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ABSTRACT: We have identified excited exciton states in monolayers of MoS2 and
WS2 supported on fused silica by means of photoluminescence excitation spectroscopy.
In monolayer WS2, the positions of the excited A exciton states imply an exciton
binding energy of 0.32 eV. In monolayer MoS2, excited exciton transitions are observed
at energies of 2.24 and 2.34 eV. Assigning these states to the B exciton Rydberg series
yields an exciton binding energy of 0.44 eV.
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Atomically thin crystals of transition metal dichalcogenides
(TMDCs) in the family of MoS2, MoSe2, WS2, and WSe2

have attracted much recent attention because of their
distinctive physical properties, including an indirect-to-direct
band gap transition in the monolayer limit,1−4 efficient
luminescence and light-matter interactions,1−11 and strong
coupling of the valley and spin degrees of freedom.12−21 The
materials have also shown potential for use in various
optoelectronic devices,22−24 and the growth of high-quality,
large-area crystals has been reported in several studies.25−31

One of the most intriguing properties arising from the reduced
dimensionality of these materials is the strong enhancement of
Coulomb interactions that they exhibit. This leads to
pronounced many-body effects, such as charged excitons with
binding energies in the range of 30 meV.32,33

Much effort has been focused on the excitonic properties of
these materials, particularly on the exciton binding energies and
the spectrum of excited excitonic states. Despite much
theoretical progress,34−45 direct experimental information on
this topic has only begun to appear.46−50 In particular, for the
important case of the MoS2 monolayer the values for the
exciton binding energy have remained elusive. Recently, reports
using scanning tunneling spectroscopy51 (STS) and photo-
current52 measurements infer the quasi-particle band gap in
monolayer MoS2. Our study uses purely optical measurements
to identify directly transitions in the exciton Rydberg series.
These states have yet to be observed in MoS2 monolayers and
provide an alternative approach to the study of excitonic
interactions and binding energy. In such purely optical studies,
the primary obstacle lies in the difficulty of observing excited
exciton states or the signature of transitions to the continuum
states. These transitions are concealed not only by their relative

weakness but also by their increased spectral width compared
with the ground-state exciton. These difficulties are com-
pounded by the presence of absorption from the tail of higher-
lying resonances, such as the so-called C transition attributed to
the interband transitions around the Γ-point of the Brillouin
zone.41,53

In this work, we address this issue by using one-photon
photoluminescence excitation (PLE) spectroscopy, taking
advantage of differences in the relative contributions of the
excitonic states and the background to the photoluminescence
quantum efficiency (QE). More specifically, we report the
observation of excited (Rydberg) exciton states in monolayer
MoS2 and WS2 at room temperature. From the peak positions,
we infer a binding energy of 0.32 (±0.05) eV for the A exciton
in WS2, which is in agreement with our previous low-
temperature study by reflectance spectroscopy.47 In the PLE
spectra of MoS2 monolayers, excited exciton states are observed
at average energies of 2.24 (±0.02) eV and 2.34 (±0.03) eV. If
we assign these transitions to the Rydberg series of the A
exciton, we infer an exciton binding energy of 0.64 (±0.08) eV.
An alternative assignment associates them with excited states of
the B exciton, implying a binding energy for the corresponding
exciton of 0.44 (±0.08) eV. Comparison with the results for
WS2 and theoretical considerations favor the latter interpreta-
tion but the former cannot be fully excluded.
The experiments were conducted on mechanically exfoliated

monolayers of MoS2 and WS2 prepared on fused silica
substrates. Additional measurements were taken on monolayer
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MoS2 on a flake of crystalline h-BN of about 20 nm thickness
supported on a silicon substrate with a 300 nm oxide epilayer.
Samples on h-BN exhibited significantly higher PL efficiency,
which enhanced the observation of the PLE features. The layer
thickness of MoS2 and WS2 samples was confirmed by PL and
Raman spectroscopy. The PLE measurements were performed
under ambient conditions using a pulsed supercontinuum laser
source, filtered by a grating monochromator to provide tunable
excitation of 1.5 nm bandwidth. The laser operated at a 40
MHz repetition rate with a pulse duration of approximately 400
fs. The sample was excited with a beam having an average
power of 100 nW and a spot size of 2-μm radius. The typical
exciton density created in the monolayer by each excitation
pulse was ∼2 × 109 cm−2, which lies below the range for which
significant exciton−exciton annihilation is expected54 (see
Supporting Information). For each excitation wavelength, a
PL (emission) spectrum was recorded and integrated over the
A peak emission to obtain the corresponding value in the PLE
spectrum (see Supporting Information). The relative QE is
obtained from the PLE spectra by normalizing for the
absorption and variation in excitation photon energy. The
absorption spectra were obtained from reflectance contrast
measurements55 performed with a tungsten−halogen source
and an inverted microscope paired with a grating spectrometer
and a liquid-nitrogen cooled charge-coupled device detector.
Figure 1a shows the PLE and absorption spectra for

monolayer MoS2 and WS2 crystals on fused silica substrates.
(See Supporting Information for the power, sample, and
substrate dependence of the PLE spectra.) For both materials,
the PLE spectrum increases, as expected, at the energy of the B
exciton. At higher photon energies, the absorption increases as
we approach the strong C transition, which is attributed to
higher-lying transitions away from the K/K′ point of the
Brillouin zone.41,53 The PLE signal, however, remains flat or
decreases with increasing photon energy. The general shape of
our PLE spectra agrees well with those recently reported in a
study of TMDC monolayers by Kozawa et al.56

The corresponding relative QE is presented in Figure 1b for
the two samples. (See the Supporting Information for the QE
of the MoS2 on h-BN substrate sample.) In both cases, the
relative QE decreases significantly with increasing photon
energy. The QE falls by nearly a factor of 10 around the C
resonance compared to excitation of B exciton and the high-

energy side of the A exciton, as previously observed by Kozawa
et al.56

In an ideal system with fast relaxation of the electron−hole
pairs toward the lowest energy excitonic state, negligible
nonradiative recombination, and no multiple carrier generation,
one would expect the QE to be near unity and independent of
the excitation energy. The PLE spectrum would then simply
match the optical absorption spectrum. However, for the
studied materials the data indicates the existence of competition
between the relaxation processes to the A exciton (and
subsequent emission) and efficient nonradiative decay channels,
the latter having a dependence on the excess carrier energy. In
the study by Kozawa et al.,56 the authors examined the
relaxation pathways for carriers excited by higher-energy visible
photons. They concluded that the majority of these carriers are
excited in band nesting regions of the Brillouin zone41,53 near
the Γ point with dominant relaxation pathways toward the Λ
point for electrons and toward the Γ point for holes. The
impeded relaxation of these carriers to the K/K′ valleys in the
presence of rapid nonradiative recombination processes thus
leads to a decrease in the QE. The excited states of the A and B
excitons, however, correspond to transitions at the K/K′ points
and are expected to exhibit efficient relaxation toward the
lowest energy exciton state, as has been observed in GaAs
quantum wells.57 The reduced QE for excitation of the wing of
the C peak thus suppresses the spectral background present
around the excited excitonic states, making the latter states
more readily discernible in the PLE spectrum than in direct
absorption measurements.
We now turn to the study of excited states of the excitons or

exciton Rydberg series revealed in the PLE measurements. The
levels are denoted as 1s (for the lowest-energy exciton state),
and as 2s, 3s, 4s,... for the optically accessible excited excitonic
states. For the WS2 monolayer on fused silica, we observe a
series of peaks in the room-temperature PLE spectrum at
energies between the A and B excitons (Figure 2). After
allowing for a temperature-dependent spectral shift associated
with the change in the band gap, these features match those
observed in the low-temperature absorption measurements in
our previous study and can be identified as members of the
Rydberg series of the A exciton.47 In Figure 2, we compare the
PLE spectrum with the reflectance contrast spectrum, after
differentiating the latter with respect to energy to bring out the
spectral features more clearly. We find good agreement

Figure 1. (a). PLE (left axis) and absorption (right axis) spectra for monolayer MoS2 (top) and WS2 (bottom) monolayers, both on fused silica
substrates. The PLE spectra are normalized to the intensity at the B peak. The smooth blue curve is a guide to the eye. (b) The relative quantum
efficiency (QE) of MoS2 and WS2 monolayers in arbitrary units normalized to the highest value in range.
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between the peak positions determined by these two
spectroscopic approaches.
As shown in our previous study47 and in other investigations

of monolayer TMDCs,46,49 the energies of the excited excitonic
states deviate strongly from a simple 2D hydrogenic model due
to the nonuniform dielectric environment. Because the electric
field between the electron and hole is not confined in the plane
of the material but also extends into the surrounding medium,
the effective screening of the Coulomb interaction depends on
the separation between the charges. However, for the large
electron−hole separations characteristic of the higher-lying
states (with n ≥ 3), the hydrogenic model was found to provide
a reasonable approximation of the energy-level structure.47

We can therefore determine the quasiparticle band gap as the
continuum limit of a hydrogenic spectrum, which we fit to the
measured transition energies of the 3s and 4s bound states for
the WS2 monolayer. This procedure yields a band gap of 2.33
(±0.05) eV and an exciton binding energy of 0.32 (±0.05) eV,
which is in agreement with the previous low-temperature
result.47 This further confirms our assignment of the PLE
features to the excited states of the exciton.
The PLE spectrum of monolayer MoS2, presented in Figure

3a, is given for a sample on fused silica and a sample on a h-BN
flake on a Si/SiO2 substrate. The sample on BN exhibits higher
PL intensity, which allows the weaker features in the PLE
spectrum to be identified more clearly. The energies of the
additional features in the PLE spectra differ very slightly (∼10
meV) in the two samples, possibly due to the different
dielectric environment from the different substrates. In
following discussion we use an averaged value for the excited
state energies.
The PLE spectrum of MoS2 is generally similar to that

measured for WS2 with two clearly discernible excited-state
transitions. However, in the case of MoS2 an additional
complication arises in terms of the assignment of the peaks: we
need to consider whether the observed peaks form part of the A
or B exciton Rydberg series, because the 0.15 eV splitting
between A and B peak is not large enough to make the analysis
obvious as in the case of WS2. Below we consider the different
possible peak assignments.

One possible assignment would be to associate the two
observed features with the lowest-lying (2s) excited states of
the A and B exciton series. However, we are able to exclude this
interpretation based on the following reasoning. The observed
transition energies of 2.24 (±0.02) and 2.34 (±0.03) eV for the
two features differ by only 0.10 eV, while the splitting between
the A and B excitons is 0.15 eV (see the absorption spectra in
Figure 1a). If we assume the binding energy is the same for the
A and B exciton, we would expect the excited features observed
to have the same energy spacing as the 1s peaks. The calculated
reduced mass for the B exciton mass is slightly higher than that
of the A exciton.43,44 Assuming the mass scaling of the
hydrogenic model with reduced exciton masses38 of 0.28m0 and
0.25m0 for the B and A exciton, respectively, we would expect
the spacing between the 2s states of the A and B excitons to be
0.19 eV. This further enhances the discrepancy with experiment
where the energy difference between the two states is only 0.10
eV. We note moreover that the higher-energy peak has only
about half of the oscillator strength of the lower-energy peak.
This cannot be understood in terms of an assignment as the
states of the A and B exciton but is expected if the two features
correspond to the 2s and 3s transitions in a Rydberg series, as
in the two alternative assignments.
We still have, however, the ambiguity of whether these are

the 2s and 3s states of the A or of the B exciton. In the former
case, we infer a binding energy of 0.64 (±0.08) eV (see
Supporting Information). While this is a possible assignment, it
poses two issues. First, the binding energy is about twice that of
WS2. On the basis of the theoretically calculated binding
energies37,38,42 there is no justification for such a large
difference. Second, if the observed features form part of the
A exciton Rydberg series, then we would expect to observe the
excited states of the B exciton as well. No additional features
are, however, seen in the PLE spectra.
Our preferred interpretation is, therefore, that we are

observing peaks in the Rydberg series of the B exciton. The
oscillator strengths inferred from the PLE spectra are
compatible with this interpretation and provide further

Figure 2. Spectroscopy of excitonic states in monolayer WS2. The
normalized PLE spectrum (right axis) after subtraction of a smooth
background (as described in the Supporting Information) and the
derivative of the reflectance contrast spectrum (left axis) of monolayer
WS2 on a fused silica substrate. The A exciton 1s peak is divided by a
factor of 20. The positions of the A exciton 1s, 2s, and 3s states are
marked by dashed lines. The inset shows the original reflectance
contrast spectrum over a wider spectral range, where the two strong
features correspond to the 1s transitions of the A and B excitons.

Figure 3. PLE spectroscopy results for excited excitonic states in
monolayer MoS2. (a) The PLE spectra of monolayer MoS2 samples
supported on fused silica substrates and on a thick h-BN flake on a Si/
SiO2 substrate. The smooth black curves are guides to the eye. The
spectra have been normalized to their peak intensity and offset for
clarity. The dashed lines indicate the 2s and 3s exciton states. (b)
Experimental energies for the 1s, 2s, and 3s exciton states in
monolayer MoS2 from PLE measurements (dots) and theoretical
values for the corresponding transitions obtained using the nonlocal
screening model described in the text. The calculated band gap is
marked by a dashed line.
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evidence against the assignment of 2s transitions to the A and B
exciton. To analyze the oscillator strengths, we fit the PLE
features to Lorentzian lineshapes and compute the area. We
find that relative to the 1s feature of the B exciton the oscillator
strength for the 2s and 3s peaks are 0.22 (±0.07) and 0.10
(±0.08), respectively. This behavior is similar to that seen
above for the Rydberg series in WS2, where the A exciton 2s
and 3s peaks had, respectively, relative oscillator strengths of
0.14 (±0.06) and 0.06 (±0.03). Assigning the MoS2 PLE peaks
to the Rydberg series of the B exciton and assuming that the A
and B excitons have similar properties, we would expect to see
the 2s and 3s transitions of the A exciton around 2.05 and 2.15
eV. The absence of such features in our PLE spectra can be
readily understood by their overlap with the strong 1s transition
of the B exciton. Thus, the picture for the interpretation of the
features as the Rydberg series of the B exciton is compatible
with all experimental observations.
To extract the quasi-particle band gap from the energies of

the 1s, 2s, and 3s excitonic states we must use a theoretical
treatment beyond that of the 2D hydrogenic model, because
this approximation is not valid for these lowest-lying excitonic
states.46,47,49 We turn, consequently, to a more realistic theory
of the energy-level structure of the excitonic states in transition
metal dichalcogenides, which is based on a modified Coulomb
interaction reflecting the nonlocal character of the dielectric
screening.38,47 This theoretical analysis yields a band gap of
2.47 eV, implying that the binding energy of the B exciton in
MoS2 is 0.44 (±0.08) eV. Compared to the A exciton in WS2,
the slightly larger binding energy of the B exciton in MoS2 can
be attributed to the higher effective mass of the excitons in
MoS2 compared to WS2. The B exciton energies of MoS2,
summarized in Figure 3b, exhibit similar deviation from the 2D
hydrogenic series as in WS2 monolayers. The theoretical model
captures the experimentally observed behavior. In this
calculation an exciton reduced mass of μ = 0.28m0 and a 2D
polarizability of χ2D = 9.3 Å were used. The value of the
reduced mass is taken from calculations in ref 38; the band gap
and 2D polarizability are adjustable parameters. As in our
previous work, we found it necessary to use a larger 2D
polarizability than is calculated for intrinsic MoS2 to account for
doping and substrate effects. The binding energy of excitons in
undoped, suspended MoS2 monolayers should be, accordingly,
somewhat larger than the value reported here.
Two recent experiments have inferred the exciton binding

energy in monolayer MoS2 using methods to determine the
quasi-particle gap, which could then be compared with the
measured 1s exciton transition energy. Zhang et al.51 used
scanning tunneling spectroscopy (STS) of MoS2 monolayers
on a graphite substrate. They observed two possible thresholds
in the STS spectra and accordingly quote two possible exciton
binding energies, 0.22 (±0.1) eV or 0.42 (±0.1) eV. The
second value agrees within uncertainty with our B exciton
assignment of 0.44 eV, supporting this assignment. Also, the
dielectric screening from the graphite substrate could account
for slight discrepancies between our results. Klots et al.52

inferred a quasi-particle gap from photocurrent measurements
of a suspended MoS2 monolayer. They deduced an exciton
binding energy ≥0.57 eV. Although substantially greater than
the preferred exciton binding energy of 0.44 eV deduced in this
work, the higher value inferred from the photocurrent
measurements may reflect the reduced dielectric screening for
the suspended sample.

In conclusion, we have introduced one-photon PLE
spectroscopy as a convenient method to study excited states
of excitons in TMDCs. The PLE spectra show clear features of
the exciton Rydberg series of WS2 and MoS2 monolayers,
yielding exciton binding energies of 0.32 (±0.05) eV for the
WS2 A exciton, which is in agreement with our earlier study47

based on reflectance spectroscopy. For the case of the MoS2
monolayer, we report the first observation of the excited
exciton states. We infer an exciton binding energy of 0.44
(±0.08) eV, consistent with other recent experimental analyses,
based on the assignment of our spectra to excited states of the
B exciton. A less likely assignment of the excited states to the A
exciton yields a binding energy of 0.64 (±0.08) eV.
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