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a b s t r a c t 

The emerging of graphene has stimulated the exploration of two-dimensional (2D) nanomaterials. As a 

kind of important semiconducting 2D materials, WS 2 shows great potentials in electronics, optoelectron- 

ics, and photonics, etc .; however, the synthesis of high quality, large area, uniform and epitaxial 2D WS 2 
monolayer films is still a challenge. Herein, we report the epitaxial growth of WS 2 on sapphire with ex- 

cellent electrical and optoelectronic properties via an enhanced chemical vapor deposition method. With 

the assistance of Na 2 WO 4 as well as the investigation of related growth mechanism, large single crystal 

triangular WS 2 monolayer flakes with well-defined orientations are achieved. The corresponding single 

crystal domain size is larger than 1 mm together with the centimeter-scale continuous film realized. Once 

fabricated into transistors, the monolayers exhibit excellent device properties, such as high mobility and 

large on/off current ratio. Also, these devices give respectable photoresponse properties when operated in 

the photoconductive mode. The peak responsivity can reach 4.6 A W 

−1 . All these results demonstrate the 

high quality of as-synthesized WS 2 monolayers, indicating the bright future of this synthesis technology 

for 2D materials towards practical applications. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

Due to the fascinating properties, two-dimensional (2D) nano- 

aterials with the atomic thickness have been widely demon- 

trated with excellent electrical and photoelectric characteristics 

or promising utilization in electronics, and optoelectronics, etc . 

1–4] . Since there are a broad range of materials within the 2D 

amily, including insulators, semiconductors, semimetals, and su- 

erconductors [5] , different 2D monolayers can be heterogeneously 

ntegrated as both active and passive materials to build complete 

ets of devices, where their ultra-thin natures are advantageous for 

exible and wearable applications [6] . Even compared to silicon, 

he “workhorse” of the electronic industry, 2D monolayers, such as 

oS 2 and WS 2 , exhibit superior semiconducting properties [ 2 , 3 ], 

eing capable to serve as ideal alternative active channel materials 

n the post-Si era. 
∗ Corresponding authors. 
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For practical applications, the use of 2D materials inevitably re- 

uires reliable synthesis methods, especially to achieve the large- 

rea, uniform, crystalline and epitaxial monolayer films; however, 

t is still a great challenge to realize these demanding synthesis 

echniques [ 7 , 8 ]. Among various synthesis schemes, chemical vapor 

eposition (CVD) is one of the most promising and cost-effective 

chemes to obtain large-scale and high-quality 2D materials [ 8 , 9 ]. 

n fact, during the past decade, there is a lot of pioneer works 

arried out towards the large-area and high-quality synthesis of 

D materials by different CVD methods. Particularly, Xu and his 

eam realized the meter-sized single-crystalline graphene on in- 

ustrial copper foils employing the CVD method [10] . Yu et al. re- 

orted the synthesis of large-area highly-oriented MoS 2 monolayer 

lms by the CVD technique [11] . Later, the same group achieved 

he wafer-scale MoS 2 monolayers with large single crystal do- 

ains employing the modified CVD method [12] . In contrast to 

oS 2 , WS 2 is another important semiconducting transition metal 

ichalcogenide 2D materials, but its large-scale epitaxial synthesis 

s still far lack behind although there are recent advances in var- 

ous growth methods [13] . For example, Zhou and his group ex- 
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lored the fast growth of WS 2 flakes ( i.e. not necessarily mono- 

ayers) with the single crystal size reaching 500 μm using K 2 WS 4 
s the growth precursor [14] . Gao et al. revealed that the very 

arge single crystal size of WS 2 up to 1 mm could be potentially 

chieved by simply using Au foils as substrates [15] . Ji and his 

eam found that the introduction of hydrogen could facilitate the 

pitaxial growth of monolayer WS 2 triangles on c-oriented sap- 

hire substrates owing to the increased interaction between WS 2 
nd sapphire [16] . Nonetheless, the obtained single crystal size is 

elatively small with the lateral dimension of only around 3 μm, 

hich significantly hinders its use for constructing large-scale de- 

ices. Epitaxial WS 2 monolayers with low in-plane rotational twist 

as lately achieved by Chubarov et al. using metalorganic CVD 

ethod with a multistep growth process [17] . Although unidirec- 

ional WS 2 monolayers have been achieved, the single domain WS 2 
akes are very small ( ∼200 nm), resulting in large numbers of 

rain boundaries. Thus, epitaxial WS 2 monolayers with large sin- 

le domains are highly preferred. 

It has been reported that several inorganic salts, such as NaCl 

nd KCl, can be exploited to reduce the melting point of metal 

xides, facilitating the evaporation of metal source, and realizing 

he synthesis of various kinds of 2D materials [18] . In any case, 

t is difficult to have a rational control on the evaporation rate of 

etal oxides, which always leads to the formation of thick 2D ma- 

erials. In this work, we demonstrate the successful synthesis of 

ell-oriented large single domain size of WS 2 monolayer films by 

 modified CVD method. In the synthesis, mixed powders of WO 3 

nd Na 2 WO 4 •2H 2 O were employed as the W source. With the as-

istance of Na 2 WO 4 •2H 2 O, the evaporation of W source can be 

ell controlled, leading to the formation of large monolayer sin- 

le crystal WS 2 triangular grains and subsequently uniform WS 2 
onolayer films. Importantly, the as-synthesized single crystal tri- 

ngular grains have well-aligned orientations to ensure the in- 

lane texture uniformity. When fabricated into simple back-gated 

evices, the obtained WS 2 monolayers exhibit decent electrical and 

hotodetection performance, illustrating their promising applica- 

ions in next-generation electronics and optoelectronics. 

. Materials and methods 

.1. Materials synthesis 

For the synthesis of WS 2 monolayer films, a single heating zone 

urnace was utilized. The details of the setup can be found in Sup- 

orting Information Figure S1. To be specific, a quartz tube with 

iameter of 1 inch was used as the reaction chamber for the 

aterial growth. Mixed powders (800 mg) of WO 3 (99.8%, Xiya 

eagent) and Na 2 WO 4 •2H 2 O (99.5%, Macklin) with different mass 

atios were exploited as the W source, where they were placed in 

 quartz boat. The quartz boat was then positioned in the center of 

he heating zone. At the same time, 300 mg of S powder (99.95%, 

laddin) was employed as the S precursor, being placed in a corun- 

um boat. The corundum boat was housed in the upstream side of 

he quartz tube, sitting outside of the heating zone. In this case, 

 heating belt was used to heat the S powder during the reaction 

hile the temperature of the heating belt was set to be 150 °C. 

everal pieces of single side polished c-oriented sapphire were ap- 

lied as the substrates, which were placed in the downstream side 

f heating zone of the furnace. Before heating, the pressure inside 

he quartz tube was first pumped to 1 Pa by a mechanical pump. 

ext, high purity Ar gas (99.999%) was introduced into the tube 

ith a flow rate of 200 sccm. During the reaction, the pressure in- 

ide the quartz tube was maintained at about 140 Pa monitored 

y a pressure gage (901p-11040, mks). The furnace was heated to 

30 °C in 30 min and kept at that temperature for 60 min. After 
2 
he reaction, the furnace was cooled to room temperature naturally 

nder Ar flow. 

.2. Characterization 

The thermogravimetry and differential scanning calorimetry 

nalysis of the precursors are performed with a thermal analyzer 

STA 449 F3 Jupiter, NETZSCH). After the synthesis, the obtained 

S 2 films were inspected by an optical microscope (BX53, Olym- 

us) and a scanning electron microscope (SEM, VEGA3 SBH, TES- 

AN). An atomic force microscope (AFM, FM-Nanoview 10 0 0, FSM- 

recision) was used to examine the thickness of the WS 2 film. The 

aman and PL spectra of the WS 2 films were collected by a spec- 

rometer (SR-500i-A-R, Andor) with a 532 nm excitation laser. The 

xcitation power was fixed at 2 mW for the PL and Raman mea- 

urements. A fiber-spectrometer (BLK-C-SR, Stellar Net Inc) with 

euterium halogen light source (SL5-CUV, Stellar Net Inc) was uti- 

ized to measure the absorbance of the WS 2 films. For the ab- 

orbance measurements, the WS 2 films were transferred onto a 

lass substrate using polystyrene as the protecting layer [ 19 , 20 ]. 

 transmission electron microscope (TEM, 200 kV, Tecnai G2 F20, 

EI) was used to assess the crystal structure and crystallinity of the 

S 2 films. 

.3. Devices fabrication and measurements 

For the device fabrication, the as-synthesized WS 2 films were 

ransferred from the sapphire substrate to the SiO 2 (285 nm)/Si 

ubstrate. After that, a standard lithography process was ex- 

loited to define the channel areas, which were protected by 

hotoresist during the removal of other WS 2 regions by oxygen 

lasma. Another lithography process was then used to define the 

ource and drain areas, followed by the deposition of Bi/Au stacks 

5 nm/80 nm) using thermal evaporation and the lift-off process. 

he performance of fabricated back-gated field-effect transistors 

FETs) was evaluated in a vacuum probe station with a pressure 

maller than 1 × 10 −3 Pa. A semiconductor analyzer (B1500A, 

eysight) was used to record the electrical data. The photodetec- 

ion performance was assessed under ambient conditions. For the 

hotodetection performance measurement, a 532 nm laser was 

mployed, where its power was measured by an optical power 

eter (PM320E, Thorlabs) equipped with a Si diode photodetector 

S130VC, Thorlabs). 

. Results and discussion 

.1. Morphology characterization 

Here, (0 0 01) oriented single side polished sapphire substrates 

ere utilized for the CVD synthesis of WS 2 . Due to the similar 

attice symmetry between WS 2 and sapphire, it is feasible to re- 

lize epitaxial growth although they interact with each other by 

he weak van der Waals interaction. Under the optimal synthe- 

is condition ( i.e. with weight ratio of WO 3 and Na 2 WO 4 •2H 2 O

s 1:2, and reaction time of 40 min), large WS 2 triangular flakes 

ith well-aligned orientations can be achieved as shown in Fig. 1 a. 

heir size distribution is then extracted from Fig. 1 a and depicted 

n Fig. 1 b. Based on the normal distribution fitting, a mean value 

f 664 μm is obtained, suggesting the relatively large size of these 

riangular flakes. In fact, the largest WS 2 flakes can exceed 1 mm 

Figure S2, Supporting Information). The well-aligned triangular 

akes can be clearly seen from Fig. 1 a. In order to illustrate the 

ligned orientation more accurately, the orientation distribution is 

xtracted from Fig. 1 a and presented in Fig. 1 c. It is obvious that

he flakes show four dominant orientations, indicating the epitax- 

al growth of WS on sapphire substrate. Such large single crys- 
2 
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Fig. 1. Morphology, orientation and size distribution of the monolayer WS 2 flakes. (a) SEM image of the WS 2 flakes. The red lines and yellow lines indicate the WS 2 triangular 

grains with different orientations. Inset shows the schematic of the triangular grains with different orientations. (b) Size distribution of the triangular grains. (c) Orientation 

distribution of the WS 2 triangular grains. Inset illustrates the schematic of the determination of the theta value. (d) Schematic of the orientation relationship between WS 2 
and sapphire substrate. (e) AFM image of a typical monolayer WS 2 flake. Inset presents the height profile along the edge indicated by the red line. (f) Optical microscope 

image of a continuous WS 2 film. Inset gives the digital photograph of a continuous WS 2 film. 
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als with well-aligned orientations are reported for the first time 

o the best of our knowledge. The most probable relative orienta- 

ion for the monolayer WS 2 grown on sapphire surface is schemat- 

cally displayed in Fig. 1 d. The 0 ° and 60 ° orientations correspond 

o the 3-on-2 superstructure of WS 2 and sapphire because the dis- 

ance between adjacent S atoms of WS 2 is 3.18 Å and the distance 

etween adjacent O atoms of Al 2 O 3 is 4.81 Å. The similar phe- 

omenon was also observed in the epitaxial growth of MoS 2 on 

apphire [ 21 , 22 ]. On the other hand, there is not any strict lat-

ice match for the other two orientations ( i.e. 30 ° and 90 °), which

ave similar atom alignments with the sapphire substrate. For de- 

ermining the thickness of triangles flakes, AFM measurement was 

arried out. A typical AFM image of the WS 2 flake is shown in 

ig. 1 e. The WS 2 flake shows a thickness of 0.95 nm, correspond- 

ng to the monolayer of WS 2 . For obtaining a continuous film, the 

onger growth time is implemented. In our experiments, a growth 

uration of 60 min is optimal for the growth of a continuous film 

 Fig. 1 f). Remarkably, the centimeter scale continuous monolayer 

S 2 film can be achieved, where the size of 1.7 × 9.5 cm 

2 is dis-

layed in the inset of Fig. 1 f. It is anticipated that the wafer scale

onolayer WS 2 film can be realized when a larger tube furnace is 

sed. 

.2. Microstructure and crystallinity characterization 

In order to evaluate the crystallinity of obtained WS 2 monolayer 

lms, thorough TEM measurements were performed. A representa- 

ive TEM image is shown in Fig. 2 a. The observed cracks and trian-

ular holes may be generated during the sample preparation. No- 

ably, the uniform contrast of the film suggests the good uniformity 

f the grown film. High-resolution TEM images were also recorded 

o examine the crystal structure and crystallinity of the WS 2 film 

ith the typical image given in Fig. 2 b. It is evident that clear lat-

ice fringes can be seen, designating the good crystallinity of the 

S 2 . Lattice spacings of 0.27 nm is observed ( Fig. 2 b), which cor-

esponds to the spacing of the {100} planes of WS 2 . It should also

e noticed that during the HRTEM measurements, the WS crystal 
2 

3 
ould be destroyed due to the strong electron-beam irradiation. In 

his way, the cracks shown in the image are most probably caused 

y the electron-beam damage. The high crystallinity of WS 2 can 

e confirmed by the selected area electron diffraction (SAED) mea- 

urements. As depicted in the typical SAED pattern in Fig. 2 c, there 

s only one set of diffraction spots observed, indicating the single 

rystallinity of the detected area with the diffraction spots assigned 

o the {100} planes of WS 2 . All these results can clearly reveal the 

xcellent crystallinity of our WS 2 monolayer films. 

.3. Optical spectra characterization 

After that, different optical spectra were collected to further 

haracterize the as-synthesized WS 2 monolayer films. A typical Ra- 

an spectrum with characteristic peaks labelled corresponding to 

S 2 is displayed in Fig. 3 a. These sharp Raman peaks indicate the 

ood crystallinity of the film, being consisting with the TEM results 

iscussed above. Because of the close positions of the 2 LA (M) −
 

2 
2 g 

(�) , E 1 
2 g 

(M) , 2 LA (M) , and E 1 
2 g 

(�) Raman modes, Lorentzian

tting is used to determine to exact peak positions as compiled 

nd shown in Fig. 3 a. In this way, the energy difference between 

 

1 
2 g (�) and A 1g ( �) peaks is determined to be 59.3 cm 

−1 , signify-

ng that the WS 2 film is indeed a monolayer film [23] . The strong

LA(M) peak caused by the double resonance scattering is much 

tronger that of the A 1g ( �) peak in monolayer WS 2 , further con-

rming the single layer of the WS 2 film [24] . Since monolayer WS 2 
s a direct bandgap semiconductor, it should have strong photolu- 

inescence (PL) peaks. Based on the collected PL signals as given 

n Fig. 3 b, a strong PL peak is observed, again revealing that the 

btained WS 2 is a single layer film. It is worth mentioning that the 

L spectrum can be deconvoluted into four sub-peaks according 

o Lorentzian fitting, which are located at 1.884, 1.933, 1.977, and 

.006 eV, respectively. The peak located at 1.884 eV is attributed 

o the defects while the peak of 1.933 eV is ascribed to the bi- 

xciton/defect [25] . The peaks located at 1.977 and 2.006 eV are 

elonged to the signals of trion and exciton of monolayer WS 2 , re- 

pectively [ 26 , 27 ]. After transferring the WS film onto the SiO /Si
2 2 
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Fig. 2. TEM characterization of the obtained WS 2 . (a) Low-magnified TEM image. (b) High-resolution TEM image. (c) SAED pattern. 

Fig. 3. Optical spectra of the monolayer WS 2 . (a) Raman spectrum. The peaks are fitted by Lorentz function. (b) PL spectrum. The peaks are fitted by Lorentz function. (c) 

Absorbance spectrum. Inset shows the monolayer WS 2 film transferred onto a glass substrate. For Raman and PL measurements, a 532 nm laser was used as the excitation 

source. 
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ubstrate, the strain in WS 2 can be released, resulting in a blue 

hift of the PL peak (Figure S3, Supporting Information) [28] . As 

arge-area WS 2 films were obtained here, it is convenient to mea- 

ure the absorbance spectrum after the transfer of WS 2 onto the 

lass substrate as shown in the inset of Fig. 3 c. The corresponding 

bsorbance spectrum is presented in Fig. 3 c. It is clear that there 

re three excitonic peaks observed that are positioned at 610, 514, 

nd 430 nm. These absorption peaks are attributed to A, B, and C 

xcitons in the monolayer WS 2 , respectively [29] . Peak A is linked 

o the excitonic absorption in direct gap of WS 2 films, where it is 

ocated at the K valley of the Brillouin zone [30] . Therefore, the 

xcitonic A peak should be correlated with the PL peak due to the 

ame origin. The peak located at 610 nm is corresponded to the 

hoton energy of 2.033 eV, which is perfectly consistent with the 

L peak of monolayer WS 2 transferred onto the SiO 2 /Si substrate, 

ndicating the same origin of the peak. In addition, the energy dif- 

erence between the excitonic peaks A and C is highly sensitive to 

he thickness of WS 2 , in which it is usually used to determine the

hickness of WS 2 films [ 29 , 30 ]. Based on the energy difference of

.851 eV between these two excitonic peaks, it is again confirmed 

hat the obtained WS 2 is a monolayer film [29] . 

.4. Growth mechanism 

To shed light on the growth mechanism of these large single 

rystal monolayer WS 2 epitaxial films, the growth behavior of WS 2 
ith varied growth parameters were carefully investigated. Be- 

ause adding Na 2 WO 4 •2H 2 O into the precursor is a key factor for

he growth, the morphology evolution as a function of the weight 

atio between WO 3 and Na 2 WO 4 •2H 2 O was examined with the re- 

ults compiled in Fig. 4 . When a small amount of Na 2 WO 4 •2H 2 O

as mixed with WO 3 , the growth became very slow with only a 

ew dispersed small WS 2 flakes found on the substrate ( Fig. 4 a 

nd 4 b). In addition, the WS 2 flakes show the round-like shape 

hen the weight ratio between WO and Na WO is 100:1, which 
3 2 4 

4 
ay be due to the ultra-slow growth rate. With the increasing 

mount of Na 2 WO 4 •2H 2 O, the morphology of WS 2 changed into 

riangles as displayed in Fig. 4 b. However, these triangular flakes 

ave random orientations as confirmed by the corresponding ori- 

ntation distribution (Figure S4a, Supporting Information). Once 

he amount of Na 2 WO 4 •2H 2 O continued to increase, large triangu- 

ar flakes with well-aligned orientations are witnessed ( Fig. 4 c- 4 g) 

ith the respective orientation distributions compiled in Support- 

ng Information Figure S3. These results designate that the addition 

f Na 2 WO 4 •2H 2 O is beneficial for facilitating the epitaxial growth 

f WS 2 films. The average size of triangular flakes is found to grad- 

ally increase with the decreasing weight ratio between WO 3 and 

a 2 WO 4 ( Fig. 4 i- 4 l). However, the size of triangular flakes would

tart to decrease by further increasing the amount of Na 2 WO 4 

 Fig. 4 h, 4 k and 4 l) even though the triangular flakes still exhibit

ell-defined orientations (see the statistical orientations shown in 

igure S4, Supporting Information). Furthermore, there would not 

e any WS 2 flakes produced without the addition of WO 3 . All these 

ndings indicate that the amount of Na 2 WO 4 •2H 2 O is important 

or controlling the morphology evolution of WS 2 monolayer films. 

Simultaneously, the time evolution of the morphology of WS 2 
lms were also cautiously studied as illustrated in Fig. 5 . In the 

arly state of the growth, only small triangular WS 2 flakes are 

bserved on the substrate ( Fig. 5 a). These small-size flakes show 

he epitaxial relation with the underlying substrate as witnessed 

rom the orientation distribution of these triangular flakes ( Fig. 5 e). 

ith the increasing growth time, these small triangular flakes 

radually grow into the larger flakes ( Fig. 5 b and 5 c, Figure S5a-

5c, Supporting Information) and finally merge into a continuous 

lm ( Fig. 5 d). It is impressive that these triangular flakes maintain 

heir epitaxial relationship with the substrate during the growth 

 Fig. 5 e- 5 g). In fact, the nucleation density is found to decrease

ith the increasing growth time (Figure S5d, Supporting Informa- 

ion). The reduced density of nuclei and increased size of triangu- 

ar flakes designate that the growth of the monolayer WS 2 trian- 
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Fig. 4. Morphology and size evolution as a function of the weight ratio between WO 3 and Na 2 WO 4 . Optical microscope image of the samples. (a) 100:1, (b) 40:1, (c) 20:1, 

(d) 8:1, (e) 2:1, (f) 1:1, (g) 1:2, (h) 1:5. Size distribution of the WS 2 triangular flakes. (i) 40:1, (j) 1:1, (k) 1:5. (l) Size distribution of the flakes as a function of the weight 

ratio between WO 3 and Na 2 WO 4 •2H 2 O. The growth time is 40 min. 

Fig. 5. Time evolution of the morphology of WS 2 monolayer films with the weight ratio of WO 3 and Na 2 WO 4 •2H 2 O kept at 1:2. Optical microscope images of the samples. 

(a) 20 min, (b) 30 min, (c) 40 min, (d) 60 min. Orientation distributions of the samples. (e) 20 min, (f) 30 min, (g) 40 min. 
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ular flakes follows the mechanism of Ostwald ripening or Smolu- 

howski ripening [31] . 

Based on the above discussion, a growth mechanism can be 

roposed for the Na 2 WO 4 -assisted growth of WS 2 monolayer films 

 Fig. 6 ). During the growth, it is anticipated that the mixture of 

O and Na WO 

•2H O would first change into liquid at high 
3 2 4 2 

5 
emperatures since Na 2 WO 4 has a relatively low melting point 

698 °C). Then, there is a reaction occurred between Na 2 WO 4 

nd WO 3 , leading to the formation of liquid Na 2 W x O y , where x

nd y indicate the atomic content relative to two Na atoms. This 

ay, Na 2 W x O y would evaporate at high temperatures, delivering 

a 2 W x O y vapor. As the Na 2 W x O y vapor is not stable, it will de-
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Fig. 6. Proposed growth mechanism of the monolayer WS 2 triangular flakes. 
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ompose into Na 2 WO 4 and WO z . This hypothesis is supported by 

he thermogravimetry and differential scanning calorimetry analy- 

is (Figure S6, Supporting Information). These newly formed WO z 

pecies have the high chemical activity, which can react with S 

asily, forming WS 2 species and transporting to the substrate by 

he carrier gas. Once they hit the substrate, WS 2 seeds can be 

ucleated to form the triangular flakes. Due to the similar lattice 

ymmetry between WS 2 and c-oriented sapphire, there is a possi- 

ility for the formation of van der Waals epitaxy, yielding well- 

ligned triangular WS 2 flakes on the substrate. As a result, the 

a 2 WO 4 species may have four functions here. Firstly, they can 

acilitate the continuous and stable feeding of WO z species dur- 

ng the reaction. This is because the newly formed Na 2 W x O y liq- 

id does not react with S directly. In fact, after the reaction, there 

s not any WS 2 but Na 2 W x O y observed in the precursor boat (Fig-

re S7, Supporting Information). Furthermore, the Na 2 W x O y species 

an still be used for the synthesis of WS 2 , which has been con-

rmed in our experiments, suggesting the validity of the hypothe- 

is. Also, the Na 2 WO 4 species cannot release WO z because no WS 2 
an be found on the substrate when using only Na 2 WO 4 as the W

ource. The Na 2 WO 4 precursor still remains as pure Na 2 WO 4 af- 

er the reaction (Figure S8, Supporting Information). Secondly, the 

a 2 WO 4 species can provide homogeneous WO z during the growth 

ue to the reaction between Na 2 WO 4 and WO 3 . The evaporation 

f liquid Na 2 W x O y is a more stable process as compared to that

f its solid powder. Thus, homogeneous Na 2 W x O y can be formed 

t high temperatures, which leads to the formation of homoge- 

eous WO z species. Thirdly, the existence of Na species may reduce 

he reaction barrier between WO z and S, yielding the fast forma- 

ion of WS 2 species, which has been reported for the growth of 

oS 2 [32] . Fourthly, the Na 2 W x O y species may increase the inter- 

ction between WS 2 and sapphire, leading to the epitaxial growth 

f WS 2 on sapphire. Actually, the quasi-epitaxy between triangu- 

ar WS 2 flakes and sapphire has been witnessed in our previous 

ork using NaOH as a promoter [26] , but the exact mechanism be- 

ind the phenomenon still needs further studies. In this case, the 

orphology evolution of WS 2 on the weight ratio between WO 3 

nd Na 2 WO 4 •2H 2 O can be explained as the following. When the 

mount of Na 2 WO 4 is low, the amount of WO z species generated is 

ow, inducing the slow growth speed and low growth yield of WS 2 . 

n addition, the amount of Na species is relatively low in the region 

ear the substrate, which is not sufficient for guiding the epitaxial 

rowth of WS 2 on sapphire. As a result, randomly distributed trian- 

ular WS flakes are formed. With the gradually increasing amount 
2 T

6 
f Na 2 WO 4 , the generated WO z species would increase drastically, 

iving the dense nucleation and fast growth of the WS 2 flakes. 

herefore, the dense triangular flakes with well-aligned orienta- 

ions are obtained. The release of WO z species should be similar 

or a wide range of weight ratio ( e.g. 20 to 1) because the trian-

ular flakes have the similar size as indicated in Fig. 4 l. Further 

ncreasing the amount of Na 2 WO 4 can reduce the amount of WO z 

pecies as the index of y in Na 2 W x O y is close to 1. This way, once

he nucleation density is reduced, the larger triangular WS 2 flakes 

re formed. When the amount of Na 2 WO 4 increases too much, the 

elease amount of WO z species is drastically reduced. As a result, 

he growth rate of WS 2 is reduced with the formation of small 

S 2 flakes. Recently, it was reported that graphene nanoribbons 

an be grown with two different edges by tuning the orientations 

f the nano-trenches on h-BN substrate [33] . However, due to the 

arge lattice mismatch between WS 2 (3.18 Å) and h-BN (2.51 Å), it 

ay be impossible to have a similar template growth behavior for 

S 2 . While due to the similar lattice symmetry, it is possible to 

ealize van der Waal epitaxial growth of WS 2 monolayers on h-BN 

34] . Further work is needed towards the growth of unidirectional 

arge single domain WS 2 monolayers. 

.5. Electrical properties 

Since WS 2 is considered as a potential candidate active material 

or next generation electronics, it is necessary to explore the elec- 

rical properties of as-synthesized WS 2 films. Here, global back- 

ated FETs are constructed using the monolayer WS 2 film as de- 

ice channel as schematically presented in the inset of Fig. 7 a. The 

EM image of a representative FET is shown in Fig. 7 a, which has

 channel length ( L ) of 3.7 μm and width ( W ) of 79 μm. Because

t has been reported that Bi contact is beneficial for the forma- 

ion of ohmic contact between WS 2 and Bi [35] , Bi contact is em- 

loyed for our devices. The FET shows the typical n-type semicon- 

ucting properties as it can be seen from the transfer curves as 

hown in Fig. 7 b and 7 c, where the current increases with the in-

reasing gate voltage. The on/off current ratio can then be deter- 

ined from the logarithmic current plot ( Fig. 7 c), in which it is 

arger than 10 6 , being comparable to the values reported in liter- 

tures ( Table 1 ). The large hysteresis in the transfer curves may 

e caused by charge traps arising from various origins, such as the 

nterface states existed between WS 2 channel and SiO 2 dielectric, 

efects in WS 2 , and charge traps in the SiO 2 dielectric, etc. [36–39] .

he corresponding output curves is given in Fig. 7 d. The current in- 
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Fig. 7. Electrical properties of the obtained WS 2 films. (a) SEM image of a typical FET. The green dashed square indicates the WS 2 channel region. Inset shows the device 

schematic of the FET. (b) Transfer curves. (c) Transfer curves with the logarithmic current axis. (d) Output curves. (e) Statistical of mobility calculated from the transfer curve 

in the forward sweep. (f) Statistical of mobility calculated from the transfer curve in the backward sweep. 

Table 1 

Electrical properties of monolayer WS 2 films synthesized by different CVD methods. 

Single domain size( μm) Mobility(cm 

2 •V − 1 •s − 1 ) On/off current ratio Maximum current density( μA/ μm) Ref. 

∼40 6 10 6 35 [40] 

∼500 4 – 14 10 7 – 10 8 ∼0.15 [14] 

∼233 32.3 10 6 7.3 [41] 

Mean: 576Maximum: ∼1000 1–2 ∼10 7 ∼2 [15] 

∼420 20 ∼10 8 ∼1 [42] 

300 – 400 ∼6 ∼10 5 ∼0.24 [43] 

Maximum: 

1200 

Mean: 

664 

Forward maximum 8.2 > 10 6 8.7 Our 

work Forward mean 4.54 

Backward maximum 16.7 

Backward mean 7.97 
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reases with the increasing gate voltage, being consisting with the 

ransfer curves. The linear output curves ( I ds –V ds curves) suggest 

he ohmic-like electrical contact formed between metals electrode 

nd device channels for the efficient carrier transport and extrac- 

ion. Thus, an on current density of 8.7 μA/ μm is obtained, which 

s considered to be relatively high among different state-of-the-art 

S 2 devices ( Table 1 ). Based on the output curves, it can be in-

erred that the device operates in the linear regime. In this regard, 

he mobility of the FETs can be estimated using the following ana- 

ytical equation: 

= 

∂ I ds 

∂ V gs 
· L 

W 

· 1 

C ox V ds 

(1) 

here C ox is the gate capacitance per unit area ( i.e. 1.21 × 10 −4 F

 

−2 for 285 nm thick SiO 2 ). In this way, the mobility of the device

emonstrated in Fig. 7 b is calculated to be 7.0 and 12.4 cm 

2 V 

−1 s −1 

or the forward and backward sweepings, respectively. To assess 

he uniformity of the electrical performance of the WS 2 film, tens 

f FETs were configured and the statistics of the extracted mobil- 

ty of these FETs are compiled in Fig. 7 e and 7 f. The mean mobil-

ty is 4.54 cm 

2 V 

−1 s −1 for the forward sweeping, while it increases 

o 7.97 cm 

2 V 

−1 s −1 for the backward sweeping. These values are 

lready comparable with the ones of CVD-synthesized monolayer 

S 2 films reported in other recent works ( Table 1 ), suggesting the 

ood crystal quality of our WS films. 
2 

7 
.6. Optoelectronic properties 

Apart from FETs, WS 2 is also a good optoelectronic mate- 

ial with promising applications for optoelectronic devices. In this 

ork, the photodetection performance of the obtained WS 2 films is 

xplored. The I ds –V ds curves with and without light irradiation of 

he device is shown in Fig. 8 a. It is obvious that the device current

ncreases with the increasing light intensity, indicating the good 

hotosensitivity of WS 2 . In order to have a deeper understanding 

f the device characteristics, photocurrent ( I p ) vs . light intensity 

 �) was measured and is depicted in Fig. 8 b. It is seen that the

hotocurrent increases with the increasing light intensity, which is 

erfectly consistent with the I ds –V ds curves as shown in Fig. 8 a. 

he relationship between photocurrent and light intensity can be 

ell fitted by a sublinear equation of 

 p = A �α (2) 

here A and α are the fitting parameters. Based on the fitting from 

he measured data, α is found to be 0.77. This sublinear relation- 

hip of the photocurrent with respect to light intensity is caused 

y the complex generation, trapping, and recombination processes 

f the photogenerated carriers, which are always observed in semi- 

onductors based photoconductive detectors [44–46] . Moreover, re- 

ponsivity is an important figure of merit for evaluating the perfor- 
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Fig. 8. Optoelectronic properties of the obtained WS 2 films. (a) Current-voltage curves without and with the light illumination. (b) Photocurrent and responsivity as a 

function of light intensity. (c) Time-dependent current under the chopped light illumination. (d) Time-dependent current showing the determination of rise and decay time 

constants. The wavelength of the light illumination is 532 nm. 
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ance of a photodetector, which is defined as 

 = 

I p 

�S 
(3) 

here S is the sensitive area of the photodetector ( i.e. 292.3 μm 

2 

or the studied device as shown in Fig. 8 ). The calculated R as

 function of light intensity is displayed in Fig. 8 b. According to 

q. (2) and (3) , the responsivity R should be proportional to �α−1 

hat is proportional to �−0.23 . Thus, the responsivity decreases 

ith the increasing light intensity. A maximum responsivity of 4.6 

 W 

−1 is obtained when the light intensity is 3.3 × 10 −4 mW 

m 

−2 . With the increasing light intensity, the responsivity would 

each a saturation value of 0.68 A W 

−1 . This high responsivity at 

he low light intensity is caused by charge traps, which are fre- 

uently observed in low-dimensional materials based photocon- 

uctive detectors [47–49] . At this low light intensity, photogener- 

ted holes are trapped by defects, the recombination rate of pho- 

ogenerated electrons is reduced, leading to the increase of pho- 

ogenerated electron lifetime ( τ ). Also, the gain ( G ) of a photo-

onductive detector is known as G = τ / t tr , where t tr is the tran-

it time of electrons between electrodes. Therefore, the gain would 

ncrease at the low light intensity, leading to the increase of re- 

ponsivity. At the high light intensity, most of the traps are filled 

y photogenerated holes, resulting in the increased recombination 

ate of photogenerated electrons. In this way, the responsivity re- 

uces accordingly. Another important parameter is specific detec- 

ivity ( D 

∗), which can be written as D 

∗ = R �( S /2 qI dark ) if we con-

ider the main noise is from shot noise here. q is the charge of an

lectron while I dark is the dark current of the photodetector. Ac- 

ording to the formula, D 

∗ is proportional to R , where the highest 

 

∗ is determined to be 2.2 × 10 12 Jones. The D 

∗ will reach a satu-

ation value of 3.3 × 10 12 Jones under the high light intensity (Fig- 
8 
re S9, Supporting Information). More importantly, the operation 

tability of a photodetector under modulated light irradiation is es- 

ential for practical applications. As shown in Fig. 8 c, the stable on- 

nd off-state current under modulated light illumination are wit- 

essed, confirming the excellent stability of the device. The high- 

esolution current-time curve is as well shown in Fig. 8 d, which 

s used to determine the response speed of the photodetector. The 

ise and decay time constants are defined as the time interval for 

hotocurrent varied from 10 to 90% and vise visa, respectively. Ac- 

ordingly, the rise and decay time constants are found to be 0.9 

d 1.1 s, respectively. These photodetection parameters are already 

omparable or even better than the values reported in literatures 

 Table 2 ). This respectable photodetection performance clearly sug- 

ests the potential of our monolayer WS 2 films for next-generation 

ptoelectronics. 

. Conclusion 

In summary, epitaxial monolayer WS 2 films with ultra-large 

ingle crystal domains are successfully synthesized by the mod- 

fied CVD method. These high quality WS 2 monolayer films are 

haracterized by optical microscopy, SEM, TEM, and optical spec- 

roscopies in details. It is found that the introduction of Na 2 WO 4 

n the precursor is extremely important to achieve large single do- 

ains of WS 2 with well-aligned epitaxial relationship with under- 

ying sapphire substrates. Importantly, when configured into back- 

ated FETs, they demonstrate large electron mobilities with a mean 

obility of 4.54 cm 

2 V 

−1 s −1 for the forward sweeping and a mean 

obility of 7.97 cm 

2 V 

−1 s −1 for the backward sweeping, being com- 

arable to other state-of-the-art CVD grown WS 2 devices. These 

evices also exhibit respectable photodetection performance with 

 maximum photoresponsivity of 4.7 A W 

−1 . All these results sug- 
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Table 2 

Performance Parameters of photodetectors based on monolayer WS 2 . 

Electrode V ds (V) V gs (V) Channel length ( μm) Environment Wavelength (nm) R (A W 

−1 ) D ∗ (Jones) Speed (s) Ref. 

Graphene 5 0 0.2 Ambient 532 2.5 9.9 × 10 10 – [50] 

Au 4 0 0.2 Ambient 532 20 – – [51] 

Graphene 5 30 1 Ambient 532 121 – – [52] 

Ti/Au 2 0 2 Vacuum 532 3.2 × 10 −3 – 0.17 [26] 

Bi/Au 5 0 3.7 Ambient 532 4.6 2.2 × 10 12 1.1 This work 
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est that the modified CVD method here does not only provide a 

acile platform for the synthesis of high quality, large single crys- 

al, epitaxial monolayer WS2 films, but also facilitates their excel- 

ent intrinsic materials properties for next-generation electronics 

nd optoelectronics. 
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