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ABSTRACT

Two-dimensional (2D) tungsten disulfide (WS;) has emerged as a promising ultrathin semiconductor for building high-performance
nanoelectronic devices. The controllable synthesis of WS, monolayers (1L) with both large size and high quality remains as a
challenge. Here, we developed a new approach for the chemical vapor deposition (CVD) growth of WS, monolayers by using
KoWS, as the growth precursor. The simple chemistry involved in our approach allowed for improved controllability and a fast growth
rate of ~ 30 um-min~'. We achieved the reliable growth of 1L WS, flakes with side lengths of up to ~ 500 ym and the obtained WS,
flakes were 2D single crystals with low density of defects over a large area as evidenced by various spectroscopic and microscopic
characterizations. In addition, the large 1L WS, single crystals we obtained showed higher electrical performance than their
counterparts grown with previous approaches, demonstrating the potential of our approach in producing high quality and large 2D

semiconductors for future nanoelectronics.
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1 Introduction

Two-dimensional (2D) semiconducting transition metal
dichalcogenides (TMDCs) provides ultra-thin channel materials
for constructing ultra-short channel field effect transistors
(FETs). Single-layered (1L) WS: is a typical 2D semiconductor
with a direct bandgap of 2.05 eV [1-3] and has shown promising
applications in FETs [4, 5], photodetectors [6-8], and electro-
catalysis [9, 10]. To promote the practical applications of 2D
WS: in electronics and optoelectronics, it is essential to realize
the controlled synthesis of high quality 1L WS with large size,
ideally in the form of single crystalline monolayers. Currently, 1L
WS; single crystalline flakes can be obtained by using WO and
sulfur as the growth precursors via chemical vapor deposition
(CVD). However, the reactions involved in the sulfurization of
WO, are complicated and the detailed mechanism has not been
fully understood [11], in addition, it is difficult to maintain the
molar ratio between WO, and S in the gas phase throughout the
growth process [12, 13]. As a result, the density of defects in
the obtained WS; flakes may increase as the growth proceeds
and consequently, leading to the degradation of crystal quality
[14, 15] and electrical performance [16, 17] in larger WS; flakes.
The mobility of smaller WS, monolayers with a side length of
tens of micrometers can be up to ~ 50 cm*>V~"s™, however, the
mobility dropped to < 2 cm>V™"s™" for samples with side lengths
of > 450 pum [18, 19]. Therefore, it is highly desirable to develop
controllable approach for synthesizing single crystalline WS,
monolayers with both large size and high electrical quality.

In this work, we present a controllable approach for the CVD
growth of single crystalline 1L WS, by using K;WS. as the
growth precursor. The chemistry involved in the formation of
WS; is simply the thermal decomposition reaction of K;WS,
and therefore, allows for improved controllability for the growth
of WS, than using WOx and S as precursors. In addition, with
this approach, the growth rate of WS, monolayers can reach up
to ~ 30 um-min~’, which is the fastest rate reported so far in the
growth of 2D single crystalline WS,. We obtained triangular 1L
WS; flakes with side lengths of up to ~ 500 um and averaged
mobility of ~ 10 cm*V™"-s™', which is obviously higher than 1L
WS: flakes with similar size obtained by other approaches. Our
work opens a new way for the controllable growth of large 2D
TMDCs with high quality for the practical applications of these
ultrathin semiconductors in electronic devices.

Our approach for the growth of large single crystalline WS,
monolayers is simply based on the thermal decomposition of
K,WSs as shown in the following reaction equation

K,WS,* T WS, + K,S+S (1)

KoWS, precursors were synthesized following the procedures
described in the Electronic Supplementary Material (ESM)
(Fig. S1 in the ESM). The obtained precursors were loaded on
a freshly-cleaved fluorophlogopite mica substrate and then the
substrate was placed in the center of a horizonal CVD furnace.
The growth was carried out under atmospheric pressure using
Ar/H, as the carrier gas as schematically shown in Fig. 1(a).
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Figure1 Growth of WS, monolayers with K;WS.. (a) Schematics for the
CVD growth of large-area single crystalline WS, monolayers. (b) Optical
image of a typical WS; triangular flake grown on mica. (c) AFM image of
a corner of a typical WS, flake with a height of ~ 0.8 nm. (d)-(g) Raman
and PL mapping images and spectra of the WS; flake shown in the inset of
(d), respectively. Scale bar in the inset of (d): 10 um.
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Individual WS, triangular flakes with side lengths of up to
~ 500 pm were obtained on mica substrates over a large area after
the CVD growth of 15 min at 860 °C (Fig. 1(b)), and prolonged
growth (> 20 min) resulted in a continuous film with length of
centimeters (Fig. 3(c)). The thickness of the obtained flakes
measured with atomic force microscopy (AFM) was ~ 0.8 nm
(Fig. 1(c)), indicating the monolayer nature of the as-grown
WS; flakes [21,22]. Raman and photoluminescence (PL)
spectroscopy were employed to characterize the as-grown WS;
flakes. Two characteristic Raman peaks at ~ 350 and ~ 417 cm™
were observed on WS; flakes which can be assigned to E';; and
A modes of WS,, respectively (Fig. 1(f)). And a strong PL peak
located at ~ 623 nm was observed on the obtained flakes
(Fig. 1(g)), further indicating that the flakes were monolayers
[23, 24]. Raman and PL mapping images collected on a typical
WS:; flake displayed almost identical intensities over the whole
flake (Figs. 1(d) and 1(e)), demonstrating high spatial uniformity
of the as-grown WS, samples. The binding energies for both W
and S elements measured on the obtained samples with X-ray
photoelectron spectroscopy (XPS) (Fig. S3 in the ESM) were
consistent with the values of WS, in 2H phase (2, 5, 22, 24, 25]
and the atomic ratio of W:S was estimated to be 1:2, further
suggesting the high purity of the obtained WS, [26, 27].

To investigate the crystallinity and atomic structure of
the obtained WS, flakes, we imaged the obtained samples
with transmission electron microscopy (TEM) and scanning
transmission electron microscopy (STEM) by transferring the
as-grown WS, samples to holey carbon TEM grids via water-
assisted peeling (Fig. S4 in the ESM) [28]. Selected-area electron
diffraction (SAED) patterns acquired at multiple positions of
a WS; flake with a side length of ~ 400 um (Fig. 2(a)) showed
identical sets of hexagonal symmetrical spots (Figs. 2(b) and 2(c),
and Figs. S5(e)-S5(h) in the ESM). The averaged orientation
angle (0) of six-symmetrical hexagonal spots of the SAED
patterns collected at varied positions was 65.3° + 0.2° (Fig. 2(d)),
demonstrating the single crystalline nature of the obtained WS,
monolayers over the whole flake. Atomically-resolved STEM
images taken at multiple locations on the basal plane of the
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Figure 2 TEM and STEM characterizations on the obtained WS; flakes. (a) Optical image of a 1L WS flake transferred onto a TEM grid. (b) and (c)
SAED patterns collected at positions marked with i and iv on the same flake shown in (a) (see SAED patterns of more positions in Fig. S5 in the ESM).
(d) Histogram of the orientation angles of hexagonal spots in SAED patterns collected at different positions on the flake shown in (a). (¢) and (f) STEM
images taken from the basal plane of a 1L flake, showing no observable defects. (g) and (h) STEM images taken at the edge of a 1L WS; flake, showing W
terminated zig-zag edge. The insets of (e) and (g) are corresponding FFT patterns.
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WS; flakes exhibited orderly arranged hexagonal packing of W
and S atoms without observable defects (Fig. 2(e) and 2(f), and
Figs. S5(b)-S5(d) in the ESM), further demonstrating the high
quality of our WS, monolayers over a large area. The STEM
images captured at the edges of the obtained WS; flake displayed
W-terminated zig-zag edge structures [29] (Figs. 2(g) and 2(h)).

We attributed the successful growth of large single crystalline
WS:monolayers to both the constant supply of WS in the gas
phase and the fast growth rate by using K;WSs as the growth
precursor. To estimate the growth rate of WS, with our approach,
we captured the optical images of WS, grown on mica substrates
after varied growth duration (Figs. 3(a)-3(c) and 1(b)) and
observed that the side lengths of the obtained flakes increased
from 60 to ~ 500 pm by tuning the growth time from 5 to 15 min
and growth rate was estimated to be ~ 30 um-min™ (Fig. 3(d)
and Fig. S2 in the ESM), which was obviously faster than the
previously reported growth rates (0.2-20 pm-min™') for the
CVD growth of WS; on insulating substrates [30].

The high quality and large size of our WS, flakes made them
ideal channel materials for constructing high performance FETs.
To evaluate the electrical performance of the as-grown WS,
flakes, we fabricated back-gated FETs on SiO./Si substrates with
transferred WS flakes by electron beam lithography (EBL)
and thermal deposition of 10 nm Cr/100 nm Au as source and
drain electrodes. The devices were measured at room tem-
perature in vacuum (~ 10~ mbar). The transfer characteristics
of a typical 1L WS; flake exhibited intrinsic n-type conduction
with an on/off current ratio of ~ 5.5 x 10® (Figs. 4(a) and 4(b)).
The field effect mobility of this device was estimated to be
~ 13.8 cm*V"s7". It is worth noting that the total 20 FETs
we fabricated all showed on/off current ratios in the range of
1.6 x 107-5.5 x 10° and mobilities of 4-14 cm*V~"s™' (Fig. 4(c)).
Compared with previously reported results, the electrical per-
formance of our WS, samples was superior to 1L WS; flakes
larger than 300 um grown with other approaches (Fig. S6
in the ESM) [18, 19, 31]. To further evaluate the uniformity
of the as-grown monolayer WS,, we fabricated FETs with
multiple channels on a strip of our WS, flake patterned by
EBL and plasma etching (Fig. 4(d)). We measured the contact
resistance (R.) and the FET properties using the transmission
line method (TLM) [32] and extracted a Rc of 7.7 kQ-um
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Figure 3 Optical images of as-grown 1L WS, flakes obtained after a
growth duration of (a) 5 min, (b) 10 min, and (c) 20 min, respectively.
(d) The flake size and coverage of the obtained WS; flakes as a function
of the growth time. The insets in (a) and (b) are corresponding zoomed-in
images, scale bar: 20 pm.
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Figure 4 Electrical performances of the obtained WS, monolayer.
() Ias— Vs curves of a device fabricated with a typical 1L WS, flake (inset
of (b)), measured at various bias voltages of 1 V, 500 mV, 100 mV and 10 mV,
respectively, from top to bottom. (b) Ias—Vas output characteristics for the
same device under various gate voltages from 80 to 0 V at a step of 20 V
from top to bottom, respectively. (c) Distributions of the estimated
mobility and on/off current ratio of 20 FETs fabricated on 1L WS; flakes.
(d) Resistances and mobilities of FETs with varied channel length fabricated
on a strip of 1L WS; flake. Inset (b) and (d): the optical images of the
measured devices in (a) and (d), respectively, scale bar: 20 um.

which was ~ 4 times lower than that of ~ 35 kQ-um reported
in the literature also with Cr/Au as electrodes [33, 34]. And the
mobilities were almost unchanged as the channel lengths varied
(Fig. 4(d)), demonstrating the potential of our samples in
fabricating large arrays of devices with identical performances.

In summary, we reported the successful growth of large-size
single-crystalline WS, monolayers by using K;WS, as precursor.
The direct production of WS; by the thermal decomposition
of K;WS, in thegas phase allows for faster and more controllable
growth of WS, monolayers in comparison with using other
growth precursors, such as WO, and S. With this approach,
we obtained single crystalline 1L WS, flakes with side length
of up to ~ 500 um and averaged mobility of ~ 10 cm*>V~.s7},
which is superior to samples with similar size grown with
other approaches. Our work elucidates the importance of
the growth precursors in the growth of 2D TMDCs and also
makes high quality 1L WS; easily accessible for constructing
high performance electronic devices.
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