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ABSTRACT: Large-scale  synthesis  of  high-quality  two-
dimensional  (2D)  semiconductors,  such  as  molybdenum
disulfide (MoS2), is a prerequisite for their lab-to-fab transition. It
is crucial to systematically explore and understand the influence
of  key  synthetic  conditions  on  the  nucleation,  uniformity,  and
quality  of  MoS2 wafers.  Here,  we report  the  epitaxial  growth  of
high-quality  and  uniform monolayer  MoS2  films  on  2-in  c-plane
sapphire  by  chemical  vapor  deposition  (CVD)  method  under
optimized  growth  conditions  (0–1  mg  NaCl,  adequate  S/Mo  ratio,  and  the  addition  of  0–1  sccm  O2).  We  systematically
explore the influence of critical synthetic conditions on the nucleation, and stitching of MoS2 domains over the wafer scale,
including  the  dosage  of  the  alkali  metal  salt  NaCl  additive,  the  evaporation  temperature  of  MoO3,  the  distance  between
MoO3  and  the  substrate,  and  the  flow  rate  of  O2.  Among  them,  the  dosage  of  NaCl  and  the  S/Mo  ratio  have  important
influences on the quality and film coverage of MoS2, while the flow rate of O2 plays a key role in controlling the nucleation
density and domain size. We further discovered that a-plane sapphire could easily guide the unidirectional growth of MoS2
without  the  need  for  other  specific  synthetic  conditions  compared  with  c-plane  and  m-plane  sapphire.  The  field-effect
transistors (FETs) fabricated from the full-coverage films show an average and the highest mobilities of  28.5 and around
45 cm2·V−1·s−1, respectively.
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1    Introduction
Monolayer  MoS2 is  a  promising  two-dimensional  (2D)
semiconductor  material  for  high-performance  electronics  and
optoelectronics  due  to  its  atomically  thin  thickness,  high  mobility,
excellent  gate  controllability,  high current  switching ratio,  and low
dielectric  constant  [1−7].  Specifically,  monolayer  MoS2 transistors
with sub-1-nm gate lengths [8] or channel lengths below 1 nm [9]
have been successfully demonstrated, suggesting the great potential

of  MoS2 in  next-generation  ultra-scale  electronics  [10−15].  To
explore  the  full  potential  of  MoS2 in  high-end  industrial
applications,  it  is  critical  to  prepare  high-quality  wafer-scale
uniform monolayer MoS2 films. To date, various chemical synthesis
approaches  have  been  used  to  achieve  this  goal,  such  as  chemical
vapor  deposition  (CVD)  [16−19],  metal-organic  CVD  (MOCVD)
[20−22], and atomic layer deposition (ALD) [23−25]. Among these
methods,  the  CVD  method  stands  out  as  one  of  the  most
compelling  growth  methods  for  the  scalable  production  of  high-
quality  MoS2 [26−30].  This  method is  synergistically  controlled by
many factors such as vapor pressure, temperature of the precursor
materials,  substrate  properties,  and temperature.  Additionally,  in  a
practical growth apparatus, a slight variation of the local conditions
(for  example,  temperature  gradient  or  vapor  pressure  gradient)
could  lead  to  spatial  fluctuations  in  supersaturation  at  different
locations,  resulting  in  non-uniform  growth.  Much  progress  has
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been  made  regarding  the  growth  of  MoS2 wafers,  but  the  detail
optimization process is always ignored or simplified.

Sapphire,  a  well-developed  commercial  substrate,  has  good
thermal  stability,  small  deformation,  smooth  surface,  and  good
lattice matching with MoS2, which is widely used in the preparation
of  wafer-scale  2D  semiconducting  films  [31−37].  The  substrate
design  also  plays  a  key  role  in  producing  unidirectional  MoS2
domains  and  single-crystal  films,  which  can  greatly  reduce  grain
boundaries and improve film quality [38−41]. For example, wafer-
scale single crystal MoS2 [42] and WS2 [43] films were synthesized
on  carefully  designed  C/A-1°  and  a-plane  sapphire,  respectively.
The obtained wafer-scale MoS2 films on sapphire also exhibit high
optical and electrical qualities, with the highest carrier mobility up to
140 cm2·V−1·s−1 [38, 44].  To explore  the  full  potential  of  monolayer
MoS2,  it  is  crucial  to  systematically  explore  and  understand  the
influence of key synthetic conditions on the nucleation, uniformity,
and quality of MoS2 wafers on sapphire substrate.

In  this  work,  we  successfully  prepared  2-in  monolayer  MoS2
films on sapphire (c-face with a miscut of ~ 0.2°) by CVD process.
We  systematically  explored  the  influence  of  critical  synthetic
conditions on the nucleation,  and stitching of  MoS2 domains over
the wafer scale, the optimized growth conditions are 0–1 mg NaCl,
the evaporation temperature of MoO3 is 530–580 °C, the optimized
distance  is  16–23  cm,  and  the  flow  rate  of  O2 is 0–1  sccm.
Especially,  the dosage of  NaCl and the S/Mo ratio have important
influences on the quality and film coverage of MoS2, while the flow

rate of O2 plays a key role in controlling the nucleation density and
domain size. In addition, we found that a-plane sapphire can easily
guide  the  unidirectional  growth  of  MoS2,  compared  with  c-plane
and  m-plane  sapphire.  Microscopy  and  spectroscopy
characterization  demonstrate  the  high  quality  of  the  synthesized
wafer-scale MoS2 films. The field-effect transistors (FETs) fabricated
from the as-grown films show an average and the highest mobilities
of 28.5 and around 45 cm2·V−1·s−1, respectively. This study provides a
practical reference for the growth of wafer-scale MoS2 films. 

2    Results and discussion
 

2.1    Growth and characterization of wafer-scale monolayer
MoS2 films
The growth of monolayer MoS2 films on sapphire was conducted in
a  low-pressure  CVD  system  with  a  three-zone  tube  furnace  (Fig.
1(a)).  MoO3 and S powder were selected as precursors.  MoO3 was
placed in an independent quartz tube in the growth chamber (zone
I),  and  the  carrier  gas  was  Ar/O2 (100/1  sccm).  S  (zone  I)  and
substrates  (zone  III)  were  directly  placed  in  the  growth  chamber
with 200 sccm Ar. Figure 1(a) shows the CVD system and several
critical  parameters in the wafer material  growth process,  including
the  dosage  of  the  alkali  metal  salt  NaCl,  the  evaporation
temperature  of  MoO3,  the  distance  between  MoO3 and  the
substrate,  and the flow rate of O2. Figure 1(b) shows the as-grown

 

Figure 1    Growth and characterization of monolayer MoS2 film on sapphire. (a) Schematic illustrations of the critical parameters for the synthesis of 2-in monolayer (1L)
MoS2 film. (b) Photograph of a 2-in sapphire substrate (left) and after monolayer MoS2 growth (right). (c) OM images of MoS2 grown on sapphire with a scratch. The
scale bar is 50 μm. (d) AFM image and (e) SEM image of monolayer MoS2 film on sapphire. Scale bars are 2 μm. (f) SAED image and (g) HAADF-STEM image of MoS2

film. Scale bars are 5 nm−1 and 5 nm, respectively. (h) Raman and (i) PL spectra of MoS2 film on sapphire. (j) and (k) XPS spectra of MoS2 film on sapphire.
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monolayer MoS2 continuous films on 2-in c-plane sapphire under
the  optimal  conditions  (0–1  mg  NaCl,  relatively  adequate  S/Mo
ratio,  and  the  addition  of  0–1  sccm  O2 (with  300  sccm  Ar);  the
detailed  optimization  process  is  shown below).  The  typical  optical
microscopy  (OM)  images  (Fig.  1(c) and  Fig.  S1  in  the  Electronic
Supplementary  Material  (ESM))  and  the  corresponding  atomic
force microscopy (AFM) images (Fig. 1(d) and Fig. S2 in the ESM)
reveal that the obtained wafer is a continuous and monolayer film
with  high  uniformity,  little  contamination,  and  no  second  layer
visible.  The scanning electron microscopy (SEM) image (Fig.  1(e))
reconfirms  the  smooth  surface  of  the  as-grown  MoS2 film  on
sapphire.  The high-angle annular dark field scanning transmission
electron  microscopy  (HAADF-STEM)  was  used  to  further
investigate  the  crystallinity  and quality  of  the  as-grown monolayer
MoS2 film. Figure  1(f) shows  the  selected  area  electron  diffraction
(SAED) pattern of MoS2 film, exhibiting only one set of hexagonal
diffraction spots.  The nearly perfect  periodic atom arrangement of
the  honeycomb  lattice  of  MoS2 was  observed  (Fig.  1(g)),  strongly
suggesting the high-quality crystalline hexagonal structure of MoS2
films.

Raman and photoluminescence (PL) spectra were further used to
investigate  the  structure  and  optical  properties  of  the  as-grown
MoS2 film.  Raman  spectroscopy  (Fig.  1(h))  of  MoS2/sapphire
showed  two  obvious  resonance  peaks  of  E2g and  A1g at  385  and
404  cm−1 with  the  peak  distance  (Δ)  of  19  cm−1,  respectively,
confirming  the  monolayer  nature  of  the  as-grown  film  [18, 45].
Raman mapping image of  the  synthesized MoS2 film at  A1g mode
(Fig.  S3  in  the  ESM)  shows  rather  uniform  color  contrast,
suggesting a highly uniform crystal structure across the entire film.
PL  spectra  of  (Fig.  1(i))  the  MoS2 films  show  a  single  sharp
excitonic  A  peak  at  ~  660  nm  with  a  narrow  full  width  at  half
maxima  (FWMH)  of  ~  45  meV,  suggesting  the  high  crystalline
quality.  We  further  evaluated  the  chemical  composition  and
elemental  bonding  configuration  of  MoS2 films  by  X-ray
photoelectron  spectroscopy  (XPS).  In Fig.  1(j),  two  characteristic
peaks arising from Mo 3d5/2 and Mo 3d3/2 orbitals located at 229.8
and  232.9  eV  with  ~  3.1  eV  spin-orbit  splitting,  respectively,
corresponding  to  Mo4+ peaks  of  Mo–S  bonds.  The  two  peaks
centered at  162.6 and 163.8 eV are assigned to the binding energy
of S 2p3/2 and 2p1/2 of MoS2,  respectively (Fig. 1(k)). These binding
energies are all consistent with the reported values for MoS2 crystal
[46−48]. 

2.2    Key  factors  affecting  the  synthesis  of  wafer-scale
MoS2 films
The  synthesis  of  2D  materials  is  a  non-equilibrium  process
involving  multi-component,  multi-parameter,  and  complex
surface/interface  interactions.  Various  growth  parameters  during
the  CVD  process  (e.g.,  precursor  concentration  and  ratio,  growth
temperature,  solid/gas  additives-salt/oxygen,  and  surface  structure
of  growth  substrate)  can  be  used  to  adjust  the  domain  size,
morphology,  quality,  uniformity,  and  film  coverage  of  the  target
materials.  These  parameters  synergistically  affect  the  processes  of
interfacial  reaction  and  mass  diffusion,  which  are  the  key  to
growing wafer-scale monolayer MoS2 films.

Due  to  the  high  melting  point  of  transition  metals  and  their
corresponding metal  oxides,  the vapor pressure of  the metal  oxide
precursors is low, and thus the nucleation density and growth rate
are  too  low  during  the  CVD  process,  which  is  unfavorable  for
synthesizing  wafer-scale  films.  Adding  salt  assistants  can  greatly
reduce  the  melting  point  of  the  metal  oxide  precursor,  making

higher  precursor  mass  flux  to  participate  in  the  nucleation  and
growth  process.  The  molten  salt-assisted  CVD  method  has  been
universally adopted to realize the synthesis of various 2D transition
metal dichalcogenides (TMDs) [49].

In  the  absence  of  salt,  even  if  the  evaporation  temperature  of
MoO3 is  750 °C, only a very small  amount of  thick and small-size
MoS2 particles  is  deposited,  along  with  black  and  un-sulfurized
MoO3 particles (Fig.  S4 in the ESM). Benefiting from the addition
of NaCl salt, the evaporation temperature of MoO3 was reduced to
530 °C, and obvious MoS2 deposition with the largest domain size
of ~ 20 µm can be realized (Fig. 2). However, the vapor rate of the
low melting point oxychloride intermediate is too fast, which makes
it  difficult  to  control  the  vapor  pressure  of  the  Mo  precursor  and
the  uniformity  of  the  target  product.  Therefore,  it  is  important  to
carefully control the dosage of NaCl to promote the uniform supply
of  Mo  source. Figure  2(a) shows  the  MoS2 on  the  sapphire  with
5  mg  of  NaCl.  5  mg  of  NaCl  is  too  excessive  for  the  monolayer
growth  and  excessive  NaCl  leads  to  a  large  thickness  gradient  of
MoS2,  in  which the contrast  of  the deposited MoS2 contrast  varies
from bright gray to yellowish brown to light yellow (Fig. 2(a)). It is
dominated by thick grains (Fig. 2(a1)) and high-density multilayers
MoS2 (Figs. 2(a2) and 2(a3)) and occasionally has a few single-layer
MoS2 film regions (Fig. 2(a4)). With the dosage of NaCl reduced to
2  mg,  although  the  overall  color  contrast  of  MoS2 thickness  has
decreased (Fig. 2(b)), high-density nucleus and multilayers of MoS2
can  also  be  observed  with  a  very  small  size  (Figs.  2(b1)−2(b4)).
Further  decreasing  the  amount  of  NaCl  to  1  mg,  uniform
monolayer MoS2 films with domain sizes of ~ 20 µm were obtained
and showed relatively  homogeneous  optical  contrast  (light  yellow)
(Fig.  2(c)),  as  confirmed  by  the  low  and  high  magnification  OM
images  (Figs.  2(c1)−2(c4))).  Meanwhile,  Raman  and  PL  spectra
showed that a high dosage of NaCl decreased the quality of the film,
with a red shift in PL and an increase in the FWMH and Δ between
A1g and  E2g (Figs.  2(d)−2(f)).  Such  quality  degradation  can  be
ascribed  to  that  excess  NaCl  is  deposited  on  the  surface  of
monolayer  MoS2 as  tiny  particles,  as  confirmed  by  the  AFM
characterization  (Fig.  2(g))  [50, 51].  The  roughnesses  of  the
synthesized  sample  are  0.15  (1  mg  NaCl),  0.35  (2  mg  NaCl),  and
0.88  nm  (5  mg  NaCl),  respectively.  Furthermore,  the  mobility  of
these  MoS2 devices  with  channel  length/width  (L/W)  of  2/12  μm
decreased to  ~ 8.6  cm2·V−1·s−1 and the current  density  decreased to
~ 16.7 μA·μm–1 as the NaCl dosage increased from 1 to 5 mg (Fig.
S5). Therefore, it is necessary to strictly control the amount of NaCl
to  ensure  the  slow  and  stable  evaporation  of  MoO3,  and  the
uniform and high-quality growth of MoS2 film.

The ratio of metal source to sulfur directly affects the shape, size,
and quality of the grown TMD materials.  According to the crystal
growth  principle,  the  shape  of  the  monolayer  MoS2 is  determined
by the growth rate of the different edges [52, 53], in which the most
energetically stable edges are the Mo zigzag (Mo-ZZ) edge and the
S zigzag (S-ZZ) edge.  In  the  Mo-sufficient  atmosphere,  Mo atoms
preferentially  react  with the S-ZZ edge,  which ultimately results  in
triangular MoS2 domains with three Mo-ZZ edges, while the Mo:S
corresponds  to  the  stoichiometric  ratio  of  MoS2,  which  results  in
hexagonal  MoS2 domains.  The S-rich atmosphere  is  similar  to  the
Mo-sufficient  atmosphere,  and  eventually,  a  triangular  MoS2
domain formed by three S-ZZ edges is obtained [54]. Generally, the
ratio of precursor Mo to S in the vapor phase can be controlled by
the temperature of MoO3 and S powder, the relative position of the
growth  substrate  to  the  Mo  source,  and  the  carrier  gas  flow  rate
[55−58].
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The  concentration  gradient  of  the  S  vapor,  when  it  reaches  the
substrate,  is  negligible  due to  the  long distance  between them.  On
the  contrary,  Mo  precursor  vapor  arrives  at  the  substrate  surface
with  a  very  pronounced  concentration  gradient.  Therefore,  the
concentration  of  Mo  precursor  and  the  distance  between  Mo
source  and  sapphire  (d)  determine  the  Mo/S  ratio.  In  our
experiment,  the  temperature  of  S  powder  was  fixed  at  220  °C  to
ensure  sufficient  supply,  the  addition  of  NaCl  was  1  mg,  and  the
effect of the heating temperature of MoO3 on the growth of MoS2
was investigated. As shown in Fig.  3(a),  the excessive of MoO3 led
to  incomplete  sulfidation  (white  streaks  of  molybdenum  oxide
intermediates  MoxO3−x,  Fig.  S6(a)  in  the  ESM)  when  the
evaporation  temperature  of  MoO3 was  600  °C  (the  distance
between  the  MoO3 precursor  and  substrate  was  20  cm).  As  the
evaporation  temperature  of  MoO3 dropped  to  580  °C,  MoO3 was
fully  sulfurized  and  the  S/Mo  ratio  was  slightly  higher  than  the
stoichiometric  ratio  of  2/1,  producing  triangular  and  truncated
triangular MoS2 domains with smooth edges (Fig. 3(b)). When the
evaporation  temperature  of  MoO3 was  further  reduced  to  530  °C
(S/Mo ratio > 2/1), regular triangular MoS2 domains were deposited
on the sapphire and further stitched to form a continuous film (Fig.
3(c)). The high-density triangle MoS2 domains are conducive to the
formation  of  high-quality  MoS2 continuous  films  (Figs.  3(c) and
3(d)).

Another experimental variable controlling the precursor Mo to S
ratio  in  the  vapor  phase  is  the  distance  between  the  MoO3 and
sapphire  substrate.  When d ≤  14  cm  (with  the  temperature  of
MoO3 to be 530 °C), black particles of bulk phase MoS2 and strips

of molybdenum oxides with incomplete reaction were deposited on
the sapphire substrate (Fig. 3(e) and Fig. S6(b) in the ESM). In this
case, the mixing of gaseous Mo precursor and S is not sufficient and
precursor atoms are unable to migrate to the exact site in time due
to  the  concentration of  both MoO3 and S  powder  being too high.
As d increased to 20 cm, regular triangular MoS2 nanosheets with a
high nucleation density  (~ 2.67 × 106 cm−2)  and an average size  of
5 μm were formed (Figs. 3(f) and 3(h)). In this case, a sufficient and
stable  supply  of  MoO3 and  S  sources  can  guarantee  the  complete
reaction,  and  thus  continuous  monolayer  MoS2 film  can  be
obtained  by  further  increasing  the  reaction  time  (the  inset  in Fig.
3(f)).  When  the  distance  was  further  increased  to  25  cm,  the
concentration of Mo source reaching the substrate was significantly
reduced, resulting in low nucleation density (~ 1.02 × 105 cm−2) and
triangular  MoS2 domains with large size  (10 μm) and rough S-ZZ
edges (Figs.  3(g) and 3(h))  [54, 59],  which is  not  conducive to the
stitching  of  single  MoS2 domains  into  continuous  films.  The
schematics  of Fig.  3(i) summarize  the  size  and  shape  evolution
process  of  the  MoS2 monolayer  as  the  ratio  of  Mo  to  S  changes.
Therefore, it is necessary to adjust the appropriate growth position
during the growth of  wafer-scale  MoS2 films and the optimization
distance in this experiment is 16–23 cm.

The evaporation temperature of MoO3 and the distance between
MOO3 and the substrate directly affect the precursor Mo to S ratio
in  the  vapor  phase,  which  influences  the  shape  and  size  of  the
grown  MoS2.  High  Mo:S  led  to  incomplete  sulfidation  and
deposition of by-products while low Mo:S hindered the stitching of
single  MoS2 domains  into  continuous  films.  In  a  word,  adequate

 

Figure 2    Effect of salt additive NaCl dosage on the growth of monolayer MoS2. (a)–(c) Photographs and corresponding OM images of MoS2 grown at different positions
on sapphire by using different NaCl dosages of 5, 2, and 1 mg (with 50 mg MoO3 precursors), respectively. Scale bars are 20 μm. (d) Raman and (e) PL spectra of MoS2 by
using different NaCl dosages. (f) The corresponding statistic Δ (the distance between A1g and E2g) value and PL FHWM of monolayer MoS2. (g) AFM images of MoS2

were obtained when NaCl dosage was 1 (bottom panel), 2 (central panel), and 5 mg (top panel), respectively. Scale bars are 5 μm.
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Mo:S  was  essential  for  the  synthesis  of  MoS2 films  with  regularly
shaped domains.

A small amount of O2 can inhibit the nucleation density of MoS2
by  etching  effect  and  promote  the  large-size  epitaxy  of  individual
domains,  thereby  reducing  the  grain  boundary  density  and
improving  the  electrical  quality  of  wafer-scale  MoS2 films.
Meanwhile,  the  electrical  properties  of  MoS2 are  enhanced,
including the increase of field effect mobility and conductivity due
to  the  doping  of  O2 that  reduces  the  band  gap  of  MoS2 [18, 26,
60−62]. On the other hand, a small amount of O2 can prevent the
sulfation poisoning of  MoO3 and provide a  stable feedstock of  the
molybdenum source.

In the absence of O2,  the high MoS2 nucleation density leads to
small sizes of individual domains, irregular shapes with an average
size of ~ 2 μm, and high film grain boundary density (Figs. 4(a) and
4(e)).  When  the  O2 flow  rate  reached  1  sccm,  regular  triangular
MoS2 was  deposited  with  the  domain  size  increasing  to  ~  10  μm,
the nucleation density of MoS2 decreased to ~ 3.16 × 106 cm−2, and
the uniform film was synthesized (Fig. 4(b)). However, when the O2
flow rates  were  varied  from 2  to  5  sccm (Figs.  4(c) and 4(d)),  the
etching effect of O2 on MoS2 can be observed and the etching rate
of O2 was much larger than the growth rate of MoS2, and the small

number  of  MoS2 nucleation  dots  (bright  white  areas)  were
deposited on the sapphire (Fig. 4(d)). Figure 4(e) demonstrates the
variation  of  nucleation  density  and  average  domain  size  of  MoS2
with the O2 flow rate and an appropriate nucleation density and the
maximum domain size was observed at 1 sccm O2. The presence of
O2 at  high  temperature,  on  the  other  hand,  also  causes  etching  of
MoS2.  O2 flow rate needs to be carefully controlled for the balance
between  etching  and  growth  of  MoS2.  The  nucleation  density  is
controlled with 3 sccm of O2 during the nucleation stage, while the
O2 flow  is  reduced  to  1  sccm  during  the  growth  stage  (Fig.  4(f)).
During the growth process, the sapphire substrate, which had been
pre-annealed  in  air  at  1000  °C  for  4  h,  was  annealed  again  in  Ar
atmosphere at 930 °C for 30 min. Figure 4(g) illustrates the timeline
profiles  of  temperature at  S,  MoO3,  and substrate  locations.  In the
regulation of  wafer-level  MoS2 film growth,  a  balance between the
growth rate and etching rate needs to be maintained.

The  control  of  the  unidirectional  growth  of  MoS2 domains  is
essential  for  synthesizing  high-quality  MoS2 films,  which  is
generally  achieved  through  the  interaction  between  the  material
and the substrate or through the induction of steps on the substrate
surface.  The  orientation  of  MoS2 was  random  on  untreated
sapphire (Fig.  5(a)).  The growth of  MoS2 with certain orientations

 

Figure 3    Effect of Mo:S ratio in vapor phase on MoS2 growth. (a)–(c) Morphological changes of MoS2 under different heating temperatures of MoO3 with fixed distance
between MoO3 and the substrate of 20 cm and 1 mg NaCl, including (a) white striped intermediates, (b) smooth triangles and truncated triangles, and (c) regular triangles
of MoS2 at MoO3 temperatures of (a) 600 °C, (b) 580 °C, and (c) 530 °C, respectively. Scale bars are 20 μm. The inset in (c) shows the corresponding continuous MoS2

films at the corresponding growth conditions. (d) Extracted nucleation density and average domain size of MoS2 under different MoO3 evaporation temperatures. (e)–(g)
Morphological changes of MoS2 under different distances between the MoO3 precursor and the substrate (d) with fixed MoO3 precursor temperature of 530 °C, including
(e) d = 14 cm, (f) d = 20 cm, and (g) d = 23 cm. The inset in (f) shows the corresponding continuous MoS2 films at the corresponding growth conditions. Scale bars are
20 μm. (h) Nucleation density and average domain size of MoS2 concerning d. (i) Schematic illustration of the size and shape evolution of MoS2 monolayer by changing
the ratio of precursor Mo to S in the vapor phase.
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(~  36%  0°-oriented  and  ~  15%  60°-oriented)  was  induced  by  the
formation  of  a  regular  step  structure  on  the  sapphire  surface  after
the high-temperature annealing treatment in air at 1000 °C for 4 h
(Fig.  5(b)).  Interestingly,  antiparallel  oriented  MoS2 domains
(~ 60% 0°-oriented and ~ 36% 60°-oriented) and continued MoS2
films  were  obtained  when  the  sapphire  substrate  was  annealed
again  at  the  growth  temperature  for  30  min  before  the  feedstock
was passed for growth during the CVD process (Fig. 5(c)).

112̄0

11̄01

The growth substrate determines the properties of MoS2 such as
morphology, size, and orientation. The growth of MoS2 on m-plane
sapphire  (~  40% 0°-oriented  and ~  50% 60°-oriented)  was  similar
to that of c-plane sapphire, with the difference that the MoS2 was a
triangle  or  hexagon  with  rounded  edges  (Fig.  5(d)).  The
morphology  of  MoS2 shifts  to  truncated  triangles  with
unidirectional  domains  (Fig.  5(e)),  which  is  a  powerful  option  for
the  growth  of  wafer-scale  single-crystalline  2D  TMDs  thin  film,
when annealed a-plane sapphire is used as substrate. The reason for
this  difference  may  lie  in  the  symmetry  of  the  MoS2 and  the
substrate and step orientation of  sapphire (Fig.  S7 in the ESM).  c-
plane sapphire has 3-fold symmetry, and the atoms of the top layer
of  the  substrate  generally  have  a  higher  symmetry  (6-fold
symmetry). So, there are generally two anti-parallel MoS2 islands on
c-plane sapphire with steps along < > orientation while parallel
aligned  MoS2 islands  could  be  realized  on  a-plane  sapphire  with
twofold  symmetry  with  steps  along  < >  orientation  by  precise
control of the experimental condition [42, 43]. 

2.3    Devices made from as-synthesized MoS2 films
The  high  quality  of  the  as-grown  monolayer  MoS2,  in  principle,
would  enable  the  superior  device  performances  [38].  To
characterize  the  electronic  quality  of  the  monolayer  MoS2 films

synthesized  at  optimized  growth  parameters,  we  transferred  these
films onto the 90 nm Si3N4 substrates  for  FETs device  fabrication.
The  output  and  transfer  curves  of  a  typical  MoS2 device  with
channel length/width (L/W) of 2/12 μm are shown in Figs. 6(a) and
6(b), respectively. The drain current–voltage (Ids–Vds) output curves
exhibit  linear  characteristics  at  low  bias,  suggesting  satisfactory
contact formation (Fig. 6(a)). The transfer characteristics also show
clear current saturation with the highest on-current value of up to
89.2  μA·μm−1 (Fig.  6(b)).  The  subthreshold  swing  (SS)  is  about
1019  mV·dec−1.  We  measured  20  randomly  picked  devices  in  the
batch, and the statistical data are shown in Figs. 6(c)−6(f). We can
see  that  the  average  saturated  current  density  of  these  devices  is
56.3  μA·μm–1,  and  the  average  and  best  mobilities  are  28.5  and
45.0  cm2·V−1·s−1,  respectively  (Figs.  6(e) and 6(f)),  suggesting  high
electronic  uniformity  of  the  MoS2 films.  In  fact,  there  are  many
factors  affecting  device  performance,  including  but  not  limited  to
the film itself,  as  well  as  the overall  structural  design including the
electrical  contact  interface  and  the  gate  dielectric  [63, 64].  It  has  a
very  broad  prospect  in  improving  the  performance  of  two-
dimensional  semiconductor  devices  and  promoting  the  large-scale
integration of two-dimensional semiconductor devices. 

3    Conclusions
In summary,  we reveal  the influence of  critical  growth parameters
on  the  synthesis  of  wafer-scale  MoS2 films  and  successfully
prepared  2-in  monolayer  MoS2 continuous  films  on  c-plane
sapphire  under  optimized  growth  conditions  (0–1  mg  NaCl,
adequate  S/Mo  ratio,  and  0–1  sccm  O2).  The  dosage  of  NaCl  has
important influences on the quality and film coverage of MoS2, and
the S/Mo ratio affects the shape and size of the grown MoS2, while

 

Figure 4    Effect of the O2 dosage on the growth of MoS2. (a)–(d) OM images of MoS2 at 0, 1, 2, and 5 sccm O2, respectively. Scale bars are 20 μm. The inset in (b) shows
the corresponding continuous MoS2 films at corresponding growth conditions. (e) The change of nucleation density and average domain size of MoS2 under different O2

flow rates. (f) and (g) Timeline profiles of gas flow rate and temperature at S, MoO3, and substrate locations, respectively.
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Figure 5    Highly  oriented  growth  of  MoS2.  (a)  Random  orientation  of  MoS2 on  the  untreated  sapphire  surface.  The  scale  bar  is  20  μm.  (b)  Growth  with  a  certain
orientation MoS2 was induced by the formation of a regular step structure on the sapphire surface after the high-temperature annealing treatment in air at 1000 °C for 4 h.
The  scale  bar  is  20  μm.  (c)  MoS2 domains  with  antiparallel  orientation  on  the  step  surface  of  sapphire  after  two  steps  annealing.  The  inset  shows  the  corresponding
continuous MoS2 films at corresponding growth conditions. The scale bar is 20 μm. (d) and (e) Growth of oriented MoS2 on m- and a-plane sapphire after annealing at
1000 °C for 4 h, respectively. Scale bars are 20 μm.

 

Figure 6    Electrical characterizations of MoS2 film transferred on Si3N4 substrate. (a) and (b) Output and transfer curves of a typical MoS2 FET. (c)–(f) Output, transfer
curves, saturation current, and field-effect mobility from 20 devices, respectively; the device fabricated at random positions of a wafer sample.
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the  flow  rate  of  O2 plays  a  key  role  in  controlling  the  nucleation
density  and  domain  size.  We  further  discovered  that  a-plane
sapphire  can  easily  guide  the  unidirectional  growth  of  MoS2
compared with c-plane and m-plane sapphire.  As-grown films are
uniform  and  high  quality,  which  was  demonstrated  by
microscopies,  spectroscopies,  and  electrical  measurements.  The
FETs  made  from  the  as-synthesized  monolayer  MoS2 film  under
optimized growth parameters show the average and best mobilities
of  28.5  and  45  cm2·V−1·s−1,  respectively.  This  study  revealed  the
influence  of  key  growth  parameters  and  provided  systematic
support for the synthesis of wafer-scale MoS2 on c-plane sapphire. 

4    Methods
 

4.1    CVD growth of wafer-scale MoS2 on sapphire
The  MoS2 film  growth  on  sapphire  was  performed  in  a  low-
pressure  three-temperature-zone  CVD  system.  S  powders  (99.5%,
Shanghai  Aladdin  Biochemical  Technology)  were  placed  at  the
upstream end of a quartz tube heated independently with an extra
heating band and carried by 200 sccm Ar. MoO3 powders (99.5%,
Shanghai  Aladdin  Biochemical  Technology)  and  NaCl  (95%,
Shanghai  Aladdin  Biochemical  Technology)  were  carried  by
100 sccm Ar into the growth chamber separately from the S vapor.
During  the  growth  process,  the  temperatures  for  the  S  source,
MoO3 source, and substrate were 240, 530, and 930 °C, respectively.
For  a  typical  growth,  the  growth  duration  was  ~  30  min  and  the
pressure in the growth chamber was kept at ~ 100 Pa. 

4.2    Materials characterization
The  as-synthesized  monolayer  MoS2 film  was  characterized  by  an
optical  microscope  (DP27,  OLYMPUS),  The  structure  and
thickness of as-grown monolayer MoS2 film were characterized by
XPS (charging referenced to the C 1s peak at 284.8 eV) and atomic
force  microscopy  (Bioscope  system  BRUCKER),  respectively.  The
Raman  and  PL  spectra/maps  were  obtained  by  a  confocal
microscope  (inVia  Reflex,  Renishaw  with  532  nm  laser  as  the
excitation  source).  A  HAADF-STEM  image  was  collected  and
determined  by  scanning  transmission  electron  microscopy
(Thermo Scientific, Themis Z). 

4.3    Transfer of MoS2 film
First,  polymethyl  methacrylate  (PMMA)  was  spin-coated  on
MoS2/sapphire  twice  at  a  speed  of  4000  r.p.m.  and  then  baked  at
120 °C for 2.5 min. Next, the blue tape with a small rectangular hole
was attached to the sample, and then this sample was immersed in
a  water  solution  for  2  h.  The  blue  tape/PMMA/MoS2 layer  was
peeled  off  using  tweezers  and  moved  to  the  surface  of  pure  water
for  washing  several  times  before  this  layer  was  transferred  to  the
target  substrate  and  the  PMMA/MoS2 layer  was  released  on  the
substrate.  After  full  release,  the  sample  was  washed  in  acetone  for
30 min to remove all polymer. 

4.4    Device fabrication and characterization
For the vdW integration devices, the metal electrodes were defined
onto  a  sacrificial  substrate  (285-nm-thick  SiO2/Si)  following
hexamethyldisilazane treatment (80 °C in an oven for  10–20 min)
before  the  prefabricated  source  and  drain  electrodes  were
transferred  to  the  MoS2 film  by  the  vdW  integration  approach.

After  the  vacuum  metallization  process,  photolithography  or
electron-beam lithography was used to define the channel regions,
and then a redundant MoS2 film was etched by oxygen plasma. The
metal–semiconductor interface was kept clean because the polymer
residue  of  the  MoS2 surface  was  usually  very  hard  and  could  be
removed  after  the  plasma  etching  process.  All  device  transport
measurements  were  conducted  in  a  Lakeshore  vacuum  probe
station  with  semiconductor  parameter  analyzers  (Keysight  2912A
and Agilent B1500). 

Electronic Supplementary Material: Supplementary material (OM
images,  AFM  images,  Raman  mapping  images,  and  Raman
spectroscopy  measurements)  is  available  in  the  online  version  of
this article at https://doi.org/10.26599/NR.2025.94907140. 
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