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Abstract

Two-dimensional (2D) transition metal dichalcogenides, exemplified by molybdenum disulfide
(MoS,), have shown exceptional potential for data-centered, energy-efficient electronic
applications due to their unique electrical, optoelectronic, and mechanical properties. However,
challenges such as the controllable synthesis of high-quality, large-area 2D MoS, films and the
mitigation of contamination during growth remain significant barriers to their integration into
advanced technologies. Here, photoresist S1813 is innovatively utilized as a contamination-free
growth promoter, enabling the clean and scalable synthesis of high quality 2D MoS; on Si0,/Si
substrate with desirable grain structures via chemical vapor deposition. By optimizing the
reactant concentration and S/Mo ratio, enhanced MoS, growth with improved quality is
achieved, as evidenced by the increased MoS, flake size and coverage, alongside a strong
photoluminescence A exciton peak at 1.84 eV. This approach facilitates the clean and selective
growth of high-quality 2D MoS,, establishing a robust pathway for the practical implementation
of 2D MoS; in next-generation electronic devices.
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1. Introduction

Two-dimensional (2D) transition metal dichalcogenides
(TMDs) have emerged as promising candidates for next-
generation electronic and optoelectronic devices, with
emphasis on scaling and low-energy consumption applica-
tions, including logic transistors [1-5], photodetectors and
lasers [6—8], and advanced neuromorphic devices [9, 10]. To
ensure compatibility with industrial applications, it is crucial
to achieve precise device control and minimize variability,
which demands a controllable and scalable synthesis method
for monolayer MoS,.

Chemical vapor deposition (CVD) is recognized as one
of the most promising approaches for scalable synthesis
of MoS; [11]. The epitaxial growth of MoS, on sapphire
substrates has garnered considerable attention for achieving
wafer-scale MoS; films [12—15]. However, the as-synthesized
MoS, requires an additional transfer step to relocate onto
other arbitrary target substrates for further device fabrication,
which may inevitably introduce contamination and strain that
potentially alter or deteriorate the intrinsic properties of the
film. Recently, the 2D Czochralski method [16] achieved uni-
form single-crystal MoS, with centimeter-scale domains on
a molten glass substrate. While the etching-free transfer pro-
cess is cleaner than the conventional wet transfer, it may still
introduce strain, and the substrate introduced contamination
(e.g. Na™) remains unverified. Synthesizing MoS, directly on
Si0,/Si substrates provides a solution to these transfer and
substrate related issues. However, the absence of epitaxial
templating of MoS;, on the amorphous SiO, surface makes
it challenging to control the nucleation and large-scale syn-
thesis of single-crystal MoS,, resulting in random nucleation
and other inhomogeneities [4]. Therefore, a clean approach for
controlling MoS, nucleation and enhancing lateral film growth
on amorphous SiO, substrate needs to be developed.

To facilitate the 2D growth of MoS,, seeding promoters
are introduced to the substrate prior to the CVD process.
For instance, alkali metal halides (e.g. NaCl [17], KI [18])
and hydrates (e.g. NaOH [19]) have been reported to reduce
the reaction temperature and weaken the interlayer adhesion,
thereby enhancing the lateral growth of MoS, film. Similarly,
wafer-scale 2D MoS, films are achieved when alkaline-earth
metal chlorides (e.g. CaCl,, SrCl, [20]) are introduced in the
CVD process. However, the residual metal ions from those
promoters are detrimental to the electric properties of the
MoS; film and it is found that compared to alkali-free syn-
thesis under the same growth conditions, the utilization of
NaCl can lead to variation in growth rates, loss of epitaxy, and
dense clusters of nanoscale MoS, particles [21]. In addition,
the alkali metal compounds lack the ability to control nucle-
ation sites.

Alternatively, organic promoters such as perylene-3,4,9,10-
tetracarboxylic acid tetrapotassium salt (PTAS) lead to milli-
meter size growth of 2D MoS,, owing to the enhanced sub-
strate adhesion of MoS, and heterogeneous nucleation sites
[22-24]. However, uniformly applying PTAS on hydrophobic

substrates poses challenges [24]. A thin film of polymer com-
plex comprised of anhydrous ammonium tetrathiomolybdate
and linearpoly (ethylenimine) has been found to effectively
improve the growth uniformity and control the thickness of
MoS; film in the range of 2-30 nm [25]. Nevertheless, precise
control of the MoS, film thickness down to monolayer dimen-
sions is still challenging. On the other hand, F;sCuPc has
been shown to significantly enhance MoS, growth compared
to other organic promoters due to its thermostability [24]. It is
worth mentioning that non-volatile species, such as potassium
in PTAS and copper in F;sCuPc, may be retained in the MoS;
film, thus altering its intrinsic properties. Furthermore, the
cleanliness of the film growth in previous reports is not thor-
oughly understood, and the absence of promoter-induced con-
tamination is not yet well demonstrated.

Here, we developed a contamination-free method to real-
ize the controlled growth of large-scale monolayer MoS, on
an amorphous SiO; substrate. The growth, facilitated by nano
promoters, yields MoS; free of contamination as confirmed by
x-ray photoelectron spectroscopy (XPS) and Raman spectro-
scopy. The effect of the promoter is evaluated by modifying
half of the substrate with nano promoters, whilst keeping all
other growth parameters the same. A notable promoter effect is
observed at a sulfur temperature of 250 °C, where the promoter
modified region preferentially facilitates the growth of indi-
vidual single-crystal monolayer MoS, flakes with over 3 times
the total coverage and a sixfold increase in the monolayer ratio.
The proportion of large flakes (=10 pm) found in the promoter
region is 60 times that of the pristine region. Furthermore, we
systematically investigated the promoter effect at varied react-
ant concentrations by tuning the sulfur temperature, demon-
strating the transition from homogeneous nucleation to hetero-
geneous nucleation. In addition, we also found that the sulfur
temperature greatly affects the sulfur vacancy density in MoS,.
Our results offer a novel strategy to achieve clean and con-
trollable growth of large-scale 2D MoS; on amorphous SiO;
substrates, establishing a solid groundwork for advancing the
controllability and the performance of 2D electronic devices.

2. Results and discussion

2.1 The promoter effect: enhanced 2D growth

The growth is achieved via the CVD method with the assist-
ance of polymer nano promoters. Specifically, the promoter
is a conventional photoresist S1813 (Shipley), which consists
of cresol novolak resin and a photoactive compound [26].
To investigate the promoter effects, the substrate surface is
divided into two regions: one decorated by the promoter, the
other kept pristine (figure S1). In a typical growth process (see
figure 1(a) top panel), 1 mg of MoO; powder (Afla Aesar,
99.9%) is placed in a quartz crucible with an angled groove
(6 = 120°) relative to the tube axis. The substrate is placed
within the groove, 0.5 cm downstream from the MoO3; powder.
Additionally, 120 mg of sulfur powder is placed in a separ-
ate crucible (see figure S2). Both crucibles are loaded into
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Figure 1. A typical promoter-assisted CVD growth of MoS; at a sulfur temperature of 250 °C. (a) Top panel: an illustration of the key
growth configuration. § = 120° is the angle between the substrate and the upstream direction relative to the tube axis. Bottom panel: An
optical image of the wafer coupon post-growth. The white dashed circles highlight two equivalent regions—one from the pristine region and
the other from the promoter region—under similar growth conditions, such as reactant concentration and flow. Optical micrographs with
SEM images provided in the insets: (b) the pristine substrate which remain clean and (c) the promoter region covered by triangular MoS;
flakes. The white arrows in the inset of (c) indicate small flakes. (d) Statistical distribution of flake sizes comparing the growth in the pristine
and promoter regions. (e) A radar chart comparing the average flake size, monolayer ratio, probability of large flakes, coverage and

population density for the pristine substrate and promoter regions.

the furnace with each crucible’s temperature controlled inde-
pendently. The heating controller of sulfur is then energized
when the substrate temperature reaches 765 °C. During the
growth process, the substrate/MoQOj3 temperature is maintained
at 835 °C, and the sulfur temperature is kept at 250 °C for
5 min. Nitrogen gas is introduced as a protective and carrier
gas at a flow rate of 20 sccm throughout the reaction period.
Detailed information on substrate preparation and the CVD
process can be found in the methods section.

We observe that the distance between the molybdenum
source and the deposition site on the substrate can affect the
growth behavior due to variations in gaseous reactant con-
centration and flow. As such, for a set of growth parameters,
we compare the growth behaviors at two equivalent locations
sampled from the pristine and promoter regions of the sub-
strate, which are subject to an equivalent reaction environ-
ment. The most significant growth enhancement is observed
by comparing two such equivalent regions near the bottom
of the substrate and close to the crucible side walls. These
regions, indicated by the dashed circles in the bottom panel of
figure 1(a), are located 12 mm from the molybdenum source.

The promoter region (right) exhibits a distinctly different color
compared with the pristine region (left). A continuous dark
olive-green film is visible on the surface of the promoter
region, while the contrast of the pristine surface is close to
that of the bare SiO,/Si substrate. The difference in optical
contrast suggests that, at the macroscopic scale, the promoter
region has significantly more growth than the pristine region.
The optical micrographs of the pristine region (figure 1(b))
and promoter region (figure 1(c)) corroborate the observa-
tions made through visual inspection. Sparse micrometer-
sized particles are present in the pristine region with dimin-
ished 2D growth. In contrast, the promoter region features
a uniform distribution of triangular MoS, flakes. Some tri-
angular flakes merge and form films up to approximately
33 pm in size. Optical micrographs with a field of view of
500 pm x 500 pm were further used for statistical analysis,
which is conducted using Python [27]. Considering the resol-
ution of the optical microscope, flakes larger than 2 um are
counted. Approximately 534 small particles are identified in
the pristine region, compared with about 224 ym-sized flakes
in the promoter region (figures S4(a) and (b)). The histogram
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Figure 2. Characterizations of the MoS; flakes in the promoter region under sulfur temperature of 250 °C. (a) The average Raman
spectrum shows E%g and A, modes of 2H MoS, at 384.3 em ™! and 405.1 cm ™! with a peak spacing of 20.8 cm™ . (b) The mapping of the
peak position difference shows the high population of monolayer flakes. (c) Averaged PL spectrum shows strong A exciton at 1.845 eV
indicating the direct band gap MoS, which corresponds to the behavior of monolayer MoS,. (d) XPS core-level spectra of Mo 3d and S 2p,
where the main peaks show the chemical bond in 2H MoS;. () HRTEM shows the lattice planes of MoS,. The top right panel is the Fourier
transform of the HRTEM image, which implies a single crystalline hexagonal structure. The zoom-in HRTEM image in the bottom right

panel confirms the disorder-free lattice and the 2H phase.

in figure 1(d) illustrates that the flake size distribution in the
pristine region follows a lognormal pattern with an average
size of 3.9 um (flake recognition see figure S4(a)). The pro-
moter area exhibits a bimodal Gaussian distribution, where the
first peak at 6.4 um corresponds to the small flakes (as marked
by white arrows in figure 1(c) and shown in figure S4(c)),
which overlaps with the peak of the pristine region, indicating
homogenous nucleation. The main peak at 14.4 ;sm represents
the large triangular flakes (figure S4(d)), which is more than 3
times larger than the pristine region, indicating the heterogen-
eous nucleation induced by the nano promoters. Figure 1(e)
compares five key characteristics of CVD growth, including
the average size. The monolayer ratio, defined as the area ratio
of monolayer MoS, to the total recognized area (figures S4(a)
and (b)), of the promoter region is 88.9%, approximately six
times higher than that of the pristine region. The abundance
percentage of large flakes (>10 pm) is 30.2% in the pro-
moter region and 0.5% in the pristine region. The coverage,
defined as the ratio of the area covered by flakes to the total

substrate area in the image, is significantly higher in the pro-
moter region at 15.0%, almost four times that of the pristine
region (4.0%). However, the population density, representing
the number of flakes or particles per unit area, is lower in the
promoter region (1.0 x 103 mm™2) than in the pristine region
(2.4 x 10° mm~2). These quantitative statistical results con-
firm the enhanced growth of 2D MoS; in the promoter region.

The MoS, flakes in the promoter region are further charac-
terized by Raman spectroscopy and photoluminescence (PL).
As shown in figure 2(a), the average Raman spectrum exhibits
two significant peaks at 384.3 cm~! and 405.1 cm~! which
correspond to the Elzg and A, modes of 2H MoS,, respect-
ively. The spacing, Aw, between the two Raman modes is
20.8 cm~! whereas the peak intensity ratio of E}, and A, is
0.72. These results again indicate the monolayer nature of the
MoS, flake [28-31]. Additionally, from the full-range Raman
spectrum (figure S6(a)), no peak is observed in the Raman
spectrum range of 1100-2000 cm ™", indicating the absence of
carbon residue [32]. A weak longitudinal acoustic (LA) peak
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can be observed in the range of 210-250 cm™!, character-
istic of defect-induced Raman modes [33]. A map of the Aw is
shown in figure 2(b). The majority (~95%) of the flakes in the
mapping region exhibit consistent values of Aw ~ 20 cm™!,
suggesting a high population density of monolayer flakes.
However, around 5% of areas show Aw ~ 22 cm™!, which is
attributed to bi-layer MoS,. The monolayer ratio is consistent
with the optical contrast result in figure S6(b). Additionally,
secondary nucleation is evident in the scanning electron micro-
scopy (SEM) image shown in figure S6(c). In the PL spectrum
(figure 2(c)), a strong luminescence band appears at 1.845 eV
and corresponds to the direct excitonic transition energy (A
exciton) [2], indicating the direct band gap of the monolayer
MoS, [3]. Moreover, a weak B exciton resonance is observed
at 1.97 [3]. The Xa position mapping and intensity mapping
(figure S7) show a uniform distribution across most of the
flakes, which indicate minimal residuals or doping. A slight
blue shift of Xa peak is observed at the flake edges, which
is attributed to edge effect [34]. PL intensity enhanced at the
boundaries between adjacent flakes is likely due to the pres-
ence of grain boundaries (GBs) [35]. Neither feature correlates
with nucleation sites. The thickness of the flake is further veri-
fied through atomic force microscopy (AFM) measurement as
shown in figure S6(d). The line profile in figure S6(e) indicates
that the MoS, film thickness is 0.68 nm.

Figure 2(d) shows the XPS of core level spectra S 2p and
Mo 3d spectra of the films in the promoter region. In the S
2p core-level spectrum, the doublets at 162.4 eV and 163.6 eV
indicate the chemical states of S in 2H MoS; [4, 36]. The weak
peaks at 164.1 eV and 162.9 eV can be attributed to the edge
sulfur [37]. The doublet at 162.3 eV and 163.5 eV corresponds
to the reduced chemical state of S, indicating a MoS, x phase.
In the Mo 3d core level spectrum, the doublets at 229.6 eV and
232.8 eV correspond to the chemical states of Mo in 2H MoS,
[4, 36, 38]. The relative weak peaks at 233.3 eV and 236.0 eV
correspond to the Mo®t, implying the presence of a small
amount of MoOj3. Doublet at 228.70 eV and 231.84 eV corres-
ponds to the MoS,_, phase. The peak at 227.0 eV is attributed
to the S 2s. The results suggest that the film primarily consists
of 2H MoS,, with detectable sulfur vacancies and oxides spe-
cies. For completeness, we investigate the particles grown in
the pristine region. As shown in figures S8(a )and (b), the XPS
spectra of the pristine region show a weak signal in the range
of 224-239 eV (Mo 3d core level), while no peak is detec-
ted within the binding energy range of 162—164 eV (S 2p core
level). This suggests the presence of a small amount of molyb-
denum compound but no detectable MoS,. Moreover, figures
S8(c) and (d) show the morphology of the pristine particles and
the corresponding Raman spectrum. The characteristic peaks
at 203, 233, 363, 464, 496, 570, and 744 cm ™! in figure S8(d)
suggest that the particles are crystallized in the MoO, phase
[39, 40]. We note that molybdenum oxide can, in principle,
undergo sulfurization in the absence of growth promoters.
However, the formation of MoOj; rather than MoS, suggests an
incomplete sulfurization reaction, with no detectable MoS, in
the pristine region. The high-resolution transmission electron

microscopy (HRTEM) image in figure 2(e) reveals the lattice
structure of 2H MoS,, taken from the area highlighted in low
magnification images, figures S9(a) and (b). The six-fold sym-
metry is evident in the Fourier transform of the image shown
in the top right panel of figure 2(e). The 2D lattice shown in the
bottom right panel confirms the high-quality lattice structure
and corroborates the 2H phase. The optical properties, chem-
ical state and the lattice structure confirm that the flakes are
monolayer 2H MoS,.

To verify the cleanliness of the promoter-enhanced CVD
method, XPS C 1s and O 1s core-level spectra are analyzed
and compared in figure S10. For both the pristine and promoter
regions, in the O s core-level spectra shown in figures S10(a)
and (b), the main peak at 533.2 eV represents the O-Si bond
which arises from the substrate. The weak peaks at 532.2 eV
and 531.0 eV correspond to O—C and O—Mo bonds [41]. In the
C 1s core-level spectra (figures S10(c) and (d)), a prominent
peak appears at approximately 285.0 eV for both the pristine
and promoter regions, corresponding to C—C bonds. In addi-
tion, peaks at around 286.5 eV, 288.0 eV and 289.2 eV cor-
respond to the C-O single bonds, C=0 double bonds and O—
C=0 bonds, respectively. These peaks are typical for adven-
titious carbon [42, 43] which is usually found on the surface
of most air-exposed samples. There is no evidence to show
that C and O bond with Mo or S (for example, C—Mo bonds
in C 1 s at 284.2 eV [43, 44], C-S—C in S 2p at 163.5 eV
and 164.8 eV [45]). The adventitious C signal is stronger in
the promoter region than in the pristine region. A comparison
of C 1s core-level spectra of the bare SiO, substrate and the
bulk MoS, (figures S10(e) and (f)) shows consistently higher
C intensity on MoS,. This implies stronger C adsorption on the
MoS, surface than the SiO, possibly due to the lower surface
energy of MoS, relative to SiO, [46, 47]. The results confirm
the cleanliness of the nano promoter-assisted growth.

2.2. Effects of the sulfur-source temperature

To further investigate the effect of the promoter, we examined
the evolution of the morphology and yield of MoS; as a func-
tion of the sulfur temperature. The morphology of the CVD
products (figure 3(a)) in the promoter region varies depending
on the sulfur temperature. When the temperature is 180 °C,
hexagonal MoS, flakes with rounded edges and a size of
approximately 3 pm are observed, indicating insufficient sul-
fur concentration. As Ts increases to 200 °C, the MoS, flakes
transition to a triangular shape with soft edges, suggesting an
increase in sulfur concentration though it remains inadequate
[48, 49]. At 220 °C, the triangular flakes grow larger and
exhibit straighter edges. Further increasing to 250 °C results
in uniformly distributed triangular MoS, flakes with increased
flake size and well-defined straight edges. This indicates that
the reactant concentration is sufficient for the 2D growth
of stoichiometric MoS,. For a temperature of 270 °C, the
flakes show irregular shapes with sizes ranging from 0 to
30 pm, indicating the merging of multiple grains. The darker
contrast at their center suggests excessive growth of multilayer
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Figure 3. MoS; properties at varied sulfur temperature. (a) SEM images of samples in the promoter region. The SEM image of 250 °C is
taken from the same region as insert of figure 1(c). (b) Statistic results of MoS, average flake size, monolayer ratio, probability of large
flakes, coverage and population density, which are based on large-area optical images shown in figure S11. The orange triangle represents
the promoter side, while the green circle corresponds to the pristine side. Each data point represents a measurement from an independently
reproduced sample, and the solid line represents the average value. For a given temperature, sample number n = 4-6. The error bars in the
top panel represent the standard deviation of multiple fakes from each sample. (c) Average Raman spectra of CVD MoS, and ME
monolayer MoS,. The spectra are normalized against the Si peak at 520 cm ™! and fitted by Lorentzian function. (d) Average PL spectra of
CVD MoS; and ME monolayer MoS,. (e) Defect analysis of samples prepared at 200 °C to 300 °C by Raman LA/Elzg peak intensity and
XPS MoS,_, phase intensity.
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films, accompanied by the appearance of particles. Finally, at
300 °C, the MoS; appears as particles and submicron-sized tri-
angular flakes. The presence of particles rather than the form-
ation of films suggests that the nucleation rate has exceeded
the growth rate.

Further statistical analysis, derived from the optical images
in figure S11 and summarized in figure 3(b), compares five key
growth metrics in the pristine and promoter regions. Multiple
data points at a given temperature represent distinct samples
grown under identical parameters, with error bars indicating
the variation among flakes within each sample. The average
flake size in the pristine region remains consistently within
the range of 3-5 pum across all temperatures. In the promoter
region, the average flake size is approximately 4 pm at 180 °C
and increases with the sulfur temperature, reaching a peak of
9.8 um at 250 °C and 11.2 um at 270 °C. However, beyond
270 °C, the average flake size decreases, dropping to around
4 pm at 300 °C. The MoS, flakes in the promoter region are
consistently larger than those in the pristine region, with the
size difference peaking between 250 °C and 270 °C.

The monolayer ratio, in the pristine region, remains around
5% between 180 °C and 200 °C, reaching a maximum of 20%
at 220 °C and 250 °C, and decreasing to 7% at 300 °C. In the
promoter region, the monolayer ratio increases steadily with
temperature, peaking at 82% at 250 °C, before declining to
48% at 300 °C. The promoter region exhibits a higher mono-
layer ratio at all temperatures, with the maximum difference
between the two regions observed at 250 °C.

The probability of large flakes, on the pristine side, remains
steady at around 1.0% between 180 °C and 300 °C. On the
promoter side, the probability is 0% at 180 °C, increases to
12.6% at 200 °C, rises significantly to a 35%-50% between
220 to 270 °C, and then decreases to 3.4% at 300 °C. These
results show that the promoter region has a higher probability
of large flakes, with the maximum occurring between 220 and
270 °C.

The promoter region exhibits significantly higher flake cov-
erage compared to the pristine region within the sulfur tem-
perature range of 200 °C-270 °C, peaking at 250 °C (18%).
In contrast, coverage in the pristine region remains relatively
low between 0.5%-2% across the temperature range of 180 °C-
300 °C. This highlights the enhancement of MoS, growth in
the promoter region, particularly at a temperature of 250 °C.

The population density, on the pristine side, increases from
0.8 x 103 to 3.1 x 10> mm~2 as the temperature rises from
180 °C to 200 °C. However, as the temperature continues
to increase, it decreases to 1.3 x 10° mm~2 at 220 °C and
remains around this value between 220 °C and 300 °C. On
the promoter side, except at 180 °C, the population density is
lower than that of the pristine side. At 180 °C, the population
density on the promoter side is 2.5%, whereas between 200 °C
and 300 °C, it ranges from 1.1% to 2.2%.

From the statistical results, the small average size and high
population density indicate a high nucleation rate and a low
film growth rate in the pristine region. It is evident that MoS,

2D growth in the promoter region is significantly enhanced,
particularly for temperatures between 220 °C and 270 °C, as
indicated by increased flake sizes, monolayer ratio, probability
of large flakes, and coverage.

To further evaluate the quality of the synthesized MoS,
under different sulfur temperatures, Raman and PL charac-
terizations are systematically conducted. The average Raman
spectra in figure 3(c) obtained from the Raman mappings
(figure S12), which are normalized against the Si peak at
520 cm~! and fitted by Lorentzian functions. The normal-
ization removes intensity variations caused by fluctuations
in laser power. No detectable Raman peaks are observed at
180 °C, which suggests a limited amount of deposition. The
Raman spectra for sulfur temperature between 200 °C to
270 °C exhibit the characteristic Elzg and A, modes of MoS,.
For temperatures between 200 °C and 250 °C, the El, is at
383.8 + 0.7 cm™!, while it redshifts to 381.9 cm~! at 270 °C.
The Alg peak is at 406.4 cm~! at 200 °C, which then fea-
tures a redshift to ~405.2 cm™~! at higher sulfur temperatures.
The peak difference, Aw, varies accordingly. From 200 °C to
220 °C, the peak difference is around 22.1 cm~!. At 250 °C,
the peak difference is 20.8 cm~! which is the minimum among
all the samples, indicating the monolayer thickness. When the
sulfur temperature exceeds 250 °C, Aw increases, reaching
24.4 cm™! at 300 °C. The increase in Aw indicates an increase
in MoS, thickness [50]. Notably, the Elzg and A, peak posi-
tions of the sample grown at 250 °C are comparable to those
of the ME sample, suggesting that the film quality is close to
the ME sample (figure S13).

The average PL spectra in figure 3(d) reveal variations in
the Xa exciton energy across different samples. No PL sig-
nal is observed from samples grown with a sulfur temperature
of 180 °C and 300 °C, indicating poor crystallinity or thick
samples. For MoS, synthesized at 200 °C, the Xa peak appears
at 1.876 eV. As the sulfur temperature increases from 220 °C
to 250 °C, the Xa peak redshifts to 1.851 eV and 1.845 eV,
respectively. The peak position and intensity of the 250 °C
sample is comparable with those of the ME sample, which
suggest the sample has minimal impurities and crystallinity.
Compared to 250 °C, the blueshift of 0.031 eV observed at
200 °C suggests that oxygen may doped into the film under a
sulfur deficient condition, which causes the peak blueshift and
enhances the PL intensity [51]. These results indicate that the
highest film quality is achieved at 250 °C.

In addition to the main Raman vibration modes of MoS,
shown in figure 3(c), the LA mode in the frequency region 210-
250 cm~! (figure S14) is attributed to the disorder-induced
Raman scattering [33], which related with defect structure,
such as vacancies, GBs, antisite. The intensity ratio between
the LA mode and the E12g or Ajg mode is inversely propor-
tional to the average inter-defect distance Lp and directly pro-
portional to the defect density, as described by the formula

II((LTA)) = CI(;D() [33]. Figure 3(e) shows the LA/E‘2g peak intens-

ity ratio for the samples prepared at 200 °C-300 °C. The ratio
decreases as sulfur temperature increases from 200 °C-250 °C
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Figure 4. (a) TGA and (b) DTG curves of MoOj3 with and without sulfur.

and rises when the temperature exceeds 250 °C, indicating
the lowest defect concentration in the sample at a temper-
ature of 250 °C. On the contrary, the sample prepared at a
temperature of 200 °C exhibits the highest LA/E12g ratio,
reflecting a higher defect density. Since sulfur vacancies are
among the most prevalent defects in CVD-grown MoS,, XPS
is employed to characterize the temperature dependence of the
sulfur vacancies (figure S15). The integrated intensity of the
non-stoichiometric phase MoS,_ is the lowest for the sample
at the temperature of 250 °C, which corroborates the Raman
defect analysis. The sulfur vacancies in the 200 °C sample
are further validated through TEM analysis, as shown in the
ACSTEM images (figure S16).

2.3. Mechanism study

To explore and understand the significance of promoter and
sulfur in the growth process of MoS,, thermo-gravimetric ana-
lysis (TGA) is conducted to compare the thermal behavior of
the MoOj3 with and without sulfur, as shown in figure 4(a). The
Stage 1, ranging from room temperature to 330 °C, corres-
ponds to sulfur sublimation, while Stage 2 spans from 330 °C
to 740 °C, preceding the onset of MoOj3 sublimation. For
MoO; without sulfur, there is no weight loss during Stage
1 and the weight loss in Stage 2 is 0.83%. In contrast, for
the MoQOs3 with sulfur, the initial sulfur to total mass ratio is
30.79%. The weight loss of Stage 1 is 28.79% indicating resid-
ual sulfur that may form MoO,_«xSx. During Stage 2, the weight
loss is 1.96%, giving the total weight loss of 30.75% after
Stage 2, suggesting that sulfur remains in the compound.

The differential thermo-gravimetric (DTG), or first deriv-
ative of the weight with respect to time, curves plotted in
figure 4(b) shows that the maximum sublimation rate of MoO;
is higher in the presence of sulfur (0.053 mg s—') compared
to its absence (0.046 mg s~ 1. Furthermore, MoO5 with sulfur
reaches its maximum sublimation rate earlier than without sul-
fur, indicating an acceleration of sublimation. This increased
sublimation rate may result from the formation of intermedi-
ate product MoO,S,, [52, 53], which has weaker Mo—S bonds

compared to Mo—O bonds [54], facilitating decomposition and
sublimation. These findings suggest that the MoOj3 sublima-
tion rate and gas phase concentration can be tuned by the sulfur
concentration. In our experiment, the sulfur temperature plays
a crucial role in regulating the sulfur evaporation rate. A higher
sulfur temperature results in a greater sulfur concentration in
the ambient, leading to an increased S-to-Mo ratio. However,
TGA/DTA measurements cannot fully capture the complex-
ity of the CVD environment, where factors like gas dynamics,
reactor geometry, temperature gradients, and precursor inter-
actions critically influence growth. Nonetheless, TGA/DTA
offers valuable qualitative insights into the thermal behavior
of MoO3, aiding the investigation of promoter effects.

The sulfur concentration depends not only on the temperat-
ure but also on the presence of nano promoters. The sulfur in
the nano promoters (figure S17) locally increases the fractional
sulfur concentration, promoting the reduction and sulfuriza-
tion of MoOs3, thereby facilitating MoS, nucleation. In con-
trast, in the pristine region, the insufficient reduction of MoOj3
results in the formation of MoQ, instead of MoS,.

Furthermore, decomposition of nano promoters at high
temperatures releases carbon, which enhances the reduction
of MoOj3 and suppresses the formation of MoO,. This raises
the concern of potential carbon residues contaminating MoS,.
To assess the cleanliness of the polymer-assisted growth,
thermal behavior of photoresist S1813 and its role in facilit-
ating MoS, growth are examined. The TGA result of S1813
(figure S17(e)) shows a rapid weight loss between 50 °C and
200 °C due solvents and volatile evaporation, followed by a
steep decline from 200 °C to 600 °C corresponding to poly-
mer matrix degradation. Beyond 600 °C, gradual weight loss
suggests carbonization or decomposition of residual organ-
ics, leaving ~15% mass at 835 °C, attributable to non-volatile
inorganic or carbonaceous residue. Raman spectroscopy con-
firms this residue is carbonaceous (figures S18(b), (f) and (g)).
Additional experiments are conducted to compare the beha-
vior of S1813 when heated with S alone or with both S and
MoOs (see supporting information for details). When only S
was added (figures S18 (c), (f) and (g)), the resulting Raman
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Figure 5. A schematic illustration of the promoter effects at sulfur temperature of 200 °C (left), 250 °C (middle) and 300 °C (right).

spectrum was similar to that without S, indicating that the
residue is primarily carbonaceous. In contrast, in the presence
of MoOj3 with either insufficient or excessive S (figure S18(d)—
(g)), the MoS, Eﬁg and A, vibration modes are detected in
the Raman spectra, and the peaks between 1200 cm~! and
1800 cm~! disappear indicating the absence of carbon residue.
The disappeared carbonaceous can be attributed to a reduc-
tion reaction with MoQOs. These results demonstrate that at
835 °C in N, atmosphere, S1813 alone or add S only leaves
carbonaceous residue, whereas in the presence of S and MoOs,
the carbon act as a reductant, promoting MoO; reduction and
enabling clean MoS; film growth.

Figure 5 presents a schematic illustrating the effects of the
promoter at varying sulfur temperatures. At low temperature
(e.g. 200 °C), the ambient sulfur concentration is insufficient.
In the pristine region, MoS; nucleation is hindered due to
the sulfur deficiency. In contrast, in the promoter region, sul-
fur supplied by the nano promoter enables MoS, nucleation.
Howeyver, the overall low sulfur concentration remains inad-
equate to support extensive film growth. Consequently, the res-
ulting flakes are small and exhibit either a hexagonal geometry
or small triangles with rounded edges, which are likely to con-
tain significant sulfur vacancies.

The sulfur concentration increases as the temperature rises
to 250 °C. In the promoter region, a consistent and moderate
supply of reactants facilitates the 2D film growth with a trian-
gular geometry and fewer defects. Additionally, as previously
discussed, the decomposition of the nano promoter at high
temperatures provides carbon, which facilitates the reduction
of MoOj3 and suppresses the deposition of MoO, on the sub-
strate. This enhanced reduction of Mo combined with a suffi-
cient supply of reactants, promotes preferential growth in the
promoter region.

At higher temperatures (e.g. 300 °C), there is abundant
sulfur in the ambient, which also accelerates the consump-
tion of MoOs3, leading to a peak concentration of both S
and Mo reactant within a short timeframe. The supersaturated
reactant concentration leads to a mass transport-limited CVD
process [55], resulting in a high density of particles across

the entire substrate, regardless of promoter treatment. This
indicates a highly homogeneous nucleation process in both
the pristine and promoter regions. Excess reactants spontan-
eously nucleate numerous MoS, particles throughout the sub-
strate, without influence from any foreign surface (e.g. pro-
moters). It is important to note that homogeneous nucleation
does not exhibit any preferential attachment to the nano pro-
moters on the substrate, rather it results in a more dispersed
distribution of MoS; particles. During the nucleation stage, the
rapid depletion of S and Mo reactants limits the availability of
reactants for further film development.

From our experiments, we found that heterogenous nucle-
ation dominated MoS, growth occurs when the sulfur temper-
ature is between 200 °C and 300 °C. This process is regu-
lated by controllable nanoscale promoters in terms of position
and density, leading to a more organized and well-structured
growth compared to random homogeneous nucleation. We
note that surface roughness and energy could also affect nuc-
leation and growth. However, since the majority promoter
decomposes before 500 °C, its influence above this temper-
ature is mainly chemical rather than physical.

To evaluate the electrical property of the MoS, grown
by polymer-assisted method, back-gated field-effect transistor
(FET) was fabricated on 285 nm SiO,/Si substrate using
optical lithography. Figure S20 shows the output curve and
transfer curve of the device, respectively. The calculated field-
effect mobility of 4.1 cm? Vs~! and on/off ratio of 10° fall
within the reported ranges of 0-10 cm? Vs~! and 10°-10°,
respectively [21, 56]. The results indicate that the polymer-
assisted method significantly enhances the monolayer MoS,
growth rate while having a minimal impact on its electrical
properties.

3. Conclusion
In summary, we employed nanosized polymer particles as pro-

moters to control the MoS; nucleation process, transform-
ing it from homogenous to heterogenous. By controlling the
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sulfur temperature, the sulfur partial pressure and the reactant
concentration can be tuned. We demonstrate the pivotal role
of nanosized polymer promoters in facilitating heterogeneous
nucleation while suppressing homogeneous nucleation during
the CVD growth of MoS,. Our findings show that a supersat-
urated reactant concentration result in excessive homogenous
nucleation, regardless of the presence of a polymer promoter,
while moderate reactant concentrations facilitate promoter-
assisted heterogenous nucleation. The film quality is compre-
hensively investigated using optical imagery, SEM, PL, AFM,
and Raman for the condition of varied reactant concentra-
tions. We found that MoS; in the promoter region at a sul-
fur temperature of 250 °C showed the highest monolayer ratio
and minimal defects. This study greatly advances our funda-
mental understanding of TMD growth mechanisms and opens
exciting new avenues for tailored synthesis of TMD materi-
als with enhanced properties, improved material controllabil-
ity and thus reduced device variability.

4. Methods

4.1. Substrate preparation

S1813 (Shipley) diluted by isopropyl alcohol (IPA, Sigma-
Aldrich, 99.8%) with a volume ratio of 1:300 is used as the
nano promoter. The Si substrate with a 285 nm SiO, layer
(1.5 x 1.5 cm?) first underwent ultrasonic cleaning, includ-
ing immersion in acetone for 5 min, followed by a 5 min rinse
in IPA, and two subsequent rinses with DI water. After the
substrate cleaning process, diluted S1813 was spin-coated (by
EMS spinner 4000) on half of the sample with an isolation
bar at 5000 revolutions per minute (rpm) for 45 s, followed by
baking at 115 °C for 75 s in ambient. The 2 mm wide poly-
dimethylsiloxane (PDMS, Gel-Pak) bar was attached to the
middle of the substrate, acting as the boundary between the
two regions and preventing the overflow of polymer from one
side to the other during the spinning process.

4.2. CVD growth and transfer of MoS,

The CVD process was conducted in a furnace (MTI GSL-
1100X). In a typical growth, N, (99.999%) was introduced
into the tube inlet as a protective carrier gas. Sulfur powders
(MaTecK, 99%, 120 mg) were used as the sulfur source and
placed upstream in the tube. MoO; powders (Afla Aesar,
99.9%, 1 mg) were dispersed within a 1 cm region in a quartz
crucible which is placed at the center of the furnace. The sub-
strate is positioned 0.5 cm downstream from the MoO3 power
and tilted at an angle of 120° relative to the tube axis. The tem-
perature of the MoO3 and the substrate was controlled by a
pre-set heating program. The temperature was first increased
from room temperature to 105 °C at a rate of 14 °C min~!,
held at 105 °C for 1 h, then further increased to 835 °C, and
finally held at 835 °C for 5 min. The sulfur temperature was
controlled separately by a heating belt, which was energized

when the furnace temperature reached 765 °C. The N, flow
rate started from 500 sccm, was decreased to 20 sccm when
the substrate temperature reached 300 °C and then increased
to 500 sccm after the reaction completed.

The MoS, was transferred using a polymer assisted method
[57]. A polymer resist, polymethyl methacrylate (PMMA,
A3), was spun onto the MoS; at 3000 rpm for 40 s, followed by
a 5 min hot bake. This process forms a polymer film approx-
imately 200 nm in thickness on the sample’s surface. Using
a razor, approximately 1 mm of the polymer along the chip
edge was scratched off to ensure that the polymer film did
not adhere to the edge of the chip. Subsequently, the sample
was immersed in a saturated sodium hydroxide solution (4M
NaOH, Sigma-Aldrich) to etch off the SiO, layer. Once the
Si0O; layer was completely dissolved, filter paper was used to
retrieve the floating polymer film, which was then rinsed in
clean DI water to remove any residual aqueous alkali and neut-
ralize the transferred MoS, flakes. After washing, the cleaned
film was transferred onto the target substrate. The PMMA film
was then removed in acetone for 5 min, washed with IPA for
5 min and DI water for an additional 5 min.

4.3. Characterization

An Olympus BX51M microscope was used to capture the
optical images. AFM measurements were conducted on the
Oxford Asylum system in tapping mode with Budget Sensors
Tap 300 Al-G AFM probe. Raman and PL characterizations
were performed using a Witec Alpha 300 R system under
a 100x objective lens (NA = 0.95, spot size of ~0.7 pum)
with a 532 nm excitation wavelength laser. The laser power
of 3.2 mW was used for the Raman and PL mapping. The
SEM images were obtained by using a Zeiss Ultra SEM with
a field emission gun under InLens mode with an aperture of
30 um. The EDX data was collected with a Bruker Nano
XFlash 5030 detector integrated with the Zeiss Ultra SEM.
XPS measurements were conducted using an Omicron EA 125
Energy Analyzer with a monochromated Al K-alpha source at
1486.7 eV. High-resolution core-level component XPS scans
were acquired with a pass energy of 20 eV in high magnific-
ation mode, with entrance and exit slits of 6 mm and 3 mm,
respectively, giving an overall source and instrument resolu-
tion of 0.6 eV. XPS spectra were calibrated to the adventi-
tious carbon C 1 s peak at 285.0 eV. The HRTEM measure-
ments were performed with an uncorrected FEI Titan micro-
scope with a Schottky field emission S-FEG source oper-
ated at 300 kV. The AC-STEM were performed on a Nion
UltraSTEM 200 microscope equipped with a cold field emis-
sion gun and a quadrupole—octupole type probe corrector. The
microscope was operated at 60 kV with a 35 mrad conver-
gence semi-angle. TGA measurement was carried out using
a Stanton Redcroft STA 1500 (Thorn Scientific, UK) calori-
meter with platinum-rhodium crucibles and alumina as a ref-
erence. The experiments were carried out with a heating rate
of 14 °C min~! in N, atmosphere.
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4.4. Statistical analysis

OC based analysis and statistical analysis were conducted
using Python 3.10. The OC values are cross-checked by AFM
(figure S5). The statistical analysis was based on optical
images and conducted using Python code. For each temper-
ature, statistical analysis was performed on multiple samples
(n = 4-6). The average flake size and its standard deviation for
each sample were determined by measuring multiple flakes.
Considering the image resolution, flakes with a minimum size
of 2 ym were included in the statistical count.

4.5. Device fabrication and electrical measurement

Back-gated FET was fabricated on 285 nm SiO,/Si substrate
using optical lithography. A 365 nm light source was used
to expose the S1813 photoresist for 6 s through a photomask
containing the predefined electrode pattern. The exposed res-
ist was then developed in Microposit MF-319 developer for
45 s. Metallization was performed using an electron beam
evaporator (Temescal FC-2000), depositing Ti/Au (1/35 nm)
onto the patterned areas. Finally, the lift-off process was car-
ried out by immersing the sample in 1165 remover overnight
at room temperature. The electrical data was obtained using
Keysight B2912A measurement unit and Yanke probe station
YK-ZKTZT in the vacuum.
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