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Transition metal dichalcogenides (TMDCs) monolayers, as two-dimensional (2D) direct bandgap semicon-
ductors, hold promise for advanced optoelectronic and photocatalytic devices. Interaction with three-dimensional
(3D) metals, like Au, profoundly affects their optical properties, posing challenges in characterizing the
monolayer’s optical responses within the semiconductor-metal junction. In this study, using precise polarization-
controlled final-state sum frequency generation (FS-SFG), we successfully isolated the optical responses of a
MoS2 monolayer from a MoS2/Au junction. The resulting SFG spectra exhibit a linear lineshape, devoid of
A or B exciton features, attributed to the strong dielectric screening and substrate induced doping. The linear
lineshape illustrates the expected constant density of states (DOS) at the band edge of the 2D semiconductor,
a feature often obscured by excitonic interactions in weak-screening conditions such as in a free-standing
monolayer. Extrapolation yields the onset of a direct quasiparticle bandgap of about 1.65 ± 0.20 eV, indicating
a strong bandgap renormalization. This study not only enriches our understanding of the optical responses of
a 2D semiconductor in extreme screening conditions but also provides a critical reference for advancing 2D
semiconductor-based photocatalytic applications.
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Introduction. The unique appeal of monolayers of transi-
tion metal dichalcogenides (TMDCs) lies in their distinctive
characteristics as two-dimensional (2D) direct bandgap semi-
conductors [1,2]. The strong light-matter interaction and
the quantum confinement effect position these materials as
promising candidates for advancing next-generation optoelec-
tronic and photocatalytic devices [3–6]. In light of these
prospects, a fundamental question arises: How does a 2D
TMDC monolayer maintain its semiconductor characteristics
when interfaced with a three-dimensional (3D) metal? This
query is pivotal, considering the well-known strong screening
and doping effects associated with bulk metals. Beyond its
fundamental implications, this question also holds practical
relevance within the fields of TMDC-based 2D transistors
[7–9] and photocatalysis [10–12]. However, the precise char-
acterization of the electronic properties of a 2D semiconductor
on a 3D metal substrate presents substantial challenges. Tech-
niques such as scanning tunneling spectroscopy (STS) offer
a means of gauging the electronic bandgap by monitoring
the onset of tunneling current [13,14]. However, accurately
determining the onset of tunneling current remains a non-
trivial task, potentially introducing ambiguity in the derived
bandgap energy [15]. An alternative approach involving time-
and angle-resolved photoemission spectroscopy (tr-ARPES)
shows promise for electronic bandgap determination [16,17].
However, the applicability of tr-ARPES is constrained by its
demanding experimental requisites.
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There is a well-established optical method in the device
community, the Tauc plot, which has been used extensively
to determine the bandgap of 3D amorphous semiconduc-
tors [18–20]. Originally, Tauc developed the expression√

α(E )hν ∝ hν − Eopt to determine the optical absorption
edge for amorphous semiconductors, Ge and Si. Here α(E )
denotes the absorption coefficient, hν the photon energy, and
Eopt the optical bandgap. While this method may also be
adapted for use with crystalline semiconductors such as thin
layers of TMDCs after certain modifications, challenges arise
due to the presence of excitonic features at the band edge.
There is an ongoing debate regarding the construction of the
Tauc plot for TMDC systems. Some studies involve drawing
the slope from the lower-energy side of the A exciton [21,22],
while others base it on the quasiparticle bandgap [23,24] and
simply ignore the excitonic features. Clearly, the accurate
characterization of the onset of the band edge of a TMDC
monolayer depends on a comprehensive understanding of its
optical properties under different environments.

Theoretically, a 2D semiconductor with direct bandgap is
expected to have a constant, with respect to energy, density of
states (DOS) at the band edges within a quasiparticle picture
[20]. The optical response, which is directly related to the
joint DOS, should increase linearly with photon energy due to
the convolution of two constant functions. However, in most
practical TMDC systems insufficient screening generally en-
hances the Coulomb interaction between the electrons and
holes, leading to exciton formation and complicating inter-
pretation of the observed lineshapes. Intriguingly, by placing
the TMDC on a metal surface, it may be possible to recover
the intrinsic exciton-free optical response of the 2D material.
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This suggests that it might be possible to extract the bandgap
from linear extrapolation of the optical response in analogy
to the Tauc plot. Regrettably, when the TMDC is positioned
on a metal surface, it is extremely difficult to isolate its pure
optical response from that of the underlying metallic sub-
strate. For instance, in the case of a MoS2 monolayer on Au,
the photoluminescence (PL) signal is completely quenched
[25,26]. While absorption or reflectivity measurements can
still provide an optical response from the TMDC monolayer
on a metal system, the large optical response from the free
electrons of the substrate often obscures the optical response
of the TMDC [27], even though some subtle features in the
first derivative of the spectrum have been reported [28]. These
persistent challenges impede a comprehensive understanding
of the optical behavior of TMDC monolayers interfaced with
a metal substrate.

Sum frequency generation (SFG) spectroscopy, a second-
order nonlinear spectroscopic technique [29,30], offers sensi-
tivity to the structural symmetry of MoS2. In a prior study,
we demonstrated the possibility of isolating the optical re-
sponse of MoS2 from that of the metal by leveraging their
respective symmetries [31]. In this work, we extensively in-
vestigate the influence of a metallic substrate on the spectra
of MoS2. For the first time, a linear optical lineshape of
the TMDC monolayer has been recovered at the band edge.
This not only allows us to unambiguously conclude that the
commonly observed A and B excitons disappear under such
extreme screening and doping conditions, but also provides
previously unrevealed information to discuss the unique elec-
tronic property of the TMDC monolayer in contact with metal
with the help of density functional theory (DFT) calculations.
Given the disappearance of the exciton features, we can derive
an analogous Tauc plot method using the pure second-order
nonlinear susceptibility (χ (2)) of MoS2. With this method, we
succeed in extracting the intrinsic bandgap (1.65 ± 0.20 eV)
of MoS2 within the semiconductor-metal junction, suggesting
that a strong bandgap renormalization has been induced by
the Au substrate. This study can be extended to other 2D
semiconductor and 3D metal junctions which are commonly
encountered in optoelectronic and photocatalytic devices.
The information obtained can greatly improve our under-
standing of the optical properties of 2D semiconductors,
especially in the presence of significant concentrations of free
carriers.

Experimental details. In this study, we collected final-state
sum frequency generation (FS-SFG) signals from a mono-
layer of MoS2 on Au, where the Au film was deposited
via physical vapor deposition (PVD). The MoS2/Au sample
was prepared through mechanical exfoliation of MoS2 onto
a freshly prepared Au surface [26]. For comparative analy-
sis, we also investigated a monolayer of MoS2 which was
grown by chemical vapor deposition on a layer of silicon
dioxide (SiO2) on a silicon wafer [32,33]. Optical images
of MoS2/Au and MoS2/SiO2 can be referenced in Fig. S1
within the Supplemental Material [34]. A detailed depiction
of the SFG experimental setup is provided in Fig. 1. Two laser
beams were spatially and temporally overlapped on the sam-
ple surface, and the resulting emitted sum frequency photons
were detected. The visible beam’s photon energy was centered
at 1.56 eV, while the photon energy of infrared (IR) beam

FIG. 1. Schematic representations of exfoliated MoS2 monolayer
on Au is investigated by the FS-SFG. Inset: Schematic energy level
diagram of the FS-SFG, where g, v, and s represent the ground state,
virtual state, and excited state, respectively. Only the SFG process
will resonate with the excited state in the MoS2 monolayer.

was tuned from 0.28–0.41 eV, ensuring that the final-state
resonant SFG photon energies covered the A and B exciton
energies. The visible beam energy was set at 0.8 µJ/pulse, and
the infrared beam was maintained below 1.0 µJ/pulse. Both
beams were propagated coplanarly with incident angles of 64◦
and 46◦ for the visible and infrared beams, respectively. The
polarization of the three beams was individually set to p or
s to obtain different polarization combinations, allowing us
to choose the one best suited for the intended experiment.
During measurements, azimuth-dependent patterns were ini-
tially obtained to guide the collection of FS-SFG spectra at
specific azimuths, e.g., the angle with maximum intensity. A
z-cut alpha quartz was used to obtain a reference signal for the
purpose of correcting the frequency-dependent IR intensity.
All experiments were conducted under ambient conditions at
∼21.5 ◦C. Further details regarding the sample preparation,
sample characterization, and the laser setup can be found in
our previous work [26,35,36] and the Supplemental Mate-
rial [34].

Results and discussion. To gain a basic overview of our
samples, we initiated our study with Raman and PL measure-
ments. As depicted in Fig. 2, both Raman and PL spectra

FIG. 2. (a) Raman spectra of MoS2 monolayer on Au and
Si/SiO2 substrate. The inset illustrates two Raman-active modes (E ′

and A′
1). (b) PL spectra obtained at room temperature for MoS2

monolayer on Au and Si/SiO2 substrate with an excitation wave-
length of 532 nm. The PL signal of MoS2 on Au is strongly
quenched.
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of MoS2 monolayers on Au and SiO2 substrates manifest
pronounced distinctions. Specifically, the Raman spectrum
of the MoS2 monolayer on SiO2, as illustrated in Fig. 2(a),
exhibits two notable peaks centered at 388.5 cm−1 for the in-
plane E ′ mode and 407.8 cm−1 for the out-of-plane A′

1 mode,
respectively. The discernible 19.3 cm−1 difference between
these modes is characteristic of a monolayer structure [37].
However, the Raman spectrum of MoS2 on Au showcases
markedly different features. The E ′ mode undergoes a red-
shift to 377.9 cm−1, and the A′

1 mode exhibits a redshift and
splits into two distinct peaks at 396.2 and 403.6 cm−1. These
changes align with earlier observations [26,38] and the lower
A′

1 mode can be attributed to the charge transfer from Au to
the stretched MoS2 layer [39].

The substantial interaction observed at the semiconductor-
metal interface is further corroborated by the PL spectrum
depicted in Fig. 2(b). The MoS2 sample on SiO2 exhibits
distinctive features at 1.81 and 1.97 eV, corresponding to the
A and B excitons of MoS2, respectively. The presence of
two excitons, A and B, originates from the splitting of the
valence band maxima at the K point, induced by spin-orbit
coupling [40]. In contrast, the PL signal from the MoS2/Au
sample is completely quenched (see Fig. S2 of the PL signal
of MoS2/Au with small intensity scale in the Supplemen-
tal Material [34]). These optical spectra are consistent with
previous studies [26,38,41]. PL quenching has been reported
previously [25] and was understood as the transfer of the
photoexcited electron from the conduction band of MoS2 to
the Au substrate instead of undergoing radiation relaxation.
This hypothesis is supported by tr-ARPES results, which
demonstrate ultrafast dynamics of the photoexcited electrons
relaxing back to Au [16]. However, the behavior of excitons
within this heterointerface remained unclear. While there are
reports claiming that the A and B excitons remain observable
for MoS2 on Au [28], others suggest a conclusion to the
contrary [27]. The reason for the dispute is the weak signal of
MoS2, which is always hidden under the strong background
signal of the Au substrate, making it difficult to unambigu-
ously distinguish between them. Fortunately, second-order
nonlinear spectroscopy techniques, such as FS-SFG, pro-
vide a unique opportunity to isolate the contribution of the
monolayer semiconductor from that of the bulk substrate,
capitalizing on their distinct symmetries. Further details re-
garding this isolation technique are elaborated below.

As demonstrated in earlier studies utilizing single-beam
second harmonic generation (SHG), the 2H-MoS2 monolayer
is categorized under the D3h point group, displaying a consis-
tent sixfold symmetric pattern of SHG intensity [42–44]. Our
recent investigation using SFG aligns with these prior findings
and extends the understanding by revealing that the symmetric
pattern of the MoS2 monolayer on Au is highly dependent
on polarization, resulting in a lowering of the symmetry to
C3v [31]. Within the C3v point group, specific polarization
combinations (e.g., spp, pps, psp, and sss, where spp indi-
cates s polarized SFG, p polarized visible, and p polarized
infrared beams) yield signals arising from only one azimuth-
dependent second-order susceptibility component inherited
from MoS2. By carefully selecting the appropriate polariza-
tion combination, SFG enables selective investigation of the
MoS2 monolayer and provides the pure response from the

FIG. 3. (a) The normalized FS-SFG spectra of the MoS2

monolayer on Au under spp (top) and ssp (bottom) polarization
combinations. (b) and (c) are the azimuth-dependent SFG intensity of
MoS2/Au under spp and ssp polarization combination, respectively.
There is a 13◦ offset in the azimuth between spp and ssp polarization
combination. The spectra in (a) were collected at specific azimuths,
marked in (b) and (c) with corresponding colors.

MoS2 monolayer free from perturbations by the Au optical
response.

The top and bottom panels in Fig. 3(a) show representative
FS-SFG spectra of the MoS2/Au sample under spp and ssp
polarization combinations. The sharp peaks at the edges of the
spectra in Fig. 3(a) are noise induced by spectrum normaliza-
tion due to the lower output power of our laser system at the
corresponding photon energy. Figures 3(b) and 3(c) are the
corresponding azimuthal dependencies of the SFG intensity
for the two polarization combinations. The azimuthal pattern
for spp exhibits a sixfold symmetry, while that for ssp shows
a threefold symmetry. The reason for the different azimuthal
symmetric pattern has been extensively discussed in our pre-
vious work [31]. In brief, for spp polarization, the SFG signal
purely originates from the MoS2 layer, while both MoS2 and
Au contribute to the SFG signal when using ssp polarization.
In the latter case, the interference of the two signals results
in a reduction in the symmetry from sixfold to threefold. The
relative ratio of two signals determines the shape of the petal
in a threefold symmetric pattern.

In this work, we will focus on the spectra of these FS-
SFG responses. For spp polarization combination, the spectral
shape in the reported A and B exciton energy region is close
to a straight line and the slope is independent of the az-
imuth, only the intensities change [Here only a representative
spectrum collected at the maximum integrated FS-SFG in-
tensities, which is marked in red in Fig. 3(b) is presented].
On the contrary, the spectral shape recorded under the ssp
polarization combination [bottom panel of Fig. 3(a)] main-
tains a linear appearance, yet with slopes that exhibit
significant sensitivity to the azimuth (the weak narrow fea-
tures around 1.92 eV are from the vibrational responses of the
unavoidable hydrocarbon impurities being upconverted by the
1.56 eV visible beam). Specifically, at the azimuthal intensity
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maximum [highlighted in orange in Fig. 3(c)], the slope is
positive; at the azimuthal intensity minimum [marked in light
green in Fig. 3(c)], the slope is negative. Furthermore, at the
shoulder, the spectrum appears nearly horizontal [indicated by
the blue marker in Fig. 3(c)], akin to the FS-SFG response
observed in pure PVD Au (refer to Fig. S3 in the Supple-
mental Material [34]). More details about the relationship
between azimuth and spectral slope under ssp polarization can
be found in the Supplemental Material [34]. To establish a
reference, azimuth-dependent SFG intensity and the spectrum
of MoS2/SiO2 were also obtained. A distinctive resonant peak
is observed at ∼1.84 eV, attributed to the A exciton, as illus-
trated in Fig. S4 of the Supplemental Material [34]. Clearly,
in the case of MoS2/Au, even though the FS-SFG photon
energy falls within the A and B exciton energy range, all the
spectra display a linear profile, and no excitonic features were
observed.

While both the PL (Fig. 2) and the FS-SFG (Fig. 3) spectra
suggest a quench of the excitonic features, the implications
of the two observations differ significantly. The quenched
spectrum in PL solely implies a nonradiative relaxation pro-
cess, and it does not provide any additional information such
as bandgap renormalization or potential substrate induced
doping. On the contrary, the FS-SFG spectra of MoS2 on
Au distinctly exhibit the radiative signal. A comprehensive
analysis of this signal can provide valuable insights into the
electronic properties of this intricate system.

One of the intriguing properties of 2D materials is their ex-
treme sensitivity to the screening from the environment. Both
theory [45–47] and experiments [16,48] have shown that the
screening from the environment or from the substrate doped
free charge carriers inside the TMDC can effectively reduce
the Coulomb interaction between electron-hole pairs, leading
to an increase in their spatial separation and a reduction in
the exciton’s binding energy. Depending on the nature of
screening (dynamic or static), the quasiparticle bandgap may
be reduced (known as bandgap renormalization) by the same
amount as the change of the binding energy of the exciton
[46]. Obviously, metals possess an extremely large dielec-
tric constant and produce a strong doping effect compared
to free-standing or dielectric substrate-supported conditions.
Consequently, stable excitons cannot be formed in a MoS2

monolayer on Au at room temperature, as evidenced by our
observation.

As the formation of excitons within MoS2/Au is not fea-
sible, the isolated optical response of the MoS2 hence can
report the electronic property of the semiconductor at the
band edge, similar to the Tauc plot method reported for bulk
amorphous semiconductors [19]. Figure 4 shows the results
of such an analogous Tauc plot. A straight line is clearly
obtained. Extrapolating the line in the plot to |χ (2)

MoS2
| = 0,

as shown in Fig. 4, gives a value of 1.65 ± 0.20 eV as av-
eraged from several independent measurements. Given that
this response is approximately equivalent to the convolution of
two constant DOS functions at the band edges (as confirmed
by a DFT calculation), this value reports the onset of the
bandgap at the K point in the first Brillouin zone (see Fig. S5
in the Supplemental Material [34] about the band structure and
constant DOS).

FIG. 4. The onset of bandgap in the MoS2 monolayer on Au
under spp polarization combination was determined using the analo-
gous Tauc plot method. A linear fit of the dependence of |χ (2)

MoS2
| on

the SFG photon energy was represented by the red solid line. The
onset of the bandgap was extracted by extrapolating the linear fit to
hit the energy axis (|χ (2)

MoS2
| = 0) and marked by an arrow.

The Tauc plot method has previously been utilized to deter-
mine the bandgap of TMDC thin films, without accounting for
the impact of excitons [21,22]. However, for a free-standing
TMDC monolayer or a monolayer on a dielectric substrate,
the presence of excitons due to insufficient screening, can
significantly hinder the unambiguous identification of the ab-
sorption edge. In contrast, in the current study, the exciton
binding energy is sufficiently low when the TMDC monolayer
is placed on Au, so that the analogous Tauc plot becomes
possible as long as the pure monolayer response can be ex-
tracted. It should be noted that in this study we directly plot
the Fresnel factor corrected |χ (2)

MoS2
| as a function of the sum

frequency photon energy, rather than plotting |αMoS2 hν|n as
a function of the input photon energy hν (see Fig. S6 in
the Supplemental Material [34] for the Fresnel factor in the
measured energy range). This approach is justified by the
Miller theory in nonlinear optics [30], where the lineshapes
of a final state resonance in a second-order nonlinear optical
process are identical to those of a linear optical process such
as optical absorption (see the Supplemental Material [34] for
further discussion).

The quasiparticle bandgap determined in this investiga-
tion is notably reduced compared to that of a free-standing
or dielectrically supported monolayer of MoS2. Evidently, a
pronounced bandgap renormalization has transpired. Compa-
rable instances of bandgap renormalization phenomena have
been reported in prior research [13,16]. A tr-ARPES study of
MoS2 monolayer on Au revealed a direct electronic bandgap
of 1.95 eV at the K point [16]. However, it should be noted
that the bandgap measured in their study refers to the en-
ergy difference between the center of the conduction band
minimum and that of the valence band maximum at the K
point, whereas the value extracted from our experiment is the
difference between the valence band maximum and conduc-
tion band minimum energies. Considering the full width at
the half maximum (∼0.3 eV) of the bands in the tr-APRES
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results (Fig. 2 in Ref. [16]), our results are in agreement
with theirs. In an STS study of MoS2 monolayer on Au, a
bandgap of 1.74 ± 0.27 eV was extracted from the STS spec-
tra [13], aligning closely with our result. The phenomenon
of bandgap renormalization can be comprehended as the
result of screening effects arising from the substrate and ad-
ditional charge carriers within the monolayer via substrate
doping. It is imperative to acknowledge that quantifying the
bandgap renormalization of a monolayer of TMDC through
conventional optical measurements, such as PL or optical
absorption, is generally unattainable. This constraint arises
from the comparable magnitudes of the alterations in exciton
binding energy and the redshift of the quasiparticle band gap.
Consequently, minimal variation in optical transition energy
occur across diverse carrier densities [15,17]. However, in the
present investigation, the unequivocal observation of exciton
disappearance allows us to present the findings depicted in
Fig. 4, which reports on the bandgap renormalization. Addi-
tionally, different quasiparticle bandgap values, ranging from
1.6 to 2.9 eV, have been reported from previous calcula-
tions using different levels of theories [46,49,50]. Our results
provide new and reliable parameters for future comparison
between the theory and experiment.

The interfaces created when 2D semiconductors come into
contact with 3D metallic electrodes play a pivotal role in many
newly developed optoelectronic and photocatalytic devices
[51,52]. Our study offers a straightforward optical method
to characterize the optical response of the 2D semiconduc-
tor itself with a noncontact manner. Such a method can be
extended to other similar systems for devices based on the
optoelectronic properties of TMDCs.

While our current research is informative, it is important
to acknowledge certain limitations. Specifically, the limited
probing frequency range is a result of constraints imposed
by our experimental setup. Additionally, in the determina-
tion of the bandgap onset using the analogous Tauc plot, we
had to employ an approximation based on Miller’s rule [30].

However, despite these constraints, our conclusions regarding
the absence of A and B excitons and the observed reduc-
tion of the bandgap for MoS2/Au are firmly rooted in the
experimental data. To address these limitations and deepen
our understanding, we plan to widen the optical window
and conduct heterodyne SFG measurements in our future
studies.

Conclusion. Through careful polarization selection in the
FS-SFG measurements, we were able to effectively isolate
the MoS2 monolayer’s optical response from the MoS2/Au
system. The significant screening effect induced by the Au
substrate and by the doped free carriers inside the monolayer
results in a substantial reduction of the exciton’s binding
energy, effectively impeding the formation of A and B exci-
tons. Under these conditions, we could extract the expected
linear onset of optical absorption of a TMDC semiconductor
under a quasiparticle picture. Our study provides valuable
insights for understanding the electronic properties at the 2D
semiconductor and 3D metal junction with the help of DFT
calculations. By introducing an analogous Tauc plot using the
pure second-order nonlinear susceptibility (|χ (2)

MoS2
|), we accu-

rately determine a quasiparticle bandgap of 1.65 ± 0.20 eV,
and a strong bandgap renormalization has been revealed. This
methodology can be applied to various 2D semiconductor and
3D metal junctions, improving our understanding of optical
properties in the presence of abundant free carriers and pro-
viding a valuable reference for the further development of
photocatalysts.
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