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ABSTRACT: The synthesis of micron-sized WS, crystallites via atomic layer
deposition (ALD) is reported for the first time using bis(¢t-butylimido)bis-
(trimethylsilylmethyl)tungsten and H,S as reactants, followed by post-deposition
annealing. Self-limiting growth on silicon is demonstrated between 315 and 350 °C. As-
deposited films are nanocrystalline, comprising a mix of WS, and WO; phases along
with residual amounts of WO,N, and SiO, impurities. Post-deposition annealing in
elemental sulfur at 600 °C induces the emergence of the 2LA(M), E,'(T'), and A,,(T")
Raman vibration modes for WS, and increases crystallite size up to a few microns, the
largest reported to date for ALD WS,. The growth substrate was found to impact WS,
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morphology. Films grown and annealed on silicon produced two distinct morphologies of WS, crystallites with (i) in-plane
multilayered flake pyramids predominantly seen at 650 °C and (ii) out-of-plane “flowers” growing at 700 and 800 °C. Films grown
and annealed on ZnS showed only out-of-plane “crumpled” flowers with a high density of WS, edge sites suitable for catalysis, while
films grown and annealed on Al,O; showed predominately few-layered in-plane WS, flakes, suitable for electronic devices.

1. INTRODUCTION

Transition metal dichalcogenides (TMDs) such as MoS, and
WS, have garnered interest due to their potential application in
hydrogen evolution reaction (HER) catalysis," > tribology,”’
energy storage,”” '’ and optoelectronics.'' In addition to their
high theoretical mobility, the presence of a finite, tunable band
gap makes TMDs an attractive alternative to graphene or
silicon sheets for next-generation field effect transistors
(FETs)."” " All of these applications require films with high
crystallinity and morphologies ranging from high edge-site
density 3D structures to two-dimensional (2D) monolayers.
Due to its higher theoretical mobility, WS, is even more
attractive than MoS, for FET applications.'*

Methods of WS, synthesis include mechanical exfoliation,"
chemical vapor deposition,”””>* hydrothermal deposition,*
solution-based depos.ition,2 sulfurization of WO, films, '¢>>%7
and epitaxy.'” Although these methods have been reported to
achieve crystallite sizes and morphologies suitable for the
above applications, they face challenges in terms of scalability,
uniformity, conformality, and/or high processing temperatures.
Atomic layer deposition (ALD) is a layer-by-layer deposition
technique based on purge-separated self-limiting surface
reactions that are capable of depositing uniform films with
high conformality over large substrates and 3D structures with
high aspect ratios. The added benefits of lower process
temperatures than CVD and layer-by-layer thickness control
make it an attractive technique to synthesize WS,. In the first
half of a typical ALD cycle, a precursor is pulsed into the
reactor, where it is allowed to chemisorb or react with the
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substrate until saturation. This is followed by an inert gas
purge, which removes the excess reactant/byproduct(s) from
the reactor. In the second half of the ALD cycle, the co-
reactant is pulsed and allowed to react with the surface until
saturation and, ideally, complete the formation of a monolayer
of the film. Another inert gas purge once again removes the
excess co-reactant and its byproducts from the reactor. The
entire cycle is repeated, with the film depositing one layer at a
time, until the desired thickness is reached.

A summary of reported WS, crystallite sizes for ALD
processes is shown in Figure 1. In the first report of ALD WS,,
Scharf et al. used WF and H,S as precursors, assisted by an
added pulse of diethylzinc every few ALD cycles to promote
nucleation and growth.”” A temperature range of 300—350 °C
was investigated, but saturation was not reported. While films
deposited at 300 °C showed little crystallinity, ex situ annealing
in vacuum at 500 °C yielded 30 nm sized grains, which were
analyzed using SEM.° A higher deposition temperature of 350
°C showed a slight improvement in crystallite size to 40—70
nm for out-of-plane (0 0 2) and to S0—100 nm for in-plane (1
0 02 and (1 0 1) peaks, with the latter peaks only seen at 350
°C.
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Figure 1. Summary of crystallite sizes for thermal and plasma-
enhanced ALD WS, films as-deposited and annealed under various
environments.

Delabie et al. demonstrated the use of a sacrificial Si seed
layer and H, plasma as reducing agents to enable the WE4/H,S
process.”® Whereas no deposition occurred between 250 and
450 °C on ALD Al,O;, the addition of a sacrificial Si layer
allowed pulsed CVD of 2D WS, layers at 450 °C. By inserting
an H, plasma step in between the WF¢ and H,S, they were able
to achieve PEALD of WS, at 300 °C on ALD AL O;. As-
deposited PEALD WS, was polycrystalline with a domain size
of 5—10 nm (measured using TEM). A temperature-depend-
ent orientation of WS, crystallites was observed, similar to that
of Scharf et al.” They later investigated the addition of the H,
plasma pulse, finding that shorter H, plasma times resulted in
little WS, growth, while longer exposure times yielded sulfur-
deficient films with S/W ratios in the range of 0.6—1.8. WS,
crystal domains of up to 20 nm, with (002) basal planes
parallel to the substrate, were seen via high-resolution electron
microscopy (HREM) for films deposited at 300 °C with an
increase in mosaicity seen at 450 °C.”” For a fixed H, plasma
exposure time, they reported growth saturation on ALD Al,O;
at 300 °C. However, the process did not appear to saturate
with H, plasma exposure time. In a subsequent study using the
same precursors, they investigated the influence of the
substrate, processing temperatures, and reactor pressure to
control diffusion kinetics during PEALD WS, film growth and
improve the crystallite size. A lower reactivity of WF4 on SiO,,
when coupled with a higher processing temperature and
reactor pressure (8 Torr), yielded crystallites up to 200 nm in
size.'"® WS, crystallite sizes of up to 160 nm were grown
employing the same precursors in a PEALD process at 450 °C
by using pre-patterned WS, seed layers.”’

To address issues with the nucleation of WF4 on various
substrates, other halide precursors have been explored.
Browning et al. used alternating cycles of WCls and H,S to
deposit WS, on SnS at 390 °C to form WS,/SnS
heterojunctions but did not report saturating growth.'” More
recently, Yang et al. used cycles of WCly and bis-

(trimethylsilyl)sulfide [S(Si(CH;);),] at 400 °C to deposit
WS, on sapphire. As-deposited films were sulfur rich (S/W =
2.3). In-plane lateral growth was found to dominate for
thicknesses up to 5.6 nm, while out-of-plane vertical growth
was seen for films thicker than 20 nm. Following annealing at
950 °C in sulfur, films were crystallized into planar WS, flakes
(with a maximum diameter of 108 nm) and vertical
nanowires.’ Using similar process parameters, the same
group later reported a maximum WS, grain size of 160 nm.”!

Four metal—organic tungsten precursors have been inves-
tigated in previous studies. ALD using W(CO)g and H,S was
first investigated by Nandi et al, who observed a constant
growth rate of amorphous WS, films over a temperature
window of 175—205 °C with precursor decomposition above
205 °C.* Saturation of the W(CO), pulse was shown at an
unspecified temperature. Later studies using W(CO) with
plasma H,S reported PEALD of out-of-plane WS, nanoflakes
up to 10 nm in size at 350 °C.>"°

Kim et al. reported thermal ALD using tris(hexyne)-
tungstenmonocarbonyl [W(CO)(C4H,,);] and H,S to deposit
WS, over a temperature range of 200—300 °C. As-deposited
films were amorphous and sulfur-deficient (S/W = 0.43). Post-
deposition annealing in H,S above 700 °C improved film
crystallinity and S/W to 1.46.” Mattinen et al. reported the use
of W,(NMe); and H,S to deposit WS, over a temperature
window of 130—200 °C. As-deposited films were amorphous
and sulfur deficient with an S/W ratio of 0.87. A mild post-
deposition in situ anneal in H,S at 400 °C improved S/W to
1.82 and yielded crystallites up to 10 nm in size with a
considerable disorder.”’ Finally, the widely used metal—
organic precursor bis(t-butylimido)bis(dimethylamido)-
tungsten [BTBAW] was first investigated by Wu et al. to
deposit WS, using H,S at 300 °C, which yielded WS,
nanoplatelets 30 nm in diameter on carbon nanotube
substrates.”> BTBAW has also been used with (t-C,H,),S, to
deposit crystalline WS, at 400 °C on SiO,/Si and at 350 °C on
Au substrates.” Balasubramanyam et al. later reported the use
of BTBAW with either H,S plasma or a plasma mixture of H,S
+ H, to tailor the properties of synthesized crystallites. Films
deposited at 300 °C using H,S plasma were found to yield a
sulfur-rich film (S/W = 2.2) comprising densely packed WS,
nanoflakes ranging in size from 10 to 20 nm. However, a mixed
H,S + H, plasma produced sulfur-deficient (S/W = 1.8) 3D
tapered fin structures.” More recently, Balasubramanyam et al.
developed an ABC or atomic layer annealing (ALA)-type ALD
process that included an extra Ar + H, plasma exposure in each
cycle (BTBAW/Ar purge/H,S plasma/Ar purge/Ar + H,
plasma). The extra Ar + H, plasma step suppressed WS,
vertical nanostructure growth for films deposited at 300 °C but
resulted in sulfur-deficient films (S/W ~ 1.7). WS, average
grain sizes of 19 and 24 nm were found with and without the
Ar + H, plasma step, respectively.”*

Experimental mobility of WS, is limited by the crystallite
flake size through carrier scattering at grain boundaries.
Despite all the efforts described, there have been no reports
of synthesis of WS, crystallites larger than one micron using
ALD. In this work, we report a new thermal ALD process for
WS, using bis(t-butylimido)bis(trimethylsilylmethyl)tungsten
[hereafter referred to as BITSW]* and H,S. The BITSW
precursor is an advanced variant of the BTBAW precursor used
in ref 32. The new BITSW compound replaces the
dimethylamido ligands with trimethylsilylmethyl ligands for
additional stability and higher reactivity toward sulfur-
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containing ligands and both dimethylamido and trimethylsi-
lylmethyl ligands are expected to react with sulfur-containing
co-reactants. Film deposition was investigated over a temper-
ature range of 200—365 °C. Although single monolayer
thickness control was not achieved, self-limiting growth was
observed between 315 and 350 °C. The composition by
chemical state and stoichiometry of as-deposited films were
measured using X-ray photoelectron spectroscopy (XPS). X-
ray diffraction (XRD) showed that as-deposited films were
nanocrystalline and that post-deposition annealing at 600 °C
and above in elemental sulfur improved crystallinity, with
Raman spectroscopy revealing characteristic modes of WS,.
Scanning electron microscopy (SEM) showed crystallites
larger than 1 pm, the largest reported for an ALD-based
process to date, with morphology and size dependent upon the
substrate and annealing temperature.

2. EXPERIMENTAL METHODS

ALD was performed in a modified Arradiance GEMStar 2010 cross-
flow reactor using a heteroleptic tungsten source, W-
(tBuN),(CH,SiMe;), (abbreviated as BITSW), and a 3.5% H,S in
N, gas mixture as the co-reactant.*® BITSW is stable up to at least 328
°C. Additional details on the physical properties of BITSW are
available in our previous work. (For convenience, Figure S1 shows a
thermo-gravimetric analysis plot of percent weight loss vs temperature
and a power-compensated differential scanning calorimetry scan of
heat flow vs temperature, along with a drawing of the BITSW
structure taken from Mullapudi et al.).*> BITSW was heated to 110
°C in a 150 mL NSI stainless-steel vapor-drawn ampoule to generate
sufficient vapor pressure (see Figure Slc). The hot walls of the
Gemstar reaction chamber were maintained at 300 °C, while the
substrates were heated separately using a 6 inch diameter stainless-
steel heater fabricated at Belilove Company-Engineers, CA. The
substrate temperature, Tpgp, was calibrated against the higher set-
point temperature of the substrate heater using a SensArray process
probe wafer. The delivery lines connecting the precursor ampoules to
the reaction chamber were held at 180 °C to maintain a sufficient
thermal gradient and prevent precursor condensation. A continuous
N, flow was maintained, with a 40 sccm flow used as a carrier gas to
deliver (pulse) reactants to the chamber and a 120 sccm flow used to
purge the chamber. An additional precursor “soak” step, which
involved closing off the reaction chamber to the exhaust pump, was
inserted in between each pulse and purge sequence. A S s soak and 90 s
purge were found to be optimum in achieving the best film uniformity
over a S inch wafer area. Therefore, a pulse sequence of
1:5:90:0.2:5:90 s [BITSW/soak/N, purge/H,S/soak/N, purge] was
used throughout this study, unless mentioned otherwise. The reaction
chamber was maintained at ~0.8 Torr throughout the process.

Films were deposited on three different types of 1 inch X 1 inch
coupons: (i) ~1.5 nm native SiO,/Si, (ii) 30 nm of ALD ALO,/Si,
and (iii) 4.5 nm of ZnS/Si. Si substrate orientation was (1 0 0). ZnS
was deposited separately via ALD in the same reactor using 50 cycles
of diethylzinc (DEZ) and H,S at 250 °C. Al,Oj films were deposited
in a Picosun SUNALE R-150 thermal ALD reactor using 300 cycles of
trimethylaluminum (TMA) and H,O at 150 °C.

Ex situ elemental sulfur anneals were performed in an Applied Test
Systems 2 inch diameter single-zone quartz furnace at atmospheric
pressure. A detailed schematic illustration of the setup is shown in the
Supporting Information (Figure S2). A continuous 100 sccm N, flow
(Industrial Welding Supply CAS: 7727-37-9) was used as the carrier
gas and maintained in the furnace throughout the anneal. First, to
remove any residual moisture, the quartz tube was flushed with the N,
flow for 1.5 h while being held at 100 °C. WS, films deposited on
various substrates were then introduced into the furnace using a
silicon carrier wafer. A ceramic crucible containing about ~500 mg of
99.5% sulfur powder (Acros Organics CAS: 7704-34-9) was placed
upstream of the hot zone at an appropriate distance to maintain it at
180—200 °C, at which the vapor pressure is approximately 1 Torr.
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The temperature of the crucible was measured using a thermocouple
and was sufficient to melt and generate sulfur vapor required for the
anneal. A fixed 70 min of ramp up time was used for all anneals,
following which annealing was performed for 60 min. Subsequently,
the tube was then allowed to cool to 100 °C, while maintaining the
continuous N, flow. To trap excess vaporized sulfur and prevent back-
streaming of moisture and O, during each anneal, a mineral oil
bubbler was fitted to the exhaust.

Spectroscopic ellipsometry (SE) was performed on as-deposited
films using a J. A. Woollam M2000 ellipsometer over a wavelength
range of 1.25—4.90 eV and modeled using CompleteEASE software. A
Cauchy layer on top of a 1.5 nm SiO,/Si substrate was first used to
model the thickness and refractive index at 1.96 eV (632.8 nm),
where ultrathin WS, may be assumed to be sufficiently transparent.””
A spline layer was fit using the extracted thickness and refractive
index. Two Tauc-Lorentz (TL) oscillators were then used to
parameterize this layer in order to model optical absorption at
photon energies greater than 2.0 eV and to ensure Kramers-Kronig
consistency (see Figure S3). Grazing-incidence XRD measurements
were performed using a Rigaku Ultima IV XRD diffractometer
equipped with a Cu Ka source. Scans were acquired at a grazing
incidence angle of 0.9° in a parallel beam geometry. Following each
isochronal anneal and a subsequent GIXRD measurement, a small
portion of the analyzed sample (~1 cm X 1 cm) was diced and stored
in an inert gas (Ar) container. Scanning electron microscopy (SEM)
images of these stored samples were then acquired within the next 48
h using FEI Quanta 3D. An electron acceleration voltage of S keV and
a probe current of 100 nA were used to image the observed
crystallites. Energy-dispersive X-ray (EDX) analysis was performed
using the same instrument at a higher electron acceleration voltage of
20 keV. Crystallite size distribution was analyzed using a watershed
thresholding algorithm in Gwyddion software. Backscattered Raman
spectra were acquired using a HORIBA LabRAM Raman
spectrometer equipped with an unpolarized 532 nm laser source. A
100X objective was used to align and focus the laser beam onto the
surface of the sample. Laser power was maintained at 1 mW using an
attenuation filter prior to incidence in order to avoid laser-induced
damage or crystallization.”® Raman spectra were then acquired using a
grating resolution of 1800 gratings/mm. Acquired peaks were fitted
with pseudo-Voigt line shapes (40:60, Gaussian/Lorentzian) using
Fityk software. Optical microscopy was performed using an Axiotron
optical micrograph. X-ray photoelectron spectroscopy was acquired
using an XPS PHI 5600 (base pressure ~3 X 107'° Torr) using a
monochromatic 15 kV, 300 W Al Ka source (hv = 1486.6 eV) over a
400 pm spot area. The instrument work function was calibrated to
give a binding energy (BE) of 84 eV for the Au 4f;, line for metallic
gold, and the spectrometer dispersion was adjusted to give a BE of
932.66 eV for the Cu 2p;/, line of metallic copper. An emission angle
of 45° and a pass energy of S0 eV were used to acquire high-
resolution spectra. A Shirley background was first fitted, following
which the component peaks were deconvoluted with pseudo-Voigt
line shapes (40:60 Gaussian/Lorentzian) using CasaXPS software. All
spectra are referenced to the C 1s aliphatic carbon peak at a binding
energy of 284.8 eV.

3. RESULTS AND DISCUSSION

3.1. As-deposited Films. 3.7.1. ALD Process Character-
ization. Pulse saturation studies were performed to demon-
strate the self-limiting nature of ALD film growth on silicon.
Figure 2 shows plots of film growth per cycle (GPC) vs (a)
BITSW and (b) H,S pulse times for 150 cycle films at both
Tpgp = 315 and 350 °C. For BITSW, a pulse time of 1 s was
sufficient to reach a soft saturation at 315 °C, while a 0.8 s
pulse was sufficient for hard saturation at 350 °C. For H,S, a
pulse of 0.3 s was needed to achieve hard saturation at 315 °C,
while 0.15 s was sufficient for saturation. At 350 °C, the small
drop in growth at 0.3 s is within the measurement error of the
thickness at the 0.15 and 0.2 s pulses. These results indicate
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Figure 2. Plots of film GPC vs (a) BITSW and (b) O, plasma pulse
times for Tppp = 315 (blue circles) and 350 °C (yellow squares) with
other pulse times fixed. (c) Plot of GPC (black circles) and refractive
index at 1.95 eV (red triangles) vs Tppp for films deposited on silicon.
Blue dashed lines indicate the temperature range of saturating growth.

saturating growth between at least Thgp = 315 and 350 °C.
Film non-uniformity, calculated as the ratio of standard
deviation to the mean film thickness measured over a S inch
diameter area, was found to increase (from 4 to 10%) for the
longer BITSW and H,S pulse times of 1.2 and 0.4 s (Figure
2a,b). This is likely due to a small CVD component that can
arise from leftover excess reactants following a large precursor
dose and an insuflicient purge.

Shown in Figure 2c¢ is a plot of GPC vs Tppp for 200 cycle
films deposited over a temperature range of 200—350 °C. Film
growth began at Tpgp = 290 °C with little to no growth seen
below this temperature. Film GPC generally increased with
increasing Tgp up to 350 °C. This was also accompanied by
an increase in the film’s refractive index from ~2.4 at 290 °C to
2.9 at 350 °C. These refractive indices are lower than those of
bulk 2H-WS, (3.8—5).” Furthermore, there appears to be a
small ALD window of near-constant film growth between 315
and 330 °C. Films deposited above 350 °C showed higher
growth and a significant increase in non-uniformity measured
over a S inch area (~11%), likely due to the onset of
decomposition of BITSW that was reported at this temper-
ature by Mullapudi et al.*®

3.1.2. Compositional Analysis. An XPS survey scan was
performed to examine the elemental composition of films
deposited at Tpgp = 315 and 350 °C. The survey spectra
showed the presence of significant amounts of tungsten, sulfur,
and oxygen, along with smaller quantities of silicon and carbon,
as well as trace amounts of nitrogen (see Figure S4). Based on
these observations, high-resolution scans were then collected
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for the regions corresponding to the typical range of binding
energies for these elements.

Shown in Figure 3 are XPS core-level spectra of tungsten,
sulfur, and oxygen for 3.5 and 9 nm thick as-deposited films on
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Figure 3. XPS spectra of W 4f, S 2p, and O 1s core levels for ALD
films as-deposited at (a,c,e) Tpgp = 315 °C (3.5 nm thick) and (b,d,f)
Tpgp = 350 °C (9 nm thick).

1.5 nm SiO,/Si substrates using 200 cycles at Tpgp = 315 and
350 °C, respectively. For both films, three sets of W 4f;,, and
W 4f,, doublets, each with a relative peak intensity ratio of 3:4
were fit to the tungsten core levels (Figure 3a,b). The first set
of peaks were fit at binding energies of 34.9 and 32.7 eV and
arise from WS,,»***>*! while a second doublet at 38.4 and
36.2 €V can be attributed to WO5;.** To achieve optimal fitting
for the signals in this region, a third doublet with binding
energies of 35.5 and 33.3 €V was needed. This third doublet,
along with an N 1s peak at 397.8 eV (see Figure S5 and Table
S1 in Supporting Information), indicates the presence of
WO,N, in these films.*’ Finally, a small peak at ~38.1 eV was
seen in both films and assigned to the W Sp;,, component of
WS,.** The intensities of the peaks related to WS, and WO,N,
were found to be higher for films deposited at 350 °C than for
those deposited at 315 °C, while the intensities of the WO,
peaks were found to be similar.

Shown in Figure 3c,d are sulfur core spectra fitted with S
2pys, and S 2p;,, doublet peaks at binding energies of 163.4
and 162.2 eV, respectively, with an intensity ratio of 1:2. These
peaks, along with the tungsten peaks at 34.8 and 32.7 eV
(Figure 3a,b) confirm the presence of WS, in both films.>*%*°
The film deposited at 315 °C showed an additional small
broad peak at ~168.3 eV, likely due to a plasmon loss peak
from Si2s detected from the underlying native SiO,.** The
percentage composition by chemical state of WS, was found to
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Figure 4. (a) GIXRD scans comparing films as-deposited at Tpgp = 315 °C and successive isochronal ex situ sulfur anneals; peaks are indicated by
blue dashed lines and referenced to the 2H polytype of WS, (JCPDS card no: 008-0237); (b) (0 0 2) peak highlighted with shifts and full width at

half maximum (FWHM) broadening and subsequent sharpening with sequential anneals; (c) suggested mechanism of lattice strain relaxation

causing the effects seen in (b).

be ~3X higher in the 350 °C film, suggesting a higher WS,
content at higher deposition temperature (see Table S1).

The core-level scans of oxygen are shown in Figure 3e,f for
films deposited at 315 and 350 °C, respectively. The O 1s peak
at a binding energy of 530.7 eV along with the tungsten
doublet peaks at 36.2 and 38.4 and 35.5 and 33.3 eV (Figure
3a,b) indicate the presence of WO, and WO,N, in both films.
However, further deconvolution of this was not performed
given the close proximity of the binding energies of the WO,
and WO,N, components.”’ Additionally, the O s peak at
~532.5 eV along with the Si 2p doublet (Si 2p,/, and Si 2p;,)
at 1032 and 103.8 eV (see Figure SS in the Supporting
Information) indicate the presence of SiO, for films deposited
at 315 °C." Films deposited at 350 °C showed the same peaks
but at slightly lower binding energies for the O 1s and Si 2p
doublets, likely indicating the presence of sub-stoichiometric
SiO,, (x < 2), the origin of which is discussed below (see Table
$1).* Finally, small peaks were also seen at binding energies of
531.8 and 532.9 eV, arising from the C—O and C=0 groups,
respectively, of surface adventitious carbon (see Figure SS in
the Supporting Information)."”

Other residual impurities such as C and N were also seen at
both temperatures (see Figure SS in the Supporting
Information). The C 1s spectra in Figure SSef mostly
comprising C—C, C—0, and C=O0O, likely originated from
an adventitious layer on the surface of both films. A small
portion of the C content exists as C—N. C—N and NH, likely
originate from t-butylimido ligands incorporated or decom-
posed during chemisorption of BITSW. Finally, the elemental
Si peak (see Figure SSc in the Supporting Information) likely
originated from the substrate in the thinner (3 nm) Tpgp = 315
°C film.

Increasing the deposition temperature from 315 to 350 °C
slightly increased the peak area, and thereby, the percentage
composition by the chemical state, of WO,N, relative to WS,
(see Figure 3b and Table S1). Previous work by Mullapudi et
al. investigating WO;—SiO, films formed via ALD using
BITSW and O, plasma reported a temperature-dependent
competition in chemisorption between the t-butylimido and
trimethylsilylmethyl ligands of BITSW, in which an increase in
chemisorption through the trimethylsilylmethyl ligand was
seen at higher temperatures.”> Following the BITSW pulse, t-
butylimido ligands that remain after chemisorption can
undergo f-hydride elimination forming WN as a by-product,
which is incorporated in the film, where it can then oxidize to
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. 3,48 :
WO,N, upon exposure to the environment.”™ An increased

amount of WO,N, (from ~2 to 5%) seen for films deposited at
350 °C (Figure 3b and Table S1) indicated that more t-
butylimido groups were left behind at 350 than at 315 °C and
therefore implied an increase in chemisorption through the
trimethylsilyl ligand at higher deposition temperatures,
consistent with earlier work (Figure 3b).*

WO; appears in both films after exposure to ambient air.
This is due to the portion of chemisorbed BITSW that is not
converted to WS, during the H,S half-cycle, which can then
oxidize to form WO; when exposed in the air (Figure 3a,b).*?
The decrease in the peak area of WOj relative to that of WS, at
350 °C vs 315 °C may therefore be due to the increased
reactivity of both ligands with H,S at higher temperatures.

There are two potential reasons for the SiO, detected for
both films (see Figures 3ef and SScf in the Supporting
Information): (i) oxidation of unreacted trimethylsilylmethyl
ligands upon exposure to air following deposition, and (ii) the
~1.5 nm thick native SiO, layer from the underlying substrate.
Since XPS is surface-sensitive, the SiO, detected in films
deposited at 350 °C can arise entirely due to the former, given
that they are ~9 nm thick.*> However, for the very thin 3 nm
films deposited at 315 °C, at least some of the detected SiO, is
due to the underlying native oxide, likely accounting for the
higher amount of SiO, in those films (Figure 3e and Table S1).

3.2. Post-deposition Sulfur Annealing. 3.2.7. XRD. The
crystallinity and grain size of ALD-deposited nanocrystalline
films can be improved by using an annealing approach
described previously.”” To understand the evolution of WS,
crystallites in the 400 cycle films deposited at Tpgp = 315 °C,
successive 60 min isochronal anneals were performed ex situ in
an atmosphere of elemental sulfur. Following each successive
anneal, the sample was removed from the furnace to perform
an ex situ GIXRD measurement in the air. Ambient exposure
was limited to a maximum of 30 min to minimize the oxidation
of the annealed film. Figure 4a shows a comparison of GIXRD
scans acquired for the same sample following each successive
anneal. As-deposited films were nanocrystalline in nature and
showed a broad peak centered at 20 = 14.1° with a Scherrer
estimated crystallite size of 3.7 nm. This peak is close to that of
the (0 0 2) 2H polytype of WS,, normally seen at 14.32° and
corresponds to the reflections from the basal planes parallel to
the substrate.”® The slight shift to lower angles is likely due to
lattice strain in the film that can develop during deposition
(Figure 4c).”® Upon successive annealing up to 500 °C, the (0
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0 2) peak was found to broaden slightly and shift to a lower 26
of 13.8°, shown in further detail in Figure 4b and Table S3 in
the Supporting Information. This broadening indicates a
decrease in the Scherrer crystallite size to ~2.6 nm at 500 °C.
Broadening can occur as a result of non-uniform strain that
could arise due to the re-orientation of WS, nanocrystalline
domains during the annealing process (Figure 4¢).>°
Successive anneals at 600 °C and above were found to reverse
the lower temperature trend, sharpening and shifting the (0 0
2) peak to larger 20. At 800 °C, the Scherrer crystallite size
estimate was ~12.3 nm, and the (0 0 2) peak position of 260 =
14.3° indicated little to no lattice strain. The impact of
increasing the annealing temperature on strain is illustrated
schematically in Figure 4c.

Other polycrystalline peaks were also observed for films
annealed at 600 °C and above. Reflections of the (0 0 2) basal
planes were seen at 20 = 29.1 and 43.7°, corresponding to the
(004) and (0 0 6) peaks of the 2H WS, polytype. Additional
reflections at 32.7 and 33.5° were visible for films annealed at
700 and 800 °C and may be attributed to the (1 0 0) and (10
1) peaks of 2H WS,, likely due to growth along directions
other than the (0 0 2) basal planes. These peaks were also seen
for films as-deposited at Tpgp = 350 °C (see Figure S6 in the
Supporting Information).”****

WOj; peaks were not detected in any of the scans in Figure 4,
taken to indicate an absence of oxidation (as shown in Figure
§7, WOj; peaks were only detected when the furnace developed
an atmospheric leak, upon which that experiment was
aborted).

3.2.2. Raman Spectra. Shown in Figure 5 are Raman
spectra acquired on 400 cycle films (a) as-deposited on silicon

A=532 nm
(a) As-dep Si substrate
1 (520 cm)
M
[=%
)
>
=
»n E',y(1)
< (352 5m-)
| 3 Ag(N) SaRD,
- & 9 305 310 314
1 1 (419 cm) Raman shift (cm-|
20 pm ( 520 cm-!
150 200 250 300 350 400 450 500 550 600

Raman shift (cm)

Figure 5. Raman spectra of 400 cycle Tpgp = 315 °C films on native
Si0,/Si (a) as-deposited and (b) annealed at 800 °C in elemental
sulfur. Insets show optical microscopy images of the film (1) as-
deposited and (2) following the anneal; (3) highlight of a vibrational

mode at 310 cm™.

at Tpgp = 315 °C and (b) annealed at 800 °C for 1 h in
elemental sulfur. Aside from a peak at ~519 cm™" which can be
attributed to substrate silicon, no Raman peaks characteristic of
those of WS, were seen for as-deposited films, even at a higher
Tpgp of 350 °C. This is likely due to the nanocrystalline nature
of the as-deposited films.*"*""

The left inset in Figure Sb shows black crystallites that
appear on the surface of the film upon annealing in sulfur at
600 °C and above. These crystallites were a consequence of
crystallization of the underlying as-deposited film and will be
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discussed in the next section. Figure Sb shows a Raman
spectrum acquired on these crystallites. Deconvolution of this
spectrum indicated the presence of three prominent vibrational
modes at shifts of ~349, 353, and 420 cm™!. These modes are
characteristic of WS, and belong to the longitudinal acoustic
phonon (2LA(M)), the in-plane displacement of W and S
atoms (E,,'(I')), and the out-of-plane vibration (A,(I)),
respectively. The 2LA(M) is a second-order mode that
originates as a harmonic from the zone edge acoustic phonon
(LA(M)) at 176 cm™, while the latter two are first order
Raman modes.”> The separation between the Ey'(T) and
A, (") modes was found to be ~67 cm™, implying the bulk
nature of the black WS, crystallites. Furthermore, the small
FWHM of these modes is indicative of high crystallinity and
long—ranée order (see Table S4 in the Supporting Informa-
tion).>> Additional second-order Raman modes were seen at
324, 297, 232, 195, and 263 cm™.>* These vibrations, along
with the 2LA(M) mode, arise due to the resonance of the laser
energy (~2.33 eV at 532 nm) with the B exciton in bulk
WS,.>*> A vibration at 310 cm™ also indicates multilayered
WS, and is related to a rigid layer shear mode (right side inset
of Figure 5b).%*

In regions separating these crystallites, no Raman signal was
detected (aside from the silicon substrate peak at 519 cm™,
see Figure S8 in the Supporting Information), suggesting that
WS, was consumed in these areas.

3.2.3. WS, Morphology on Silicon. Shown in Figure 6a—c
are plan-view SEM images of crystallites following ex situ
annealing at 800 °C in elemental sulfur of a 400 cycle WS, film
deposited on silicon at 315 °C. Two types of WS,
nanostructures were seen: (i) in-plane flake pyramids (Figure
6a) and (ii) out-of-plane flowers (Figure 6b). Each flake
pyramid consists of multiple layers of WS, nanosheets with
basal planes oriented parallel to the silicon substrate. WS,
flowers are on average much larger than flake pyramids and
comprise multiple layers of WS, nanosheets sticking out of the
substrate plane along many orientations. Each flower was
found to be supported by an underlying network of flake
pyramids (Figure 6b,c). Both flower and flake pyramid
nanostructures are stoichiometric WS, (as measured by EDX
analysis, see Figure S9 in the Supporting Information), bulk-
like in nature (as previously characterized by their Raman
signature, Figure Sb), and evolve in proportions relative to
each other after each successive anneal, as will be discussed
later.

The schematic in Figure 6d illustrates the primary growth
mechanism that we speculate could have been responsible for
the above-observed nanostructures. During sulfur annealing,
stacking faults and/or irregularities in the as-deposited WS,
film may give rise to screw dislocation driven (SDD) growth of
WS, crystallites (see Figure 6d). SDD growth may be assisted
by enhanced diffusion/ripening and/or coalescence and may
ultimately result in the consumption of the WS, film
surrounding the crystallite (see inset Figure 6d).5%>" SSD
growth over the duration of the anneal forms multi-layered
flake pyramids, with the size of the pyramid likely being
dictated by the concentration of the growth medium
(deposited WS, film and sulfur vapor pressure) surrounding
each crystallite.””>*>” Additionally, grain boundaries on the
flake-pyramids expose reactive edge sites to the sulfur vapor,
which may then favor crystallite growth in directions non-
parallel to the substrate, > giving rise to WS, flowers, as
shown in Figure 6e during the initial stages of formation for a
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Figure 6. Plan SEM images of (a) multi-layered flake pyramids of WS, and (b) WS, flowers; (c) network of multi-layered flake pyramids
underlying a WS, flower in (b) highlighted using yellow dashed-dot lines to guide the eye; (d) schematic illustration of WS, crystallite ripening and
SDD growth (with an inset SEM image showing the same at 600 °C); (e) SEM image of an out-of-plane growth event on a multi-layered flake
pyramid, marking the beginning of a 3-D flower; (f) SEM images showing the evolution of WS, crystallite morphology, following sequential anneals

at increasing temperature.

film annealed at 600 °C. The presence of both flake pyramids
and flowers on the same substrate might be attributed to the
local variations in sulfur vapor concentrations expected due to
gas flow variations in the crude tube furnace anneals.”"”
For WS, films deposited and annealed on silicon, the total
number of crystallites (both flake pyramids and flowers) seen
via SEM generally increased upon increasing the annealing
temperature. No crystallite formation was seen for films
annealed at 500 °C. Film crystallinity improved for films
annealed at 600 °C and above, where crystallites as large as 1
um (distinct from the Scherrer estimate of perpendicular-to-
plane crystallite size discussed previously in section 3.2.1.
above)could be found (Figure 6e). This is the largest reported
crystallite size to date for ALD WS, (see Figure 1), even
though they were sparsely distributed. Crystallite growth is
further evidenced by a sharpening of FWHM of 2H WS, (0 0
2) peak at 600 °C (see Figure 4b and Table S3 in the
Supporting Information). A subsequent anneal at 650 °C
significantly increased the number of WS, crystallites, with
~2000 crystallites observed over a 25 X 25 um® field area, with
sizes ranging from less than 100 nm up to around two microns
(see Figure S10 in the Supporting Information). However, the
average in-plane crystallite size measured using SEM was still
much less than a micron. Subsequent anneals at 700 and 800
°C significantly increased the in-plane crystallite size beyond 1
pum, with crystallites up to 3 ym seen at 800 °C. This was also
accompanied by an increase in Scherrer crystallite size further
beyond 10 nm (see Table S3 in Supporting Information) and
may be attributed to either an improved overall film
crystallinity and/or an increase in thickness of WS, crystallites
(perpendicular to (0 0 2) plane). The predominant appearance
of micron-sized flower nanostructures seen via SEM, along
with a decrease in the average number of crystallites observed
over the unit area, implies that the increase in Scherrer
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crystallite size may be due to the latter and is assisted by
enhanced diffusion/crystal ripening.

Not only the concentrations but also the relative proportion
of WS, flake pyramids to flowers were found to depend on the
annealing temperature. While too few crystallites were seen at
600 °C to assess the preference of one nanostructure
morphology over the other, films annealed at 650 °C showed
a preference for flake pyramids over flowers (see Figure 6f).
Subsequent annealing at 700 °C increased the preference for
out-of-plane growth so that more flowers grew on top of the
existing pyramids, while films annealed at 800 °C showed
further preference for out-of-plane growth, resulting in
numerous flowers. A similar influence of growth temperature
over morphology was reported for MoS, and WS, films by Li
et al, who observed a transition from fullerene-like nano-
flowers at 650 °C to nanotubes at 750 °C.*

3.2.4. WS, Nanostructures on ZnS and Al,O0;. WS,
crystallite morphology was also found to be dependent on
the underlying substrate on which the film was deposited.
Shown in Figure 7 are WS, nanostructures formed following
post-deposition elemental sulfur annealing of 200 cycle WS,
films deposited at 315 °C on 4.5 nm ALD ZnS on Si and 30
nm ALD ALOj; on Si. For films deposited at 315 °C, film
thickness on ZnS was ~11 nm, while little to no film growth
was apparent on Al,O; (see Figure S11 in the Supporting
Information).

Annealing at 800 °C of films deposited on ZnS (shown in
Figure 7a,b) resulted in only WS, flower growth, with little to
no flake pyramid growth seen. Moreover, the morphology of
flowers grown on ZnS was “crumpled” in nature and differed
from that of flowers grown on silicon in that there were no
networks of multi-layer flake pyramids found underneath any
of the flowers. This may be due to a change in primary growth
mechanism from SDD to flower-like growth, with the
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Figure 7. Plan SEM images of WS, nanostructures following post-
sulfur annealing of 200 cycle films deposited at 315 °C on either (a)
4.5 nm ZnS/Si or (c) 30 nm ALO;/Si; (b,d) higher-magnification
SEM images correspond to the areas highlighted by a yellow box in
(a,0).

underlying ZnS not only influencing the growth orientation
but also potentially acting as an additional source of sulfur
during the anneal to effectively increase the local concentration
of precursors.”* %" These structures have a high density of WS,
edge sites and may be suitable for catalysis.

In contrast, 700 °C annealing of films grown on AlL,O;
substrates (shown in Figure 7c,d) resulted in mostly in-plane
WS, flakes of only a few monolayers thick. While the exact
reason for this preference is unknown, we believe that sparse
island nucleation of the as-deposited film limited the available
growth medium concentration and hence favored the lateral,
in-plane mode of growth. More work is required to confirm. If
the growth on AlL,O; can be better controlled to control
nucleation and promote lateral growth, the few-layered nature
of these structures may be very suitable for device fabrication.

4. SUMMARY AND CONCLUSIONS

A new thermal ALD process to deposit WS, was demonstrated
using a novel tungsten precursor bis(#-butylimido)bis-
(trimethylsilylmethyl)tungsten and H,S. Film growth (meas-
ured using SE) on silicon was observed at 290 °C and above
with self-limiting growth behavior seen between 315 and 350
°C. As-deposited films were nanocrystalline but did not show
characteristic Raman modes for WS,. Elemental analysis using
XPS indicated the presence of WO, and WS, along with small
amounts of WO,N, and SiO,. As the deposition temperature
was increased from 315 to 350 °C, the optical refractive index
increased from 2.5 to 2.8.

Post-deposition annealing at 600 °C and above in elemental
sulfur improved crystallization and WS, stoichiometry and
potentially converted WO, to WS,."*** GIXRD showed peaks
aligned to the 2H WS, polytype with crystallite sizes up to 1.5
pm, the largest reported to date for ALD. For films annealed at
800 °C, Raman revealed the emergence of the 2LA(M),
Ey'(T'), and A;,(I") modes for WS,. The underlying substrate
was found to impact crystallite morphology. Two morpholo-

gies of WS, crystallites are observed for films annealed on
silicon: multilayered (i) flake pyramids (with basal planes
parallel to the substrate) and (ii) flowers (resulting from out-
of-plane growth from the tops of underlying flake pyramids),
with the former dominating up to 650 °C and the latter
between 700 and 800 °C. Films deposited and annealed on 4.5
nm ZnS/Si were found to crystallize into micron-sized
“crumpled” WS, flowers (with no underlying pyramids) with
a high density of edge sites. Finally, films deposited and
annealed on 30 nm Al,O;/Si crystallized into few-layered in-
plane WS, flakes up to 800 nm across.

This work further shows that the approach of annealing
ALD-deposited 2D TMD films holds promise for improving
crystallinity and grain size.*” Further investigation is needed to
improve control over crystallite size, morphology, and the
number of layers through optimization of deposition temper-
ature, initial film thickness, underlying substrates, nucleation
density, and sulfur flux during annealing. With optimization of
these parameters, the growth of large, few-layer, in-plane 2D
WS, flakes produced on AlL,O; substrates may be improved
toward monolayer control and may find application in high-
performance FETSs, while the 3D flowers with high edge-site
density found on Si and ZnS should be useful for enhanced
HER catalysis.
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