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ABSTRACT

Internal photoemission of electrons was used to determine the energy position of the top valence band of mono- and few-layer WS2 on an
SiO2/Si substrate. It was found, contrary to density functional theory calculations, that the valence band top in WS2 shifts up in energy with
respect to the conduction band minimum of SiO2 with decreasing number of monolayers. At the same time, the band alignment of WS2
with SiO2 appears to be less sensitive to the WS2 synthesis route than in the previously studied case of the MoS2/SiO2 interface, indicating
less extrinsic WS2 variability.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0001987

I. INTRODUCTION

Since demonstration of the first functional two dimensional
(2D) transistor by Radisavljevic et al.1 using MoS2 as a channel
material, much research has been done on semiconducting transi-
tion metal dichalcogenides (TMDs). Initially, mostly, MoS2 was
explored, as it showed promising results.2–5 However, it has been
found that synthetically grown MoS2 suffers from significant intrin-
sic and extrinsic variability. The latter’s origin can be correlated
with synthesis and processing details of the 2D layers. It has been
shown that there is a �0:6 eV difference in the band alignment
between SiO2 and MoS2 grown by DC magnetron sputtering com-
pared to high temperature sulfurization of metallic molybdenum in
H2S, tentatively ascribed to the influence of hydrogen present in
the ambient in the last case.6 Moreover, significant die-to-die
threshold voltage (VT) variability has been observed for metal-
organic chemical vapor deposition (MOCVD) grown monolayer
(ML) MoS2,

7 while few-layer (FL) material seems to be less prone
to the VT variability. Furthermore, layer transfer from a growth- to
target-substrate of MoS2 layers grown through high temperature
sulfurization of metallic Mo also introduces a significant change in
the band alignment with SiO2, causing up to a �1 eV energy

difference at edges of the transferred layers, while at the wafer
center, the MoS2 valence band (VB) top is shifted by �0:5 eV com-
pared to as grown material.8

These observations suggest that the variability might be due to
a combined action of intrinsic and extrinsic factors. For example,
MoS2 thickness variability has been shown to cause degradation of
the subthreshold slope (SS). Statistical analysis of 60 devices with a
100 nm channel length shows that MOCVD grown monolayer
MoS2 containing islands of a second monolayer results in the SS
degradation.7 Upon further reduction of the channel length, the SS
degradation is expected to worsen. The thickness-dependent
bandgap width is a well-known intrinsic feature of ML/FL TMDs
implying that the gap edges also shift when changing the ML
number.9 This behavior may have a profound effect on electron
transport because synthetic TMD layers grown on a wafer scale
often contain regions with thicker FL “islands,” leading to local gap
narrowing.10 As a result, trapping of charge carriers in these inho-
mogeneities may significantly impair their transport because the
capture cross section becomes comparable to the island size.
However, little experimental information is available regarding the
VB shift and conduction band (CB) edges upon a TMD film thick-
ness change.
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Recently, ML and FL WS2 emerged as a more promising can-
didate for the use in ultrathin channel transistors since it exhibits a
higher electron mobility11 and provides a better on/off current
ratio12 compared to MoS2-based devices. WS2 also exhibits
improved variability of the layer transfer process in terms of energy
band alignment with industry standard insulator SiO2.

13

Additionally, we previously noticed that sensitivity to the presence
of hydrogen during TMD synthesis might have less of an effect on
the WS2 band alignment.14 Therefore, in this present study, we
addressed the intrinsic band alignment variability using internal
photoemission (IPE) spectroscopy to determine the energy band
alignment of ML and FL WS2 grown though molecular beam
epitaxy (MBE) on SiO2. This is achieved by observing optically
excited electron transitions from the WS2 VB into the CB of SiO2,
which allows one to determine the energy barrier between two
bands. Unexpectedly, we found an opposite trend in the case of
WS2 compared to MoS2.

6 The WS2 VB top shifts upward in energy
relative to the SiO2 CB when decreasing the film thickness from 7
to 1ML. Additionally, the extrinsic effects were investigated by
comparing the hydrogen free MBE synthesis to the WS2 films
grown by chemical vapor deposition or sulfurization of metallic
tungsten in H2S. By contrast to the earlier studied MoS2 case, we
found a negligible impact of hydrogen on the energy band align-
ment with SiO2. This would point to WS2 as a promising TMD for
wafer-scale integration.

II. EXPERIMENTAL DETAILS

A set of 1, 3, 5, and 7ML thin WS2 films was grown by MBE
on top of SiO2 (50 nm)/p-Si(100) substrates at 480 �C with a S to
W flux ratio of �5000:1. After deposition, the films were left at the
growth temperature for 2 min and then allowed to cool down in a
continuous S flux. These WS2 layers were in situ capped with a
�5 nm layer of amorphous Se to prevent oxidation in air. The
number of MLs were calculated from the physical thickness (0.5,
1.9, 3.7, and 4.8 nm) determinated by post growth X-ray photoelec-
tron spectroscopy (XPS) attenuation analysis of the Si 2p core level
assuming a 0.7 nm WS2 ML thickness found in the literature.15,16

The ML sample 0.5 nm thickness has to be interpreted as partial
coverage of the substrate. An effective attenuation length (EAL) for
the Si 2p3/2 core level in the WS2 overlayer was calculated to be
2.30 nm using the NIST electron EAL database.17 More details of
the system used for the MBE growth of WS2 can be found else-
where.18 The set of studied samples was complemented by 1ML
WS2 films synthesized on top of similar SiO2/Si substrates by
MOCVD from W(CO)6 and H2S precursors at 800 �C using the
same approach as described in Ref. 10 as for MoS2. On top of the
WS2 films large area optically semitransparent Al and Au elec-
trodes (15 nm thick, 0.5 mm2) were thermoresistively evaporated to
minimize possible damage to the 2D films.19,20 For the backside
contact to the Si substrate wafer, a blanket Al layer was used.

IPE measurements were carried out at room temperature
using a 150W xenon arc lamp as light source in combination with
a monochromator (spectral resolution of 2 nm) providing photons
in the energy hν range from 2 to 6 eV. In the biased WS2/SiO2/Si
capacitors, currents were measured under illumination and in dark-
ness using a Keithley 6517a electrometer. The photocurrent was

then determined as the difference between these currents, and by
normalizing it to the xenon lamp’s calibrated incident photon flux
at given photon energy hν, the quantum yield Y(hν) was deter-
mined. By implementing a time delay between the start of illumina-
tion and the current readout, transient effects were minimized.
Extensive averaging (.60 per current readout) was applied in order
to improve the signal-to-noise ratio. Powell’s model21 was used to
analyze spectral dependencies of the quantum yield. In order to
determine the IPE spectral threshold energy Φe, the quantum yield
in the region above Φe can be approximated as a power function of
the photon energy hν,21

Y(hν) ¼ A(hν)(hν � Φe)
p, (1)

where A(hν) depends on the optical properties of the illuminated
sample, including the possible optical interference effects and varia-
tions of optical properties of the constituent materials. This factor
is usually assumed not to vary significantly within the narrow spec-
tral range above the spectral threshold since no abrupt variations of
the optical behavior are expected for the materials in the stack.21

The exponent p is determined by the excited electron energy distri-
bution in the emitter. As in this case, the VB of WS2 is the emitter
and the CB of SiO2 the collector, p is expected to be close to 3, cor-
responding to a linear increase of the density of states with energy
below the semiconductor VB top edge.21 Indeed, such a linear
increase has been directly observed in x-ray photoelectron spectro-
scopy VB spectra of 1ML WS2 within approximately the 1 eV
range below the VB top.22 Therefore, the IPE spectral threshold
energy Φe corresponding to the minimal energy required for an
electron to be excited from the WS2 VB top edge into the CB of
the underlying SiO2 insulator can be found by linearly fitting the
quantum yield spectral curve in Y1/3-hν coordinates, also known as
Powell coordinates.21 Finally, to account for the image-force barrier
lowering effect,21 spectral thresholds determined at various exter-
nally applied gate bias voltages Vg are plotted in Φe �

ffiffiffi

F
p

coordi-
nates (the Schottky plot). These are then linearly extrapolated to a
zero electric field F, determined by normalizing Vg to the oxide
thickness, to obtain the interface barrier height.19

III. RESULTS AND DISCUSSION

First, we examined the die-to-die consistency of the results to
ensure reproducibility of the MBE growth. Figure 1 compares the
between yield spectra of two 7ML WS2 MBE grown samples from
different growth runs. Both IPE spectra have an onset of photo-
emission after 3.5 eV and behave similarly at higher energies.
However, there is a slight deviation between both curves above
hν � 4:3 eV; this can possibly be explained by the small difference
in the growth runs. Specifically, sample A was directly grown up to
a 7ML thickness, while sample B was initially grown to 1ML
thickness for in situ characterization and continued to 7ML thick-
ness a day later. As the second sample used a “seed” layer, it might
have induced some changes in the morphology, e.g., less/more
island formations or grain size differences, in sample B compared
to A. This might explain the small deviation at higher energies of
the IPE spectra. Similarly, an apparent kink is observed at
�4:75 eV for the spectral curve of sample A, and its origin can be
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found in a morphology difference. Given that the observed IPE
quantum yield spectrum is sensitive to the density of states below
the VB top, changes in morphology might induce variations in the
WS2 density of states. Nevertheless, the IPE threshold values
inferred from the Schottky plot, shown in the inset of Fig. 1 for
both samples, have a close zero field threshold values of
4:0+ 0:1 eV with the SiO2 CB. The thresholds were inferred
through linear fitting of the spectral curves at various gate biases
over an �1 eV region above the spectral threshold according to
XPS valence band emission spectra, indicating a 1 eV linear
increase in the occupied electron state density below the VB top.22

The difference between the two slopes of the Schottky plots for
two samples suggests a difference in built-in electric fields at the
WS2/SiO2 interface. Nevertheless, the zero field threshold values
remain consistent and can be used to trace the potential sources of
the band alignment variations.

Given that MBE synthesis delivers a consistent die-to-die band
alignment of WS2 with SiO2, it allows for the direct comparison
between ML and FL WS2. Figure 2 shows Powell plots for samples
with 7, 5, 3, and 1ML WS2 films for a range of gate biases. An
obvious difference between the spectra is the decreased quantum
yield for a decreasing number of layers, a direct result of the differ-
ence in the photoexcited WS2 volume. This is a straightforward
indication that the observed IPE spectra are the result of electron
photoemission from the WS2 films. The intensity difference
between 3 and 7ML is similar to the earlier reported IPE intensity
difference between 3 and 6ML WSe2,

14 while the intensity differ-
ence between 1 and 3ML is larger than the 5–7ML transition; it is
not unexpected as the transition from ML to FL leads to a larger
relative difference in the film thickness. It needs to be pointed out

that the Se cap has no influence on the IPE spectra as the photo-
emission onset of 5 nm Se occurs at a higher energy than observed
for these WS2 films.14 It was already proven that the metal contact
(Al versus Au) has no significant influence on the IPE spectra,14

suggesting that the observed IPE spectra in Fig. 2 originate from
the WS2 films.

While the IPE spectra in Fig. 2 have a similar shape, the pho-
toemission onset in the 7 ML WS2 sample is somewhat different
than observed for the other WS2 film thicknesses. We already
reported a similar difference in the onset of a photoemission shape
for 3 and 6ML WSe2 (cf. Fig. 6 in Ref. 14). This similarity between
two WX2 (X ¼ S, Se) films probably indicates an intrinsic property
of the valence band top edge in the transition from a 2D layer to a
more bulklike material. Nevertheless, the energy onset of photo-
emission appears to be similar in energy for all FL WS2 films as
indicated by the red lines in Fig. 2. All the inferred field-dependent
spectral threshold values are combined in the Schottky plot shown
in Fig. 3. Linear extrapolation to zero field of the FL WS2 spectral
threshold results in a zero field threshold of 4:0+ 0:1 eV for 5 and
7ML. Meanwhile, the 3 ML sample has a slightly higher threshold,
but it falls within the margin of error as compared to other FL
films. These results are consistent with the band structure evolution
of WS2, which is not expected to change significantly with the film
thickness between 3 and 7MLs.9 By contrast, the noticeable IPE
threshold shift is observed upon transition from FL to ML WS2,
indicating a change in the band alignment between WS2 and SiO2.
The zero field threshold obtained for 1 ML WS2 is 3:8+ 0:1 eV,
which is approximately 0.2–0.3 eV lower in energy compared to FL
WS2, indicates an up-shift of the VB top for the FL to ML transi-
tion as schematically illustrated in Fig. 4. This up-shift trend is
opposite to what has been observed for the band alignment of
MoS2 with SiO2.

6 Not only is the trend for WS2 opposite to that of
MoS2, it is also opposite to density functional theory (DFT) calcu-
lations of WS2 films.23–25 These predict that with increasing
number of layers, the valence band moves up in energy. It needs to
be pointed out, however, that these calculations are based on free-
standing films, while these experimental results are obtained from
films on Si/SiO2 substrates. Earlier, we reported on the failure of
DFT to correctly predict the band alignment of WS2 versus WSe2
with SiO2.

14 Therefore, while DFT calculations might be correctly
predicting the band structure evolution over different thicknesses,
there are some discrepancies when the film is supported by a sub-
strate. Knowing that experimental results on WS2 band alignment
with SiO2 have been different in terms of predicted relative posi-
tions for two separate experiments compared to DFT calculations,
there is a possible, e.g., electrostatic interaction of WS2 with the
SiO2 substrate, which has not been observed for MoS2. The latter
trend for MoS2 thickness-dependent VB positions follows well the
trend predicted by DFT calculations. The unexpected result for
WS2 suggests that care has to be taken when assessing the origins
of device variability, as island formations causing SS degradation as
observed for MoS2

7 might not be the same for other semiconduc-
tors from the TMD group.

Keeping in mind that the extrinsic synthesis variability
observed for MoS2

6 is possibly caused by the presence of hydrogen
during TMD film growth, a similar investigation was performed on
WS2 layers. We compared these MBE (intrinsically hydrogen free

FIG. 1. Powell plots of the IPE quantum yield spectra for two MBE grown 7 ML
WS2 samples for a gate bias of �5 V. Red lines indicate the linear fit used to
obtain the field-dependent threshold value. The inset shows Schottky plots of
the obtained threshold values for both samples, with solid (red) lines indicating
the linear fit used to obtain the zero field threshold corresponding to the barrier
height between WS2 VB and SiO2 CB. r.u., relative units.
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process) grown films to earlier reported band alignment values for
4ML WS2 synthesized on SiO2 by sulfurization of metallic W in
H2S at 800 �C.26 Figure 5 compares the IPE spectra for 5 ML WS2
grown by MBE with a 4ML film grown by W sulfurization taken at
the WS2 gate bias of �5 V. These spectra are in remarkable agree-
ment with each other, both in terms of intensity and the energy
onset of photoemission. Nevertheless, a slight decrease of intensity
is observed for the 4ML sample, but that is to be expected for a
decreased number of layers. This resemblance is also reflected in
the zero field threshold of 4:0+ 0:1 eV obtained from the Schottky
plot shown in Fig. 3. This result is a first indication of a limited
extrinsic variability of the band alignment of WS2 caused by the

change of the synthesis method. On the other hand, comparing
IPE yield spectra for MBE- and MOCVD- grown 1ML WS2 in
Fig. 6 reveals a slight increase of the spectral threshold for the
latter. However, the Schottky plots shown in Fig. 3 yield close zero
field threshold values for both synthesis methods of ML WS2 at
3:8+ 0:1 eV. The change in the Schottky plot slope for the
MOCVD grown film suggests introduction of charges to the inter-
face probably associated with the presence of hydrogen in the syn-
thesis ambient. Earlier, we already demonstrated the initial
indications of good reproducibility of the MOCVD process for
1 ML materials in terms of band alignment with the Si/SiO2 sub-
strate.13 However, as the band alignment for all three synthesis

FIG. 2. Powell plots of the IPE quantum yield spectra for MBE grown (a) 7, (b) 5, (c) 3, and (d) 1 ML WS2 films for gate biases ranging between �0:5 and �10 V. Solid
(red) lines illustrate the linear fit used to obtain the field-dependent threshold values.
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methods discussed above falls within the margin of error of one
another, it suggests that the presence of hydrogen during WS2 syn-
thesis might have by far lesser impact on the interface band align-
ment than in the case of MoS2/SiO2. Together with the earlier
reported reduced variability due to the film transfer process,13 WS2
seems to be less prone to extrinsic variability compared to its MoS2
counterpart. The similarity in threshold values between ML MBE-
and MOCVD-grown and FL MBE- and sulfurization-grown allows
for the indirect comparison between the MOCVD and sulfurization
synthesis. As the same band alignment evolution trend is observed
for those synthesis methods, the opposite trend to theoretical

calculations seems to be an intrinsic property of synthetic WS2.
Band alignment characterization of exfoliated WS2 materials on
SiO2 could reveal if the apparent intrinsic trend is caused by the
use of a synthetic material, although to our knowledge, none has
been performed up to date. This is probably related to a typically
small size of the exfoliated flakes precluding reliable measurements
of the IPE current.

Summarizing the above results, one may point to several sig-
nificant differences in the evolution of WS2/SiO2 band alignment
to the earlier studied seemingly similar MoS2/SiO2 systems. First,

FIG. 3. Schottky plot of the inferred spectral thresholds for MBE grown ML and
FL, MOCVD grown ML, and sulfurization grown FL WS2. Dashed gray lines
indicate the linear fit used to determine the zero field threshold.

FIG. 4. Schematic representation of the energy band alignment of (a) ML and
(b) FLWS2/SiO2/Si heterostructures.

FIG. 5. Comparison between IPE spectra of WS2 grown through MBE (5 ML)
and sulfurization (4 ML) with a gate bias of �5 V.

FIG. 6. Comparison between IPE spectra obtained from 1 ML WS2 layers
grown through MOCVD and MBE with a gate bias of �5 V. Solid (red) lines indi-
cate the linear fit used to determine the spectral threshold values.
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the intrinsic VB shift with increasing ML number occurs in the
opposite direction; i.e., the VB of ML WS2 is energetically posi-
tioned above that of multilayer’s as shown in Fig. 4. The effect of
the substrate-related artifacts can be considered insignificant since
the VB position appears to be the same in the 7 ML samples
(A and B). Second, the extrinsic factors related to the WS2 synthesis
route appear to have by far less impact on the band alignment with
SiO2 than in the case of MoS2.

IV. CONCLUSION

In conclusion, reduced WS2 extrinsic variability and consistent
band alignment with SiO2 were found for three different synthesis
routes, showing less sensitivity to hydrogen presence during synthe-
sis than in the previously studied case of the MoS2/SiO2 interface. At
the same time, for intrinsic WS2 variability, an unexpected trend was
found as the valence band top in WS2 shifts up in energy with
decreasing number of monolayers as measured with respect to the
conduction band minimum of SiO2. This would make localization of
holes in the islands of larger thickness energetically unfavorable and
deliver higher hole mobility in the inhomogeneous layers. Therefore,
WS2 might be a more suitable material for p-channel devices than
MoS2. Taken together with higher electron mobility, WS2 seems to
be the TMD of choice for complementary MOS device integration.
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