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Evolution of the Electronic Gap of Directly Synthesized
Versus Mechanically Transferred WS, Monolayer to

Multilayer Films

Xu He, Jinpeng Tian, Wenjing Wu, Satya Butler, Shengxi Huang, Saien Xie,

and Antoine Kahn*

The electronic properties of 2D materials play a critical role in determining
their potential for device applications. Despite rapid developments in 2D
semiconductors, studies of fundamental electronic parameters, including the
electronic gap and ionization energy, are limited, with significant discrepancies
in reported values. The study focuses on tungsten disulfide (WS,) and
investigates the electronic structure of films comprising an increasing number
of layers deposited with two different methods: direct synthesis via metal—
organic chemical vapor deposition (MOCVD) and additive mechanical transfer
of exfoliated single layers. The films are characterized via Raman, UV-vis,

and photoluminescence spectroscopies, as well as ultraviolet photoelectron
and inverse photoemission spectroscopies (UPS/IPES). The electronic

gap of WS, is found to decrease from 2.43 eV for the monolayer to 1.97 eV for
the trilayer, indicating a bulk transition at the trilayer thickness. This reduction
in the electronic gap is primarily due to the downward shift of the conduction
band minimum relative to the valence band maximum. A comparative
analysis with MOCVD-grown WS, reveals a slightly larger electronic

gap for MOCVD-grown samples, attributed to differences in defect densities.
The electronic levels evaluated through UPS/IPES highlight the significant
influence of preparation methods on the electronic properties of WS,.

1. Introduction

Transition metal dichalcogenides (TMD) constitute a class of van
der Waals-bonded 2D materials, which have become popular

candidates for thin film (opto)electronics
given their versatility, superior electri-
cal properties, and tunability of elec-
tronic gaps by manipulating composi-
tion and number of layers.'] TMD
monolayers consist of an X-M-X sand-
wich formation, where M is a transi-
tion metal, such as Mo or W, and X is
a chalcogen, including S and Se. With
van der Waal forces acting between lay-
ers, TMD layers can be stacked in their
natural metallic 1T phase, semiconduct-
ing 2H phase, or in moiré structures
with twisted angles. Unlimited possibil-
ities exist for TMD heterostructure con-
struction because the choice of layers is
not bound by lattice matching require-
ments, a major limiting factor for epitax-
ial heterostructures of most other non-
layered inorganic semiconductors. In re-
cent years, substantial progressl®! has
been made in the synthesis, characteri-
zation, and application of TMDs, particu-
larly tungsten disulfide (WS,), from high-
quality large-area monolayer growth!*]
to novel heterostructures with enhanced
optoelectronic properties.’! The stronger photoluminescence
observed from monolayers of WS,, compared to its counter-
part MoS,, makes this material an ideal candidate for optoelec-
tronics studies.[®”] The potential of WS, in many applications,
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including high-performance field-effect transistors,!®°! sensitive
photodetectors,[1®!1] efficient catalysts for hydrogen evolution
reactions,!*?] and valleytronics,[**l is of particular interest to the
community.

An exciting aspect of layered 2D materials is how their elec-
tronic properties change as a function of the number of layers
present in the stack and the distance from the surface or sub-
strate. In that regard, van der Waals-bonded TMDs offer a unique
opportunity to test for these changes in a controlled way with-
out affecting the chemistry and bonding of each layer. For this,
many studies have been reported for WS,. However, discrepan-
cies remain surrounding the values for fundamental electronic
parameters of WS, highlighting the challenges in accurately de-
termining these properties. There are few reports of ionization
energy (IE) and electron affinity (EA) of the monolayer WS,, even
though these parameters are crucial for properly evaluating inter-
face electronic structures and essential for predicting band align-
ment type at heterostructures. Published IE values are found to
be inconsistent among themselves: experimentally, 5.74 eV,2%
or theoretically, 5.26,1' 5.48, and 5.82 eV.[*!] Even scarcer and
more widely spread are the reported values of exciton binding
energies, ranging from 0.32("7) to 0.65*) and 0.71 eV.[1#22] To
the best of our knowledge, there is no experimental report on
the EA of WS,. The energy gap of monolayer WS, is the most
commonly cited electronic property of the material but has seen
considerable variations in reported values across both theoreti-
cal and experimental studies, from ~1.6 to 3.11 eV.[>1*“ %] While
some variations in energy gap values reported from experimen-
tal studies can be attributed to film preparation and quality, mea-
surement techniques, the number of layers probed, or the im-
pact of the substrate on the structural and electronic proper-
ties of the film, a fundamental reason behind these variation
is the lack of distinction between single-particle (or electronic)
gap (Eg) and optical gap (E,,) in literature reports. E; repre-
sents the energy difference between an uncorrelated hole at the
valence band maximum (VBM) and an electron at the conduc-
tion band minimum (CBM), while the optical gap, often deter-
mined through UV-vis spectroscopy, corresponds to the energy
required to excite an electron-hole pair, the exciton. This energy
is lower due to electron-hole Coulomb interaction, i.e., the exci-
ton binding energy. This distinction is critical for accurate en-
ergy level alignment in device applications. Because of the 2D
nature of these materials, electron-hole interactions are strong
(exciton binding energies are high), and the direct determination
of Eg, including the VBM and CBM energy positions, requires
two independent techniques, i.e., direct (for VBM) and inverse
(for CBM) photoemission spectroscopies. As no systematic ex-
perimental work has been reported so far to study the evolution
of the electronic properties of WS, as a function of the num-
ber of layers stacked in the film, we investigate the E, IE, and
EA of WS, films comprising one to multiple layers, using ul-
traviolet photoelectron spectroscopy (UPS) and inverse photoe-
mission spectroscopy (IPES). This is the first set of direct mea-
surements of frontier energy levels of WS, for a different num-
ber of layers and provides an experimental benchmark for theo-
retical calculations. We also contrast results obtained from one-
to four-layer films stacked by mechanical transfer with one- to
multiple-layer (>4 layers) films directly synthesized via metal-
organic chemical vapor deposition (MOCVD), studying the im-
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pacts of preparation methods on the electronic properties of the
material.

2. Results and Discussion

2.1. Mechanically Transferred 1L, 2L, 3L, and 4L WS,

Monolayer (1L), bilayer (2L), trilayer (3L), and tetralayer (4L) WS,
were mechanically transferred (see methods below) on fused sil-
ica, and optical measurements were conducted to test the quality
of the layers. The monolayers are stacked in a hexagonal lattice
arrangement (2H) with the sulfur and tungsten atoms in a trigo-
nal prismatic arrangement (Figure 1a). Photoluminescence (PL)
measurements (Figure 1b) show a strong peak for the 1L film
at 630 nm (1.97 eV), which reduces in intensity by almost 14-
fold for the 2L film and finally to negligible intensities for 3L
and 4L films. This is consistent with the reported characteris-
tic transition of several other TMD materials besides WS,, in-
cluding MoS,, MoSe,, and WSe,, from a direct gap for 1L to an
indirect gap for multilayer films.[22>-?’] UV-vis measurements
(Figure 1c) show a 620 nm (2.0 eV) peak of exciton A for the
monolayer and a 518 nm (2.39 eV) peak for exciton B, a differ-
ence due to spin-orbit splitting of the valence band and the dou-
bly degenerate conduction band at the K point of the Brillouin
zone.[1>162428] Ag the absorbance increases with an increasing
number of layers, as expected from the increasing amount of ma-
terials present, there is no significant change to the position of Ex-
citon A or B across the UV-vis measurement for 1L, 2L, 3L, and
4L, consistent with prior reports. Calculations have reported on
this layer independence(?15232%] for the excitons because the con-
duction band states at the K point of the Brillouin zone are mostly
the result of strongly localized d orbitals of the transition metal W
atoms, and the direct gap at this point changes as little as 0.1 eV
for MoS,!? or WS,.[2] Note that the difference between the A ex-
citon peak position (620 nm) and the PL peak position (630 nm)
is due to the Stokes shift and effects of strain in the material, as
reported by Zhao et al.[’] and Jeong et al.**) Raman spectroscopy
measurements (Figure 1d-f) show a strong second-order longi-
tudinal acoustic 2LA(M) mode peak at ~#351 cm™! superimposed
on the peaks of the first-order modes at the Brillouin zone center
E;g at ~#356 cm™'. The A, , peak, which corresponds to a sym-
metric out-of-plane sulfur vibration, shifts from 417.9 cm™! for
1L to 421 cm™! for the multi-layer films as a result of interlayer
interaction. A detailed fitting of the E;g and A, , peaks, includ-
ing peak positions for all mechanically transferred and MOCVD
films, are presented in Figure S1 and Table S1 (Supporting In-
formation). The spectra are characteristic of WS, and present an
increase in the E;g- A, , peak distance, consistent with reported
Raman measurements for an increasing number of layers due to
the dielectric screening of the vibration modes.3!!

To gain insight into the evolution of the energy levels and elec-
tronic gap with the number of layers, we performed UPS/IPES
measurements in ultra-high vacuum on mechanically trans-
ferred 1L, 2L, 3L, and 4L WS, on p-Si substrates with a na-
tive oxide (~1 nm). As shown in Figure 2, the positions of
the valence band maximum (VBM) and conduction band min-
imum (CBM) with respect to the vacuum level (E,, ) of each
film are determined by taking the intersection between the linear
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Figure 1. a) Structure of WS,; b—f) the sequence of data obtained from 1L (black), 2L (red), 3L (green), and 4L (blue) films mechanically transferred
on fused silica: (b) photoluminescence, (c) UV-vis absorption, (€) Raman spectroscopy with spectra normalized to E;g peak and arbitrarily shifted for

clarity; (d) and (f) Expanded views of the E;g and A, , peaks, respectively.

extrapolation of the leading edge of the valence and conduc-
tion state spectra and the background. The detailed fitting for
all mechanically transferred films is shown in Figure S2 (Sup-
porting Information). We thus determine E, = CBM-VBM. We
find that E, of the mechanically transferred and stacked WS, de-
creases from 2.43 eV for the monolayer, to 2.19 eV for the bi-
layer, and stays at 2.0 eV for the trilayer and tetralayer, indicat-
ing that the bulk value, as measured by UPS/IPES, is reached
between 3L and 4L stacked layers. The resolution of the elec-
tronic gap is estimated at + 0.15 eV based on the experimental

j=— 1L transferred|
——2L transferred _|

(a) ——3L transferred

4L transferred|

Intensity (A.U.)
Energy w.r.t. E . (eV)

1 1 1 1 1 1

8 7 6 5 4 3 2 A
Energy w.r.t. E . (eV)

resolution of the techniques and reproducibility of data collected
from two sets of data for each type of film. A value of E equal
to 2.43 eV for the mechanically transferred monolayer is con-
sistent with the fitted quasiparticle gap of 2.41 eV by Chernikov
etal.ll7]

According to our UPS/IPES measurements (Figure 2), the re-
duction of E; from monolayer to bulk (or 4L) corresponds pri-
marily to an increase in EA as the CBM shifts away by 0.37 eV
from E,, ., whereas the VBM shift toward E,,. by only 0.08 eV,
a relatively small decrease. Most of the increase in EA occurs

(b)
3.62 3.65
3.92 399 CBM
2.43 2.19 1.97 1.98 Electronic
gap
6.05 e 5.89 597  VBM
\anster® anste! anste! “a“s(e«ed

Figure 2. a) combined UPS/IPES spectra of mechanically transferred 1L, 2L, 3L, and 4L WS, on p-Si substrates. The leading edges of the valence band
are arbitrarily amplified, and the spectra offset for clarity; b) Corresponding energy diagrams showing the evolution of the ionization energy, electron
affinity, and electronic gap from a single layer to multilayers. The resolution of the electronic gap is +0.15 eV.
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Figure 3. Comparison between a) UPS and IPES spectra and b) electron affinity, ionization energy, and electronic gap of mechanically transferred and
MOCVD-grown monolayers and multilayers (or 4L). The resolution of the electronic gap is +0.15 eV.

between the bilayer (3.65 eV) and the trilayer (3.92 eV) films. It
remains largely unchanged (3.62-3.65 eV) between the mono-
layer and bilayer films, whereas the IE decreases by 0.2 eV in
that interval. This is in accord with theoretical calculations by Kuc
et al.,12*] which predict that the CBM stays at the K point of the
Brillouin zone from 1L to 2L WS,, while the VBM shifts from
the K point (direct gap) to the I' point (indirect gap), marking the
largest difference in IE in the series. Based on a detailed theoret-
ical investigation of MoS, (1L-6L), Mak et al.’”) postulated that
such a shift is driven by perpendicular quantum confinement (or
decrease thereof when adding layers to the stack). According to
Kuc et al.,* the larger increase in EA occurs between bilayer
and trilayer (or tetralayer) as the CBM position shifts from the K
point valley to a valley point between the I' and K points, while
IE stays essentially unchanged because the VBM remains on the
same valley going forward. Naik et al.l*?] attributed this transi-
tion to a change in hybridization as the CBM states along the I'-K
direction and VBM states at I" are more delocalized in the out-
of-plane direction due to their strong sulfur p, orbital presence,
leading to a greater hybridization with other layers than at the
K point and hence a larger band splitting at the bilayer-trilayer
transition.

2.2. Directly Synthesized Versus Mechanically Transferred WS,

To investigate the impact of preparation methods on the elec-
tronic properties of WS,, we compare films made by direct syn-
thesis via MOCVD growth with those stacked via mechanical
transfer. The E of the MOCVD-grown WS, monolayer is 2.56 eV
(see Figure 3), slightly larger than that of the mechanically trans-
ferred monolayer. This trend is observed again with the optical
gap (E,,) measured by UV-vis absorption (Figure 4a), which
shows a slightly red-shifted absorption peak for the mechani-
cally transferred layer (620 nm) compared to the MOCVD-grown
layer (616.6 nm). This trend is also evident in the PL spectrum
(Figure 4b), which peaks at 1.97 eV (630 nm) for the mechan-
ically transferred layer and 1.99 eV (624 nm) for the MOCVD-
grown monolayer. The difference in the gap between transferred
and MOCVD-grown films decreases as the number of layers
increases: the electronic gap measured on the MOCVD-grown
multilayer is 1.90 eV, consistent with that of the mechanically
transferred WS, (>3 layers). The full energy level diagrams of
MOCVD-grown 1L and multilayer films and mechanically trans-
ferred 1L, 2L, 3L, and 4L films are shown in Figure S3 (Support-
ing Information).

Absorbance (a.u.)

Wavelength (nm)

(b) —— 1L transferred
o 1L MOCVD
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Figure 4. a) UV-vis spectra, and b) normalized photoluminescence of mechanically transferred 1L (black) and MOCVD-grown 1L (cyan).
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Figure 5. a,b) XPS fitting of W 4f for MOCVD-grown and transferred monolayers, c) MOCVD-grown multilayers, and d) mechanically transferred 4L with

W 5p (blue), W 4f of 2H-WS, (green), WO; (cyan), and WO, (magenta).

We note that the MOCVD-grown WS, exhibits a photoemis-
sion feature at ~1 eV below the VBM (Peak A), which is far less
prominent in the spectra of the mechanically transferred mate-
rial (Figure 3a). This feature is likely related to the band struc-
ture of the TMD at the I'-point and is clearly observable in our
angle-integrated photoemission experiments on films grown di-
rectly by MOCVD, which are polycrystalline and present multiple
azimuthal orientations. On the other hand, the assembly of me-
chanically transferred layers presents a single orientation, which
may or may not be in alignment with the specific measurement
angle of our spectrometer, thereby leading to a less defined fea-
ture.

To further understand the difference in E; between MOCVD-
grown and mechanically transferred films, detailed X-ray photoe-
mission spectroscopy (XPS) scans of the W 4f core level peaks
were taken, and their respective fitting is shown in Figure 5. Sur-
vey scans of all the films were also collected and are included in
Figure S4 (Supporting Information). The analysis shows compo-
nents of W 4f corresponding to W bonded to sulfur (WS,) and
oxygen (WO,) on all multilayers and monolayers prepared by
both methods, although the oxide component is clearly stronger
in the MOCVD-grown films. In addition, the MOCVD-grown
films, especially at the monolayer level, have a non-negligible
contribution from a W 4fdoublet shifted by 2.85 eV toward lower
binding energy from the commonly seen WO, peak, which can
be attributed to the presence of WO, .33 Also present in all spec-
traisa W 5p component. The oxide-related core levels indicate the
presence of more oxygen-related defects and, hence, show less
tungsten bonded to sulfur in the MOCVD-grown monolayer: the
ratio of tungsten (bonded to sulfur) to sulfur (W:S ratio) is 0.42
for the MOCVD monolayer, lower than 0.45 for the mechanically
transferred 1L. The W:S ratio of the MOCVD-grown multilayer

Adv. Mater. Interfaces 2025, 2401008 2401008 (5 of 7)

film is 0.48, closer to the 0.49 ratio of the mechanically trans-
ferred 4L film, indicating a similar film quality for multilayers.
Hence, a 0.13 eV difference in E, in the monolayers of two prepa-
ration methods can be explained by the difference in film quality,
as defined here as the closeness of W:S ratio to 0.5, which in-
creases as the number of layers increases, evidenced by the much
smaller difference of 0.08 eV in E for multilayer-4L films, with
a minor contribution from different film strain®"! as evidenced
by the small PL peak redshift in Figure 4b.

In addition, the intensity of the W4f detailed scans allows us
to follow the number of WS, layers in the films. In particular,
the analysis provides a lower bound of four layers comprised in
the MOCVD multi-layer films, which is consistent with the fact
that the electronic gap of that film is about equal to that of the 4L
mechanically transferred one, as shown in Figure 3. The details of
the analysis are given in Supporting Information and Figure S5
(Supporting Information).

Finally, the data presented here provide an opportunity to eval-
uate the exciton binding energy (E) in the 1L films. Taking the
difference between electronic gaps (E¢) given in Figure 3b and
optical gaps (E,,) given in Figure 4a, Ey is evaluated at 0.55 eV
for the MOCVD-grown monolayer and 0.43 eV for the mechan-
ically transferred monolayer. This large exciton binding energy
can be expected given the quantum confinement in these 2D lay-
ers and the weak dielectric screening effect!’”! from the silicon
oxide substrate, leading to a strong Coulomb interaction in the
excited electron-hole pair.

3. Conclusion

In this work, the electronic properties of WS, layers, as charac-
terized by UPS/IPES, reveal a notable decrease in the electronic
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gap with increasing layer thickness, from 2.43 eV in monolay-
ers to 1.97 eV in trilayers, signaling a bulk electronic structure
starting at the trilayer. These results fill the gap of the lack of
experimental data on essential electronic properties parameters,
including IE, EA, and E, for WS, materials. The electronic gap
reduction is predominantly due to the CBM shifting away from
the vacuum level, with a minimal shift in the VBM. This series of
direct measurements of energy levels and the electronic gap pro-
vides important guidelines for designing TMD-based optical and
electronic devices, which requires a good match of energy lev-
els, particularly at interfaces. Comparisons with MOCVD-grown
WS, highlight the impact of preparation methods on material
properties. There are slight variations in electronic gap and exci-
ton binding energies. The discrepancy in energy levels between
MOCVD-grown and mechanically transferred samples could be
attributed to the fewer defects in the mechanically transferred
samples, according to detailed XPS studies. The difference be-
tween the electronic properties of WS, prepared by mechanical
exfoliation and MOCVD growth decreases as the layer number
increases.

4. Experimental Section

Film Preparation: Two different film-fabrication methods, MOCVD
and mechanical transfer, were utilized. The mechanical transfer
method(®#! uses an ultra-flat gold tape created through a template-
stripping technique. A thin gold film was evaporated on a polished
silicon wafer (Nova Electronics) and then stripped off with thermal
release tape after spin-coating a polyvinylpyrrolidone (PVP) layer. This
gold tape exfoliates a monolayer from the WS, crystal purchased from
HQ Graphene, which was then transferred onto a desired substrate or
existing layer to stack more layers of WS,. The thermal release tape and
PVP layer were removed, and the gold was etched away with an iodine
solution, yielding large-area monolayers. WS, films with 1L, 2L, 3L, and
4L were constructed in ABAB stacking order (2H phase) on fused silica
for optical measurements (PL, Raman, and UV-vis) and p-Si substrates
with a native oxide for UPS, IPES, and XPS.

For the MOCVD growth method, monolayer and multilayer films of con-
tinuous coverage were grown directly on p-Si substrates with native oxide.
Tungsten hexacarbonyl (THC) and diethyl sulfide (DES) mixed with Ar car-
rier gas were used as the precursor for tungsten and sulfur, respectively.
Monolayer (or multilayer) WS, films were grown under a total pressure
of ~1.7 Torr, at a growth temperature of 600 °C for 3 h, with flow rates
of 2 (or 10) sccm for THC, 0.5 scecm for DES, 1 sccm H,, and 350 scem
Ar.

Characterization: Photoluminescence (PL) and Raman spectroscopy
were used to distinguish monolayers from multilayers. The measurements
were performed on a Horiba Raman Spectrometer with a 532 nm laser.
The nominal laser power was attenuated with a filter D2 for Raman mea-
surements and DO0.3 for PL measurements to prevent detection saturation.
UV-vis spectroscopy (UV-vis) was used in conjunction to measure the op-
tical gap (Eqp), which aids in the calculation of exciton binding energy for
monolayer WS, materials.

Combined ultraviolet photoelectron spectroscopy (UPS) and inverse
photoemission spectroscopy (IPES) were used to probe the material’s oc-
cupied and unoccupied states, determine the conduction band minimum
(CBM), valence band maximum (VBM), electron affinity (EA), ionization
energy (IE), and electronic gap (E¢) as a function of the number of layers.
Both UPS and IPES were performed in an ultra-high vacuum (10710 Torr).
UPS utilized He | photons (21.22 eV) generated by a helium discharge
lamp, with a pass energy of 5 eV, a 0.02 eV step size, while IPES was per-
formed in isochromatic mode with electron energies ranging from 5 to
15 eV.
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X-ray photoelectron spectroscopy (XPS) with a monochromated Al K-«
anode (1486.6 eV) by Thermo Fisher Scientific was used to probe the W 4f
and S 2p core levels. Scans were taken with a pass energy of 25 eV and a
0.05 eV step size with a base pressure ~10~7 Torr.
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Supporting Information is available from the Wiley Online Library or from
the author.
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