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ABSTRACT:

How do chemical and structural modifications to the supporting crystal surface affect the subsequent van
der Waals (vdW) or quasi(Q)-vdW epitaxial growth of 2D nanocrystals? Developing an atomic-scale
picture of such an interfacial system is crucial for understanding its impact on the physical and chemical
properties of the supported 2D materials. The elucidation of the interfacial structure and chemistry needed
to promote the Q-vdW epitaxial growth of 2D tungsten disulfide (WS.) nanocrystals contributes to the
growth mechanism understanding, thus pushing forward the integration of such atomically thin
semiconductors toward real field-effect transistor applications. In addition to an atomic-force microscopy
top view, we showcase a combination of X-ray techniques for a top-to-bottom investigation of the
complexities of the buried interface structures. This approach uses X-ray photoelectron spectroscopy, X-
ray standing wave excited X-ray fluorescence, and crystal truncation rod scattering to produce a highly
resolved chemical-state-specific 3D atomic map for the extended interface structure of WSy/a-
Al,05(001). Employing these detailed analysis methods, along with density functional theory to further
refine the picoscale structure, we demonstrate how two different types of interface engineering during the
pre-growth stage lead to significant differences in the chemical and structural modifications to the
terminal surface of c-face sapphire, which in turn leads to substantial differences in sub-monolayer
growth of supported WS, 2D nanocrystals in terms of lateral domain sizes, epitaxial registry, vdW gaps,
and stability.

KEYWORDS: two-dimensional material, transition metal dichalcogenide, quasi-van der Waals epitaxy,
interface engineering, non-destructive depth profiling, X-ray standing wave, crystal truncation rod
scattering, interface structure



INTRODUCTION:

Atomically thin, two-dimensional (2D) materials exhibit numerous functional properties dictated by their
unique intralayer atomic arrangements that typically differ from their three-dimensional counterparts. One
of the most striking examples is graphene, an extensively studied 2D system in which a superconducting
state is achieved by introducing a specific angular twist between its interlayers." Such a delicate
manipulation in structure has become possible due to the weak van der Waals (vdW) interaction between
the individual layers in 2D systems. Due to having an exceptional surface-to-volume ratio, the interface of
the 2D crystal and substrate critically impacts the functional properties. The sharp discontinuity of a
crystal at the terminal surface from its periodic lattice is expected to modify the local electronic
properties. For example, the reconstructed interface in the epitaxial graphene (EG)/SiC (001) system
significantly affects the carrier doping, band gap, and transport behaviors of the EG.? In 2D materials and
heterostructure systems, the interfacial electronic states can have a delocalized nature and cross the Fermi
level, resulting in a metallic pathway that directly impacts the charge transport.® Tungsten diselenide
(WSe,), a transition metal dichalcogenide (TMD) 2D system, is reported to exhibit drastic alteration in
band structure near the Fermi level when the interface is changed from WSe,/EG/SiC(001) to WSe,/Se-
terminated GaAs(111)B.* Different charge redistributions induced by these two interfaces also lead to n-
and p-type carrier doping in the monolayer (ML) WSe,/EG/SiC(001) and WSe,/Se-terminated
GaAs(111)B, respectively.*

Regardless of several fascinating properties, the zero-bandgap character of graphene leads to high leakage
current and power dissipation issues, which hinders its use in numerous electronic applications including
field-effect transistor (FET) devices.” In contrast, 2D TMDs possess tuneable bandgaps, including indirect
to direct bandgap crossovers, valley-selective optical excitations, photo-current switching, and
controllable surface mobilities favorable for various flexible nano-electronic applications.®® In the TMD
family of materials, tungsten disulfide (WS,) is one of the promising candidates with intriguing properties
applicable to FETs,” memristors,” photodetectors,' and light-emitting devices." The recent discovery of
light-excited photo-strictive behavior and n- to p-type conversion attributed to strong multimodal
coupling in opto-electrical-mechanical properties drives the ML WS, to be a prime focus for fundamental
and technological reasons."” Besides, a designed superstructure of WS, has been reported to exhibit
efficient performance for hydrogen evolution reactions at industrial-level current densities.” Also, in ML
WS, systems, as with other 2D materials, different substrate terminations are observed to have significant
bearings on their electronic and optical properties.'* °

One of the basic requirements for successfully integrating any 2D functional materials into existing
device technologies (e.g. FET devices) is the ability to grow them in a desired fashion (structure,
chemical composition, number of layers, morphology, etc.). In current state-of-the-art technology,
epitaxial growth is the most reliable path for providing accurate control at the atomic scale of thin films
used as building blocks in many device fabrication industries. For 2D TMDs, the foremost difference with
conventional epitaxial thin films is the weaker Q-vdW interactions between the 2D nanocrystal and the
supporting single crystal. Single crystal-supported epitaxial growth of WS, is the most effective way to
reduce misaligned domains and, hence, is beneficial for making device-grade samples. The hexagonal c-
face sapphire (a-Al,03(001)) surface is a popular choice for epitaxial growth of hexagonal WS, crystals
because of their in-plane crystallographic compatibility with 3 Xaws, ~ 2Xaai03 0 5Xaws2 ~ 2V3Xaanos
domain epitaxies where, aws; = 3.191 A and aapos = 4.754 A.** "7 Previous work has demonstrated that the
sticking coefficients for the TMD precursors on the Al,O; surface are greater than other substrates,
including EG, CVD graphene, and amorphous boron nitride, leading to larger 2D domains through
surface diffusion of adsorbed species during lateral growth."® As domain boundaries in ML, TMDs could
reduce electronic performance, large unidirectional 2D single-crystal TMD domains are desirable for
device applications.



There are a variety of different growth recipes that should result in different unexplored interface
structures between the over-layer WS, nanocrystals and under-laying o-Al,O3(001) single crystalline
substrate.'” ' Despite earlier research endeavors, several striking and not yet understood differences in the
literature regarding the 2D TMD growth on a-Al,05(001) need to be investigated comprehensively. In the
present work, we will compare two cases that primarily differ in their engineering of the top atomic layers
of the supporting surface. One is terminated with a WOj3 layer (W incorporation) and the other with an
AlS (S incorporation) layer.

Herein, we show how the chemical and structural modifications of the supporting surface of sub-ML
WS,/ a-Al,03(001), formed at the early stage of the metal-organic chemical vapor deposition (MOCVD)
process, intimately influence the subsequent growth of the 2D WS, nanocrystals. We use X-ray scattering
and spectroscopy to reveal the atomic-scale, element-specific extended interface structures of W or S
incorporations into the a-Al,03(001) surface terminating layer, the vdW gap (couple of A-spacing
between substrate surface termination atomic-layer and bottom atomic-layer of the 2D crystal), and the
supported WS, 2D epi-layer. Our methodology features relatively non-destructive X-ray techniques,
namely X-ray photoelectron spectroscopy (XPS) to identify the chemical states of the interfacial species,
grazing incidence X-ray diffraction (GIXRD)*" to find the epitaxial orientation of the 2D crystal lattice
with respect to the substrate, X-ray standing wave excited fluorescence (XSW-XRF)*'* to locate W or S
atomic positions relative to the substrate lattice, and crystal truncation rod (CTR)?**® scattering to produce
a 3D electron density map of the extended interfacial structure. We also use atomic force microscopy
(AFM) as a local probe for multilength scale surface topography and cross-sectional scanning
transmission electron microscopy (STEM) for a side view of the interface structure. We demonstrate how
the two different MOCVD recipes lead to changes in chemical and structural terminations of the
supporting substrate surface. We then link these foundational differences to significant differences we find
in the supported 2D crystals in terms of their lateral 2D crystal sizes, epitaxial registry, and vdW gaps.
Our density functional theory (DFT) calculations confirm the structural findings and provide information
for the (X-ray invisible) H atomic positions at the substrate terminal surface and adhesion energy
associated with vdW bonding at the interface. The developed atomic-scale characterization methodology
will apply to supported 2D crystals in general and should be beneficial for optimizing device grade
preparation of 2D WS,.

EXPERIMENTAL.:

Synthesis

WS,/a-Al,05(001) sample T was grown at the 2D Materials lab at Tel Aviv University. The a-Al,O3(001)
substrate was pre-annealed for 10 h at 1050° C in air. The synthesis of WS, was carried out on c-plane
sapphire (2” diameter) substrate using a 3” hot wall customized MOCVD system (CVD Equipment
Corporation, model Easy Tube 2000), equipped with four separate bubblers for all the precursors.?” Prior
to loading the substrates in MOCVD, they were cleaned by ultrasonication in acetone and IPA (each for
10 min), followed by blow drying with a nitrogen gun. Pre-annealing: Before the growth process started,
the Al,O3(001) substrate was in-situ annealed for 30 min under 50 mTorr O, pressure (100 sccm flow) at
850 ° C inside the MOCVD furnace. Then, the oxygen flow was stopped, and the furnace was maintained
at 850° C for another 25 min. Metal seeding step: Tungsten hexacarbonyl (W(CO)s - Strem Chemicals
Inc., 99.9%) precursor was flown (no S source) at a rate of ~3.28 x 10”7 mol/min with Ar as background
gas for 5 min. Growth: The W(CO); flow was reduced to ~1.31 x 10~® mol/min and Di-tert-butyl sulfide
(DTBS-Sigma Aldrich, 97%) precursor was introduced at a rate ~3.25 x 10™* mol/min with 5 mmol/min
H,0, 25 sccm of H,, and 500 sccm of Ar as background gas. The furnace temperature was maintained
constant at 850° C throughout pre-annealing, metal seeding, and growth steps. Lateral domain formation
of WS, was carried out by 15 min growth using all precursors (W(CO)s, DTBS, H>O, H,). This gives rise
to a sub-ML WS,/Al,05(001) sample, labeled as sample — T. The WS, growth rate for sample T is
estimated to be ~0.035 ML/min. To investigate the interface structure between the WS, and Al,0;(001)
crystals, a separate sample was taken out from the MOCVD furnace after Al,O5(001) interacted with



W(CO)s in the metal seeding step, before going to the growth step. This sample is labeled as
WO3/Al,05(001) (in the results and discussion section, we have concluded that the metal seeding step
forms a WO;-seeded interface on Al,03(001)).

WS,/a-Al,05(001) sample P was grown at the 2D Crystal Consortium Materials Innovation Platform
located at Pennsylvania State University. As received, c-plane sapphire (2” diameter) was used for the
growths without additional pretreatment. Pre-annealing: Before growth, the Al,05(001) substrate was in-
situ annealed for 10 min at 850° C in H.. The growth of sub-ML WS, on 2” diameter c-plane sapphire
was carried out in a MOCVD system equipped with a cold-wall horizontal reactor with an inductively
heated graphite susceptor with gas-foil wafer rotation (Instrument DOI: 10.60551/znh3-mj13). Tungsten
hexacarbonyl (W(CO)g) was used as the metal precursor, while hydrogen sulfide (H,S) was the chalcogen
source with H, as the carrier gas. The W(CO)s; powder was maintained at 25 °C and 400 Torr in a
stainless-steel bubbler. The synthesis of WS, is based on a multi-step process, consisting of nucleation,
ripening, and lateral growth steps, which was described elsewhere." In general, the WS, was nucleated
for 30 sec at 850° C, then ripened for 20 min at 850° C and 10 min at 1000° C, and then WS, was grown
laterally for a shorter time, 10 min at 1000° C, which gives rise to a sub-ML WS, sample. During
nucleation the flow rates of the W(CO)s and H.S precursors were ~ 1.3 x 10~* and 400 sccm, respectively.
In the ripening step, W(CO); flow was turned off, keeping the H,S flow rate constant. The lateral growth
was carried out with the W(CO)s flow rate at 6.4x10” sccm, and the chalcogen flow rate was set at 400
sccm, while the reactor pressure was kept at 50 Torr. After growth, the substrate was cooled in H,S to 300
°C to inhibit the decomposition of the deposited WS, films. This sample was labeled as WS,/Al,03(001) -
P. The growth rate for sample P was ~0.065 ML/min. The sample’s detailed growth recipe and all initial
characterization data are available at: https://m4-2dcc.vmhost.psu.edu/list/data/100.

Characterization

AFM: The surface topographic characterizations shown in the Figs.1(a, b) were performed using AFM
measurements in tapping mode at the institutes where samples T and P were grown. A UHV Omicron VT-
SPM in the X-ray Interface Science Lab at Northwestern University was used in contact mode for the
high-resolution AFM image shown in Fig. 1(c). The UHV chamber is isolated from external vibrations,
and the SPM has built-in magnetic levitation. The sample was annealed at 300° C for 30 min in the
Omicron UHV chamber before the AFM imaging.

In-House X-ray Studies: In-house X-ray diffraction measurements (discussed in SI) used a Rigaku
SmartLab instrument with a 9 kW Cu anode, Ge(220) 2-bounce monochromator, and a 5-circle
diffractometer. The incident X-ray flux of wavelength A = 1.541 A on the sample was 3.3x10” photons per
second. Surface composition and coverage were determined using XPS and XRF measurements. XPS
used a Thermo Scientific ESCALAB 250 Xi instrument with an Al Ko monochromated source, 500 um
X-ray beam diameter, 50 eV analyzer pass energy, and an electron flood gun. XRF measurements were
performed using a Rigaku 18 kW Mo anode X-ray source, multilayer monochromator, Huber 2-circle
diffractometer, and Vortex silicon drift diode X-ray fluorescence detector with deadtime correction. The
absolute coverage of W was determined by comparison to an RBS-calibrated standard sample. The XSW-
XRF of sample P also used this in-house setup.

Synchrotron XSW-XRF: The XSW-XRF measurements (discussed in SI) of WO3/Al,0;(001) and
sample T used the Advanced Photon Source (APS) 5ID-C DuPont-Northwestern-Dow Collaborative
Access Team (DND-CAT) undulator station.”® For W La and S Ko XSW-XRF measurements, we used
two incident photon energies E, = 15.00 keV and 8.00 keV selected by Si(111) and Si(220)
monochromators respectively and further conditioned with a Si(220) post-monochromator channel-cut
crystal (See Fig. S6.). The incident beam size was set to 0.1 mm high by 0.2 mm wide. The XSW-XRF
measurements used a Huber Kappa 5-circle diffractometer and a Vortex silicon drift diode (SDD) XRF
detector.

Synchrotron CTR: Specular and off-specular CTR measurements (discussed in SI) of WO3/Al,O5(001)
and sample T used the P08 High Resolution Diffraction beamline,” which resides at the PETRA III
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Deutsches Elektronen-Synchrotron (DESY) facility. The incident X-ray beam of energy E, ~ 18 keV from
the undulator of P08 was conditioned by a Si(111) high-heat load monochromator, and Si(511) large
offset monochromator, followed by compound refractive lenses and beam defining slits 0.1 mm-high by
0.4 mm-wide. The incident beam wavelength was calibrated by recording data for a standard LaBs
sample, and the estimated value was A = 0.6897 A. CTR experiments used a KOHZU NZD-3 high-
precision 6-circle diffractometer and Dectris Pilatus 100k pixel area detector. The details about the
background subtractions and different corrections of CTR data can be found in Ref.*

Theory

DFT for W05/ Al,03(001): DFT calculations for the WO3/Al,03(001) structure used the Vienna Ab-initio
Simulation Package (VASP) following the same approach as we did in Ref.", including resorting to the
Perdew-Burke-Ernherzof (PBE) functional to describe the exchange-correlation effects. The O-terminated
alumina slabs with a plane of mirror symmetry through their centers were built using DFT optimized unit
cell of Al,O; (a = 4.773 A and ¢ = 13.008 A), containing alternating O layers (seven) and metal bilayers
(six); H atoms were added as needed to allow each ion in its favored valence state. Using symmetric slabs
allowed for exact calculations of the energy without having to add an electrostatic correction. The
dimension of the slab supercell was set to V3a x 2a x (c + 10 A), (here we considered 10 A of vacuum
between periodic copies of the slabs). We then introduced different amounts of W substitutions in the
outermost metal bilayers of these slabs with site fractions 12.5, 25, 37.5, and 50 % testing for all possible
inequivalent arrangements of W incorporations in the chosen supercell.

DFT for WS, / Al,03(001) sample P: DFT calculations for sample P used VASP.*" * All calculations
were carried out with the PBE formalism of the generalized gradient approximation.* The Monkhorst-
Pack method was used to generate the k-point meshes.* The number of k-point divisions along direction i,
N, was chosen such that N; xa; ® 25 A for geometric optimization and N; xa; ~ 75 A for static
calculations, with a; being the length of the lattice parameter in the i direction. The kinetic energy cutoff
for the plane-wave basis was 500 eV, and geometric optimization of the atomic positions was performed
with a maximum force criterion of 0.01 eV/A. The lattice parameter of all supercell slabs was fixed to the
relaxed bulk alumina structure, while atomic positions were allowed to relax. Each slab calculation had at
least 10 A of vacuum spacing to minimize image interactions. The AlS slab (Al,Os;+AlS) was constructed
with 6 sub-layers of Al. The AlS slab was relaxed in the 2 xX2X1 supercell to allow for possible surface
reconstruction. The AlS / Al,0;(001) slab calculation was done with a 2x2x1 supercell of AlS and two
symmetric 3X3X1 supercells of WS,. To produce a reference energy for adhesion energy, the WS, sheet
had its atomic positions relaxed within a 3%X3X1 supercell fixed to the in-plane lattice parameters of the
2x2x1 bulk relaxed ALOs;. The formula for the adhesion energy is given by

E ahesion= ( Ejsews, " Ens—2 Ey, 52)/ 2A where A is the in-plane area of the supercells.

RESULTS:

Sub-ML WS,/a-Al,03(001) samples, labeled T and P, were synthesized by two different MOCVD growth
processes schematically depicted in Figs. 1(a, b) and described in the Methods Section. Both samples
were grown on 0.5 mm thick Al,O3(001) single crystal substrates with ~ 0.2° miscut (Fig. S2(b, c)). Before
WS; lateral growth with a gas mixture containing W and S precursors, the MOCVD process for sample T
started with a high W(CO)s flux (no S flux) called the metal seeding step to an oxygen-terminated
Al,05(001) surface.” In contrast, the sample P growth started with a high H,S flux (very low W(CO)s
flux) in the initial treatment step called nucleation on an Al-terminated Al,O5(001) surface.” AFM images
of the grown surfaces, as presented in insets of Figs. 1(a, b), show equilateral triangles of WS, domains
for both samples T and P. These 2D equilateral triangles have equal populations of bidirectional domains
in both samples T and P (a bigger region AFM scan of sample T shows bidirectional domains as reported
in Ref."). Remarkably, the typical triangle lateral size for sample T of 8-10 uym is much larger than the
40-50 nm typical size for sample P. The growth rate for sample T was slower than that of sample P, as



discussed in the Methods Section. However, it is not possible to compare the growth kinetics between two
different MOCVD processes operating with different precursors and growth methods. One plausible
reason for the larger 2D lateral domain growth is the lower nucleation site density in sample T than that of
sample P, as observed in the AFM micrographs of the intermediate stage samples taken out of the
MOCVD chamber before WS lateral domain growth starts, presented in Refs.'” '*. Synthesis conditions,
including temperature, chalcogen to metal precursor ratio, total precursor pressure, and flow rate, play a
significant role in the nucleation density and hence on the lateral domain sizes of the gown 2D crystals.
As reported in previous work about WSe, growth on a sapphire substrate, an increase in temperature and
Se to W precursor ratio resulted in larger lateral 2D domains.'® Keeping the temperature and Se to W
precursor ratio fixed, an increase in total precursor pressure was found to decrease the nucleation density,
leading to an increase in the lateral domain size.'® Whereas, the lateral domain size decreases when the
precursor flow rate increases with fixed growth temperature, precursor pressure, and Se to W precursor
ratio at optimized values.”® In the present work, we have used two different MOCVD synthesis
approaches to engineer chemically and structurally different terminations of the Al,03(001) substrate for
subsequent growth of sub-monolayer WS crystals. During the WS,/Al,O; growth optimization, we tested
different synthesis strategies but never succeeded in growing unidirectional epitaxial WS, crystals until
either we used a W metal seeding approach, as used for sample T, or a very high S precursor flux to start
with the nucleation, as used for the sample P. For example, as reported in previous work, without a W
metal seeding, the grown WS, crystals show random in-plane orientations with the substrate crystal.”” As
the MOCVD processes for the WS»/Al,05(001) samples T and P use different precursors, the growth
parameters are not directly comparable to correlate how these two synthesis routes provide dissimilar
nucleation site densities in samples T and P, which results in very different lateral domain sizes of the
grown 2D crystals. An atomic-resolution AFM image of the WS,/Al,03(001) surface depicted in Fig. 1(c)
shows the hexagonal lattice arrangements of the top S and W atomic layers of one of the WS, 2D domains
from sample P. The atomic resolution AFM is only partly beneficial in studying the structural details of
the WS,/Al,05(001) surface since the buried interface is not directly observable via this top-down
method.

In-house, grazing incidence X-ray diffraction (GIXRD) measurements were performed to determine the
in-plane crystallographic orientation of the WS, 2D crystals relative to the sapphire lattice. The in-plane
radial GIXRD scans, depicted in Figs. 1(d, e), reveal that for sample T, the WS,(110) direction is parallel
to Al,O3(100), whereas in sample P, WS»(110) is parallel to Al,O3(110). Therefore, the in-plane hexagonal
lattices of WS, and Al,05(001) form domain epitaxy with 5Xaws, on 2V3Xaapos as for sample T or
3Xawsz2 on 2Xaanos as for sample P. The WS, hexagonal in-plane lattice parameter was determined to be
3.149(1) A and 3.151(1) A for samples T and P, respectively, which is contracted by ~1.3% compared to
bulk WS,. Azimuthal ¢-scans at fixed in-plane scattering vector Q = 4t Sin6/A, presented in Figs. S3(a, b)
show Bragg peaks confirming the 30° relative difference in the epitaxial registry between samples T and
P. This 30° relative change in WS crystal orientations is partly due to having a-axis and m-axis miscut
arrangements in samples T and P, respectively. However, a previous work on MoS2/Al,05(001) growth
has demonstrated that regardless of a-axis or m-axis substrate step edge arrangements, MoS, retains the
same epitaxial registry as MoS,(110) || Al,Os(100).* It has also been shown that this R30° epitaxy (i.e.,
2D TMD nanocrystal (110) || Al,O3(100)) is energetically the most favorable in-plane lattice orientation
for the MoS,/Al,05(001).* Another report has shown that the amount of S passivation at the substrate
surface can result in different orientations of MoS, 2D crystals on Al,05(001).*® This was also in
agreement with WSe»/Al,03(001) growth work in finding that a Se passivated surface along with substrate
edge step can lead to two local minima on the potential energy surface at 0°/60° (i.e., 2D TMD crystal
(100) || Al,O5(100)) and at 30° for orienting the 2D crystal on sapphire .*” These results suggest that the



observed differences in the epitaxial registry of WS,/Al,05(001) samples studied in the present work can
be attributed to structurally and chemically differing interface structures in samples T and P.

Our samples possess 7-10° of offset between the surface step direction and substrate crystal direction.
However, in each case, WS, 2D crystals align along the Al,O; crystallographic axis either following
WS,(110) || Al,O5(100) as in sample T or following WS,(100) || Al,03(100) as in sample P (discussed in
the Supporting Information (SI)). Therefore, although the surface step edges of the substrate crystal help
to eliminate the misaligned WS, domain formation during the nucleation and lateral growth process it
does not fully guide the unidirectional orientation. Rather, the grown WS, crystals obey the epitaxial
relationship with the substrate lattice. A similar finding was also reported for WSe,(001)/A1,05(001),
where it was observed that the substrate step edges do not exclusively control the WSe, 2D domain
orientation, instead, the 2D domains orient themselves to the substrate lattice and can deviate the exact
step edge angles by several degrees.”” The in-plane L = 0 reciprocal space maps for WS, (110) || ALO;
(100) and WS; (110) || Al,O5(110) epitaxy configurations are displayed in Figs. S4(a, b).

We measured the scattered X-ray intensity along the 00L reciprocal space rod for out-of-plane interface
structural information, as displayed in Fig. 1(f). Here, we compare the measured 00L. CTRs for samples T
and P with the calculated 00L CTR for a bare Al,O3(001) surface. The difference in 00L. CTR features
from samples T and P indicates variation in interface structures due to differences in growth recipes. The
interface models that fit these two data sets will be described below.

XP spectra used to determine the stoichiometry and chemical state of the interfacial species are shown in
Figs. 2(a-d). Ideally, WS, should have two S* ions for every W*" ion. The W 4f and S 2p core level XPS
measurements show striking deviation from this ideal case. In sample T, W and W*" are present with a
coverage ratio of W*/W*®= 2.3(1), whereas sample P only has W*". On the other hand, sample P has a
coverage ratio of S*/W*= 3.1(1), which is greater than that of sample T, where S*/W*= 2.5(1). These
XPS results indicate that samples T and P possess W or S interfacial species other than those in the WS,
2D crystal. The differences in the extra W or S species for samples T and P are consistent with the
differences in the initial MOCVD steps for each process.

During the initial growth step of sample T, only the W precursor (W(CO)¢) was flowing for 5 minutes
without any S source, and then a controlled flow of both W and S precursors was started to grow the WS,
domains. At the growth temperature, W(CO)s reacts chemically with the atoms on the O-terminated
Al,03(001) substrate to produce a modified surface that acts as the interface for the subsequent WS,
growth. To fully understand the interface structures of WS,/Al,05(001) in sample T, it is essential to probe
the surface structure of Al,03(001) after the initial growth treatment. To examine the surface structure of
W(CO)e treated Al,0O3(001), a separate sample was taken out of the MOCVD chamber before switching
on the S source. W 4f XPS of this intermediate sample, presented in Fig. 2(e), confirms the presence of
W*®* at the surface. No S and no W** were detected. We label this sample as WO3/Al,03(001) since W ions
should be in 6+ charge state if they form WOs which we will confirm later in the analysis.

From a W La XRF measurement, as presented in Fig. 2(f), the absolute atomic coverage of the WO3/
Al,05(001) sample was determined to be 6.3 W/nm’. This is compared to 5.11 Al/nm’ in the A-site and the
same areal density for Al atoms in the B-site. These two symmetry inequivalent Al sites are labeled in the
ball-and-stick model of Fig. 3(e). To locate the W atomic site(s) relative to the substrate lattice for this
0.62 ML WO/Al,05(001) surface, we used the XSW excited XRF technique (discussed in SI).*'** Here,
we measured the modulation in the W Loy XRF yield while scanning through several H = h k [ substrate
Bragg reflections, as shown in Figs. 3(a-d). These modulations are converted into model-independent

(2miP,)

Fourier components, F,=f, e , for the W atomic distribution, p(r). The measured Fourier

amplitudes, fu, and phases, Py, listed in Table S2, were then used in a Fourier summation®°
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to produce a 3D model-independent W atomic density map relative to the Al,O; substrate lattice shown in
Fig. 3(e). For this map, we used the first two allowed reflections along the specular direction, (0 0 6) and
(0 0 12), with off-specular reflections (1 0 4) and (0 1 2) and their symmetry equivalents.

The b-axis projection of the 3D W map superimposed on the Al,O; bulk-like ball-stick model, as depicted
in Fig. 3(f), shows that W primarily sits 0.47 A above the Al, site. A much smaller population of W is also
present at 0.13 A above the Alg site, as seen from the 2D cut of the model-independent atomic density
map presented in Fig. 3(e).

To better quantify these assigned lattice positions and occupancies, we use a model that assumes a
fraction ca of the W atoms sits at the ra = (2/3 1/3 z4) A-site and that cg of the W atoms sit at the rg = (1/3
2/3 zg) B-site. The fraction of correlated W is C = ca + cp, and (1 - C) is the fraction of W uncorrelated
with the substrate lattice. The H" Fourier component for the W distribution in this model is:
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Using an isotropic Debye-Waller displacement distribution with Gaussian-width o= 0.1 A, we performed
a least-squares global fit of this model to the four sets of XSW-XRF measured fy and Py values to find
that 41(1)% of the W atoms sit at 0.45(1) A above the Al, site, 14(1)% sit at 0.30(3) A above the Als site,
and the remaining 45% are uncorrelated with the Al,O; lattice. We also checked the single W, site (or Wg
site) model by fixing cg = 0 (or ca = 0) in the XSW-XRF analysis, which showed a much worse fit (see
Table S3). Therefore, both model-independent and model-dependent XSW-XRF results are consistent
regarding the incorporation of W* ions into the surface of Al,Os.

As our XSW-XRF method has a limited length-scale and is insensitive to surface oxygen(s), we used
specular (00L) and off-specular (10L, 11L, and 20L) CTR measurements, as presented in Figs. 4(a-d).
Here, the diffuse scattering streaks between the Al,O; Bragg peaks in reciprocal space are sensitive to the
surface atomic rearrangement.> ** However, unlike the XSW method, the structure factor phase
information is lost in the measured CTR intensities, and a direct transformation of scattering data into
electron density is not possible. To solve this issue, we used a modified Fienup algorithm*, which links
the measured 00L CTR reflectivity and the unmeasured phases by iteratively adjusting the phase of the
structure factor. This direct-method analysis generates a model-independent 1D electron density profile
for the extended interfacial structure with sub-A resolution under the constraints that the substrate
structure is known, and the unknown electron density inside the interfacial region is positive and goes to
zero above the interfacial region. We used the XSW-XRF-derived W distribution as the starting condition.
The model-independent analysis of the 00L. CTR data and the generated 1D electron density profile are
shown in Figs. 4(a, e), respectively. From this analysis, we find that above the Al site, there is an electron
density peak (marked as 1 in Fig. 4(e)) at a height 0.48(2) A above the bulk-like Al, site. We have
identified this atomic layer as W®', along with small contributions from B-site Al** and B-site W*" ions. In
addition, we observed two more electron density peaks (labeled as 2 and 3) above layer 1 W (and Al)
ions. The Z locations and occupancies of different atomic layers are listed in Table 1. Peak 2 is assigned
as surface hydroxyl oxygens bound to W®, and peak 3 is attributed to the oxygens of physically adsorbed
surface water molecules. Similar findings have been reported for a hydrated a-AlOs; (001) surface
studied using CTR scattering and theory calculations.*”* Since X-rays primarily scatter from electrons,



CTR data is insensitive to H species in the 1D electron density map. The formation of layer 2 oxygens
(hydroxylated) on top of layer 1 W/AIl can be explained by considering the dangling bonds of W/AI
cations, which are prone to react with O anions. We will analyze the off-specular CTR to find the lateral
coordinates of these surface oxygens. Similar findings have been reported for a hydrated a-Al,O; (001)
surface studied using CTR scattering and theory calculations.*” ** Since X-rays primarily scatter from
electrons, CTR data is insensitive to H species in the 1D electron density map. The formation of layer 2
oxygens (hydroxylated) on top of layer 1 W/AI can be explained by considering the dangling bonds of
W/AI cations, which are prone to react with O anions. To find the lateral coordinates of these surface
oxygens, we will analyze the off-specular CTR.

The Fienup-based model-independent analysis helps to avoid ambiguities arising from model assumption,
specifically when the structure is unknown. After determining the 1D projection of the structure from
Fienup, a complete model-based 3D analysis of CTR data is necessary to achieve a more complete result.
A model-dependent simultaneous fit of specular and off-specular CTR data sets was performed using a
Python-based program, GenX.* Here, we compare the calculated structure factor for a given model with
the measured CTR and refine the structural parameters to meet convergence criteria. In GenX, the
optimization of parameters is conducted through the differential evolution method (a generic algorithm),
which helps to avoid any local minima when finding a converged solution. The model-dependent best fits
for the WO5/Al,05(001) CTR data are presented in Figs. 4(a-d), and the b-axis projection of the refined
3D model is depicted in Fig. 4(f). The GenX-determined atomic occupancies and xyz coordinates are
listed in Table S4. From this analysis, we determine that the W®" ions occupy 40(2) % of the Al, sites at a
height of 0.47(1) A above that bulk-like position and 10(3)% of Alg sites at a height of 0.26(1) A above
that bulk-like position. Al ions partially occupy the remaining A and B sites at the surface. The off-
specular CTR simulated for a hypothetical case of W® ions occupying 10% of the Al, sites and 40% of
Alg sites shows a much worse match with the measured profile, as depicted in Fig. S9(b). Several test
simulations that confirm the presence of oxygen atoms in layer 2 above the W/Al ions and show how
sensitive the CTR data is for a change in the position of those oxygens are presented in Fig. S9. This
confirms the formation of WOs as a result of W® incorporation in the Al,05(001) surface during the
MOCVD process. A cross-sectional side view along Al,O5(110) direction of the near-surface atoms in the
WO3/Al,05(001) sample has been imaged using high-angle annular dark-field (HAADF)-STEM as
depicted in Fig. S11(a), which agrees very well with the X-ray studies we have discussed so far.
Therefore, the combined XPS, XSW-XRF, and CTR methods unambiguously determine the 3D structure
of the sub-ML WOs/ Al,05(001) system with sub-A resolution.

To compare the experimentally derived atomic structure of WO3/ Al,05(001) to theory, DFT calculations
were performed. We introduced 37.5 % site fraction W substitutions at the outermost metal bilayers of O-
terminated alumina supercell structure having a mirror symmetry plane through its center (discussed in
the Methods section). To allow every ion in its favored valence state, we added H atoms to the outermost
oxygens of the slab as needed. The atoms in these configurations were then allowed to displace to their
optimal positions according to DFT while keeping the supercell dimension fixed. The DFT-optimized
atomic positions for the W and surface O ions for the 37.5% W occupancy at Al, lateral sites agree very
well with the combined X-ray results, and the corresponding atomic structure is depicted in Fig. 4(g). A
side-by-side comparison of the experimental findings and DFT calculation for W-incorporated Al.Os
structure is presented in Table 1 and Fig. S12(c). The DFT calculated surface energy for the 37.5% W
occupancy at Al lateral sites was determined to be 6.2 meV/A? higher than that of the Al case. When
considering the slight difference in surface energy between the configurations with W atoms at Al and
Alg sites, one has to bear in mind that the PBE formalism we used for DFT calculations is much more
precise for predicting the bond distances (the error is typically 1% in excess of the experimental result),
than predicting energies (the error is of around 10 to 20%). In addition, there is the possibility that
entropic or kinetic effects are responsible for the sign of the small difference in energy between W
occupying the Al, lateral sites (as seen in the experiment) and occupying the Alg lateral sites (as given by



the DFT-PBE predictions). We also tested 12.5, 25 and 50 % W substitutions at the outermost Al bilayer
models using DFT-PBE, and according to these calculations, this energy difference is smallest when
37.5% of the surface Al atoms are substituted by W atoms, which agrees very well with the results from
the experimental characterization.

The results discussed above now set the stage for determining the extended interface structure that
includes the 2D WS, and supporting Al,O3(001) modified surface for sample T. From a combined W Lo
XRF (8.4 W/ nm?) and W 4f XPS (W*/ W®= 2.3(1)) analysis, we determine that the absolute coverage of
WS; in sample T is 0.67 ML (5.9 W*/ nm?) and WOs coverage is 0.24 ML (2.5 W®/ nm?). The derived fx
and Py values from the W La; XSW-XRF measurements of the WS,/Al,05(001) sample T (Fig. 5(a) and
Fig. S7) are listed in Table S2. With an additional W atomic position along the out-of-plane z-direction,
we performed a least-squares global fit to the measured fy and Py values from the specular (0 0 6) and (0
0 12) XSW-XRF measurements with a 3-height W model (two sites for W® ions in WOs; interface and
one site for W* ions in WS;). From this model-dependent analysis, we found that (i) the WS,/Al,05(001)
sample T possesses interfacial W structurally similar to the previously described WO3/Al,03(001) sample.
That is, W®" ions are at 0.45 A above the Al, sites. (ii) Unlike WO3/Al,05(001), there are W*" ions in the
2D WS; crystal of sample T; (iii) the vertical separation between the interfacial A-site W*" layer and the
2D crystal W*" ionic layer is 5.64(2) A with 2.4(1) times more W*" ions compared to the W®" interface
ions. The atomic ratio between W** in WS, to W*®* in WO; obtained from XSW-XREF is consistent with the
XPS result. We also performed S Ka XSW-XRF measurements for the specular (0 0 6) and (0 0 12)
reflections (Figs. S7(d, e)), to determine the S atomic positions in the WS, 2D crystal along the out-of-
plane z-direction. Obtained fy and Py values from these S Ka XSW-XRF data, as listed in Table S2, were
used in a least-squares global fit to find that 38(9) % of S* ions are at 4.26(5) A and 43(9) % of S* ions
are at 7.28(5) A above the origin that bisects the bulk like Al bilayer in Al,Os. The remaining 19% S* ions
are uncorrelated with the Al,O; lattice. Assuming W** is located halfway in between two S* ions in WS,
2D crystal along the z-direction, the W*" should be at 5.8(1) A above the Al bilayer origin. This W*
height corroborates very well with the W La; XSW-XRF analysis, which determines the W** location as
5.84(2) A above the Al bilayer origin. From this analysis, the atomic ratio between S* to W*" is found to
be 2.7(6), which is well consistent with the XPS result (S*/W*'= 2.5(1)). On the other hand, the specular
(006) XSW-XRF result for the WS,/ AlO5(001) sample P (Fig. 5(b)) shows an entirely different
modulation in the W Loy yield, leading to a different W Fourier phase (Pos) value (see Table S2)
compared to that of sample T. For WS,/ Al,05(001) sample P, there is a single height W atomic site at
6.43(2) A above the center of the topmost bulk-like Al-bilayer.

The top view of the ball-and-stick models for the two different epitaxial orientations of the WS, crystals
with respect to the Al,03(001) substrate is depicted in Fig. 5(c). To examine their extended interface
structures with more detail, we measured the 00L. CTR. The high X-ray photon flux (3.0x10" photons per
second) and low background contribution of DESY P08 facility enabled us to measure the 00L. CTR up to
Quax ~ 9 A for sample T, as presented in Fig. 1(f). The repeatability of measured data (Fig. S10(a))
confirms no significant X-ray radiation damage to sample T. Whereas, during the measurements of
sample P, we observed that under the undulator X-ray beam, there was a noticeable change in 00L. CTR
features within a time frame of a 1 h scan. We primarily attribute this much higher rate of X-ray damage
to the much smaller size of the 2D crystals for sample P compared to sample T. The smaller the size, the
greater the fraction of atoms at the 2D crystal edges, where the under-coordinated atoms should react
more readily with the environment. To overcome this issue, we used a less intense rotating anode X-ray
source (3.3x10” photons per second) to measure the O0OL CTR for sample P. A few consecutive scans
showed reproducibility (Fig. S10(b)) to confirm the stability of sample P under this less intense X-ray
beam. However, due to the drop-off in counting statistics, this limited our scan range to Qum.x ~ 6 A7, as



shown in Fig. 1(f). Consequently, we have less resolution in defining the atomic locations compared to
the analysis for sample T. As seen in the AFM images, both WS,/Al,03(001) samples possess surface
lateral inhomogeneities due to the non-coalesced triangular 2D domains. Unlike WO3/ Al,05(001), we
need to consider scattering from the portion of the surface covered by WS, separate from the remaining
portion not covered by WS,. Specifically, when the size of the WS, domains is larger than the projected
X-ray coherence footprint, it is necessary to add the scattering contributions from the two different types
of surfaces incoherently, as in the case for WS»/Al,O3(001) sample T, but not for sample P. To analyze the
data for sample T, we calculated the structure factor as described in Egs. (S3-S5) and incoherently added
the scattered intensities from the two different surfaces to simulate the CTR intensity. For sample P, we
used a coherent sum of the complex scattering amplitudes (Egs. (S8-S10)). The structural parameters for
the WS,/Al,03(001) systems were optimized to get the best match of calculated CTR with measured 00L
data, as presented in Fig. 1(f). The best-fit 1D electron density profiles for the surface atomic layers in
samples T and P are shown in Fig. 5(d). The A coordinates and occupation fractions for the atomic layers
in these extended interface structures are listed in Table 2.

This model-dependent O0L CTR analysis is consistent with our XSW-XRF findings for the starting WO 3/
Al,03(001) surface, as it shows an interfacial WO; seed layer between WS, and Al,O5(001) with the WO,
W* ions at 0.48(3) A above the bulk-like Al, site. The 00L CTR is also consistent with H,O molecules
physisorbed to the portion of the surface which is not covered by the WS, 2D crystals. The CTR
determined that the vertical separation between the interfacial W®" and WS, W*" is 5.49(3) A, which is
only 0.15 A smaller than that measured by XSW. A cross-sectional HAADF-STEM imaging measures the
same vertical separation between W* and W*" ions as ~ 6 A, as presented in Fig. S11(b). However, this
STEM derived separation is not unambiguous and possesses different values ranging between 5-10 A
depending on the different local areas and specimens cut out from the same sample under study. This is
expected, given the highly localized analysis of the STEM technique and possible specimen damage to
the delicate Q-vdW epilayer system during preparation and by the high-energy electron irradiation during
imaging, compared to the relatively non-destructive X-ray measurements of this buried interface
structure. The CTR analysis also independently corroborates our XPS results in finding 2.2(1) times more
W* in the WS, than W®" at the WO interface. A schematic side view of the extended interface structure
derived from our combined X-ray analysis for the sample T is depicted in Fig. 5(e).

For sample P, the model-dependent O0L. CTR interface analysis is consistent with having an AlS
termination to the Al,03(001) substrate with the W*" ions in the WS, layer 6.50(4) A above the origin of
our coordinate system which bisects the bulk like Al bilayer at the surface. Compared to the previously
discussed XSW-XRF determined value, this only differs by 0.07 A. The CTR determined coverage ratio
between total S and W** is 3.2(1), which is consistent with the findings of the previously discussed XRF
and XPS measurements. To compare the experimental results for the interface structure of sample P with
theory, DFT calculations were performed. As presented in Table 2, the DFT calculated atomic Z
coordinates for the surface structure of sample P agree very well with the combined X-ray analysis. A
schematic side view of the extended interface structure of sample P derived from the DFT optimization is
depicted in Fig. 5(e). We also calculate the adhesion energy for the WS, crystal on the AlS terminated o-
Al,Os to be 25 meV/A?, which falls in the typical range of adhesion energies for layered vdW materials.
In comparison, the adhesion energy for the WS, on the WO; terminated a-Al,Os; slab was found to be 54
meV/A?." This points to a stronger vdW bonding of the WS, to the WO; terminated surface than to the
AlS terminated surface. This also agrees with our XSW and CTR finding that the WS, in sample T has a
smaller vdW gap at the interface than that in sample P.

Therefore, the present work demonstrates how two different pre-growth treatments lead to W® or S*
incorporation in the Al,05(001) substrate surface resulting in WO; or AlS interfaces for the subsequent
epitaxial growth of sub-ML WS, 2D crystals. These chemically and structurally dissimilar interfaces



cause different vdW gaps between the grown WS, crystals and Al,O5(001) substrate crystals. Eventually,
this changes the vdW interaction at the 2D crystal-substrate interfaces, which could be the reason for the
significant differences in the nucleation density and hence the lateral domain sizes of the grown WS, 2D
crystals. Due to the change in lateral domain sizes, the WS, crystals process different structural stability.
These findings should be useful for optimizing the device grade preparation of 2D WS, semiconductors.
Realizing a low-power TMD FET device requires integrating an ML TMD material with metallic gates
and ultrathin high-k dielectrics in through-plane geometry. However, sapphire, being an insulator, cannot
serve as a back gate, making it difficult to form the FET device. That’s why most TMD FET devices
reported in literature are usually made by exfoliating and transferring the TMD layer onto a back-gated
dielectric substrate. This has several limitations, including loss of structural integrity of the exfoliated
TMD layer, introduction of contaminates during transfer, and small-area processing. In contrast, low-
power operating TMD FET can also be fabricated by growing ML 2D TMD directly on a thin Al,O;
dielectric layer grown by atomic layer deposition (ALD) on Si substrate, as demonstrated in a previous
work on MoS,.* Further studies are needed to explore different interface-induced FET performances in
prototype WS,/Al,0; systems.

CONCLUSIONS:

In our work, different MOCVD conditions were used for growing WS,/Al,O5(001) samples T and P,
resulting in dissimilar chemical and atomic structures at the interfaces between the supported 2D
nanocrystals and substrate. During the growth of WS,/Al,O5(001) sample T, the O, annealing of
Al,05(001) substrate leads to O-termination, which reacts with W(CO)s at growth temperature and
produces a WOj3 incorporated Al,03(001) surface. This WO; terminated Al,05(001) surface acts as a seed
layer for growing the 2D WS; crystals. On the other hand, for the growth of sample P, due to H, annealing
of Al,03(001) at high temperature, the substrate possesses an Al-terminated surface. Due to dangling
bonds, the Al-termination is ionically unstable and reacts immediately with the H,S gas precursor during
the initial growth stage and forms an AlS terminal surface layer. The S atomic layer forms the interface
between the WS, 2D nanocrystal and the underlying Al,O3(001) substrate crystal. A combination of
relatively non-destructive X-ray techniques, namely XSW-XRF and CTR, in conjunction with XPS is
used to unambiguously probe the element-specific atomic resolution structures of these extended
interfaces. Our experimental findings are in agreement with our DFT structural models. The observed
differences in the WS, lateral domain sizes, epitaxial registry, and different vdW gaps are related to the
differing interfaces in samples T and P. These findings should be very informative for further developing
device-grade 2D TMD sample growth applicable to FET devices.

Supporting Information: details of experimental setups, X-ray measurements, Al,O3(001) substrate
miscut, WS, in-plane orientation, chemical state, XSW analysis, CTR simulation, HAADF-STEM
interface cross-section, DFT calculated energies, and interface structure.
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Figure 1. Schematic diagrams of the multistep synthesis processes for the WS»/Al,05(001) (a) sample T
and (b) sample P sub-monolayer growth. Insets show AFM images of the WS,/Al,05(001) surfaces for (a)
sample T, and (b) sample P, showing differences in lateral domain sizes of the 2D crystals. (c) Atomic-
resolution AFM image depicting hexagonal lattice arrangements of the top S and W atomic layers of a
WS, 2D crystal from sample P. (d, e) GIXRD radial scans showing in-plane Bragg peaks from WS,/
Al,03(001) samples T and P, respectively. (f) Specular CTR data for WS,/ Al,O3(001) (i) sample T, (ii)
sample P, along with calculated profiles for (iii) bulk-like Al,05(001) substrate, and structural models for
(iv) sample T and (v) sample P.
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Figure 2. XP spectra of W 4f and S 2p doublets for WS/ Al,03(001) (a, b) sample T and (c, d) sample P.
(e) W 4f XPS for WOs/ Al,O3(001) sample. (f) The W L XRF spectrum from the WO3/ Al,05(001)
sample.
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Figure 3. WO3/ Al,0;(001) XSW-XRF analysis: (a-d) reflectivity and W Lo yield data and best fits for
angle 0 scans through the (0 0 6), (0 0 12), (1 0 4), and (0 1 2) Bragg peaks. (e) Al,O; model
superimposed on a (110) planar cut through the maxima in the model-independent W 3D density map
generated by the XSW-XRF measurements. (f) W® position with respect to the b-axis projection of
Al,05(001) ball-and-stick model.
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Figure 4. For the WO3/ Al,O3(001) sample, (a-d) specular and off-specular CTR data along with best fits.
(e) 1D electron density profile from model-independent O0L CTR analysis. The locations and occupancies
of the electron density peaks labeled 1-3 are listed in Table 1. b-axis projection of the (f) 3D structure
obtained from model-dependent refinement of specular and off-specular CTR data sets, (g) DFT
optimized Al,O; symmetric supercell slab structure with W incorporated at the outermost Al, lateral sites

and H atom adsorbed at the outermost O sites.
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Figure 5. For the WS,/ Al,O3(001) samples: (a, b) XSW-XREF reflectivity, W La yield data and best fits
for (a) sample T and (b) sample P. (c) Top views of ball-and-stick models for Al,05(001) substrate and
WS; 2D crystals with GIXRD determined orientations for sample T shown on the left and sample P on the
right. (d) 1D electron density profiles for WS,/ Al,O3(001) near-surface atomic layers for samples T and P
derived from model-dependent OOL CTR analysis shown in Fig. 1(f). For clarity, the profile for sample P
has been shifted vertically. The locations and occupancies of the electron density peaks labeled Ti.s and
P14 are listed in Table 2. b-axis projection of the models for (e) sample T determined by combined X-ray
analysis, and (f) sample P obtained from DFT analysis. The horizontal dashed lines mark the bulk-like
(006) planes, which bisect the bulk-like Al and Alg sites.



Table 1. Z coordinates (with respect to the origin bisecting the bulk like Al bilayer at the surface) and
occupancies of the surface atoms in WO3/AlO5(001) structure obtained from 00L CTR 1D electron
density profile analysis and DFT optimization. For the DFT calculation, we introduced 37.5 % site
fraction of W substitutions at the outermost Al, sites in the O-terminated Al,O3 supercell.

Model-independent CTR analysis DFT optimization
Atom e / atomic layer Occupancy Position (A) Avg. position (A)
O of adsorbed H,O
Peak 3 20.46 2.05 2.50
O of -OH Peak 2 16.12 1.61 1.06 1.03
W* (Alg*") Peak 1 49.88 0.64 0.24 0.27 (0.21)
Al 6.92 0.69 -0.27 -0.05
0* 25.17 2.52 -1.06 -1.08
Alg™* 10 1 -1.92 -1.91
Al 10 1 -2.41 -2.41
o* 30 3 -3.25 -3.24
Alg* 10 1 -4.08 -4.08
Al 10 1 -4.57 -4.57
o~ 30 3 -5.40 -5.40




Table 2. Z coordinates (with respect to the origin bisecting the bulk like Al bilayer at the surface) and
occupancies of the surface atoms in WS,/Al,03(001) sample T and sample P obtained from 00L CTR 1D

electron density profile analysis and DFT calculation for sample P.

CTR WS,/ALO4(001) sample T CTR WS,/ALO;(001) sample P sm?lf)li; P
Position Position Avg.
Atom Occupancy (A) Atom Occupancy (A) po(sgi)on
S” Peak T 0.61 7.28
4+
w TI: eak 0.61 5.71 S* Peak P, 0.68 8.07 8.14
S” Peak T, 0.61 4.13 W Peak P; 0.68 6.50 6.58
O of
adi’f:ged 1.20 2.59 S* Peak P, 0.68 4.93 5.03
Peak T3
O of -OH S?interface
peak T 1.14 1.06 peak P, 0.81 1.06 1.63
W (Alg™) 3
Peak T, 0.28 0.22 Alg 0.82 0.27 0.29
Al,* 0.57 -0.25 Aly* 0.86 -0.25 -0.27
o~ 2.52 ~1.06 o* 2.64 -1.06 -1.08
Al 1 1.92 Als> 1 1.92 -1.91
Al 1 2.41 Al 1 2.41 2.41
o~ 3 3.25 o* 3 3.25 _3.25




