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Broadband optoelectronics such as artificial
light harvesting technologies necessitate efficient and,
ideally, tunable coupling of excited states over a wide
range of energies. In monolayer MoS,, a prototypical two-
dimensional layered semiconductor, the excited state
manifold spans the visible electromagnetic spectrum and
is comprised of an interconnected network of excitonic and
free-carrier excitations. Here, photoluminescence excitation
spectroscopy is used to reveal the energetic and spatial
dependence of broadband excited state coupling to the
ground-state luminescent excitons of monolayer MoS,.
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Photoexcitation of the direct band gap excitons is found to strengthen with increasing energy, demonstrating that
interexcitonic coupling across the Brillouin zone is more efficient than previously reported, and thus bolstering the import
and appeal of these materials for broadband optoelectronic applications. Narrow excitation resonances that are
superimposed on the broadband photoexcitation spectrum are identified and coincide with the energetic positions of the
higher-energy excitons and the electronic band gap as predicted by first-principles calculations. Identification of such
features outlines a facile route to measure the optical and electronic band gaps and thus the exciton binding energy in the
more sophisticated device architectures that are necessary for untangling the rich many-body phenomena and complex
photophysics of these layered semiconductors. In as-grown materials, the excited states exhibit microscopic spatial
variations that are characteristic of local carrier density fluctuations, similar to charge puddling phenomena in graphene.
Such variations likely arise from substrate inhomogeneity and demonstrate the possibility to use substrate patterning to
tune local carrier density and dynamically control excited states for designer optoelectronics.
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he field of two-dimensional (2D) optoelectronics has

been revolutionized by the demonstrations' > that

monolayer (ML) transition metal dichalcogenides
(TMDCs) form atomically thin direct band gap semi-
conductors, providing rich opportunities for both technological
innovation and exploration of new physical phenomena.®” ">
Central to their optical and electronic properties is the
enhanced Coulombic interaction that induces strong many-
body effects such as the tightly bound exciton complexes which
govern their resonant light-matter interactions.'”'* Unlike
traditional 2D semiconductor quantum wells, the excitons of
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ML-TMDCs are stable at room temperature and under
ambient conditions, liberating excitonic functionalities that
were previously restricted to a cryogenic playground. Moreover,
these exciton states exhibit strong sensitivity to the local
environment

.14 . 411 15,16
electrostatic, © chemical ~ and structural

which simultaneously serves as a source of deleterious disorder
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for macroscopic device applications yet provides facile means to
locally probe'” and manipulate'® excitonic behavior.

Because of the large excitonic binding energy, multiple
higher-energy bound states separate the lowest-energy exciton
from free carrier interband excitations,”” yielding a complex
manifold of states that is important for broadband photo-
physical applications.”~” Initial studies of these higher-energy
states, including those using combined photoluminescence
(PL) and scanning tunneling spectroscopy,” photocurrent
excitation spectroscopy,”’ and photoluminescence excitation
(PLE) spectroscopy,” provided some of the first evidence of
the appreciably large exciton binding energy in ML-MoS,.
Additionally, PLE spectroscopy, where PL emission is
measured as a function of excitation energy, has provided
some initial insight into the complex relaxation and thermal-
ization processes within the excited state manifold.”"'
However, significant discrepancies in PLE intensities at higher
energies—signatures of interexcitonic coupling across the
Brillouin zone—exists between different studies and sam-
ples.””?' Furthermore, little is known about the spatial
heterogeneity of these higher energy states. While rapid
progress has been achieved in understanding the plethora of
fascinating optoelectronic properties of the ground state
excitons in ML-MoS, (and other TMDCs), much remains
unknown, especially on a microscopic level, of the higher-
energy states beyond the optical band gap despite their
potential impact on applications ranging from solar cells® to
quantum information science to 2D bioimaging25’26 and
sensing.26

In this work, we report the spectroscopic study and
hyperspectral imaging of above-gap excitations in ML-MoS,,
enabled by a combination of PLE spectroscopy, DFT
calculations, and microscopic PLE, PL and absorption spectros-
copies. First, signatures of the Rydberg progression of the direct
band gap excitons are observed, confirming the results of
previous studies.”””" In contrast to these previous results,
however, an “anomalous” increase in the photoexcitation of
direct band gap excitons with increasing energy reveals efficient,
broadband coupling pathways from higher-energy states to
these photoemissive excitons. Within this increasing trend,
additional features are resolved at energies that correspond to
those of the electronic band gap as predicted bg excited state
density functional theory (DFT) calculations.”” Second, the
spatial heterogeneity of higher-energy states and their relaxation
processes are investigated on a microscopic length scale using
combined micro PL, PLE and absorption (uPL, yPLE and
uAbsorption respectively) hyperspectral imaging. We find that
the excitation resonances exhibit spatial heterogeneity that
mimics that of the ground-state exciton energy, but not
identically: the energetic Stokes shift between excitation and
emission resonances, a metric for carrier density in ML-MoS,,"*
is strikingly heterogeneous over individual flakes, providing all-
optical evidence of spatial variations in local carrier density akin
to charge puddles in graphene™ and recently reported carrier-
density variations in ML-MoSe,.””*° Visualization of such
perturbations to the excited state manifolds for these 2D
systems is critical for developing future nanoscale TMDC
technologies where tailoring local doping and excitonic
properties are at the core of anticipated functionalities.

RESULTS AND DISCUSSION

Figure 1(a) shows the PLE spectrum of ML-MoS, grown by
chemical vapor deposition on a SiO,/Si substrate. The PLE
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Figure 1. PLE spectroscopy of ML-MoS,. (a) The PLE spectrum of
a circular region with a radius of ~$ pm (~80 pm?) of a single flake
of ML-MoS, covering optical excitation from 1.82—2.87 eV. The
data points are averages of up and down sweeps of excitation
energy and the solid line is a smoothed guide to the eye. The
prominent spectral features are labeled as Peaks 1—3 and Rises 1—
3, and the overlaid colored columns beneath the data mark
predicted energies of key optical transitions using GW—Bethe—
Salpeter Equation calculations and estimated error bars. (b) The
PL emission spectrum of ML-MoS, denoting the spectral regions of
integration for the PLE measurement. (c) Schematic of the band-
structure of ML-MoS, and the excitonic and free-carrier transitions
at the K-point. The colored arrows denote the transitions reported
in panel (a) and the large gray arrow marks the band nesting region
of the Brillouin zone.

spectrum was acquired by integrating the PL emission (Figure
1(b)) as a function of excitation energy over the range of 1.82—
2.87 eV from a large area (~10 ym in diameter) of a single
flake. Utmost care was taken to ensure our measurements were
performed in the linear excitation regime, appropriately
corrected for a constant flux of photons and external quantum
efficiency factors (such as thin-film interference of the
excitation radiation; see SI Figure S1), and conducted
sufficiently fast to minimize photodegredation effects that can
particularly afflict the measurement at higher excitation energies
(see SI Figure S2). For excitation energies above 1.92 eV, the
PL was integrated over the main exciton A peak (from 1.65 to
1.88 eV), but at lesser excitation energies, the emission energy
range was restricted to the low-energy tail of the PL (from 1.65
to 1.82 eV) in order to avoid the spectral overlap between the
PL and the laser excitation. To adjust for the intensity
difference between the two spectral ranges, the low-energy PLE
spectrum (red curve) is scaled to align with the high-energy
PLE spectrum (blue curve) at ~2.1 eV. In this manner, excited
states that are near the optical band gap can be resolved and
indeed, the two most pronounced excitation resonances are
observed at 1.88 eV (Peak 1) and 2.03 eV (Peak 2), in
agreement with the typical absorption spectrum of ML-MoS,'
(see SI Figure S3). Beyond these lowest-energy resonances, the
absorption spectrum is generally featureless, but the PLE
spectrum exhibits a small resonant peak at 2.22 eV (Peak 3) on
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top of a broadband continuum-like background. As discussed
below, this background obscures identification of additional
peak-like features at higher energies. However, at 2.48 eV, the
PLE spectrum exhibits an onset-like increase in slope (Rise 1)
which then decreases at 2.62 eV (Rise 2) before dramatically
increasing at ~2.75 eV (Rise 3)—features that were not
identified in previous PLE studies.”””" Signatures of all of these
features are also identifiable in the first derivative of the PLE
spectrum (see SI Figure S4), and we note that these six spectral
features were consistent over numerous flakes of ML-MoS,. For
different samples, the more subtle features of Peak 3, Rise 1 and
Rise 2 were difficult to identify in those with lower PL quantum
yields, but the general trend of strengthening photoexcitation
with increasing excitation energy was observed in all ML-MoS,
samples investigated regardless of the substrate material (ie.,
SiO,/Si or sapphire; see SI Figures S1, S3 and $4).

For a 2D quantum well with noninteracting electrons, the
PLE spectrum should exhibit a single step at the energy of the
band gap.'””" With strong electron—hole interactions (as is the
case for ML-MoS,), sub-band gap excitons emerge and the
oscillator strength of the band-to-band transition is “shifted”
into the bound states.'”*"** The excitation spectrum is then
expected to be a progression of weakening exciton absorption
resonances that merge into a broadened, step-like onset of
interband transitions' " at the quasiparticle band gap (i.e., the
transport or electronic band gap). For ML-MoS,, the direct
band gap occurs at the K-point in the Brillouin zone where
spin—orbit coupling splits the valence bands by ~150 meV,
giving rise to two energetically separated manifolds of such
states, commonly referred to as the A and B excitons (Figure
1(c)). First-principle excited state calculations were used to
estimate the energies of these excitonic and free-carrier optical
resonances for the A and B manifolds. The calculated energy of
each transition is overlaid in Figure 1(a) as a shaded vertical
column, where the 100 meV width reflects the uncertainty in
the predictions. For the 1S states of the A and B excitons, the
calculated energies are respectively centered on 1.89 eV
(orange column) and 2.04 eV (blue column) while the
respective 2S states are predicted to lie at 2.18 eV (red
column) and 2.33 eV (green column). Beyond the exciton
resonances, the onsets of continuum absorption of free-carrier
excitations at the quasiparticle band gap are predicted by DFT
to occur at 2.48 eV (teal column) and 2.63 eV (purple column)
for the A and B excitons, respectively.

At energies below 2.75 eV, each primary feature of the PLE
spectrum coincides with a predicted state from the DFT
calculations. The changes in slope at 2.48 and 2.62 eV (Rises 1
and 2, respectively) are near the predicted energies of the
quasiparticle band gap on a SiO, substrate. Given this
agreement, we hypothesize that these features are related to
the A, and potentially the B, quasiparticle (.., electronic) band
gaps. Our results and assignments are supported by photo-
current excitation measurements,”* which observe a similar
feature at 2.5 eV. Due to broadening and convolution with
other states, we suspect that the anticipated step-like feature of
continuum absorption is blurred into these more subtle changes
of slope and note that more clear spectral features might be
obtainable under cryogenic conditions. The correspondence
between the excited state calculations and the PLE spectrum
alone does not offer conclusive proof that these features
correspond to the quasiparticle band gap but is nevertheless
encouraging and motivates future studies that, for example,
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employ electrostatic gating where renormalization effects™ can
be employed to confirm our hypothesis.

For the excitonic transitions, the lowest energy resonances in
the PLE spectrum (Peaks 1 and 2) agree remarkably well with
the calculated energies for the 1S states of the A and B excitons.
However, only a resonant peak for the 28 state of the A exciton
is observed at 2.22 eV (Peak 3), whereas no such peak is
resolved for that of the B exciton. Discerning the weaker
higher-energy exciton states from the broadband background
can be limited by broadening of the optical transition. The PLE
spectrum here as well as previous steady-state’ and
transient”** absorption studies indicate that the linewidth of
the B exciton is ~1.5X larger than that of A exciton (see SI
Figure S$6). Summarizing a more detailed discussion on the role
of broadening in the PLE spectrum (see SI Figure S7 and
accompanying discussion), it is quite possible that the broader
28 state of exciton B cannot be discerned from the background.
This same issue regarding the assignment of Peak 3 was treated
by Hill et al.”® who inferred an exciton binding energy of 0.44
eV by assigning it to exciton B or 0.64 eV if it is assigned to
exciton A. In our case, the energetic separation between the
onset-like feature (Rise 1; 2.48 eV)—which we tentatively
assign to the quasiparticle band gap—and the 1S state of
exciton A (Peak 1; 1.88 eV) provides an estimate of the exciton
binding energy of ~600 meV (at the intrinsic n-type carrier
density present in these flakes), which agrees with the latter
prediction of Hill et al.*® when Peak 3 is assigned to exciton A.
Furthermore, the assignment of Rise 1 to the quasiparticle band
gap of the exciton A manifold of states agrees with the band gap
value determined by Klots et al.”* using photocurrent excitation
spectroscopy. Taking the excited state calculations and previous
studies into account, the spectral features identified here
indicate that the exciton binding energy in the samples used in
this work is ~600 meV.

In addition to the exciton states, the PLE spectrum generally
exhibits increasing photoexcitation strength with increasing
excitation energy, which is anomalous for a conventional 2D
quantum well as discussed above. At higher photon energies,
strong optical absorption occurs from transitions in the band-
nesting region between the sigma and gamma points of the
Brillouin zone (Figure 1(c)).'**12*3¢ We attribute this
anomalous increase in photoexcitation to coupling of the
excitations in the band-nesting region to the direct band gap
excitons at the K-point in the Brillouin zone. In contrast,
previous measurements "' reported a decrease in the PLE
spectrum at these higher energies (see SI Figure SS),
concluding minimal coupling of the two excitation manifolds.
While this increasing trend was ubiquitous in all of the samples
investigated here regardless of the substrate, variations in
sample quality remain as a possible origin of these discrepancies
between our results and these previous studies and warrant a
more focused investigation that directly compares different
samples of known relative quality as well as samples with
differing carrier localization and scattering centers. Regardless,
our results clearly demonstrate that direct band gap excitons
can be efficiently generated over a broadband spectral range
and that photoexcitation is not limited to the excitations at the
K-point in the Brillouin zone and can in fact, be more efficient
at higher excitation energies.

Single flakes of ML-MoS, are known to have excitonic
properties that are spatially inhomogeneous, and PLE spec-
troscopy that averages over large areas as in Figure 1 misses
important spatial variations in optoelectronic properties in
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analogy to the contrast between ensemble and single molecule
spectroscopies.”” Exemplifying this point, Figure 2 shows two
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Figure 2. Spatial inhomogeneity and disorder broadening of PLE
spectra of a single-flake of ML-MoS,. Two #PLE measurements are
shown from circular regions with radii of ~500 nm (~0.8 gm?) at
the spatially distinct points denoted in the inset #PL image of the
flake. Again, the data points are averages of up and down sweeps in
the excitation energy and the solid lines are smoothed guides to the
eye. The smaller amount of probed material reduces the signal-to-
noise ratio of the spectra, but shifts of the 1S state of the B exciton
and anomalous excitation feature to higher energies from Point 1 to
Point 2 are resolvable. The same energetic shift is also observed in
the PL spectra of the two points as shown in the SI.

individual yPLE spectra acquired from spatially distinct regions
of a single flake of ML-MoS, with a spatial resolution of ~1 ym.
Because the higher-resolution illumination area is ~100X
smaller than that of Figure 1, the signal-to-noise ratios of the
HUPLE spectra are reduced, but the 1S state of exciton B is still
clearly resolvable and it is easy to discern that this excitation
resonance is ~20 meV lower in energy at Point 1 than at Point
2. Similarly, the anomalous absorption feature is also at a lower
energy at Point 1, and in terms of PL, this energetic shift is also
observed in the emission from the lowest-energy exciton A state
(see SI Figure S8). Such spatial heterogeneity of ground-state
exciton energy, population and relaxation kinetics can result
from localized strain,'>'® grain boundaries,>® chemical
com4p051tion,l7 2% carrier density' """ and dielectric screen-
ing” In analogy to pPL microscopy, hyperspectral uPLE
imaging (ie, PLE spectroscopy at discrete locations to form a
hyperspectral image) can characterize the spatial dispersion and
relative amount of disorder of the higher-energy excited states.
And further, having simultaneous access to the local energies of
the ground state exciton emission and the higher-lying
excitation resonances provides an opportunity to microscopi-
cally trace local relaxation processes between excited states.
Hyperspectral yPLE imaging of a single flake of ML-MoS, is
shown in Figure 3. The local yPL and uPLE spectra of the
single flake are mapped with a resolution of ~1 um. The
energetic range of the uPLE spectroscopy was focused on the
1S resonance of the B exciton. The uPL (red data sets) and
UPLE (blue data sets) spectra of two distinct points are shown
in Figure 3(a) and confirm the observed heterogeneity in
Figure 2. From each spatial position, the energy of the PL
emission from the 1S state of the A exciton (E,p;) and the
energy of the excitation resonance of the 1S state of the B
exciton (Epprg) can be extracted from the PL and PLE spectra,
respectively. Spatial maps of E,p; and Eppgx and are shown
alongside each other in Figures 3(b) and 3(c), respectively. The
two maps exhibit a strong spatial correlation between high- and
low-energy regions: variations in the emission energy of exciton
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Figure 3. Imaging of the spatial disorder of the emission and
excitation resonances of excitons in a single flake of ML-MoS,. (a)
Sample yPL (red data sets) and #PLE (blue data sets) spectra from
~0.8 pm’ regions at two distinct points of a single flake of ML-
MoS, (UPL map inset). The PLE measurement spans only the
energetic region of the 1S state of the B exciton (due to time
constraints). The PLE data points are averaged over up and down
sweeps of excitation energy while the PL spectra are averaged over
all excitation energies. For all curves, the solid lines serve a guide to
the eye. From the yPL and uPLE data sets, the energies of the
emission resonance of the 1S state of exciton A (E,p;) and the
excitation resonance of the 1S state of exciton B (Egpig) are
extracted at each point and mapped in (b) and (c), respectively.

(/\e 3'Id H

A (Eupp) are mimicked in the absorption/excitation energy of
exciton B (Epprp). Indeed, it is not overly surprising that
material and environmental variations that, for example, alter
the local Coulombic screening between the electron and hole
similarly affect the A and B exciton states. However, close
inspection reveals that the spatial variations of these resonance
energies are not identical and that the energetic separation
between the excitation and emission resonances, or in other
words, the amount of energy thermalized during relaxation
from the B to the A exciton states, changes from one spatial
position to the next.

Figure 4 shows the spatial variations of the amount of energy
deposited into the ML-MoS, as the higher-energy B excitons
relax to the lowest energy A excitons for the single flake in
Figure 3. The energetic separation between the emission and
excitation resonances (AE = Egpir — EA,PL)J is heterogeneous
and marked by distinct regions of larger and smaller energetic
separations (Figures 4(a) and 4(b)). We further find that the
spatial heterogeneity of the AE is strongly correlated to the
energy of the excitonic states themselves as shown in Figure 4c.
As the emission shifts to lower energies, the amount of energy
thermalized as the higher-energy B excitons relax to the ground
state A exciton increases. Unfortunately, it is difficult to
understand this correlated relationship in greater detail because
with these particular excitation and emission resonances, AE is
composed of the sum of the spin—orbit splitting between the
valence bands (AESpm obit) and the excitonic Stokes shift
(AEges) which is defined as the difference between the
energetic positions of excitation and emission resonances of the
1S state of the A exciton.
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Figure 4. Spatial mapping of relaxation energetics of a single flake
of ML-MoS,. (a) Spatial dispersion of the amount of energy
thermalized upon excitation of higher-energy B excitons which
relax to the lowest energy, photoemissive A exciton. (b) Schematic
of the relationship between the relaxation energy reported in (a) to
the spin—orbit coupling and Stokes shift quantities. The overall
Stokes shift (AEg,.,) is the sum of the Stokes shift for the hole
(AEgqogesn) and for the electron (AEg,.). (c) Correlation plot
between the relaxation energies in panel (a) with the local emission
energies (Figure 3b). The dashed line is a fit to the data set,
qualitatively showing the linear nature of the correlation.

Disentangling the spin—orbit splitting (AE,;,_om;) from the
excitonic Stokes shift (AEg.) is critical to understanding the
origins of the spatially heterogeneous excited state relaxation
(Figure 4), and such a task necessitates also probing the local
energy of the excitation resonance of the A exciton itself. Thus,
the ideal approach would be to extend the yPLE measurements
to lower energies by monitoring only the tail of the PL emission
as in Figure 1. In our experimental setup, this approach
required excessively long integration times that prohibited drift-
free, macroscopic imaging. As an alternative, we performed
hyperspectral yAbsorption and yPL imaging of a single flake of
ML-MoS,, acquiring the local absorption and PL spectra with a
spatial resolution of ~500 nm, the results of which are shown in
Figure S. With this data set, the energies of the PL (Figure Sa),
and the A and B absorption resonances (Figure Sb) are mapped
over the extent of a single flake and reveal distinct regions of
higher and lower excitonic energies. Whereas the PL spectra are
analyzed by straightforward peak fitting routines, the
uAbsorption spectra must be calculated using Kramers—Kronig
analysis of the broadband reflectance spectra (see SI Figure S9
and associated discussion for details). From these calculated
absorption spectra, the local spin—orbit splitting is determined
by the energetic separation of the A and B exciton resonances
and is found to be relatively homogeneous over the flake with
the exception of a few pronounced regions of lower energies
(Figure Sc). In contrast, the Stokes shift determined from the
energetic separation of the emission and absorption resonances
of the A exciton, is significantly more inhomogeneous over the
flake (Figure Sd). This heterogeneity is readily apparent by
comparing the optical spectra at different spectral locations as
seen in Figure Se. Lastly, Figure 6 reports the statistical
correlations between the local exciton energy with the Stokes
shift and spin—orbit splitting values of the flake in Figure S.
Whereas the spatial heterogeneity of the spin—orbit splitting is
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Figure S. Hyperspectral #PL and prAbsorption imaging of the excitonic emission and absorption resonances of a single flake of ML-MoS,. (a)
The emission energy at each position was determined by peak fitting analysis of the PL spectrum (see SI for details). (b) The energies of the
exciton A and B excitation resonances were extracted from absorption spectra calculated by Kramers—Kronig analysis of broadband
reflectance spectra acquired at each point (see SI for details). Both absorption resonances show the same general regions of a high and low
energies as the emission. (c) The separation between the A and B absorption resonances as derived from the gAbsorption data in panel (b) is
more homogeneous but distinct regions of smaller separations are observed. (d) In contrast, the excitonic Stokes shift between the emission
and lowest energy absorption resonance is heterogeneous over the flake exhibiting several clear microscopic regions of lower and higher
values. (e) #PL and pAbsorption spectra at the specific points 1, 2, and 3 marked in panel (d) exemplify the spatial variations of the excitation
and emission resonances and the resulting variations in the excitonic Stokes shift. An ~750 nm edge region around the flake is excluded from
the analysis because scattering effects at the edge prohibit unambiguous Kramers—Kronig analysis in these regions.
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Figure 6. Relationships between the excitonic Stokes shift and
energetic separation of the exciton A and B absorption resonances
with the energy of the excitonic PL. (a) The separation between the
A and B excitation resonances in the absorption spectrum is found
to be largely uncorrelated to the emission energy of the exciton.
The dashed line is a linear fit to the data, showing that spin—orbit
splitting is not strongly correlated to the exciton energy. (b) In
contrast, the Stokes shift between the emission and absorption
resonances of the A exciton is correlated with energy of the exciton
state. Again, the dashed line is a linear fit to the data, showing the
correlation of the Stokes shift with the exciton energy is much
stronger than the spin—orbit splitting. The statistical scatter in both
panels is attributed to the uncertainty in the complex process of
determining the exciton absorption resonances from the reflectance
spectra.

largely independent of the exciton energy (Figure 6a), the
excitonic Stokes shifts (Figure 6b) exhibits nearly the same
correlation as observed in yPLE measurements that are
reported in Figure 4c. Spatial regions of lower exciton energies
tend to exhibit larger Stokes shifts. We therefore conclude that
the observed variations in exciton relaxation energies (i.e, AE in
Figure 4) arise predominantly from spatial variations in the
excitonic Stokes shift.

For semiconductor quantum wells, a Stokes shift arises from
disorder-induced exciton localization caused by inhomogeneous
quantum well widths or alloying. ™" This defect-based
interpretation has been extended to a Stokes shift between
resonance Raman scattering and PL of ML-MOSZ.45 However, it
is unclear why such disorder effects would be so inhomoge-
neously distributed over a single flake as seen here.
Alternatively, a Stokes shift can also arise due to carrier doping
in ML-MoS,'* as state-filling in the conduction band can
prevent direct excitation of the lowest-energy excitons' *° (ie,,
absorption energy increases due to band filling/Pauli blocking;
Figure 4(b)). Indeed, from the PL energy, which is low
compared to what is reported for undoped ML-MoS,, we infer
that our samples are substantially n-doped and that the
excitonic resonances are dominated more specifically by
trions.'* As seen in Figures 4c and 6b, the local Stokes shift
for both the A and B excitation resonances correlates with the
local energy of the PL: regions with higher energy excitons have
smaller Stokes shifts. A similar trend was reported by Mak et
al."* where electrostatic gating was utilized to systematically
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change the carrier density. Increasing carrier concentration was
found to increase the Stokes shift and decrease the energy of
the PL. A direct comparison of the data in the heavy doping
regime from this previous study'* to the spatial variations seen
here reveals remarkable agreement (see SI Figure S10). We
therefore deduce that the spatial heterogeneity of the energies
of the exciton states largely manifests from local variations in
carrier density, in analogy to substrate-induced charge puddles
in graphene.”

Initial evidence for such charge puddling phenomena was
found in hyperspectral nano-PL microscopy that resolved
nanoscale variations in the relative populations of excitons and
trions in ML-MoS,"” as well as in hyperspectral four-wave
mixing rnicroscopy29 and transient pump—probe spectroscopy
of ML-MoSe,.”” We additionally attempted to correlate these
optical signatures of carrier density variations to fluctuations of
the surface potential using scanning Kelvin probe force
microscopy (see SI Figure S11). These preliminary measure-
ments revealed spatial fluctuations of the surface potential
across the single flake of ML-MoS,, but require a more detailed
study to fully account for effects of water layers and surface
contamination. And finally, recent theoretical work” suggests
that such carrier density variations may coincide with spatially
dependent band gap renormalization, possibly resulting from
inhomogeneous strain induced by the growth process (see SI
Figure S12). Such local strain effects have been observed for the
exciton energes in ML-WSe, using precise optical nano-
spectroscopy ~ and motivates future yPLE imaging that is
optimized to precisely extract the local energy of the

quasiparticle band gap.
CONCLUSIONS

In summary, PLE spectroscopy and spectroscopic imaging
provide simple yet powerful means to investigate the rich
manifold of excited states of ML-TMDC semiconductors over a
broad range of excitation energies beyond the optical band gap.
Contrary to previous PLE studies,”””" an increase in excitation
of the direct band gap excitons with increasing excitation
energy is observed, likely arising from efficient relaxation of
higher-energy excitations across the Brillouin zone and
demonstrating the potential of using the direct band gap
exciton states of ML-MoS, and other TMDC semiconductors
in broadband optoelectronic devices. Narrow resonant peaks
and subtle onset features in the photoexcitation spectrum are
also identified with energetic positions that are aligned with the
states of the Rydberg progression of the A and B excitons as
well as their respective quasiparticle band gaps, as predicted by
first-principles excited state calculations. The latter spectral
features, if proven to correspond to the quasiparticle band gap
via, for example, gating measurements, provide explicit means
to quantify the quasiparticle band gap and thus exciton binding
energy in a wide-variety of device configurations for ML-
TMDC semiconductors. Microscopically, combined hyper-
spectral yPLE, yPL and pAbsorption imaging shows that the
higher-energy excitation resonances exhibit spatial disorder that
mimics that of the ground-state exciton, but not perfectly: local
variations in the Stokes shifts between the excitonic absorption
and emission resonances are revealed and exhibit behavior that
is indicative of variations arising from spatial fluctuations in
carrier densities in analogy to charge puddles in graphene.
Almost certainly, 2D ML-TMDC semiconductors will play a
central role in ultrathin, flexible optoelectronic technologies,
necessitating a precise understanding of such excited states
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beyond the ground-state exciton and the corresponding
coupling pathways to fully optimize performance.

EXPERIMENTAL METHODS

Optical Spectroscopy. Wide area illumination ~10 um in
diameter (Figure 1) or focused illumination 500 nm —1 um in
diameter (Figures 2—4) of 2.5 nm wide spectral bands of a white light
supercontinuum laser (Luekos; S ps pulses at a 40 MHz repetition
rate, spectrally isolated with a Gooch and Housego AOTF) were
systematically scanned to excite the PL over up and down sweeps,
recording a full emission spectrum at each point on a cooled charged-
coupled device (Andor iXon EMCCD) attached to a spectrometer
(Acton 2300i). For all excitation energies, the excitation density was
kept in the range in which the PL scales linearly with excitation density
(less than 100 W/cm* CW-equivalent at 620 nm). Excitation light
from the AOTF was further filtered by short-pass filters (ET650SP,
Thorlabs & 3G LVSWP, Delta Optical Thin Films), and at each
excitation energy, the laser spectrum and power were recorded on a
fiber optic spectrometer (OceanOptics) and photodiode (Thorlabs).
Before the spectrometer, laser light was filtered from the PL using
multiple interference filters (HQ710/100, Semrock & 3G LVLWP,
Delta Linear Optical Thin Films) resulting in a transmission band
from 660 to 750 nm. For excitation energies lower than 1.92 eV, the
transmission band was adjusted to a lower energy region from 690 to
750 nm. PLE intensity was calculated by integrating the emission
spectrum at each energy and corrected for variations in laser power so
that the intensity is reported for a constant flux of photons. PL
intensity maps were recorded at an excitation wavelength of 530 nm
(2.33 eV) using the same microscope as the PLE measurements but
with a single-photon avalanche photodiode (MPD) for the detector.
The absorption spectroscopy measurements were performed by
recording the reflectance spectra from a broadband lamp at normal
incidence to the sample. Spatial resolution was achieved using a
pinhole with a size corresponding to a circular area with a diameter of
400 nm on the sample. Absorption spectra were calculated usin§
restrained Kramers—Kronig analysis as described in previous work."
All measurements were conducted at ambient conditions.

Sample Growth. A complete description of the growth procedure
is provided in a previous publication.'”

Excited State Calculations. The ground-state properties are
calculated by Density Functional Theory (DFT) with the Perdew,
Burke and Ernzerhof (PBE) functional,” using the Quantum
Espresso.”’ The quasiparticle band gap is obtained by the single-shot
GyW, calculation with the general plasmon-pole (GPP) approxima-
tion."" The excitonic effects are included by solving the Bethe—
Salpeter Equation (BSE).>” The coarse k-point grid for the electron—
hole interaction kernel is 24 X 24 X 1 and it is interpolated to a finer k-
grid of 60 X 60 X 1 for obtaining converged excitonic states.'”*” The
GW-BSE calculation is done with the BerkeleyGW package.”® The
effect of temperature is included by considering the lattice expansion.”’”
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