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ABSTRACT: The role of additives in facilitating the growth of conventional semiconducting thin films is well-
established. Apparently, their presence is also decisive in the growth of two-dimensional transition metal
dichalcogenides (TMDs), yet their role remains ambiguous. In this work, we show that the use of sodium bromide
enables synthesis of TMD monolayers via a surfactant-mediated growth mechanism, without introducing
liquefaction of metal oxide precursors. We discovered that sodium ions provided by sodium bromide chemically
passivate edges of growing molybdenum disulfide crystals, relaxing in-plane strains to suppress 3D islanding and
promote monolayer growth. To exploit this growth model, molybdenum disulfide monolayers were directly grown
into desired patterns using predeposited sodium bromide as a removable template. The surfactant-mediated growth
not only extends the families of metal oxide precursors but also offers a way for lithography-free patterning of TMD
monolayers on various surfaces to facilitate fabrication of atomically thin electronic devices.
KEYWORDS: surfactant, MoS2, edge passivation, strain, lithography-free patterning

Single atomic layers of transition metal dichalcogenides
(TMDs) are promising building blocks for developing
fundamental science and applications.1−6 However,

materials processing and substrate selection pose great
challenges as these extremely thin layers are vulnerable to
any weak external perturbation, which can alter or impair their
intrinsic properties. Therefore, it is of central importance for
industrial-scale development to deeper understand the growth
mechanism of two-dimensional (2D) TMD layers and thereby
develop a facile synthesis method that allows growth on
various surfaces with desirable patterns.
To control the growth and quality of thin films, modifying

the surface energy of substrates and reducing the strain energy
in the growing thin film using a foreign element has been a

well-established strategy for the growth of conventional
semiconductors.7 The greatest example in the growth of
conventional semiconducting thin films is the introduction of a
mono/sublayer of a foreign species (e.g., Sb) on the substrate
(e.g., Si(111)) prior to or during the growth of the
semiconducting crystals (e.g., Si, Ge). The foreign species is
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called “surfactant”, which enables a layer-by-layer (Frank−van
der Merwe) growth mode at relatively high temperature
without incorporating itself into the film.8−11 This surfactant-
mediated growth mechanism leads to thin films with high
quality, making great impact on the conventional semi-
conductor industry.
Apparently, foreign elements (or additives) now play

important roles in the growth of atomically thin TMDs, acting
as nucleation seeds12 or promoters that enable large monolayer
crystals or domains,12−16 reducing growth temperature,
increasing metal precursor flux rate, improving crystallinity,
and controlling crystalline phase.14,17−19 Recently, Zhou et al.
suggested a universal role of alkali metal salts in lowering
melting point and leading to liquefaction of precursors, which
is key to a “home-run” growth of two-dimensional metal
chalcogenides including numerous combinations in the
periodic table,20 and the similar role has also been proposed
in growing ribbon-like 2D MoS2.

21 It has also been suggested
that alkali metals, such as sodium, could serve as a catalyst in
reducing the energy barrier to S attachment at a MoS2 edge.

16

These investigations shed light on the growth mechanism of
2D TMDs and lead to great potential for scaling up the
growth. However, at this point, taking into account the
diversities of reported methods, it is hard to exclude other roles
of additives in the growth of 2D TMDs. Advances in growth
methods have also enabled big progress in device fabrication
on atomically thin TMD layers.22,23 However, these devices
mainly rely on transferring TMD layers from the original
substrate to a desired surface followed by e-beam or
photolithography for proper patterning.24−26 Developing
alternative methods that allow direct patterned growth on
desirable surfaces will advance device fabrication.
Here, we demonstrate a surfactant-mediated growth

mechanism of TMD monolayer crystals of MX2 (M = Mo,
W; X = S, Se) on various substrates (i.e., SiO2, sapphire, and
SrTiO3) with predeposited sodium bromide (NaBr) additive,

using metal dioxides (MoO2, WO2) as precursors instead of
the widely used metal trioxides. We found that under our
experimental conditions NaBr does not react with the dioxide
precursors and, therefore, causes no liquefaction of the
precursors in the growth process. The sodium ions that act
as the surfactant chemically passivate the edges of the growing
monolayer crystals, relaxing in-plane strains to suppress 3D
islanding and promote monolayer growth. This surfactant-
mediated growth mechanism does not require liquefaction and
thereby enables growth from refractory metal dioxides. By
taking that advantage, the predeposited NaBr was used as a
removable template on the substrate, leading to a direct,
lithography-free growth of a patterned MoS2 monolayer.

RESULTS AND DISCUSSION

TMD crystals were grown on SiO2/Si
++ substrates using a

chemical vapor deposition (CVD) method. In the growth,
NaBr particles were first deposited on the substrate through
thermal evaporation. Metal dioxides (e.g., MoO2, WO2) were
used as precursors, which were reacted with S or Se vapor at
770 °C (see Methods and Figure S1a for details). As shown in
a scanning electron microscopy (SEM) image, the as-grown
MoS2 crystals are homogeneously triangle-shaped monolayers
on the entire 1 × 1 cm2 substrate, with lateral sizes ranging
from 20 to 200 μm (Figure 1a,b; see Figure S1b−e, as well)
and tunable edge morphologies (Figure S1f−i). As measured
by conventional X-ray photoelectron spectroscopy (XPS)
(Figure 1c,d) and micro-XPS (μ-XPS) using a synchrotron
radiation source (Figure S2), the crystals are composed of Mo
and S at an average Mo/S molar ratio of ∼1:1.92,
corresponding to MoS2 with ∼4% of sulfur vacancies, and no
Na is detected from the basal plane of MoS2 flakes (see Figure
2i). Raman and photoluminescence (PL) measurements prove
the monolayer nature and high quality of the MoS2 crystals
(Figure S3). Similar characterization results were obtained for
other TMD monolayers such as MoSe2, WS2, and WSe2

Figure 1. MoS2 monolayers and thermogravimetric analysis (TGA)/differential scanning calorimetry (DSC) analysis of the precursors. (a)
SEM image of MoS2 monolayer flakes grown from MoO2 on a SiO2/Si substrate with predeposited NaBr. (b) Enlarged SEM image of a
single-crystal monolayer with a lateral size of ∼200 μm. (c,d) High-resolution XPS Mo 3d and S 2p scan from individual flakes, respectively,
using a scanning X-ray source with a beam size of ∼20 μm. (e) TGA (top) and DSC (bottom) curves for NaBr, MoO2, MoO2 + NaBr, MoO3,
and MoO3 + NaBr.
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Figure 2. Edge passivation of MoS2 monolayers (1L) by NaBr. (a) SEM image featuring NaBr particles (as indicated by the arrow) on the
edges of a single-crystal MoS2 monolayer grown for less than 5 min. (b) Atomic force microscopy (AFM) image of a single-crystal MoS2
monolayer with NaBr nanoparticles (as indicated by the arrow) on the edges. (c) Energy-dispersive X-ray spectroscopy spectrum of the
NaBr particles as indicated in (a). The atomic ratio of Na/Br is ∼1:1, confirming that these particles are NaBr. (d) AFM height profile along
the arrowed dashed blue line in (b) confirms the monolayer step height and shows the several nanometer-sized NaBr particles on the edge.
(e) Scanning transmission electron microscopy (STEM) image showing a suspended edge area in a TEM grid with a quantifoil carbon film.
The dashed red line indicates the edge of the monolayer. (f) Atomic resolution high-angle annular dark-field (HAADF)-STEM image
acquired from the region inside the dashed yellow square in (e), featuring the MoS2 monolayer and a NaBr nanoparticle attached to the
edge. Insets show the corresponding fast Fourier transform images of the 1L MoS2 and NaBr along their [001] zone axis, respectively. (g)
Atomic resolution HAADF-STEM image of the region included by the dashed green square in (e), showing that the MoS2 monolayer has a
Mo-ZZ edge configuration. (h) Time-of-flight secondary ion mass spectrometry elemental mapping showing the distribution of Mo, Na, Br,
and Si of typical MoS2 monolayers grown on a SiO2/Si substrate after 10 min annealing. Note that the Na+ ion image is normalized to the
total ion counts per pixel to verify its accumulation on the MoS2 edges. (i) XPS survey on the whole area shown in the secondary X-ray image
(SXI) in (j), with a beam size at ∼200 μm, featuring binding energy of Br 3d and Na 1s. (j) High-resolution XPS Na 1s scans from the basal
plane (blue curve) and the edge area (red curve) of an individual monolayer flake, corresponding to the blue and red circle, respectively, in
the SXI (right) showing individual MoS2 monolayer flakes. The beam size is ∼20 μm.
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(Figure S4). Importantly, we found that the presence of NaBr
is mandatory for growing monolayer crystals; that is, without
this additive, only vertically grown thick flakes with various
aspect ratios were obtained on the substrate (see Figure 3d) or,
in some cases, no growth at all. Apparently, NaBr assists the
crystal nucleation and transits the three-dimensional (3D)
islanding growth mode to 2D growth mode.
In order to understand the role of NaBr in the growth of

TMD monolayers, we first conducted thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC)
measurement on precursors and their mixtures with NaBr
under Ar flow (Figure 1e). NaBr shows an endothermic peak
at ∼750 °C, at which the weight starts to decrease significantly,
corresponding to its melting point. No significant weight loss
nor endothermic peak is observed for MoO2 in the
measurement temperature range due to its higher melting
point (∼1100 °C). The mixture of MoO2 and NaBr shows
their own independent thermogravimetric and calorimetric
behavior, indicating no liquefaction of MoO2 at the TMD
growth temperature (e.g., 770 °C) (Figure 1e and Figure S5a).
In contrast, when MoO3 is mixed with NaBr, a new
endothermic peak shows up at ∼500 °C on the DSC curve,
together with a significant weight loss, corresponding to the
liquefaction of MoO3.

20,21 This liquefaction effect is in
agreement with previous reports when MoO3 was mixed
with other salts (e.g., NaCl).20,21 Therefore, the TGA and DSC
results indicate that, when MoO2 is used as the precursor, the
presence of NaBr does not change its melting temperature
(similar phenomena for WO2, as shown in Figure S5b). In
addition, X-ray diffraction (XRD) and other elemental analysis
results prove that MoO2 does not react with NaBr to form new

products when their mixture is heated or reacted with S vapor
under the TMD growth condition (Figure S6). The above
findings demonstrate that, instead of causing the liquefaction
of trioxide precursors, NaBr should play a different role in the
TMD growth when dioxides are used as the precursors.
Next, we identified the role of NaBr through a series of

microscopic characterization techniques. We observed that for
monolayer MoS2 flakes grown for less than 5 min, NaBr
nanoparticles remain accumulated on their edges, as revealed
by SEM (Figure 2a, as indicated by a solid arrow) and energy-
dispersive X-ray spectroscopy (EDS, Figure 2c), atomic force
microscopy (AFM, Figure 2b,d), and scanning transmission
electron microscopy (STEM, Figure 2e) analyses. The atomic
resolution high-angle annular dark-field (HAADF)-STEM
image (Figure 2f) clearly shows that a NaBr nanoparticle,
also confirmed by the fast Fourier transform (FFT) pattern
(inset of Figure 2f) as a face-centered cubic NaCl structure,
attaches to the Mo-terminated zigzag (Mo-ZZ) monolayer
edge (Figure 2g; see Figure S7, as well). These NaBr
nanoparticles can be removed after a long annealing time
(e.g., >10 min; see Figure S8). After that, a nearly uniform Na
signal was still observed across the SiO2 substrate by using
time-of-flight secondary ion mass spectrometry (TOF-SIMS),
whereas Br was hardly detected (Figure 2h). Such an
observation is also corroborated by XPS results (Figure 2i).
More importantly, the Na signal significantly enhances along
the edges of MoS2 triangles, by more than two times compared
with that on the substrate (Figure 2h). As the Na+ signal is
normalized to the total ion counts per pixel, such an
enhancement could not be a topographical or a matrix effect
but does come from a real accumulation of the Na+ on the

Figure 3. Surfactant-mediated growth of MoS2 monolayers with NaBr. (a−c) Optical images of water droplets on SiO2/Si substrate (a)
untreated, (b) deposited with NaBr, and (c) washed by deionized water after NaBr deposition. (d−f) SEM images showing MoS2 grown on
the substrates shown in (a−c), respectively, from the MoO2 precursor. Insets in (d) and (f) are corresponding cross-sectional SEM images.
(g) SEM images showing growth stage at 0, 5, 20, 30, and 120 s for the MoS2 monolayers on the SiO2/Si substrate predeposited with NaBr.
The image for 0 s shows only the NaBr.
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edges. High-resolution XPS scan of Na 1s with a beam size of
∼20 μm confirms that the Na signal was not detected from the
basal plane but only from the edge areas of MoS2 flakes and the
substrate (Figure 2j). These results suggest that Na ions bond
to the substrate and edges of MoS2 monolayer flakes even
though NaBr particles were removed after a long annealing
time (theoretical calculation also shows ionic bonding between
Na and MoS2 edges as discussed below). It should be pointed
out that, because it is hard to observe dangling Na atoms on
the MoS2 edges in STEM due to low contrast, thermal
oscillation, electron-beam-induced transformation, and possi-
ble damage during the transfer process, we found that TOF-
SIMS remains the most reliable way to show Na chemically

passivating the MoS2 edges. Such a passivation could possibly
be the reason for changes in binding energy states of Mo and S
at the edges in comparison to those on the basal plane, which
was detected by μ-XPS with a beam size of 100 nm (Figure
S2c−e).27 Within this context, the above-observed 3D-to-2D
growth mode transition could be attributed to two possible
reasons: (1) alteration of the monolayer−substrate interfacial
energy due to the Na ion adsorption on the substrate or (2)
alteration of the formation energy of grown monolayers by Na
passivation of the dangling bonds on edge atoms.
To explore these hypotheses, we first studied the influence

on the growth of MoS2 by alternating surface energy of the
SiO2/Si substrate, which was measured by the wettability of

Figure 4. Effect of edge passivation by Na. (a) Raman spectra of MoS2 monolayers (i) and (ii) with the same size of 10 μm. The scattered
symbols are measured spectra, fitted by solid curves. Note that the spectra are offset for clarity. (b) High-resolution (10) diffraction peaks of
monolayers (i) and (ii) (red and green scattered symbols, respectively) acquired using synchrotron X-ray diffraction. All peaks are well-fitted
by Gaussian curves (solid lines). The apparent lower intensity from (ii) is due to a lower flake density on the substrate. (c) Raman E1

2g
energy mapping of a 10, 40, and 95 μm sized monolayer (i) and a 10 μm sized monolayer (ii). (d) Dependence of the E1

2g energy on flake
size of monolayers (i). Note that all of the spectra here were acquired from the central region of the flakes. (e) Top and side views of S-
terminated Mo-ZZ edge (top) and Mo-ZZ edge (bottom). The possible Na adsorption sites are labeled a, b, c and d. (f) Adsorption energies
of Na on S-terminated Mo-ZZ edge (solid lines, sites a and b) and Mo-ZZ edge (dotted lines, sites c and d). (g) Illustration of lattice
shrinkage induced by Na adsorption at the edges. (h) Strain change (ε, change of the lattice constant a) as a function of Na concentration on
the edges. The negative trend indicates reduction of tensile strain. (i) Strains at different flake sizes as calculated by density functional theory
and measured by XRD.
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the substrate before (Figure 3a) and after NaBr deposition
(Figure 3b). Indeed, the surface energy of the substrate has
been changed with NaBr, and such a wettability change was
not reversible even after the NaBr was washed away (Figure
3c), which is in agreement with the above-described XPS and
TOF-SIMS observations. Subsequently, we used these three
substrates (Figure 3a−c) to grow MoS2 from the MoO2
precursor. With the untreated SiO2 (Figure 3a), as mentioned
above, the growth resulted in 3D islands of MoS2 with various
aspect ratios (Figure 3d). With NaBr deposited on the
substrate (Figure 3b), large-sized MoS2 monolayer flakes were
obtained (Figure 3e). However, after the NaBr was washed
away, although the substrate was still highly wettable (Figure
3c), the growth resulted in a mixture of small, irregular
monolayer domains with multilayers and islands on top
(Figure 3f), similar to the Stranski−Krastanov growth mode.28

These results indicate that the alteration of the substrate
surface energy alone cannot cause the 3D-to-2D growth mode
transition, and the presence of NaBr (more accurately Na ions)
is indispensable to the MoS2 monolayer growth. Indeed, with
the predeposited NaBr on the substrate (Figure 3g, 0 s), the
monolayer MoS2 flakes initially nucleated and grew on top of
the NaBr (Figure 3g, 5 s). Then, with increasing flake size, the
NaBr migrates to and accumulates on the growth front or flake
edges (Figure 3g, 20−120 s). This process is consistent with
the result that Na passivating the edges of grown monolayer
flakes and suggests that the monolayer growth is likely a
surfactant-mediated process analogous to that in the growth of
conventional semiconducting thin films as we mentioned
above.7−10 In the growth of conventional semiconducting thin
films, the surfactant passivates the surface or terminates the
edges of a grown layer and thereby amends the attachment/
detachment rate of adatoms or reduces the strain energy
accumulated in the growing film, respectively.7−10 As a result,
the presence of the surfactant ensures a smooth layer-by-layer
growth and suppresses 3D islanding. In analogy, the
passivation of the edges of MoS2 monolayer flakes could play
a similar role to sustain the growth confined in the 2D plane.
The kinetics of this growth mechanism assumes a higher
density of smaller flakes at lower synthesis temperatures,
whereas there is a lower density of larger flakes at higher
temperatures.9 We examined such a rule in our MoS2
monolayers grown at various temperatures from 700 to 850
°C, in which indeed the flake density decreases by orders of
magnitude with increasing growth temperature, accompanied
by the increase of average flake size (Figure S9). Moreover, it is
observed that smaller flakes generally possess relatively rough
edges (Figure S10), which is also another distinctive feature of
the surfactant-mediated growth.7

In order to validate the second hypothesis and reveal the
role of the Na ions bonded to the edges of MoS2 monolayer
flakes, we investigated the in-plane strain of the monolayer
flakes. For comparison, we synthesized a control sample of
MoS2 monolayers from MoO3 without using any promoter
(named as sample (ii), whereas the monolayers grown from
MoO2 with predeposited NaBr on the substrate are named as
sample (i)). Our Raman studies reveal obvious shifts of E1

2g
peak between these two different samples. For smaller-sized
(<60 μm) flakes, the E1

2g energy of (i) is ∼2.2 cm−1 higher
than that of (ii) (Figure 4a). According to previous studies,29,30

such shifts have been attributed to the change of the in-plane
strain, meaning that monolayers (i) have a lower strain than
(ii). In order to verify this strain variation, we directly

measured the lattice parameter a of MoS2 monolayers (i) and
(ii) (Figure S11) using X-ray diffraction with synchrotron
radiation. The experiment was carried out on a 6-cycle
diffractometer with a grazing incidence geometry to ensure
enough signal intensity from monolayers.31 Figure 4b shows
high-resolution diffraction peaks from the monolayer (10)
crystal plane. The peak positions correspond to a lattice
constant a of 3.167 Å for flakes (i) with Na ions bonded to the
edges and 3.176 Å for flakes (ii) grown from a MoO3 precursor
without any promoter, respectively (see Figure S12, as well). If
the strain is defined as ε = (aNa − a0)/a0, in which aNa and a0
stand for the lattice parameter with and without edge
passivation by Na ions, the results indicate a 0.3% reduction
of in-plane strain in flakes with edge passivation by Na ions. It
is also found that the Raman E1

2g mode energy is uniform
within each smaller-sized (<60 μm) flake domain (Figure 4c,
top), whereas as the flake size surpasses ∼60 μm, the E1

2g
energy distribution in monolayers (i) becomes inhomoge-
neous, with a lower energy in the inner region (Figure 4c,
bottom-left, Figure 4d, and Figure S13). This phenomenon
suggests that, as the flake size gets larger, the strain relaxation
effect gets weaker. As the flake grows to a certain size, the
strain relaxation effect cannot be exerted on the central area of
the flake, whereas the effect remains on the area close to the
edges, which results in a strain discrepancy in the flake, as
shown in Figure 4c. In contrast, the monolayers (ii) grown
without surfactant show uniform higher strain even though the
flake size is small (Figure 4c, bottom-right). Based on these
results, the growth mechanism can be described as, during the
growth, the surfactant (i.e., Na ions) chemically passivates the
edges of monolayer MoS2 nuclei, relaxing in-plane strain,
facilitating attachment, and limiting the detachment of
adatoms from and to the edges and thereby suppressing 3D
islanding while promoting 2D growth.7−10

The passivation of MoS2 edges by Na ions was also
confirmed by spin-polarized density functional theory (DFT)
calculations, as implemented in the Vienna ab initio simulation
package (VASP)32 (see Methods). It has been reported that
the most stable edge structure of the MoS2 monolayer under
typical (sulfur-rich) experimental conditions is the S-
terminated Mo-ZZ edge (with dangling S atoms at the Mo-
ZZ edge), for example, the a and b sites in Figure 4e. However,
in most cases, the edge configurations observed in HAADF-
STEM are Mo-ZZ, although in some isolated cases, S-
terminated Mo-ZZ edges were imaged (Figures S7a and
S8f). Possible reasons can be that the outermost S atoms are
hard to identify in STEM images due to low contrast, or those
dangling S atoms have been reconstructed under electron
beam irradiation or removed during the transfer process for
STEM. For comparison, we consider both S-terminated Mo-
ZZ and Mo-ZZ edges for the adsorption of Na atoms. There
are two possible adsorption sites for Na on the edges: sites a
and b for the S-terminated Mo-ZZ edge and sites c and d for
the Mo-ZZ edge (Figure 4e). On site a, the Na atom forms
four bonds with the S atoms, in contrast to only two bonds on
site b. As a result, the adsorption of Na on site a is ∼0.53 eV
stronger than that on site b (Figure 4f). Similarly, on site c, the
adsorption of Na is stronger than that on d by ∼0.13 eV. Bader
charge analysis (see Methods) suggests that the bonding
between the adsorbed Na and the edges is predominantly
ionic. This is consistent with the experimental result, in which
Na ions remain accumulated at the edges even after NaBr
particles were evaporated after long annealing time (Figure
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2g). The weaker Na adsorption (−1.18 eV) on a perfect MoS2
surface (Figure S14 and Table S1) shows that the Na
passivation of the edges is energetically more favorable. The
calculated adsorption energy of the Na atom on the SiO2

surface33 (Figure S15) is −0.09 eV. The weak interaction
between Na atoms and the SiO2 surface serves as the basis for
the floating of the NaBr underneath the MoS2 flake to the
growth front as observed in experiment (Figure 3g). Our
calculation result also indicates that as the Na atom
concentration increases on the edges of small MoS2 monolayer
crystals (∼1 nm), the strain is notably relaxed (Figure 4h), and
such a relaxation effect (reduction of Mo−Mo distance) is less
prominent in larger flakes, which is consistent with
experimental results (Figure 4i).
It should be noticed that, as Br was not detected being

bonded to the edges of MoS2 monolayers and only a very low

amount of it remains on the substrate upon the evaporation of
NaBr (in contrast to Na as proven by XPS and TOF-SIMS
results), the role of the Br in this current work is not clear.
Previous work suggested the formation of volatile metal
oxyhalides (i.e., MOxBry).

14 However, these metal oxyhalides
have a low melting point (<300 °C), and as no characteristic
peaks appear on the TGA/DSC curves of MoO2/WO2 + NaBr
mixtures below 300 °C (Figure 1e and Figure S5), we exclude
this role under our experimental conditions. Similar results
have been obtained when using NaCl as the additive to grow
MoS2 monolayers, in which Na is detected passivating
monolayer edges and on the substrate, whereas Cl is hardly
found (Figure S16).
Using NaBr as an additive and, consequently, Na ions as a

surfactant, to mediate the growth of TMD monolayers enables
controlled and scalable synthesis, which is of practical

Figure 5. Large-area and patterned growth of MoS2 monolayers with NaBr as templates and electrical properties. (a) SEM image of a
centimeter-scale continuous MoS2 monolayer film grown on a SiO2/Si substrate predeposited with NaBr. Inset is the optical image of this ∼4
× 1 cm2 substrate, in which the region with blue contrast, as contained by the dashed rectangle, is the continuous monolayer film. (b) SEM
image of a NaBr template deposited through a shadow mask with a 6 × 6 hole array on the SiO2/Si substrate. Inset is the enlarged view of
NaBr particles deposited through each hole. (c) SEM image of patterned MoS2 grown using the NaBr layer in (b) as the template, showing a
6 × 6 array of monolayer disks. Inset is an enlarged SEM image of an individual polycrystalline MoS2 monolayer disk. (d) SEM image of
patterned MoS2 monolayer disk arrays, with each monolayer disk being ∼30 μm. (e) Enlarged image of the area in the dashed square in (d).
(f,g) Raman (A1g) and PL intensity mapping of the patterned MoS2 monolayers shown in (e). (h) Corresponding Raman and PL spectra
acquired from the MoS2 monolayer disks. (i) Output curves of a single-crystal monolayer MoS2 field-effect transistor (FET) device with a 5
μm channel length and a 5 μm channel width. Inset is the optical image of a typical device. (j) Corresponding transfer curve at Vds = 1 V on
both linear and logarithmic scale. (k) Output curves of a FET device based on a millimeter-scale polycrystalline monolayer MoS2 pattern,
with a 10 μm channel length and a 1000 μm channel width. See Figure S18a for the optical image of the corresponding device. (l)
Corresponding transfer curve at Vds = 1 V on both linear and logarithmic scale.
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significance. First, a centimeter-scale, uniform, continuous
MoS2 monolayer film (Figure 5a and Figure S17) was obtained
by controlling the density of predeposited NaBr on the surface
of a 4 × 1 cm2 substrate (inset of Figure 5a). Moreover, NaBr
can be deposited as patterned “templates” to grow MoS2
monolayers in any desired pattern. For example, NaBr was
first deposited through a stainless steel shadow mask with a 6 ×
6 hole array (Figure 5b). The following growth of MoS2
without the mask perfectly mimicked the pattern of the NaBr,
forming a 6 × 6 array of polycrystalline monolayer disks
(Figure 5c). Depending on the size of the voids on the shadow
masks, we were able grow patterned MoS2 monolayers with the
feature size ranging from several millimeters (Figure S18) to
∼30 μm (Figure 5d,e), and the patterned MoS2 monolayers
show uniform and characteristic optical properties (Figure 5f−
h and Figure S19). Hence, this demonstrates the use of salt as
templates to fabricate various patterns of pristine MoS2
monolayers without using lithographic processes, which is of
great potential for electronics.
To measure the electrical properties, field-effect transistor

(FET) devices were fabricated on both single-crystal MoS2
monolayers (inset of Figure 5i) and patterned polycrystalline
MoS2 monolayers (Figure S20a) on their growth substrates
using Si++ as the back gate electrode. The output (Ids−Vds)
curves at different back-gate voltages (Vbg) indicate ohmic
contacts between electrodes and the MoS2 monolayer (Figure
5i,k). The transfer curve of the single-crystal device shows
characteristic n-type behavior of MoS2, with an ON/OFF ratio
of 107 (Figure 5j). The single-crystal devices show carrier
mobility (μ) of 21.5−48.7 cm2/(V s) out of 10 FET devices
measured (Figure S20b), comparable to high-quality CVD-
grown MoS2 monolayers with a Si++ back-gate FET
configuration.16,34 In order to examine the electrical properties
of millimeter-scale MoS2 monolayers, we grew a triangular-

patterned, continuous MoS2 monolayer film with an average
single-crystal domain size of ∼20 μm (Figure S18). The output
current of this millimeter-scale FET device is an order of
magnitude higher than the single-crystal one (Figure 5k),
whereas the ON/OFF ratio is at 106 (Figure 5l) and the
mobility is typically 0.6−2.9 cm2/(V s) (Figure S20b) with
different pairs of electrodes measured (Figure S20a). These
values are also comparable to previously reported polycrystal-
line MoS2 monolayers34 and could be enhanced with
optimized device fabrication processes.35

The surfactant-mediated growth of MoS2 monolayers was
also conducted on a variety of substrates other than SiO2/Si,
such as the (001) plane of sapphire and SrTiO3 (STO) (Figure
6). The growth from MoO2 without NaBr resulted in well-
aligned MoS2 monolayer flakes on the sapphire (001) plane
with a crystal size of up to ∼3 μm (Figure 6a), whereas the
predeposited NaBr dramatically boosted the single crystal size
up to ∼500 μm (Figure 6b). Large-sized (up to ∼100 μm)
MoS2 monolayer single crystals were also grown on STO
(001) with the assistance of NaBr (Figure 6c). Characteristic
Raman (Figure 6d,e) and PL (Figure 6f) spectra confirm the
monolayer nature of the MoS2 crystals through the surfactant-
mediated growth on the (001) plane of sapphire and STO.
The results indicate that the Na surfactant boosts the growth of
MoS2 on the (001) surface of sapphire and STO. However, we
realize that the Na surfactant is not the universal one and does
not always act as a crystal size booster, and it can even hinder
growth of MoS2 on some substrates, such as HOPG (highly
oriented pyrolytic graphite) (Figure S21). Therefore, growth of
high-quality, large-sized, single-crystal monolayers requires a
combination of an appropriate surfactant and substrate for a
given composition of TMD. To choose the combination
requires a thorough investigation on the relationship between

Figure 6. Surfactant-mediated growth of 1L MoS2 on different substrates. (a,b) SEM images of MoS2 monolayer flakes grown on a sapphire
(001) substrate from MoO2 without and with NaBr, respectively. (c) SEM images of MoS2 monolayer flakes grown on a STO (001) substrate
from MoO2 with NaBr. (d) Raman spectra of sapphire (black curve) and MoS2 monolayers (red curve) grown on it. (e) Raman spectra of
STO (black curve) and MoS2 monolayers (red curve) grown on it. (f) PL spectra of MoS2 monolayer grown on the (001) surface of sapphire
(blue curve) and STO (red curve).
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the adsorption energy of the surfactant to the substrate and
that to the TMD monolayer.7

CONCLUSION
In summary, we presented the concept of surfactant-mediated
growth of TMD monolayers that uses Na ion as a surfactant.
We demonstrated the advantages of this growth mechanism in
expanding the family of refractory metal oxides as growth
precursors, adaptability on various types of substrates, and
direct patterned growth to facilitate fabrication of atomically
thin electronic devices with desirable configurations. However,
with Na ion as the surfactant, there is still large limitations on
the size and quality of the grown monolayers. According to the
mechanism behind the surfactant-mediated growth of conven-
tional semiconducting thin films, even though a proper
surfactant was used and the layer-by-layer mode was promoted,
it was impossible to completely remove the strain from the
heteroepitaxial film, which was finally reduced by the
introduction of dislocations in the grown film. Finding the
best-matched surfactant, substrate, and the composition of
growing material is essential to successful growth. This could
also be true in the growth of 2D TMDs. In our TMD growth,
with the growing size of the monolayers, the Na ion surfactant
can only partially reduce the strain (e.g., close to the edges).
Therefore, searching for a surfactant−substrate−composition
trio with the best match is a promising way to enable
industrial-scale synthesis of 2D TMDs with high optical and
electronic grades.

METHODS
Synthesis and Patterned Growth of Atomically Thin TMDs.

The 2D TMDs were synthesized through a CVD method conducted
in a tube furnace system equipped with a 1 in. quartz tube. The
growth substrates, typically Si with 285 nm SiO2 (SiO2/Si) plates,
were cleaned by acetone and isopropyl alcohol (IPA). About 0.5−2
mg of NaBr (Alfa Aesar, 99.99% metal basis) was loaded in a crucible
and thermally evaporated and deposited on the substrate in vacuum
(<10 mTorr). The substrate was placed face-down above an alumina
crucible containing ∼1−3 mg powders of MoO2 (Alfa Aesar, 99%
metal basis) or WO2 (Alfa Aesar, 99.9% metal basis), which was then
inserted into the center of the quartz tube. Another crucible
containing ∼50 mg S (Alfa Aesar, 99.5%) or Se (Alfa Aesar,
99.999% metal basis) powder was located at the upstream side of the
tube, where a heating belt was wrapped. After the tube was evacuated
to ∼5 × 10−3 Torr, the reaction chamber pressure was increased to
ambient pressure through 500 sccm argon gas flow. Then, the reaction
was conducted at 770 °C (with a ramping rate of 40 °C/min) for 3−
15 min with 60−120 sccm argon gas flow. For the growth of selenides,
a 3−5 sccm flow of H2 was also introduced. At 770 °C, the
temperature at the location of S powder was ∼200 °C (∼450 °C for
Se), as controlled by the heating belt. After growth, the heating belt
was immediately removed, and the furnace was opened to allow a
rapid cool down to room temperature with a fan. For patterned
growth, the NaBr was first deposited on the substrate covered by a
shadow mask (Photo Sciences Inc.) with certainly patterned voids,
through a thermal evaporation and deposition process as described
above. The density of the deposited particles was controlled by the
amount of NaBr and deposition time. The substrate with specifically
patterned NaBr particles was then placed in the CVD growth system
described above for the growth of TMD monolayers under the same
conditions as traditional growth except using pure oxides (e.g., MoO2
or WO2) as precursors.
Characterization Methods. Morphologies of the as-synthesized

2D TMDs were characterized using SEM (FEI QUANTA FEG 650,
operating at 20 kV) and AFM (Bruker Dimension Icon). The
precursors before and after growth were studied using TGA/DSC

(METTLER TOLEDO TGA/DSC 1 STARe system, operating at a
heating rate of 5 °C/min under Ar protection) and in-house XRD
(Bruker AXS D8 Advance A25 XRD, with Cu Kα, λ = 1.5418 Å). The
optical properties of the 2D TMDs were studied using Raman and PL
spectroscopy (Renishaw inVia Raman microscope, with 1800
grooves/mm grating and a 532 nm laser, 1 mW laser power, as
excitation source). TOF-SIMS experiments were performed using a
Physical Electronics nanoTOF II equipped 30 keV Bin

q+ liquid-metal
primary ion source filtered for the Bi3

++ ion. A compressed 6.5 ns
primary ion pulse width was used, and an extraction voltage of 3026 V
was applied to the sample stage. A primary ion dose of 1 × 1012 ions/
cm2 over an area of 100 × 100 μm2 was used for data collection. XPS
was conducted in a PHI VersaProbe III scanning XPS microprobe
(Physical Electronics) with an aluminum X-ray anode and a
microfocused scanning X-ray source. For large-area measurements,
the X-ray beam size was ∼200 μm (power: ∼50 W), whereas for
individual flakes, the beam size was ∼20 μm (power: ∼5 W). Auger
electron spectroscopy (Figure S16) was conducted in a PHI 700
scanning Auger nanoprobe (Physical Electronics) at a working voltage
and current of 5 kV and 10 nA, respectively.

The samples for STEM characterization were prepared using a
typical wet transfer process. STEM images were acquired at 60 kV
using a Nion UltraSTEM equipped with a probe aberration corrector
(the convergence angle was 31 mrad). The inner and outer collection
angles of the HAADF detector were 86 and 200 mrad, respectively.
To enhance the signal-to-noise ratio, atomic resolution STEM images
were blurred using a 2D Gaussian distribution.

The μ-XPS measurements were carried out at scanning photo-
electron microscopy (SPEM) end-station located at beamline 09A1 of
National Synchrotron Radiation Research Center, Taiwan. The SPEM
system equipped with a Fresnel zone plate optical system to focus soft
X-ray down to 100 nm spot size. The samples were annealed at 200
°C prior to the experiments under an ultrahigh vacuum condition.
The photon energy was 400 eV for all μ-XPS measurements, which
was calibrated by the Au 4f core level signal emitted from a clean gold
foil electrically connected with the samples. To avoid charging effect,
the MoS2 flakes were grown on Si substrates with a 10 nm dry SiO2
layer.

X-ray diffraction measurement was carried out at the Stanford
Synchrotron Radiation Light-source (SSRL) on beamline 7-2, which
is equipped with a 6-circle diffractometer. A Si(111) monochromated
X-ray beam, with an energy of 14,009 eV, and focused to a spot size of
800 × 800 μm2, was used for these measurements. The diffraction was
detected by a Vortex detector positioned behind a set of 1 mrad soller
slits. The diffraction pattern was collected at an incidence angle of
0.1°. To minimize the background from amorphous SiO2, the MoS2
flakes were grown on Si substrates with a 10 nm dry SiO2 layer.

Computational Methods. Our spin-polarized first-principles
calculations were performed using DFT in conjunction with the
Perdew−Burke−Ernzerhof (PBE) generalized gradient approximation
(GGA)36 in the framework of the all-electron projector-augmented
wave (PAW) method,37 as implemented in VASP.33 The energy
cutoff was chosen to be 300 eV, and a 4 × 4 × 1 supercell was
constructed to represent the MoS2 perfect surface. The Brillouin
zones of MoS2 supercell and nanoribbons were densely sampled with
3 × 3 × 1 and 1 × 3 × 1 k-points, respectively. For geometry
optimization, a conjugate-gradient method was used to minimize the
total energy and the forces acting on the ions until total energy was
converged to 10−5 eV and the residual forces were less than 0.05 eV/
Å. To avoid interactions between neighboring images, at least 10 Å
vacuum space was added in the periodic directions.

The adsorption energy (Ead) is used to evaluate the stability of the
Na-adsorbed system, which is defined as

= − −E E E Ead tot MoS Na2

where Etot denotes the total energy of Na-adsorbed MoS2 supercell or
nanoribbon system, EMoS2 is the total energy of the MoS2 supercell or
nanoribbon system without Na adsorption, and ENa is the energy of an
isolated Na atom in vacuum. Accordingly, a more negative adsorption
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energy indicates a more favorable exothermic adsorption process
between MoS2 and Na atoms. Bader charge analysis38 was used to
calculate charge transfer, which suggests that Na atom transfers 0.84|e|
and 0.54−0.57|e| charge to S-terminated Mo-ZZ and Mo-ZZ edges,
respectively, implying that the bonding between the adsorbed Na and
the edges was predominantly ionic. We also calculated the adsorption
of the Na atom on the SiO2 surface as NaBr was predeposited on the
substrate. The 2 × 2 reoptimized “dense” α-SiO2 (001) surface was
constructed to simulate the SiO2/Si substrate as it was found to be
10% lower in energy than the well-known “dense” surface.33

Device Fabrication and Electrical Property Measurement.
Electron beam lithography (FEI DB-FIB with Raith pattern writing
software) was used for the device fabrication on single-crystal
monolayer MoS2. First, a layer of PMMA 495A4 was spin-coated on
the SiO2 (285 nm)/Si substrate with flakes followed by a 180 °C
bake. After pattern writing and development, a 10 nm layer of Ti
followed by a 50 nm layer of Au was deposited using electron beam
evaporation. Finally, well-defined source and drain electrodes were
revealed using a lift-off process with acetone/IPA. For large-scale
patterned monolayer MoS2, electrical contacts were fabricated using a
photolithography process. The electrical properties of the devices
were measured in vacuum (∼10−6 Torr) in a probe station using a
semiconductor analyzer (Keithley 4200). The mobility (μ) was
calculated from the equation: μ = (L/WCox)×(ΔG/ΔVbg), where L is
the channel length,W is the channel width, G = Ids/Vds and Cox = 1.26
× 10−8 F/cm2 (the capacitance between channel and the back gate
per unit area, Cox = ε0εr/dox, ε0 = 8.85 × 10−12 F/m, εr = 3.9, and dox =
285 nm).
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