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ABSTRACT: Salt enhanced chemical vapor deposition of WS,
and related 2D materials is widespread, and while many
mechanisms including vapor—liquid—solid (VLS) mediated growth
have been suggested, gaining a more detailed understanding
remains challenging. We employ operando scanning electron Temperature
microscopy to resolve the entire process of salt-assisted CVD of s
WS,, focusing on a model system of individual, small (<100 ym),
sapphire supported sodium tungstate (Na,WO,) salt particles. We
reveal support interactions that lead a salt particle to develop a
lateral halo interface, driven by surface eutectic melting above 630
°C. This halo dictates the salt wetting as well as Na and W
transport, and thus upon gaseous sulfur precursor exposure
dominates the spatiotemporal WS, nucleation and mono- and
multilayer domain expansion kinetics, all of which we can directly track by secondary electron (SE) contrast with a conventional In-
Lens SE detector. Unlike for a conventional VLS mechanism, large (>20 ym) monolayer WS, formation does not involve the salt
droplet directly attached to the growth facets, rather the salt droplet drives WS, layer growth in the contiguous halo interface region
with a continuous supply of W. We compare this to SiO, and NaOH treated sapphire where corrosive surface roughening dictates
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the salt wetting, and critically discuss our findings in the context of the connected wider literature.

Bl INTRODUCTION

The technological potential of atomically thin device materials,
such as the family of transition metal dichalcogenides (TMDs),
hinges on the viability of heterogeneous integration with
existing materials and process flows, and as echoed across
industrial roadmaps, the bottleneck is nanomanufacturing
technology to enable scalability at sufficiently high level of
structural control.' > Chemical vapor deposition (CVD)
approaches are most promising in this context, reflected by a
large body of literature of powder-based CVD, metal organic
(MO)CVD and atomic layer deposition (ALD) of TMD
mono/few-layer films.*™"" The use of salts as CVD process
promotors is becoming increasingly widespread for these
approaches. This ranges from the use of alkali metal halide
salts, e.g. NaCl, to increase metal powder precursor
volatilisation,'>™'* their use in substrate pretreatment to
achieve significantly larger crystal domain sizes,”'>~"" higher
growth rates and more benign/lower temperature process
conditions.'®"” Salts such as Na molybdates and tungstates can
serve as metal source allowing more effective feeding, area-
selective growth and doping.zo_28 As a trade-off, however,
there remain many open questions not only regarding the
impurity and defect levels of the as-grown TMDs,'”***" but
for transfer-free, digital processing also regarding the level of
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substrate interaction and possible hot-salt driven corrosion,
particularly for commonly used SiO, and sapphire support.®"**

Many underpinning mechanisms have been proposed
specifically for the role of salts on the surface of the substrate,
ranging from effective barrier lowering at 1D reaction
fronts,”> > the formation of surface/eutectic intermediates
promoting precursor feeding to the growing facets,”” ™' to
vapor—liquid—solid (VLS) type growth modes, where a liquid
droplet stably wets the growth front(s) and locally mediates
dissociation and/or incorporation of species.””~*’ Progressing
such understanding, however, remains challenging as conven-
tional experimentation only allows post-mortem character-
ization, i.e. there is a critical lack of data on what actually
happens during the process. Complete or ab initio modeling®’
of such complex, multistep and multiscale growth is currently
not possible. Operando experimentation has been key to the
discovery of growth mechanisms,”' ™% but accessing the vast

Received: September 16, 2024

s
Revised:  January 17, 2025 i A
Accepted: January 21, 2025 ) Lok

Published: January 30, 2025 Y | s

https://doi.org/10.1021/acs.chemmater.4c02603
Chem. Mater. 2025, 37, 989—1000


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jinfeng+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ye+Fan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ryo+Mizuta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Max+Rimmer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jack+Donoghue"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shaoliang+Guan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sarah+J.+Haigh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stephan+Hofmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stephan+Hofmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemmater.4c02603&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02603?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02603?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02603?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02603?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02603?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/cmatex/37/3?ref=pdf
https://pubs.acs.org/toc/cmatex/37/3?ref=pdf
https://pubs.acs.org/toc/cmatex/37/3?ref=pdf
https://pubs.acs.org/toc/cmatex/37/3?ref=pdf
pubs.acs.org/cm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c02603?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/cm?ref=pdf
https://pubs.acs.org/cm?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Chemistry of Materials

pubs.acs.org/cm

Pressure / 102 mbar

00 15 30 45 6.0 75 9.0 105 120

550 1 1 1 1
50 55 60 65 70

Na,0-WO,
Mol.% WO,

75
Na,0-3WO0,

Figure 1. (a) Schematic of the operando SEM setup and model system of sapphire supgorted Na,WO, particles that are heated and then exposed
7

to DMDS gas. (b) Phase diagram of the Na,0-WO; system replotted from literature.
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Figure 2. (a) SEM image sequence of stage 1 annealing and melting of a sapphire-supported Na,WO, particle. Scale bars = 20 um. (b)
Postannealing AFM map of two adjacent halos (max. T = 700 °C, anneal time 1.5 h), measured right after cooling. The dashed line in the map
indicates location of the shown line scan. (c) Postannealing cross-sectional TEM and STEM-EDS maps of W and Na of the halo interface (max. T
=720 °C, anneal time = 10 min). The white dashed boxes in the STEM-EDS maps correspond to the area of the TEM image. Scale bars = S nm.
(d) W 4f and Na 1s core level XPS spectra mapped across the droplet and the halo interface (max. T = 720 °C, anneal time = 10 min). The
positions of points 1—5 are indicated in the inset (scale bar = 20 ym).

CVD parameter space across nm to mm multi size scales
remains difficult.

Here, we use operando scanning electron microscopy
(SEM) to directly interrogate the mechanisms of surface-
bound salt-assisted WS, layer CVD. We focus on a model
system of individual, small (<100 pm) tungstate salt
(Na,WO,) particles on c-plane sapphire support. Using
secondary electron (SE) contrast with a conventional In-
Lens SE detector, we can directly track the support interactions
during vacuum annealing, the specifics of which dictate the salt
wetting as well as Na and W transport. Upon gaseous sulfur
precursor exposure these interactions also determine the
spatiotemporal WS, nucleation and mono- and multilayer
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domain expansion kinetics. Unlike to a conventional VLS
mechanism, large (>20 um) monolayer WS, formation does
not involve the salt droplet directly attached to the growth
facets, rather the salt droplet drives WS, layer growth in a
contiguous halo interface region with a continuous supply of
W. We present operando SEM video data sets with systematic
pre/postgrowth sample characterization by cross-sectional
transmission electron microscopy (TEM), energy dispersive
X-ray spectroscopy (EDS), X-ray photoelectron spectroscopy
(XPS), atomic force microscopy (AFM), optical microscopy
and Raman and photoluminescence (PL) spectroscopy. We
suggest that the support interactions and lateral halo interface
formation are driven by surface eutectic melting above 630 °C.

https://doi.org/10.1021/acs.chemmater.4c02603
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We compare the support interactions on sapphire to those on
SiO, and NaOH treated sapphire where corrosive surface
roughening dictates the salt wetting. Our results highlight the
critical role of salt—support interactions in terms of dictating
growth mechanisms and for future heterogeneous material and
process integration.

B RESULTS

Figure 1 schematically outlines the model system and
operando SEM setup. We use Na,WO, salt crystals, well
dispersed on c-plane sapphire or SiO,/Si wafer supports (see
Experimental Section). These substrates are commonly used
across the literature, and sapphire is among the most inert
substrate options. The salt is the sole supply of W for the WS,
synthesis, and has low vapor pressure at the conditions used,”
i.e. will promote localized, mainly surface-bound process
reactions. A custom-made quartz gas microinjector (u-1, see
Figure Sla,b) is used to supply dimethyl disulfide (DMDS) as
the S precursor. Test-particle Monte Carlo (TPMC)
simulations show that a typical p-1 opening diameter (D;
Figure 1a) of approximately 20 ym and height (H; Figure la)
of approximately 500 ym above the sample gives a localized
high-pressure region of around 0.1 mbar over an estimated 500
pm diameter area of interest on the substrate (see Figure Slc).
This allows us to efficiently interrogate the process and
parameter space by operando SEM using a high-resolution In-
Lens SE detector (see Experimental Section). SEM imaging
was preferentially performed at above 500 °C which also
mitigates sample charging. The bulk phase diagram of the
Na,O-WO; system (Figure 1b) indicates that the Na,WO, salt
crystals are expected to melt around 700 °C, with a eutectic
lowering that temperature by approximately 70 °C toward
higher WO; concentration (~56 mol %). The initial process
flow thus chosen was to stepwise heat in vacuum (base
pressure ~107¢ mbar) up to salt liquefaction (Stage 1) and
then expose to DMDS (Stage 2) to form WS, (see Figure S2).

Figure 2a shows a representative plan-view operando SEM
image sequence (see Video S1 for full SEM video) of stage 1
for a sapphire supported Na,WO, salt crystal. The SE contrast
that is seen at temperature is distinct to postcooling and
postair-exposure characterization, as discussed below. At
approximately 630 °C a well-defined brighter concentric ring
starts to form around the salt crystal. This appears insensitive
to the detailed salt particle shape and sapphire surface
crystallography. This halo region expands with time and
temperature. At any stage we find the halo strictly circular and
with clearly discernible SE contrast for all salt crystals tracked
on planar sapphire (>150 in total), across different vacuum
annealing conditions and temperature ramps. For temperatures
below ~690 °C the central salt particle remains solid, and
while the halo emanates from the salt, the top of the salt crystal
initially shows little morphological change. Also, SE contrast
variations in the form of concentric rings can be seen within
the halo at ~670—690 °C (see Video S1). Upon further
increasing the temperature (T) to > ~ 690 °C full salt particle
liquefaction can be observed. The lateral footprint of the salt
thereby rapidly increases, and the salt droplet adopts a circular
shape of homogeneous SE contrast. Given the comparatively
small dimensions of the original solid salt particle, and the fact
that the density of the liquid salt does not vary significantly
from its solid form,® this implies that the salt droplet adopts a
low wetting angle (consistent with postprocess TEM analysis,
Figures SS, S8). The salt droplet almost fully wets the existing
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halo and remains central with respect to the still visible halo.
After this melting, the halo continues to concentrically expand
while the central liquid droplet does not further laterally
expand. For increasing halo extend some shrinking of the
droplet can be observed (see Figure S3), i.e. a minor
contraction of the lateral wetting footprint. This is consistent
with the low vapor pressure of the salt and with continuous
transport of material away from the salt into the halo. Blind
runs, i.e. without or with significantly lower electron beam
exposure also showed the halo around each individual droplet
(see Figure S4a), demonstrating that the key features revealed
are not electron beam-driven. This is further supported by
experiments in a conventional cold-wall low pressure CVD
reactor that show similar postannealing characterization results
(Figure S4b). We note that the halo is around 30 ym wide for
given conditions regardless of droplet size, indicating that the
width of the halo is independent of droplet volume/diameter.

We use AFM, cross-sectional TEM, EDS and XPS to
characterize the structure and chemical nature of the halo ex-
situ. Figure 2b shows an AFM analysis of the halo region after
<1 h air exposure, which shows that the surface is relatively flat
(root-mean-square roughness <0.5 nm), as expected for these
substrates, but that the halo edge/region (~30 um to the
droplet) is raised by approximately 1 nm. Figure 2c shows
cross-sectional TEM analysis of the halo region approximately
~6 pm away from the outer droplet edge (see Figure SS). For
this analysis, the total sample air exposure was again <1 h (see
Experimental Section). A ~2 nm thick layer is resolved above
the sapphire support. The corresponding STEM EDS analysis
(Figure 2c) confirms the presence of W and Na in this halo
surface layer. The Na signal intensity is comparatively lower
and Na appears more widely distributed. The Na signal
primarily extends into the carbon coating rather than the
sapphire substrate, suggesting that this is due to mobility of the
Na atoms under the electron beam, i.e. it is distributed by the
EDS measurement itself due to its low weight. Figure 2d shows
XPS analysis across a representative droplet and its halo,
specifically the W 4f and Na 1s core level signatures. The Na 1s
binding energies (BEs) are centered around 1071.8 eV. The W
4f signatures can be fitted with two spin—orbit doublets, with
the respective W 4f,, and W 4f;, BEs being separated by ~2.2
eV. The BEs for the 4f,,, peak for the assigned W®" oxidation
state are centered around ~35.4 eV. These BEs are consistent
with literature values for Na,WO,.””*" As the interpretation of
BEs for salt on insulator samples is challenging, including
possible differential charging effects, we focus the line scan
analysis on relative fitted peak area fractions of W*" and a
lower oxidation state which we assign to W>*. We observe a
higher fraction of lower W-oxidation toward the outer halo rim
compared to the central salt particle. XPS survey scans show
no other elements than W, Na, O, Al in these regions, i.e. we
can exclude the presence of significant impurity levels (see
Figure S6). These findings are also consistent with SEM based
EDS characterization (see Experimental Section), which
further confirm the presence of Na across the halo region
(Figure S7). We further analyzed the area directly underneath
the salt droplet by cross-sectional TEM and STEM-mode EDS
(Figure S8). We observe a piece of Al,O; crystal removed from
the sapphire surface, indicative of potential corrosive hot salt
effects enhanced possibly by a mismatch between thermal
expansion coefficients of sapphire and sodium tungstate.

For postprocess characterization of stage 1, we find that the
halo region shows significant changes after prolonged air

https://doi.org/10.1021/acs.chemmater.4c02603
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Figure 3. (a) Representative SE image sequence of stage 2, showing WS, nucleation and growth at exposure £ = 30s, t = 100 s and ¢ = 300 s, at 700
°C under 0.1 mbar DMDS. Scale bar = 20 um. (b) Heat map of WS, coverage at different radial distances to the droplet center versus time,
corresponding to the growth event in (a), with the line profiles showing the WS, coverage at different radial distances at t = 30's, = 100 s and t =
300 s. (c) Postgrowth cross-sectional TEM of monolayer WS, grown in the halo region at 700 °C under 0.1 mbar DMDS exposure, with
corresponding W and S STEM-EDS maps. The area marked by the white boxes in the EDS maps corresponds to the area of the TEM image. Scale
bar = S nm (d) Raman and PL spectra of as-grown WS, monolayer marked by the yellow box in Figure S16.

exposure. After 3 weeks of ambient air exposure AFM shows
discrete particles in the halo region with 10 s of nm dimensions
(Figure S9). Figure S10a—c show SEM images of a salt droplet
with its halo after melting, during cool down (both done by
operando SEM) and after air exposure for S days at room
temperature (postprocess SEM), respectively. For the latter we
consistently observe small nanoparticles particularly across the
outer rim of the halo region, which based on EDS analysis
(Figures S10d—h) contain Na and W. We note that the EDS C
map (Figure S10f) also consistently follows this roughening,
reflecting selective adsorption of atmospheric carbon species.
Figure S11 shows a salt particle annealed only to max. 640 °C
for 10 min and then cooled. A halo was formed but the salt
particle remained solid, as expected. After 5 days of air
exposure we find again nanoparticles, but this time also outside
the original halo. We can thus clearly link the roughening and

992

particle formation to the presence of Na. As this only occurs
after prolonged air exposure, we propose this reflects a Na
reaction with moisture and CO, in air to form e.g. NaOH and
Na,CO;.°" Post annealing Raman analysis of a resolidified salt
particle (Figure S12; annealed to 700 °C, 3 h) finds a signature
consistent with a Na,W,0, composition, indicating that the
Na,WO, can undergo compositional changes during stage 1.

Figure 3a shows a representative plan-view SE image
sequence of stage 2 (example 1, corresponding to Video S2),
when an individual molten salt droplet supported on sapphire
and held at 700 °C is exposed to DMDS via the y-I1. We further
imaged in excess of 150 salt particles, with Figure S13 and
Videos S3, S4 and SS showing further data sets (examples 2—
4) where for instance the y-I height (H, Figure 1a) was varied,
corresponding to different local DMDS exposure pressures
(see Figure Slc,d). Figure 3c,d show postprocess cross-
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Figure 4. (a) Schematic process flow of “wash-off” experiment. (b) SE image of as-grown WS, on the “washed-off” sample after cooling down, with
the original droplet-covered area before washing off the salt being labeled. (c) Raman and (d) PL spectra of the area marked by the white box in
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sectional TEM, Raman and PL analysis of the halo region
around a salt particle. As discussed in further detail below, we
can clearly show that the operando SE contrast seen upon
DMDS exposure corresponds to WS, nucleation and growth,
initially constrained to monolayer thickness. A common
finding for all videos is that there is no immediate WS,
nucleation directly on the liquid salt droplet. Rather WS,
nucleation occurs in the halo region formed at stage 1. There is
also no nucleation outside the halo region and the halo does
not expand throughout stage 2, as highlighted in examples 3
and 4 (see Figure S13 and Videos S4 and SS) and Figure S14,
the postgrowth optical and SE images of example 1.

At the very beginning of stage 2, a high WS, nucleation
density can be seen in the outer part of the halo (see also
example 3 and 4 in Figure S13, and the corresponding Videos
S4 and SS), from the outer rim of the halo to around 15 um
radial distance to the edge of the droplets. This part of the halo
loses its bright SEM appearance immediately upon the DMDS
exposure, with a bright inner zone (i.e., area of higher SE yield,
see Figures 3a and S13) that is not strictly circular anymore
maintained only close to the salt droplet. Then in this bright
inner zone, WS, nucleation gradually occurs concentrically
inward (see all four growth examples, Supporting Informa-
tion). This is reflected by the heat map in Figure 3b, which
shows the WS, coverage as a function of time and position in
example 1 (corresponding to Figure 3a and Video S2). The
WS, coverage at a certain time and radial distance to the center
of the droplet is thereby defined by the percentage of the pixels
showing the SE contrast of WS, with respect to all pixels
within that radial distance. While the WS, nuclei in the outer
part of the halo do not further expand, in the inner zone we
observe continued in-plane WS, domain growth. The heat map
(Figure 3b) highlights that the average WS, growth rate is
increasing with decreasing distance from the droplet. Large
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(>20 um) WS, domains thus only form close to the salt
droplet. At the early growth phase many of these WS, domains
exhibit equilateral triangle shape. This is consistent with the
symmetry of the WS, 1H crystal structure and kinetic selection
due to one slowest growing, thus dominating 1D reaction facet.
We can extrapolate typical max. lateral WS, growth rates at 700
°C under 0.1 mbar DMDS of around 75 nm/s in the inner
halo region. The growth rate decreases with decreasing DMDS
pressure and is approximately 15 nm/s at 700 °C under 0.02
mbar DMDS (see Figure S13 and Video SS). The WS,
domains are typically not epitaxially aligned.

Following the WS, growth in the halo region, for some
droplets we also observe a scenario where a WS, domain
nucleated in the inner halo expands and gets in direct contact
with the salt droplet. Upon such contact, a rapid growth of
multilayer WS, is triggered on the liquid salt surface. This leads
to distortions of the salt droplet wetting due to pinning at the
contact/growth site, and in some cases to a local retreat and
temporal distortion of the spherical droplet wetting footprint
(see e.g. Video S2). The growing WS, domain shape on the
liquid is roughly triangular, consistent with the low wetting
angle of the droplet. The WS, growth rate directly on the
droplet surface is significantly higher (>1 ym/s). Further, these
WS, domains on the droplet either disappear or are torn apart
and separate from their part outside the droplet (see e.g. Video
S2). Eventually, a region devoid of WS, forms around the salt
droplet and its spherical wetting footprint is restored.

Figure 3¢ shows postgrowth cross-sectional TEM analysis of
WS, grown within the inner halo region (see also Figure S15).
The layer is ~0.6 nm thick, consistent with monolayer WS,.°*
The layer separation to the sapphire surface is ~0.6 nm,
indicating that the ~1—2 nm thick halo surface layer found at
stage 1 (Figure 2c) has reacted away in this region. STEM-
mode EDS mapping (Figure 3c) consistently shows W and S
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for the WS, monolayer, but also indicates some presence of W
on the sapphire surface not covered by WS,. Figure 3d shows
the Raman and PL spectrum of an as-grown WS, domain in a
halo region which is marked by a yellow box in the
corresponding optical image in Figure S16. The Raman
peaks (F1gure 3d) can be assigned to the E';; (M) mode at
348. 4 cm™, 2LA (M) peak at 353.4 cm™}, El2 (') at 357.7
em™, Ay, (I') at 4192 cm™, and 2LA(M)- 2132 () and
2LA(M)- E o(I') peaks at 298.6 and 325.7 cm™, respectlvely
These peaks, the 61.5 cm™" separation of the E',(I") and
A,,(T") peaks and the larger intensity of E',y(I") compared to
Ay (") are all signatures reported for monolayer WS,.0376
The PL spectra (Figure 3d) consistently show characteristic
exciton and trion peaks at 1.996 and 1.978 eV, respectively. An
important observation for all the growth around droplets is
that with increasing exposure time, some monolayer WS,
domains in the inner halo region shrink in size, with the
then-exposed area being covered by domains showing darker
SE contrast. The WS, domains directly on the droplet also
show such darker contrast. Consistent with SE contrast studies
for 2D materials,*®®” this reflects the growth of additional WS,
layers. Optical microscopy and PL mapping (Figure S16)
further support the growth of bi/few layers in the halo region,
and Raman measurements of all the domains that grew in
direct contact with the droplets show typical signatures of
multilayer WS, (Figure S17). A direct comparison between a
SE image, optical image and Raman maps (Figure S18) of the
as-grown WS, growth example 4 (see Figure S13) further
shows that SE and optical contrasts correlate well with regards
to the area of monolayer and few-layer WS,. The SE contrast
changes thus enable us to also track the nucleation and growth
of additional WS, layers.

In order to elucidate how the evolution of the halo
composition links to W transport, a “wash-off” experiment
was performed, schematically illustrated in Figure 4a. The idea
thereby is to exploit the water solubility of Na,WO, and
related salt compositions (Figure 1b) and effectively remove
any salt from the sapphire surface. Experimentally (Figure 4a)
(1) the Na,WO, salt crystals were annealed on sapphire at 700
°C for 10 min, ie. stage 1 was followed, but then (2) cooled
and immersed into 80 °C DI water for 10 min, and (3) the
sample was heated up to 700 °C again for a ~0.1 mbar DMDS
exposure. Postwash SEM indeed shows no clearly distinguish-
able salt particles. However, discernible halo SE contrast
regions remain, marking the original positions of the salt
crystals. Figure 4b shows a representative SEM image (see
Figure S19 for corresponding optical image) of such a washed
halo region after stage 2, after having been exposed to DMDS
at 700 °C and cooled down. As supported by Raman and PL
analysis (Figure 4c,d), we observe small WS, domains
particularly in the rim areas of the halo. We can thus conclude
that during stage 1 the sapphire had become impregnated in
the halo rim with W species that are insoluble in water. The
high WS, nucleation density and small WS, domain sizes at
stage 2 for these control experiments indicate that there was
limited W surface mobility and no further supply of W.

SiO,/Si wafer supports are widely used and it is well
referenced that SiO, reacts more readily with alkaline salts than
sapphire.”*®” Figure 5a and the image sequence in Figure S20
show that Na,WO, heavily interacts with the SiO, forming
significant surface roughness and trenches after the salt melts at
660 °C. Postprocess AFM analysis shows trenches of around
60 nm depth (Figure Sb). The liquid salt efficiently wets and
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Figure S. (a) SE image of growing WS, on SiO,/Si support at 700 °C
under 3 mbar DMDS. (b) Postgrowth AFM map of the SiO,/Si
support, with the inset line profile showing the depth of an etched
trench. (c) SE image of Na,WO, droplets on NaOH pretreated
sapphire support at T = 700 °C. (d) Postgrowth optical image of as-
grown WS, on NaOH pretreated sapphire support, grown at 700 °C
under 0.1 mbar DMDS.

distributes in these trenches at stage 1, leading to darker
contrast in the SE images (see Figure 520). At stage 2, this in
turn dictates WS, nucleation, feeds layer growth and can also
lead to layer dissolution/etching depending on the dynamic
redistribution of the remaining liquid salt. We demonstrate
similar effects for NaOH pretreated sapphire support (see
Experimental Section). NaOH leads to significant sapphire
surface corrosion’’ and trench formation during spin-coating.
Figure Sc shows that the liquefied Na,WO, salt efficiently wets
such pretreated surface (see Figure S21) and rapidly spreads
along the trenches. Postgrowth optical data (Figure 5d) shows
that this trench pattern dictates WS, nucleation at stage 2, with
small domains of mono- to multilayer WS, following this
trench pattern. This is further corroborated by experiments on
scratched sapphire support (Video S6), where upon melting
Na,WO, quickly wets and travels in the created indents.

B DISCUSSION

Our operando model system observations show how closely
stage 1 salt support interactions dictate the mechanisms of WS,
CVD at stage 2. We attempt to rationalize our many process-
resolved observations first for the well-defined model system of
c-plane sapphire supported Na,WO,. Stage 1 concerns vacuum
annealing. Moving hot (>500 °C) Na,WO, particles in situ
using a microactuator leaves a clear trace of higher SE yield
(see Figure $22). Such support interaction directly underneath
the particle reflects a solid—solid or, after melting of the
particle, a liquid—solid interface reaction between the hot salt
and sapphire. What makes operando SEM so powerful here is
that we can observe these support interactions confined to the
very surface of sapphire via SE contrast with standard detectors
in plan-view at high temperatures and in gas ambient. While
macroscopically inert toward alkali metals, sapphire surfaces
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Figure 6. Schematic highlighting the compositional changes of a Na,WO, particle/droplet and its halo interface on sapphire at stage 1 and a typical

growth scenario at stage 2.

are known to show localized chemical and physical
interactions.”' Previous literature also highlights the limited
diffusivity”* and limited penetration of Na into the bulk of the
sapphire, as well as reports Na—O interface layers underneath
grown TMD layers."” Any Na reaction and loss of Na,O and
corresponds to a compositional change of the salt, which
closely links to its melting point as highlighted by the eutectic
phase diagram (Figure 1b).

Figure 6 schematically highlights the spatiotemporal
compositional changes of a Na,WOQ, particle/droplet and its
lateral interface on sapphire. Our data shows that stage 1
annealing above 630 °C leads to a halo formation. This halo
area effectively expands vapor, liquid and solid coexistence
beyond the liquid salt droplet contact line. Our operando data
shows that melting always initiates at the contact with the
sapphire and that for the temperature range of approximately
630—690 °C no initial morphological change occurs at the top
of the salt particle. We observe a circular halo even in close
proximity to the Na,WO, particle. We can thus exclude
support interactions that are dependent on detailed surface
crystallography. The well-defined outer halo interface and its
concentric expansion indicate a dominant surface-based
transport mechanism. Annealing beyond 700 °C leads to
complete salt liquefaction. At this point the lateral droplet
footprint significantly increases, reflecting a low wetting angle.
The halo formation subsequently continues around the droplet
and the bulk salt composition can change to Na,W,0, as
highlighted by postcooling Raman analysis. We find the halo to
contain Na and W and postprocess AFM and cross-sectional
TEM indicate a nm thick surface layer. The “wash-off”
experiment can be consistently rationalized by assuming that
nonwater-soluble W oxide only formed at the outer halo rim,
while the inner halo and area underneath the particle still had
(water-soluble) (1—x)Na,O-WO; (i.e, Naz(l_x)WO4_x) com-
position. In the outer part of the halo, we propose the
concentration can be in the hypereutectic region (right-hand-
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side of the eutectic point). Concentric SE contrast within the
halo as well as ring patterns of post air exposure Na-based
particles and of stage 2 WS, nucleation, as well as XPS line
scan data are consistent with concentration changes across the
halo. While the composition and physical state of the halo are
bound to vary, our key stage 1 insight is that driven by sodium
tungstate—sapphire interaction the expanding halo represents
both Na and W transport into the lateral vicinity of the salt. In
other words, an important effect of Na in our model system is
that it promotes W surface transport via a reactive Na surface
layer formation, and a distinct multiphase interface area.
Stage 2 concerns the DMDS exposure and sulfidation steps
that lead to WS, nucleation and growth. Given the high
temperatures, DMDS dissociation can occur anywhere on the
gas-exposed area of interest on the substrate.”” The observed
spatial distribution of WS, nucleation thus reflects the W
surface distribution at the end of stage 1, and the observed
spatiotemporal WS, domain expansion kinetics reflect the
further supply of W from the salt source during stage 2. We
propose that the significant S solubility of the hot, liquid salt
will cause an incubation time to reach the required
supersaturation for WS, nucleation. This incubation time will
scale with the liquid droplet volume, thus for our model system
will be longest for the central salt droplet. A larger S solubility
combined with a sizable WS, nucleation barrier will also
increase the likelihood of multilayer WS, nucleation, in line
with the fact that for given exposure conditions we only
observe multilayer WS, on large liquid droplets/areas. Hence
the model system does not follow a simple VLS mechanism,
where WS, growth would be driven only at the direct liquid
droplet interface. We also do not observe mechanisms where
the liquid droplet laterally moves as it expels WS, or where the
liquid droplet splits and decorates the expanding WS, growth
facets.""*>* Such mechanisms are prevented by the stable
wetting of the salt droplet on sapphire and our observation that
it is energetically unfavorable for a salt droplet to split up

https://doi.org/10.1021/acs.chemmater.4c02603
Chem. Mater. 2025, 37, 989—1000


https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02603?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02603?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02603?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02603?fig=fig6&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c02603?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

across the range of S exposure conditions and compositional
salt changes that dictate surface and interface energies. This
indicates that only for support with much lower support
interactions, such as on another 2D layer, will a scenario be
possible where the growing TMD layer will push the droplet
forward.** For conventional support such as sapphire, rather,
we find it is the halo interface area around the droplet that is
key to controlled WS, formation.

During stage 2, WS, nucleation preferentially occurs across
the halo region that formed at stage 1. Concentric ring patterns
of WS, nucleation in the initial stage are consistent with the
discussed compositional changes across the halo, specifically
reflecting the areas where W oxide precipitated. For these small
W oxide deposits, supersaturation is quickly achieved. This
coincides with the radially inward retreating of the bright SE
region. WS, layer expansion requires a further/continuous
supply of W at stage 2. We hence find the growth rate of WS,
facets to vary inversely with distance from the salt droplet,
which is the only source of W in our model system. Closest to
the liquid droplet, there remains a region of no WS,
nucleation. We propose that this could be due to diffusion
and dissolution of S species into the salt droplet, depending on
its supersaturation. Eventually WS, growth might also occur in
this innermost region around the droplet. Contact of a growing
WS, layer with the droplet causes WS, expansion on the liquid,
reflecting a locally high concentration of S on the droplet
surface, and consistent with a significant barrier to WS,
nucleation directly on the liquid surface. WS, layer growth is
rate limited by the W supply. Hence the observed growth
kinetics and heat maps reflect the W transport during stage 2
originating from the central salt droplet. The inner region
around the droplet sees large lateral (>20 ym) monolayer WS,
crystal domain sizes, also as the initial WS, nucleation density
was lower there. Consistently, the inner region is also where
multilayer WS, growth initiates. This region represents the
most desirable conditions for monolayer WS, CVD with
sufficient yet no excessive supply of both W and S. The adatom
mobility of W species is often highlighted as size-limiting for
WS, crystal growth in this context.””> Our model system
evidences effective W transport in the halo region in excess of
50 pm, aided by a Na-induced surface layer and partial surface
liquefaction. We note that our stage 1 observations refer to
high vacuum conditions. The revealed support interactions can
be highly dependent on the gas atmosphere used, consistent
with the plurality of effects reported for surface-bound
Na,WO, and salt promotion across the literature.

Hot salt corrosion is significant for SiO, support, with the
resulting roughening completely changing the Na,WO,
wetting and thus distribution of Na and W across the
substrate. This is consistent with strong support interactions
reported in heterogeneous catalysis for Na,WO, on SiO,,
including surface Si—O—W states.”**”* While the level of
corrosion will be deposition condition dependent, this places a
constraint on transfer-free TMD process routes where
substrate degradation is to be avoided. This is in addition to
the high rates of ion diffusion of alkali metals in SiO,, that are
well-known in the semiconductor industry to lead to hysteretic
and unreliable device performance.”>~”” In contrast, for
transfer-based routes the substrate roughening might ease
WS, layer pick-up from the SiO,, but WS, purity and defect
densities remain a concern. Sapphire does not show such
significant corrosive roughening, but for scratched (Video S6)
or NaOH etched sapphire (Figure Sc) we observe (micro)-
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trenches to be rapidly wetted and filled with liquid Na,WO, as
for rough SiO,. In these cases, the observed spatiotemporal
nucleation and WS, growth behavior comprises growth in the
surface layer together with the saturation-precipitation
mechanism directly in the liquid. Accordingly, at our
conditions, this leads to predominantly multilayer WS, growth
when in direct contact to liquid salt, whereas monolayer
domains can be found in lateral proximity to the trenches
(Figure Sd), consistent with the halo interface region kinetics
discussed above.

B CONCLUSIONS

Our customized SEM platform enables process-resolved
operando observation capability for surface-bound salt-assisted
WS, layer CVD. We demonstrate that SE contrast in plan-view
at high temperatures and in gas ambient enables detailed
tracking not only of spatiotemporal WS, nucleation and 2D
crystal layer growth but also of salt-driven support interactions.
While such support interactions have to date not received a lot
of attention in this field, our results show that they can be of
key importance not only in terms of dictating underpinning
growth mechanisms but also for future heterogeneous material
and process integration. Growth mechanisms like VLS are
dictated by droplet wetting, and our data shows that for the
model system of individual tungstate salt particles on c-plane
sapphire support the wetting behavior is dictated by interfacial
film formation and surface eutectic melting. This makes such
support interaction extend laterally beyond the contact
footprint of the salt, thereby effectively expanding the vapor,
liquid and solid coexistence beyond the liquid salt contact line.
This provides the dominant Na and W transport paths, and the
W transport controls the spatiotemporal WS, growth behavior.
For widely used SiO,/Si support we find that salt support
interactions can be very corrosive resulting in significant
surface roughening. This leads to capillary flow of liquid salt,
which in turn results in distinctly different spatiotemporal WS,
growth behavior. Our insights here on model systems, make a
strong case that support interactions should be considered in
much more detail for a deeper understanding of salt-assisted
TMD CVD and when discussing the opportunities and trade-
offs of processing opportunities that salts can bring.

B EXPERIMENTAL SECTION

Sample Preparation. The sapphire (c-axis, Alfa Aesar) and SiO,/
Si (200 nm oxide layer) substrates were cleaned by S min sonication
in acetone, followed by 5 min sonication in isopropanol, and then
rinsed in 80 °C DI water for 5 min. Next, the substrates were treated
by reactive-ion etching (RIE) with 80 sccm O, and 120 W power for
10 min. Afterward, Na,WO,-2H,O solid particles (Aldrich 99.995%
trace metals basis) were spread randomly on the substrate (each/mm?
on average), and then the samples were immediately brought to the
operando SEM or a low-pressure CVD reactor for the next steps. For
spin-coated samples, 2.5 M Na,WO, water solution (saturated) was
spin-coated on SiO,/Si substrates at 1500 rpm, after the RIE
treatment. For the NaOH pretreated sample, 0.25 M NaOH water
solution was spin-coated on the sapphire substrate at 5000 rpm, after
the RIE treatment. The salt particles were then spread on the
substrate and brought to the operando SEM.

SEM Imaging. A high-resolution field emission ZEISS Gemini 300
SEM was used, equipped with a differentially pumped column.
Typically, an acceleration voltage of 5 kV was employed, at a working
distance of around 13 mm and an aperture size of 30 ym. The Zeiss
In-Lens SE detector was used for all recordings shown.

MS-CVD in Operando SEM. The substrates with the salt particles
were loaded in a Kammrath & Weiss 1050 Heating Module in the
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SEM. The samples were annealed following a typical heating profile
shown in Figure S2. The two holding steps were designed to equalize
the temperature of the heating stage and the sample. The temperature
of the sample was calibrated by the melting point of the Na,WO, salt
particles. For large Na,WO, salt particles (>100 pm), their
composition remained to be close to Na,WO, upon heating, so the
melting point (T,,) of these particles should be 698 °C. We assume
the relation between the temperature of the heating stage measured

by a thermal couple (Tieqin,) and the actual temperature of the

sample (Ty.,) is linear and Ty = 25 °C when Tieyging = 25 °C, hence
Il"eal =kx T;—eading +25 X (1 - k)
698 =25 .
where k = DMDS was injected through a tapered

Treading @ T, = 25
quartz nozzle onto the molten salt droplets (or a specific area on a
spin-coated sample) to grow WS,. The nozzle was made by a Sutter
Instrument P-2000 laser-based micropipette puller. Figure S2a,b show
top-view and side-view SE images of the nozzle, respectively. Figure
S2¢ shows a Test-Particle Monte Carlo (TPMC) simulation”® result
of the DMDS pressure distribution on the sample. The molten salt
droplets were placed in the highest-pressure region. Since the sample
1 mm away from the highest-pressure region was still under high
vacuum, no sulfurization occurred for the droplets in this area.
Therefore, on completion of a growth event (i.e., the salt droplet was
fully consumed), we moved to an intact droplet to repeat the growth
process. Tens of growth events can be observed on an 8 X § mm?
substrate. The sample was finally cooled in vacuum to room
temperature at a rate of approximately 20 °C/min.

Post-Process Characterizations. Sample Storage. For all the
postprocess (stage 1 or 2) characterization, the samples were vacuum-
sealed immediately after being cooled down and taken out from the
SEM to minimize the air-exposure. The samples were typically stored
in vacuum for 3—7 days before the analysis.

Cross-Sectional FIB and TEM. Cross-sectional FIB lamellae were
fabricated using an FEI Helios NanoLab 660 dual beam FIB. The
samples were coated with approximately 20 nm of carbon prior to FIB
processing to reduce charging and protect the sample. Target area was
coated with 2 ym of Pt via electron beam and ion beam deposition,
before a bulk mill at 30 kV and sample thinning at voltages down to 5
kV to achieve electron transparency. TEM images were obtained with
an FEI Talos F200A TEM at 200 kV with four FEI Super-X EDS
detectors. Experimental conditions for the STEM based EDS mapping
were as follows: estimated probe currents and probe diameters were
~1.5 nA and ~1 nm respectively, with a 25 us dwell time. The
elemental maps were processed using the Velox Software from
ThermoFisher Scientific, and a S px average was applied to the
images.

XPS. XPS Analysis was performed using a Thermo NEXSA G2 XPS
fitted with a monochromated Al ka X-ray source (1486.7 eV), a
spherical sector analyzer and 3 multichannel resistive plate, 128
channel delay line detectors. All data was recorded at 19.2 W and an
X-ray beam size of 20 X 10 ym. Survey scans were recorded at a pass
energy of 200 eV, and high-resolution scans recorded at a pass energy
of 50 eV. Electronic charge neutralization was achieved using an ion
source (Thermo Scientific FG-03). Ion gun current = 150 yA. Ion
gun voltage = 40 V. All sample data was recorded at a pressure below
10™® Torr and a room temperature of 294 K. The spectra were
calibrated with Na Is peaks to compensate differential charging. Data
was analyzed using CasaXPS v2.3.26rev1.ON. Peaks were fit with a
Shirley background prior to component analysis. Lineshapes of
LA(1.53,243) were used to fit components.

AFM. AFM measurements were performed using a MFP-3D AFM
system (Asylum/Oxford Instruments) in tapping mode. The tip used
was a Tap300Al-G from BudgetSensors (resonance frequency = 300
kHz).

SEM Based EDS. A ZEISS Merlin SEM was used for the EDS
included in this work. The acceleration voltage of the electron beam
(e-beam) was set to 2 kV. The probe current was ~800 pA. A long
signal processing time (~2 min) was used to maximize the energy
resolution of the spectra. The EDS detector used was an Oxford
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Instruments X-Max Extreme windowless detector running acquis-
ition/analysis software AZtec v6.1. The detector geometry is
optimized for a short working distance of 4.5 mm.

Raman and PL Spectroscopy. Raman and PL spectra were
measured using a Renishaw inVia Raman microscope at room
temperature. A 532 nm laser (20 mW), an 1800 lines/mm grating and
a 100X objective were used for the measurements. For the Raman
measurements, the exposure time, laser power, and integration time
were 1s, 1% power, and 1 time, respectively. For PL measurements,
the exposure time, laser power, and integration time were 1 s, 0.1%
power, and 1 time (0.1 s, 1% power, and 1 time for mapping),
respectively. For both Figure 4c,d, the exposure time, laser power, and
integration time were 5 s, 5% power, and 1 time, respectively. All
relevant peaks in the Raman and PL spectra were fitted with a
Lorentzian distribution using python codes.

Ex situ Stage 1 Annealing. A low-pressure cold-wall CVD
reactor was used for comparative ex-situ sample annealing. The
substrate with the salt particles was loaded on a graphite stage heated
from the back with a continuous wave IR laser (808 nm) with a top-
hat beam shaper. The chamber pressure was lowered to below 1075
mbar after sample loading, and then the power of the laser was
increased to 40 W at a rate of 1.2 W/min. The sample temperature
was measured with an IR pyrometer. The sample temperature
increased roughly linearly to ~800 °C at a rate of around 25 °C/min.
The sample was annealed at ~800 °C for 10 min and finally cooled to
room temperature at ~50 °C/min. The sample was then brought to
the SEM immediately for postprocess imaging.
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