of the precursor
by X-ray diffraction (XRD). Figure 4 shows the X-ray diffraction (XRD) of the precursor after heating
in water vapor for more than 20 h at 1000 °C. Peaks of tungsten oxides are found in the XRD spectrum.
Therefore, the WS, reacted with water vapor to form tungsten oxides, which further sulfurized and
transformed into the WS, monolayer. Tungsten oxides acted as the heterogeneous nucleation during
the growth process.
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Figure 4. X-ray diffraction (XRD) of WS, powder after annealing in Ar/H, and H,O vapor at 1000 °C for
20 h. The peak positions are indexed to tungsten oxides W1gO49 (JCPDS No. 05-0392 and No. 65-5468).

3.2. Temperature Dependence of the PL

For the investigation of the in situ PL under different temperatures, we heated the WS, monolayer
from 15 to 63 °C by a temperature-controlled heater.

Figure 5a displays the PL spectra as a function of the temperature. The PL intensity decreases
with the increasing temperature as shown in Figure 5b. The intensity measured at 63 °C was reduced
to 6% of the initial value. The curve in Figure 5b is fitted by an exponential function (Equation (1)).

I(T) = 3.5x 10" exp(—0.085T) + 5.9 x 10* (1)

where, the [ is the PL intensity and T is the temperature. The reason behind the exponential behavior
will be reported in a future work. Note that the value measured at 18 °C is larger than that at 15 °C.
We suspect the exception is possibly due to the experimental error.

Kim et al. [4] found the PL intensity of the WS, monolayer was reduced after annealing at
800 °C. They suggested the decrease of the PL intensity is attributed to the reduction of the number
of the excitons. Su et al. observed the thermal quenching of the WS, monolayer in the range of
room temperature to 400 °C [23]. They attributed the thermal quenching to the thermal activation
of nonradiative recombination processes. In addition, they found the strong interaction between
the WS; and the substrate could quench the PL, and pointed out that the interfacial effect may play
an important role in the understanding of the 2D materials behavior. Besides the abovementioned
possible mechanisms, we suspect another possible reason for the thermal quenching is related to the
dipole moment.

In addition to the quenching, the red shift of the PL energy is clearly observed. The PL peak
energy reduced from 1.98 to 1.92 eV as temperature increased from 15 to 63 °C with an average rate of
~—1.2meV/°C. Strain is reported as a possible reason for the energy shift [23]. If there is strain in the
sample, the Raman peak position should shift. Figure 6a shows the Raman spectra of WS, monolayer
under different temperatures. The Raman spectra were normalized using the Si peak. However, we
found no obvious Raman shift of the A;g mode in Figure 6a. The Raman spectra were measured near
room temperature, and the small variation of the temperature may not cause an evident strain, even
with a Raman shift. Therefore, we are not sure whether the strain has an effect on the PL energy shift.
However, the Raman data in Figure 6b clearly show that the intensity of A;4 has a positive proportional
linear function with the temperature, indicating the out-of-plane dipole moment increases with the
increase of the temperature. As the dipole moment has an effect on the exciton energy, we suspected
the increased dipole moment resulted in the PL energy redshift [24]. Furthermore, the increased dipole
moment may promote the energy transfer or charge transfer from the excitons to substrate or defects
in WS;, resulting the PL quenching.
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Figure 5. (a) Photoluminescence (PL) spectra of the WS, monolayer measured at different temperatures,
showing the decrease of intensity and redshift of the PL energy with the rising temperatures.
(b) Integrated PL intensity as a function of temperature. The PL intensity was calculated by integration
from 1.8 to 2.1 eV. The curve was fit with an exponential function (red line). (c) Temperature dependence
of the PL peak energy.
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Figure 6. (a) Raman spectra of the WS, monolayer at different temperatures. The Raman spectra were
normalized using the Si peak. (b) Integrated Raman intensity of A1 mode as a function of temperature.
The intensity was calculated by integration from 400 to 434 cm~!. The curve was fit with a linear
function (red line).

4. Conclusions

6 0f 8

In summary, we have successfully prepared WS, monolayer in the presence of H,O vapor
deposition, suggesting that H,O vapor could be used as a transport agent for the growth of WS,.
The AFM, Raman, and PL revealed that monolayer WS, with triangular shape was formed. Using XRD,
we showed that tungsten oxides were formed by the reaction between WS, and water, which promoted
the growth of WS,. By heating the WS, monolayer, we showed the PL energy and intensity are
sensitive to the temperature. The increased dipole moment and energy or charge transfer may be

possible reasons for the PL spectra change.
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