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chemical vapour deposition with a separate-flow
system†
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Tantalum disulfide has been attracting considerable attention due to its rich phase diagram that includes

polytypes and charge density waves, thus having potential for electrical device applications. However,

epitaxial TaS2 thin films grown by chemical vapour deposition are still limited due to few available

precursors. Herein, an originally designed atmospheric chemical vapour deposition with a separate-flow

system was proposed to accomplish the controlled synthesis of TaS2 thin films. The sophisticated

deposition sequence enables us to make unidirectional TaS2 triangle domains on c-plane sapphire using a

chloride precursor. The quality of the grown TaS2 thin films was confirmed by X-ray diffraction, Raman

spectroscopy, transmission electron microscopy and observing a step-and-terrace structure without spiral

defects. The growth mechanism was discussed and concluded as the Volmer–Weber mode from the

surface morphologies and elemental analysis. Our strategy is expandable to the other transition metal

dichalcogenides because all the chloride precursors show a considerable vapour pressure below 200 °C.

1 Introduction

Although mechanical exfoliation is still used for the
fundamental study of two-dimensional materials,1–3 chemical
vapour deposition (CVD) is one of the most reliable and
scalable methods to synthesize two-dimensional transition
metal dichalcogenides (TMDCs).4–17 Molybdenum
dichalcogenides (MoX2)

5,7–10,12,13,18 and tungsten
dichalcogenides (WX2)

4,6,19 of the TMDCs have been most
extensively studied in the past decade due to the existence of
a volatile oxide precursor. The high volatility of the oxide
precursor can simplify CVD apparatus to synthesize epitaxially
grown thin films of MoX2 and WX2, even a monolayer because
oxide impurities are automatically eliminated from the

product. Another advantage of MoX2 and WX2 is that oxygen
gas can be used as an additive to keep the precursors fresh
during the reaction.20,21 However, this strategy is not
applicable to synthesize the other TMDCs since there is no
corresponding volatile oxide precursor for the other transition
metals. It is well-known that the salt-assisted CVD22–24 is
helpful to increase the vapour pressure of the oxide precursor
and to synthesize various TMDCs. However, it is not
controllable because the salt is consumed during the reaction.
Although metal–organic CVD6,25 is another route for the
growth of TMDC films with good controllability and
flexibility, the following disadvantages should be overcome:
an expensive high vacuum system is required, and carbon
impurities are simultaneously deposited. In addition, the
water-assisted one-pot CVD method was recently developed to
grow a wide range of MoX2, WX2, and their alloys.26–29 It can
only apply to molybdenum and tungsten because the other
transition metals form stable oxides if oxygen atoms exist in
the precursor or carrier gas. Therefore, it is desirable to
establish a cost-effective CVD with good controllability and
flexibility to obtain epitaxially grown TMDC films with various
transition metals.

This study proposed an atmospheric pressure CVD
(APCVD) with a separate-flow and computer-controlled
system (see the Experimental section), which avoided the
several weak points of the conventional single-flow APCVD.
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Among the various TMDCs, tantalum disulfide (TaS2) was
selected in this study because high-quality epitaxial TaS2
films are significantly desirable for fundamental research
and device applications from the viewpoint of the rich phase
diagram, including polytypes and charge density waves
(CDWs).30–32 However, it is still a great challenge to grow
TaS2 films by CVD due to the limited available precursor.
Herein, the epitaxial growth of highly-oriented TaS2 triangle
flakes was successfully done on c-plane sapphire via the
homemade APCVD using volatile TaCl5, elemental sulphur,
and hydrogen. A flat and inert c-plane sapphire is favourable
for the van der Waals epitaxy30 due to its 3-fold symmetry
and is known to be valid for MoS2 (ref. 5) and WS2.

6

We confirmed the epitaxial growth of unidirectional TaS2
flakes using optical microscopy (OM) and X-ray diffraction
(XRD). Single crystallinity of a triangle domain was confirmed
by transmission electron microscopy (TEM). The growth
mechanism is discussed based on the surface morphology
and elemental analysis of the epitaxial TaS2 flakes. Our CVD
method is expandable to the growth of the other TMDCs and
other layered materials,33–36 such as metal
monochalcogenides, because most (transition) metal
chlorides have sufficient vapour pressures below 200 °C. It is
believed that our CVD system opens up the possibility of
establishing a sophisticated way to synthesize various TMDC
alloys and to carry out doping to control the electric
conductivity.

2 Experimental

TaS2 thin films were synthesized using specially-designed
APCVD apparatus with a separate-flow system partially
modified from the original one.7,15,37 A schematic illustration
of the APCVD is shown in Fig. 1. The apparatus comprises a
furnace, a quartz tube with an inner diameter of 22 mm, and
two source containers located far from the reaction zone
(furnace). The source containers made of glass were
connected to the quartz tube using stainless steel pipes and a
Wilson seal. Each glass container can be independently
heated using a pipe heater to precisely control the vapour
pressures of the sources (see Fig. S1†). The supply lines of

the sulphur vapour and TaCl5 vapour were called the sulphur
line and TaCl5 line, respectively. The two lines were
connected at the entrance of the quartz tube to finely mix the
vapours before transferring them into the reaction zone. The
dew point of the TaCl5 line upstream was measured and kept
at lower than −60 °C to prevent the chloride source from
oxidizing. Notably, our APCVD system had the following
features that differed from the conventional single-flow
CVD14,16,38–40 to improve controllability and reproducibility.
(1) The supply amounts of the sulphur vapour and TaCl5
vapour could be independently controlled, while the
conventional single-flow CVD cannot simultaneously
optimize them. (2) The cross-contamination of the sources,
which is inevitable in conventional CVD, was avoided by
separately placing them from the reaction zone. (3) The flow
rates of both lines were computer-controlled for the accurate
supply of the source vapours. Although the authors
recognized a different type of separate-flow system for the
oxide precursor to be placed in the inner quartz tube, it is
inappropriate for CVD using a chloride precursor due to the
inevitable air exposure.5,13,21,37

TaCl5 powder (∼0.3 g, >95%, TCI Co., Ltd.) and S powder
(∼0.3 g, Cica-Reagent, Kanto Chemical Co., Inc.) were
introduced into the corresponding containers without further
purification. TaCl5 powder should always be handled under
an inert atmosphere; otherwise, it is easily oxidized and loses
its volatility. Even when the source container was removed
from the CVD system and placed in a glove box to refill the
chloride source, air exposure was completely avoided by
equipping the valves with containers. Note that TaCl5 could
be repeatedly used at least five times if one carefully controls
the handling and dew point of the TaCl5 line. The reusability
of the source is essential for research efficiency and
commercialization of the TaS2 thin films. The growth
conditions to synthesize the TaS2 films were as follows: 6 × 6
mm2 c-plane sapphire substrates were placed at the centre of
the furnace. The furnace, TaCl5, and sulphur were heated at
900–950 °C, 145–160 °C and 210 °C, respectively. The flow
rates of the TaCl5 line and sulphur line were set at 150 sccm
and 350 sccm for 5 min. The detailed procedure of CVD is
described in the ESI.† In addition, the sequence of the
furnace temperature and the flow rates of the sulphur and
TaCl5 lines are depicted in Fig. S2† for clarity. The sets of the
growth parameters labelled with sample numbers (i)–(v) are
also summarized in Table S1.†

The morphology of the grown films was observed by OM
(Yashima TBR-1), atomic force microscopy (AFM, Hitachi
High-Tech, AFM5000II with SPA400), scanning electron
microscopy (SEM, JEOL, JSM-7100F) and TEM (JEOL, JEM-
2010). The temperature gradient and convective flow of the
CVD system were simulated by a computational fluid
dynamics (CFD, SCRYU/Tetra) method. The vibrational
modes were characterized by Raman spectroscopy (Renishaw
Invia/JASCO NRS-5100) with 532 nm excitation. The
crystallinity and orientation of the grown films were
measured by XRD (Rigaku, MiniFlex, λ = 0.15418 nm) in the

Fig. 1 An APCVD with a separate-flow system for synthesizing
epitaxial TaS2 films. All the parameters (the flow rates of the sulphur
line and TaCl5 line, the temperatures of sulphur and TaCl5, and
reaction temperature) were separately controlled. MFC represents a
mass flow controller.
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θ–2θ scan mode. Elemental analysis was carried out using an
energy dispersive X-ray spectrometer (EDX) equipped with an
SEM. X-ray photoemission spectroscopy (XPS, Thermo Fisher,
Scientific K-Alpha) measurements were performed at 300 K
using an Al Kα X-ray source to investigate the chemical state
and the thickness of the native oxide. A charge-neutralizing
flood gun was used to suppress the surface charge-up.

3 Results and discussion

It was crucial for the successful synthesis of the TaS2 thin
films to minimize any traces of water and oxygen in the CVD
system because the oxidation reaction is more favourable
than the sulphurisation reaction.17,41 The Gibbs free energy
of the reaction at 1200 K (∼927 °C) to form one mole of
Ta2O5 reacted by water (ΔrG ∼ −535 kJ mol−1) or oxygen (ΔrG
∼ −577 kJ mol−1) is much lower than that of TaS2 (ΔrG ∼
−239 kJ mol−1).42 Therefore, the dew point of the TaCl5 line
was kept at lower than −60 °C as mentioned in the
Experimental section. Detailed thermodynamic calculations
to obtain ΔrG are shown in the ESI.† Besides, the CVD
sequence explained in the ESI† and Fig. S2, specifically the
prior supply of the sulphur vapour before providing the
chloride vapour, was essential for the epitaxial growth of
TaS2. This is because the TaCl5 vapour can react with the
sapphire substrate in the absence of sulphur vapour, which
may result in a rough surface of sapphire and pyramidal
crystal formation, as pointed out in the literature.17 A
thermodynamic calculation also supports this argument as
shown in the ESI.†

The position of the sapphire substrates was also
important in reproducing the results because the
temperature gradient and convection in the quartz tube
cannot be ignored. In order to visualize them, CFD
simulations were performed in our CVD system (see the
details of simulations in the ESI†). As shown in Fig. 2, a
temperature gradient and convective flow at the reaction
temperature of 925 °C exist even near the centre of the
furnace, meaning that the sample position should always be
the same to guarantee reproducibility. In particular, the
convective flow is thought to be the dominant factor
influencing the stability and reproducibility because the
convective velocity right above the sapphire substrate (7.45
cm s−1) was higher than the average velocity in the quartz
tube (2.193 cm s−1). The temperature gradient and convective
flow at the reaction temperatures of 900 °C and 950 °C are
also shown in Fig. S3.† Additionally, the temperature gradient
and convective flow of the whole system are shown in Fig.
S4.† Since the convection affects the mass transport of the
TaCl5, S, and H2 molecules to the surface of the sapphire, it
should be placed at the centre of the furnace to minimize the
convection effect. A vertically aligned CVD19 should be used
to remove the convection around the substrate in the near
future.

Fig. 3(a)–(c) (that correspond to samples (i)–(iii)) show the
OM images of the epitaxial TaS2 films grown on c-plane
sapphire substrates at the TaCl5 temperature of 145, 150, and
160 °C, respectively. One can see that the domain size of the
crystals increased from 2 to 15 mm as the amount of the
TaCl5 vapour increased. The magnified AFM image of sample
(i) is shown in Fig. 3(f) for the clarity of the triangle domains.
SEM images of the corresponding labelled figures are also
shown in Fig. S5.† These OM, AFM, and SEM observations
indicate that the vapour pressure of TaCl5 is a critical
parameter in determining the domain size. Notably, when
the TaCl5 vapour was excessive, standing flakes were observed
probably due to the short migration length of the adatoms
on the substrate surface and frequent nucleation.19 This
result shows the necessity of careful control of the amount of
supplied TaCl5 vapour to obtain high-quality epitaxial films.

Fig. 2 (a) Gas velocity around a sapphire substrate simulated at 925
°C by CFD. The velocity of the convective flow on the sapphire (7.45
cm s−1) is greater than the average velocity of 2.193 cm s−1, illustrating
that convection affects the mass transport of the TaCl5, sulphur, and
H2 molecules to the surface of the sapphire. (b) Side view and (c)
cross-section of the temperature gradient around a sapphire substrate.
A–C show the positions of the cross-section. The arrows show the gas
velocity. A convective flow also exists on the cross section.

Fig. 3 (a)–(e) OM images of epitaxially grown TaS2 films at various
TaCl5 temperatures (TTaCl5) and growth temperatures (TG) (sample
numbers (i)–(v)). The enlarged images at the centres of the individual
ones are shown as insets to observe the shape of the domains. (f)
Magnified AFM image of sample (a).
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After the temperature of TaCl5 was optimized at 150 °C, the
growth temperature was varied from 950 to 900 °C.
Surprisingly, most triangle domains were highly oriented
along a specific direction when the growth temperature was
925 °C (Fig. 3(d)). It was found that the standing flakes were
observed again when the growth temperature decreased to
900 °C (Fig. 3(e)) due to the same reason as for sample (iii).
The orientation histogram shown in Fig. 4(b) was created by
counting the isolated (not coalesced) triangular domains at
the edge of the substrate as shown in Fig. 4(a). The way to
create the orientation histogram is explained in Fig. S6.† The
major triangular single domains (76% of isolated domains)
were aligned with 0°, indicating unidirectional growth of the
TaS2 thin films. A fraction of the domains with an angle of
±60° is 12% while the rest (12%) showed other orientations.
Note that it is the first report of unidirectional growth of
TaS2 films although such unidirectional growth was observed
in the case of MoS2 (ref. 5 and 9) and WS2.

6 From the
viewpoint of symmetry of substrates and 2D materials, the
number of equivalent directions with the minimum binding
energy between the sapphire and TaS2 was calculated as 1
(ref. 43) primarily due to the 3-fold symmetry of the sapphire,
which means that the unidirectional growth of TaS2 on
sapphire is reasonable. The growth conditions must be
carefully controlled; otherwise, the growth direction can be
easily random due to the small rotation energy43 as seen in
Fig. 3 and previous reports.18,44

Fig. 5(a) shows the XRD patterns of the grown films. The
scale of the intensity was normalized with the (0 0 0 l) peaks
to compare them. The diffraction peaks denoted as (0 0 0 l),
(0 0 0 2 l), and (0 0 0 3 l) (l = 1 for 1T phase, l = 2 for 2H
phase) were derived from the basal planes of TaS2 while the
peaks at around 41.7 degrees originated from the c-plane
sapphire substrates. It was confirmed that the interlayer
distance (0.596 ± 0.002 nm) calculated from (0 0 0 l) is in
reasonable agreement with the reported values of the bulk
counterpart.45,46 The absence of a diffraction peak from the
non-basal plane proved that most of the TaS2 flakes were
epitaxially grown along the c-axis, consistent with the OM
observation result. Furthermore, all the (0 0 0 l) diffraction
peaks are sharp and intense, meaning the considerable good
crystallinity of the films. The oxide phase is not seen in the

XRD patterns, indicating that the surface oxide layer was
scarcely present,47–51 consistent with the XPS spectra shown
later. A TEM image and electron diffraction pattern were also
obtained to confirm the crystallinity of the triangle domains
as shown in Fig. 5(b) and (c). The perfect triangle is
consistent with the result of the OM image. The hexagonal
symmetry of the diffraction pattern reflects the high-quality
single crystal. The d value estimated from the (101̄0) spots
was 0.27 nm, which is in reasonable agreement with the
reported value in the literature.16

Although it is well-known that TaS2 has several polytypes,
i.e., different coordination and stacking modes with the same
chemical composition, it is risky to judge the phase of TaS2
only from the diffraction patterns48 of the epitaxially grown
films because there is only a slight difference in the d values.
However, Raman spectroscopy can adequately distinguish the
two major polytypes, i.e., the 1T and 2H phases (3R is rare
and generally obtained as a mixture50) due to their different
coordination structures. The Raman spectra of the as-grown

Fig. 4 (a) OM image at the edge of the sapphire to count the isolated
triangle domains. (b) Orientation histogram of TaS2 thin films showing
the unidirectional growth. The inset shows the geometrical
relationship between the original axis and measured theta (θ).

Fig. 5 (a) XRD patterns of samples (i)–(v). Only the diffraction peaks
that originated from the basal plane were observed and labelled (0 0 0
l), (0 0 0 2 l), and (0 0 0 3 l). The peaks at around 41.7 degrees
originated from the c-plane sapphire substrates. The calculated
interlayer distance (0.596 ± 0.002 nm) is consistent with the reported
values. (b) TEM image of sample (iv). (c) Electron diffraction pattern of
the triangle domain shown in (b).

Fig. 6 Raman spectra of samples (i)–(v). Vibrational modes of 1T
(undistorted) and 2H phases on the right side of the spectra. The peak
marked with a star symbol is due to the distortion of a unit cell of the
1T phase (NCDW).
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films are shown in Fig. 6. On the one hand, two distinct
Raman active vibrational modes of the 2H phase in all the
spectra except for sample (iii) were observed at ∼295 and
∼399 cm−1, which were assigned to E2g and A1g, respectively.
On the other hand, the Raman spectrum of sample (iii)
shows two characteristic vibrational modes of the 1T phase at
∼308 and ∼378 cm−1, which were assigned to Eg and A1g,
respectively. The appearance of the peak at around 240
cm−1 labelled with a star resulted from the lattice
distortion52–54 because 1T-TaS2 is in a state of nearly
commensurate CDW (NCDW) at room temperature. Such
symmetry breaking folds the zone surface into the centre of
the original Brillouin zone (Γ point), resulting in a new peak
in the Raman spectrum. The displacement directions for
the Ta and S atoms corresponding to each vibrational mode
are depicted for the 1T (undistorted) and 2H phases on the
right side of the Raman spectra. On top of that, Raman
spectra at ten different domains for sample (iv) were
obtained to confirm the uniformity as shown in Fig. S7.†
The average and standard deviation (σ) of the A1g peak
centre were estimated as 398.1 cm−1 and 0.91 cm−1,
respectively. The small σ shows the uniformity of the crystal
quality of the TaS2 film. Note that some confusion about
how to use the symbols of the vibrational modes
(particularly for the 1T phase) is seen in the literature.38,55

Therefore, careful attention should be paid to assigning the
correct symbols. The 1T phase has the point group of D3d

with the Ta atoms showing octahedral coordination at the
centres of a unit cell, and the 2H phase has D6h with the Ta
atoms showing trigonal prismatic54,56 coordination, as
shown in Fig. S8.† Based on the point group theory, the

vibrational modes for the 1T and 2H phases of TaS2 are
summarized in the character tables as shown in Table S2.† The
vibrational modes with a quadratic function are Raman active.

The surface chemical state of the TaS2 films was
elucidated by XPS measurements as shown in
Fig. 7(a) and (b). The characteristic peaks of Ta 4f were
observed in the range from 20 to 30 eV for all the samples.
Two peaks at around 22.8 and 24.6 eV arose from the Ta4+

4f7/2 and Ta4+ 4f5/2 core levels, respectively, attributed to
tantalum disulfide. Besides, Ta5+ 4f7/2 and Ta5+ 4f5/2 were
detected at binding energies of around 26.3 and 28.2 eV,
respectively, due to the inevitable formation of Ta2O5. The
binding energies for the core levels of S2− 2p3/2 and S2− 2p1/2
observed at around 160.9 and 162.0 eV are consistent with
the previous values,57 although a slight distortion of the
peaks is seen due to oxidation. No other peaks, such as
chlorine, were detected in the wide scan XPS spectra
(Fig. 7(c)), demonstrating that the chemical reaction written
as eqn (S1) in the ESI† steadily proceeded. The depth profile
of sample (iv) for Ta 4f was obtained to estimate the
thickness of the oxide layer as shown in Fig. 7(d). The
intensity of Ta5+ sharply decreased as the surface was etched
out while the signal of Ta4+ remained. The surface oxide was
completely removed when the etching depth reached around
2.56 nm, meaning that only several TaS2 layers (four layers at
most) were oxidized in air. It is noteworthy that the XPS
spectra were obtained after the samples were stored in air for
one month, meaning that the native oxide layer stopped
further oxidation (passive state).

In order to investigate the growth mechanism, the
surface morphology of sample (iv) with unidirectional
domains was observed by SEM and AFM as shown in Fig.
S9(a) and S10(a).† Furthermore, the average thickness was
determined to be 154 nm by AFM as shown in Fig. S10(b),†
and the vertical growth rate was calculated to be 0.51 nm
s−1 (nearly one layer per second). Since such fast growth
restricts obtaining few-layer TaS2 films, hydrogen
concentration (partial pressure) should be appropriately
adjusted to control the growth kinetics in the near future.
The possibility of the Frank–van der Merwe mode (layer-by-
layer growth)58 can be easily eliminated by observing the
characteristic triangular domains (see also the OM images
in Fig. 3) with the relative thickness. An EDS analysis and
Raman mapping shown in Fig. S9(b) and S11† revealed that
TaS2 was not grown in the region where triangular domains
were absent, while TaS2 was detected at the triangle
domain. Additionally, the ratio of Ta and S was determined
to be 1 : 2.26, which means a slightly sulphur-rich
composition. This elemental analysis and Raman mapping
led us to the Volmer–Weber mode (island growth), not the
Stranski–Krastanov mode (layer and island growth).59 Note
that no chlorine impurities were detected by the EDS
analysis, consistent with the XPS spectra. To further gain
insight into the growth mechanism, we closely observed the
surface of a triangular domain as shown in
Fig. 8(a) and (b). The layered structure was seen at the edge

Fig. 7 XPS spectra of the selected elements (a) tantalum (b) and
sulphur, and (c) wide scan XPS spectra. Ta5+ shows surface oxidation
due to air exposure. No chlorine was detected, meaning the complete
decomposition of TaCl5. (d) Depth profile of sample (iv) with
unidirectional triangle domains for Ta 4f. The thickness of the native
oxide was less than 2.56 nm.
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of the triangular domain, which reflects the crystal structure
of TaS2. Furthermore, a triangular pyramidal protrusion,
previously observed in the growth of NbS2 films,15 was
found in Fig. 8(a) with a considerable height, indicating
that the nucleation and lateral growth occurred on the
surface of the triangle flakes. The flatness of the triangle
domain surface was probed by AFM as shown in Fig. 8(c).
Intriguingly, the step-and-terrace structure was observed at
the top surface even though it was oxidized by air,
illustrating the high crystal quality. Fig. 8(d) shows the step
heights measured at three selected lines. The average step
height (0.99 nm) was greater than the thickness of a single
layer of TaS2 (0.60 nm) due to the surface oxidation. The
absence of spiral defects also supported the high crystal
quality of the grown TaS2 flakes.

4 Conclusions

The epitaxial growth of unidirectional TaS2 triangular flakes
on c-plane sapphire using an APCVD with a separate-flow and
program-controlled system was demonstrated. It was critical
to precisely control the growth conditions (precursor
concentration, gas flow rate, temperature) and supply
sequence for obtaining the unidirectional epitaxial films with
high crystal quality. The sample position was also essential
and should be placed at the same location to remove the
effects of the temperature gradient and convection, which
was clarified by CFD simulations. The growth mechanism
was determined to be the Volmer–Weber mode without spiral
defects; nucleation and lateral growth took place on the
surface of the existing TaS2 triangular flakes. It is expected

that our separate-flow APCVD opens up a new way to
synthesize TMDCs with various transition metals including
alloys since most chloride precursors show high volatility
below 200 °C.
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