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% Check for updates Excitons in atomically thin transition metal dichalcogenides (TMDs) possess

intriguing optical properties, drawing interest for both technology and fun-
damental research. However, as the demands for nanodevice applications and
the exploration of fundamental physics push toward smaller, subwavelength
scales, studying them locally is challenging. In this work, we introduce a
cryogenic scanning probe photoelectrical sensing technique, termed exciton-
resonant microwave impedance microscopy (ER-MIM), to measure the exci-
tonic responses in a monolayer MoSe, device at 1.5K. From the microwave
signal changes, we identify exciton polarons and their Rydberg states. Building
on these observations, we systemically reveal the local and nonlocal effects of
carrier density, inhomogeneous electric fields, as well as dielectric screening
on excitons, beyond the reach of conventional probes. By further integrating
deep learning techniques, we precisely extracted the electrical parameters
surrounding excitons, demonstrating a quantified, exciton-assisted nanoscale
electrometry. Our results provide new insight into exciton-environment
interactions, establish ER-MIM as a powerful optoelectronic sensing platform,
and open avenues for exciton-based quantum control and device
technologies.

Systems with discrete energy levels often lead to new applications in
the field of quantum technology. For instance, qubits, the building
blocks of quantum computing and communication, use this concept
to perform complex calculations'. Quantum sensing techniques that
make use of discrete energy levels, such as nitrogen-vacancy and
Rydberg atom sensing, enable precise detection of electric and mag-
netic field>*. The success of these techniques and the pursuit to probe
additional physical quantities at the nanoscale motivate the develop-
ment of novel discrete energy systems and sensing mechanisms.

While most of the collective excitations in quantum materials
form continuous energy bands, there are certain types of discretized
energy states due to quantum confinement, disruption of crystalline
order or strong magnetic fields. One type of collective excitation, an
exciton, has discrete energy levels from the Coulomb attraction
between the negatively charged electron and the positively charged
hole. Their energy structure, coherence, and interactions with photons
make excitons an ideal candidate for sensing devices’”. Atomically
thin transition metal dichalcogenides (TMDs) are particularly
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attractive for hosting robust excitonic effects, stemming from their
large binding energies, direct bandgap, and pronounced light-matter
interactions®’. The intrinsic Coulomb interactions within excitons give
rise to strong exciton-exciton and exciton-phonon coupling, culmi-
nating in intriguing phenomena such as exciton condensation and the
formation of, e.g., trions' and exciton-polarons". Under an electric
field, these interactions can substantially alter exciton properties,
impacting quantities like binding energies, radiative lifetimes, and
emission spectra’. The rich response of excitons to external stimuli
suggests the potential for effective control and sensing. Importantly, in
compact two-dimensional (2D) heterostructures, excitons provide the
capability for high sensing accuracy, as they can be positioned in close
proximity to the samples™™.

To successfully utilize excitons as local sensors, one needs to
carry out a nanoscale exciton spectroscopy. Imaging has been recently
demonstrated” without spectroscopic information. While tip-
enhanced photoluminescence (TEPL) techniques have been used to
study nanoscale excited state recombination in TMDs at room
temperature®®?, and scattering-type scanning near-field optical
microscopes (s-SNOM) have provided insights into the complex
dielectric function of excitons®* and their waveguide modes® ¢,
these methods face limitations. Precise sensing requires a narrow
exciton absorption linewidth, typically achieved at lower temperatures
with direct optical excitation. However, both methods become chal-
lenging at extremely low temperatures (i.e., below 4 K), so spectro-
scopic measurements of excitons have only been demonstrated at
room temperature so far. Additionally, emission experiments are
susceptible to quenching due to environmental factors, complicating
the analysis of exciton-environment interactions. These multifaceted
challenges call for an innovative hyperspectral imaging technique
capable of fully capturing the fine spectroscopic details of excitons at
the nanoscale within a cryogenic environment.

In this study, we develop the exciton-resonant microwave impe-
dance microscopy (ER-MIM) to visualize excitons with nanoscale pre-
cision at extremely low cryogenic temperatures. While nanoscale
disorder in 2D materials is widely assumed, its direct impact on exci-
tonic behavior under operating conditions remains largely unex-
plored. By combining the spectral resolution of optical spectroscopy
with the high spatial resolution and enhanced sensitivity to complex
dielectric response at the microwave regime of MIM, we found dif-
ferent pathways of exciton recombination and the associated changes
in microwave signals and further revealed their correlation. This
simultaneous imaging of dielectric responses and spectroscopic
measurements of exciton energies at the nanoscale enables the
implementation of machine learning algorithms to reconstruct all
three important electrical quantities—conductivity, electric field and
surrounding permittivity. This “all-in-one" capability for local electrical
sensing paves the way for advances in quantum material-based
sensing.

Results

Local optoelectronic detection of discrete exciton

Rydberg states

We first introduce the ER-MIM technique that enables us to sense
excitons using photoelectrical effects at the nanoscale. As shown in
Fig. 1a, our setup consists of two parts: a microwave transmission line
impedance-matched to a metallic scanning probe (tip)”*, and a
continuously wavelength-tunable laser that is fiber-coupled into a
Helium-3 cryostat and illuminates the tip. The real and imaginary parts
of the reflected microwave signals are recorded, which are in- and out-
of-phase with the reference microwave excitation line, respectively.
Our measurements were conducted at -1.5K and 3 GHz, yet this
method can readily be adapted to even lower temperatures (e.g., the
base temperature of the Helium-3 cryostat).

Qualitatively, the underlying mechanism of using MIM to study
materials is that its real (in-phase) and imaginary (out-of-phase) parts
of the reflected microwave signals reflect the degree of dissipation and
microwave screening by the sample, respectively. In this study, we
focus on the imaginary component (MIM-Im). Since highly conductive
materials provide strong microwave screening, yielding the largest
MIM-Im response in a reflection geometry, whereas insulating mate-
rials give minimal screening and thus exhibit a much smaller MIM-Im
signal, the local conductivity of the material can be inferred from the
MIM-Im measurement. In Fig. 1b, we present two calculated response
curves that illustrate the relationship between the real (in-phase) and
imaginary (out-of-phase) parts of the reflected microwave signals and
the local complex conductivity of the sample.

The material we study is a prototypical 2D TMD device, a mono-
layer of MoSe;, encapsulated within hBN layers with graphite as a back
gate. The optical spectrum of monolayer MoSe, possesses a series of
pronounced resonances, categorized as A- and B excitons (see Fig. 1c).
These excitons arise from two optical transitions involving states in the
upper and lower energy spin valence bands. They possess Rydberg
atom-like energy levels, each designated by its principal quantum
number, n.

We track the evolution of the microwave response as a function of
excitation wavelength and back gate voltage V;,z controlling the free
carrier density in MoSe, (imaginary part of the ER-MIM signal shown in
Fig. 1d). The blue and red colored regions in this 2D plot correspond to
low conductivity (e.g., 2D conductivity close to 107 Ssq) and high
conductivity (e.g., 2D conductivity close to 10™* Ssq) of MoSe,,
respectively, with the colorbar in direct correspondence with the one
in Fig. 1b. The overall dependence of conductivity on back gate voltage
agrees with the transfer curve of a semiconductor, i.e., it decreases
when crossing from the conduction band into the bandgap, and
increases when entering the valence band. On top of this overall trend,
at specific photon energies (e.g., 1.65 eV), the conductivity has an extra
increase at smaller |Vpg| (€.g., <2V), and another decrease at large |Vyg|
(e.g., >2V). We identify those photon energies as in resonance with
neutral A;s and By excitons, and the excited Rydberg states including
Ajs, Ass, and B,g, as well as weaker modulations in intensity features
corresponding to their charged counterparts like AT, and AT, (which
are usually referred to as trion or exciton polaron, and their distinction
will be discussed below).

The changes in ER-MIM-Im signal near excitonic resonances imply
the observation of photoconductivity associated with exciton forma-
tion. The relative change of conductivity on exciton resonance (com-
pared to off resonance) changes from positive at small |V, to negative
at large |Vig|, and can be attributed to two major processes (a discus-
sion on ruling out other possible optical processes in supplementary
note 2). One is the photoconductive effect”’, where the exposure of
TMD-based devices to light generates neutral electron-hole pairs.
Then, the trapping of one carrier and the release of the other free
carrier from an exciton could result in an enhanced conductivity®.
This process explains our observation of positive conductivity near
excitonic resonances. The other is Auger-assisted tunneling effect®-**
(also see Fig. S2). When the photon energy is in resonance with the
binding energy of excitons, a generated exciton can excite a free hole
when it recombines during the Auger process. The hole can subse-
quently tunnel through the hBN barrier to reach the bottom gate.
When many free carriers escape the sample, the carrier density
reduction effectively reduces the MoSe, conductivity. Since the energy
barrier on the hole side between MoSe, and hBN is much smaller than
the electron side, the decrease in conductivity upon photoexcitation is
only observed when MoSe, is hole-doped. We further examined
monolayer WSe,, and the result is consistent with this argument
(Fig. S2). Therefore, the conductivity decrease at large |Vig| in our
measurement is attributed to the dominance of the Auger effect.
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Fig. 1| Sensing exciton Rydberg states at the nanoscale. a The experimental
setup of the exciton resonant—microwave impedance microscopy (ER-MIM)
measurements. The optical source is a supercontinuum laser. b The response
curves of MIM-Im (imaginary part) and MIM-Re (real part) as a function of the
sheet conductivity of MoSe;. In the MIM-Im curve, the colormap was selected
such that blue indicates lower conductivity and red indicates higher con-
ductivity. In MIM-Im colorplots, we will refer to the two saturated signal
regimes, the smallest and largest conductivity, as “mim” and “max,”
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respectively. ¢ A schematic showing relevant energy levels and optical tran-
sitions forming 1s, 2s, and 3s Rydberg states of A and B excitons in monolayer
MoSe;,. d ER-MIM-Im signal as a function of back gate voltage V},z and optical
excitation energy. The blue and red arrows on the y axis correspond to two
representative doping levels. e Comparison of ER-MIM results (at the two
doping levels marked in (d) with spectra from three widely used far-field
optical techniques: optical reflectance®®, photoluminescence®, and
photocurrent® measurements.
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Fig. 2 | The interplay between exciton behaviors with local charge environ-
ment. a A MIM map showing the MoSe, sample (flake boundary outlined by a white
dashed line) partially on top of a graphite back gate (boundary outlined by a black
dashed line). The device can be divided into three regions: I (outside of graphite), Il
(above graphite), and 111 (depletion region, with boundaries outlined by two white
dotted lines). Scale bar: 500 nm. b Schematics of the exciton and trion spectra
(left), and the exciton-polaron spectra (right). ¢ The ER-MIM-Im spectrum

measured in region I (top panel) and Il (bottom panel). The gray dashed and dotted
lines are fittings of A5 exciton and Ty trion. d The evolution of eigenenergy of the A
exciton: the blue dotted line is the attractive branch AP. e The evolution of the
repulsive polaron branch of the A exciton, as shown by the green dashed line. f ER-
MIM-Im spectra measured at four locations in region Il with a fixed gate voltage.
The locations are marked by four orange triangles a. The blue dotted line is AP,
while the red dashed line denotes an extra feature.

We further compare two linecuts of ER-MIM-Im spectrum with
previously reported far-field spectra of excitons in monolayer MoSe,
(Fig. 1e). The red and blue curves show excitonic peaks and dips,
highlighting the signal from the photoconductivity and Auger-assisted
tunneling effects, respectively. The comparison reveals excellent
agreement between the identified exciton energies in ER-MIM-Im and
the results obtained from optical reflectance®, photoluminescence™,
and photocurrent® measurements. It is noteworthy that our spectral
resolution stands on par with, or surpasses, those of the above-
mentioned area-averaged methods. This compelling correspondence
demonstrates that our ER-MIM technique enables accurate photo-
electric measurements of exciton spectra with the added benefit of
exceptional spatial resolution and access to a temperature regime that
has, until now, been unattainable.

The interplay between excitons and the charge environment

To untangle the exciton-electron interactions at the nanoscale, we
modulate carrier density of MoSe, by controlling V4g applied onto
graphite while collecting ER-MIM spectra (Fig. 1a). The graphite
boundary splits MoSe, into three distinct spatial regions (Fig. 2a): (I) a
region that extends beyond the graphite back gate (BG) that is unga-
ted, (I1) the region directly above the BG, in which the carrier density is

controlled by Vi, and (lll) the depletion region associated with the
nanojunction between regions I and II. Our focus lies on contrasting
the ER-MIM responses in regions I and I, which are distant from the
junction and hence less influenced by the electric field, yet differ-
entiated by their carrier densities. Such a comparative approach
enables a systematic exploration of excitonic behaviors in diverse local
charge environments.

Figure 2b depicts two scenarios of exciton-electron interactions.
The first involves trions, charged and weakly coupled three-particle
complexes formed by binding two electrons (or holes) to one hole (or
electron). Trion and exciton eigenenergies differ by the trion binding
energy, denoted as Ey (left schematic). The second scenario features
charge-neutral bosons resulting from excitons interacting with the
degenerate Fermi sea of excess charge carriers (right schematic). In
this context, excitons become dressed by Fermi sea excitations, giving
rise to attractive and repulsive exciton-polaron (AP and RP) quasi-
particles, akin to Fermi-polarons in the context of cold atoms'**. The
energy difference between AP and RP branches, or the exciton polaron
binding energy, is ~Et + 3/2¢¢, with €; representing the Fermi energy".
To examine these two physical pictures, we take advantage of the
sensitivity of ER-MIM spectra to er (gate)-tunable local excitonic
energy levels.
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Fig. 3 | The interplay between exciton behaviors and electric environment. a A
schematic of the p-n junction formed through V,; modulation in region II, and the
depletion region formation in Ill. b MIM-Im image showing the sample geometry,
with colored circles and stars marking different locations of further measurements.
(The same region as Fig. 2a but at a larger scale, with the MoSe, flake boundary
outlined by white dashed lines, and the graphite boundary outlined by a black
dashed line.) Scale bar: 500 nm. ¢ A series of ER-MIM-Im measurements at the

locations specified by the colored circles in b. The colors of the boxes are in
correspondence with the color of the circles (plots ordered in the sequence from
left to right). d ER-MIM-Im measured at the yellow star in b. e ER-MIM-Im measured
at the purple star in b. f The extracted repulsive polaron eigenenergy as a function
of back gate voltage. The red dashed lines in (e, f) mark the Vg at which the RP
exciton energy has a sudden blueshift.

In the upper panel of Fig. 2c, we present the ER-MIM spectrum
obtained in region I. This region is not strongly affected by the back
gate voltage, hence close to intrinsically (n-)doped. The spectrum
reveals one major resonance feature at ~1.642 eV, corresponding to
exciton Ay (fitting shown as a gray dashed line). Notably, at 1.5 K, the
linewidth of the exciton A dip is ~2.5meV, closely approaching the
theoretically calculated intrinsic linewidth of excitons®. Similar line-
width was observed in the spectrum measured in the more p-doped
region Il (shown in the lower panel of Fig. 2c). The spectrum shows
one more prominent feature centered at -1.59 eV, corresponding to
trion Ty (fitting shown as a gray dotted line).

On the other hand, we measured the back gate dependence of the
ER-MIM spectra sitting at a spot in region II. This region has the highest
carrier density among the three. The blue circles in Fig. 2d are
extracted exciton eigenenergies at different Vy,g near formerly desig-
nated Ty, and the green circles in Fig. 2e are another eigenenergy near
formerly designated As. The red dashed and blue dotted T;s branches
display nearly linear redshifts, while the A;5 exciton energy demon-
strates a linear blueshift with Vie. This trend remains consistent
throughout the range of Vg in our experiments. The increasing energy
separation between the branches in Fig. 2d, e is a signature of exciton-
polaron (RP) formation at elevated carrier doping levels (Fig. 2b). In
this framework, the formerly assigned A;s becomes repulsive RP. The
T1s branch turns into an attractive exciton polaron (AP).

The observed gate-dependent shifts in AP and RP eigenenergies
indicate interactions between excitons and free carriers. These energy
shifts exhibit an almost linear dependence on V,, reflecting a collec-
tive effect of carrier density-dependent exciton binding energy
change, quasiparticle bandgap renormalization, and the variation of
binding energy of the exciton polaron. To quantify the shifts, we

introduce a coefficient 8, where 6F = ffin, with 6F being the change of
eigenenergy of an exciton polaron state, which has a linear depen-
dence on carrier density n. The observed nanoscale spatial variation of
OF suggests that the eigenenergy changes can be used as a sensitive
local indicator of the charge environment.

Another observed feature is the presence of multiple wiggle-like
structures near the attractive exciton polaron energy at various spatial
locations (spots 1,2,3,4 shown in Fig. 2a), as shown in Fig. 2f. We further
identified that these appear in cases where the ER-MIM signal exhibits
more than one feature in its dependence on back gate voltage (Fig. S3),
i.e., when the system transitions from insulating to conductive and
back to insulating. Such wiggles are indicative of mid-gap states. Since
it is very local, this suggests that the observed wiggle-like feature is
closely linked to spatial inhomogeneity in the local charge carrier
density (from a mix of intrinsic and extrinsic defects like vacancies,
impurities and adsorbates). While this effect is often obscured in far-
field measurements, mid-gap states have been previously reported in
scanning tunneling microscopy studies®. Given our spatial resolution
of ~50 nm, both local conductivity variations and exciton energy dis-
persion are clearly resolved in the ER-MIM signal (also see Figs. 1d
and 3c).

The interplay between excitons and the electric environment

In addition to the charge environment, to understand the intricate
interplay between excitons and the local electrical variations, we
examine more closely the ER-MIM signals in region Ill, the depletion
area. Here, an in-plane electric field propels electrons and holes
towards regions I and II, respectively. We also compare the excitonic
response close by and farther away from the controlled p-n junction,
i.e., region Ill and region II, as illustrated in the schematic in Fig. 3a.
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a.Scale bar: 200 nm. d Left: the ER-MIM-Im hyperspectra as a function of excitation
energy and spatial location collected on a 9 x 9 grid. Right: the interpolated exciton
eigenenergy extracted from the hyperspectra. Scale bar: 200 nm. e The inter-
polated in-plane electric field strength prediction based on Eq. (1), and the input
from (o, ) in ¢ and E in d, as indicated by the black flow arrows. The white dotted
line denotes the graphite boundary. Scale bar: 200 nm.

To start with, a systematic ER-MIM scan across the p-n junction
was carried out as a function of V4, and excitation energy. We mark the
locations in Fig. 3b and plot the results in Fig. 3c. It is evident that a
continuous variation in the ER-MIM-Im signal near the A;s AP and RP
resonances is observed across the p-n junction. Especially, when on
resonance, there is a continuous change from an increase in con-
ductivity to a decrease, from the left-hand side of the nanojunction to
the right-hand side. This marks the conversion from a photo-
conductive effect-dominated mechanism in the ungated region of
MoSe, to Auger tunneling-dominated mechanism in the back-gated
region of MoSe,.

The field effect is then studied in greater detail via high-resolution
imaging in region Il (Fig. 3d, e, with locations marked by stars in
Fig. 3b). The two gate-dependent spectrain region Il both appear to be
very different from the ones obtained from region Il (Fig. 1b). They
feature mostly an increase in conductivity at excitonic resonances (red
colored regions), and less change with gating. Within region Ill, mea-
surement in the right part (purple star in Fig. 3b, e) shows a relatively
more effective gating effect, where the restoration of some reduction
of conductivity due to exciton dissociation-assisted hole tunneling can
be identified. This observation further elucidates the p-n junction
behavior in region IlI.

To study the excitonic response to the electric field, we extracted
the RP eigenenergy from Fig. 3e, and plotted it in Fig. 3f. There are two
distinct features that differ from region Il (Fig. 2f): the RP energy
exhibits an overall redshift behavior with doping level, instead of a
blueshift; the RP energy has an abrupt blueshift at V,g ~-2.2 V. The first

feature agrees with the dc Stark effect of excitons: 6 = —aF?*/2, where a
is the exciton polarizability’?, F represents the electric field strength,
and 6F signifies the energy shift. The second feature underscores the
nonlocal effect of the dielectric constant on exciton energies. Since a
carrier density gradient exists in this region, when the right part of the
sample goes across the band edge, it leads to a sharp increase in carrier
compressibility 2( ) (n being carrier density, and y being the che-
mical potential), Wthh then changes the exciton screening in the left
part. This is consistent with the Coulomb potential screening of exci-
tons through a free electron gas, which leads to another describable
dependency of excitons on the environmental permittivity: £ = E(k).
These observations suggest how excitons can serve as imaging tools
for a p-n junction and reveal intricate nanoscale parameters such as
electric field and dielectric constant.

Quantitative photoelectrical imaging and exciton-facilitated
electrometry

To quantitatively analyze the ER-MIM data and utilize it for predicting
material properties, we developed a deep neural network (DNN)3-*2
based on a set of MIM maps. These maps consist of 256 x 100 pixel
images, obtained with variations in optical excitation energies and
back gate voltages within a 1 pum x1pm region at the graphite back
gate boundary. Due to the complex, multidimensional nature of the
datasets, traditional fitting approaches prove to be inadequate. In
Fig. 4a, we present three representative sets of MIM-Im and MIM-Re
data collected at Vpg=-3V, under different conditions: with the light
off, under 1.651 eV light excitation, and 1.655 eV light excitation. The
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1.651 eV excitation is off-resonance with excitons, while the 1.655 eV
excitation is close to the resonance of the RP branch of the A5 exciton.

In the following, we show how to use this DNN to predict the local
environment (o, k, h), i.e., sheet conductivity of MoSe,, the relative
permittivity of the hBN-MoSe,-hBN stack, and relative tip-sample dis-
tance h, for a given MIM data set. We construct a feedforward network
(Fig. 4b), with the inputs being MIM-Re and MIM-Im, either from the
experiment or finite element simulations*, and predict the probability
at each set of discretized (o, k, h) values. We train the network with a
total of 64,000 sets of simulation data, which is divided into bins along
the o, k, and h directions. Each data point is encoded into a 3840-
dimensional vector with the elements being its bin membership -1 for
a member and O for a non-member. Given the absence of a direct
correlation between MIM-Re and MIM-Im, and (g, k, h), we adopt a
Binary Cross-Entropy loss function. In this way, we transform the
prediction into a classification problem, where the network output
represents the probability for each bin. A good agreement is found
between the deep neural network outputs and the ground
truth (Fig. S4).

We then apply the trained network to predict the probability
distribution of (g, k) for a given set of MIM maps in Fig. 4a. The results
of (o, k) are shown in Fig. 4c. The obtained x maps indicate the pre-
sence of local dielectric disorder in the environmental permittivity, as
well as permittivity change of MoSe, upon back gate doping and
optical excitation. The obtained o maps present the spatially dispersive
photoconductivity from the RP exciton polaron. These quantified (o, k)
maps hence provide a direct measure of the local environment of
excitons.

Following the quantification of (o, k) maps and our understanding
of the exciton eigenenergies variation due to charge and electrical
environment, as discussed in the last two sections, we formulate the
subsequent expression to describe the local exciton eigenenergy E
(also see supplementary information):

E=EO(K)+/3H—%0((K)F2. @

The first term of the expression, Ey, represents the exciton eigen-
energy for monolayer MoSe, under the influence of environmental
permittivity, without further considering exciton-electron interactions
or electric field effects. The second term represents the interaction
between the exciton and free carriers. The variable n corresponds to
carrier density, and g is a fitting coefficient. The linear relationship is
extracted from experimental results, such as Fig. 2f, and the coefficient
B is derived from the back gate sweeping data. Since this term results
from a combination of both bandgap renormalization and the
reduction in exciton binding energies with carrier doping, and these
effects largely cancel each other out, it is not a main contribution to
spatial eigenenergy fluctuation. The third term accounts for the Stark
effect resulting from in-plane electric fields with strength F. The
contribution from out-of-plane electric field is negligible since the in-
plane exciton polarizability a is approximately two orders of
magnitude larger than the out-of-plane value due to hBN dielectric
screening*. In our measurements, the Stark shift term dominates the
spatial variation of exciton eigenenergy E.

Subsequently, we determine the exciton eigenenergies E on the
2D grid within the same 1 um x 1 um region, through fitting and inter-
polating the MIM hyperspectra. The extracted E is presented in Fig. 4d.
With £ and the corresponding DNN-predicted (g, k) as inputs for sol-
ving Eqn. (1), we generate the predicted electric field distribution,
which is illustrated in Fig. 4e. It is evident that the exciton-assisted
prediction of the electric field map effectively captures the hotspots in
the nanojunction at the graphite boundary (marked as a white dotted
line), which agrees well in width and amplitude with the finite element

simulation results (Fig. S8). Moreover, it captures the built-in field in
other regions hundreds of nanometers away from the junction (i.e., in
region II). This result reveals that the photoelectrical properties of a
prototypical 2D TMD device are influenced by a combination of fac-
tors, such as the Schottky field and fluctuations in conductivity mani-
fested as localized charge puddles. We envision that this training and
extraction process can be applied to study other regions of this device
(like the differences among spots 1-4 in Fig. 2f). For this specific
device, local inhomogeneities lead to in-plane electric fields reaching
several V/um, even beyond the p-n junction region. This reflects the
importance of accounting for spatially varying electric fields, which
can be highly dispersive on sub-diffraction scales, and the need to
consider their complex interplay with other electrical properties when
evaluating 2D material-based optoelectronic devices. Moreover, this
result demonstrates the effectiveness of exciton-assisted electrometry
and the “all-in-one" readout of multiple electrical quantities, which is
general and can be applied for nano-electrical sensing in a wide variety
of quantum systems®, demonstrating its potential and versatility in
quantum applications.

Discussion

In summary, we developed the ER-MIM to enable nanoscale spectro-
scopy of exciton dynamics with high spatial resolution, spectral spe-
cificity, and compatibility with low optical power and cryogenic
conditions. Applied to a gate-tunable monolayer MoSe, device, ER-
MIM reveals how excitons can directly control device properties
through Auger tunneling and photoconductive effects. By correlating
excitonic responses with spatially varying charge puddles and in-plane
electric fields, our work provides direct insight into the nanoscale
inhomogeneity that governs optoelectronic behavior in 2D materials.
Furthermore, using deep learning, we achieved quantitative mapping
of local conductivity, electric field, and permittivity, transforming
excitons into in situ quantum sensors of local electrical properties.
Together, these advances position ER-MIM as a powerful platform for
probing and engineering exciton-environment interactions in quan-
tum materials, with broad implications for nanoscale optoelectronics
and quantum sensing technologies.

Methods

The full sample fabrication procedure is detailed in ref. 46. Briefly,
graphene, hBN, and MoSe, were exfoliated from bulk crystals onto Si/
SiO, (285 nm) substrates and assembled in heterostructures using a
standard dry-transfer technique with a poly(bisphenol A carbonate)
film on a polydimethylsiloxane stamp. MoSe, was encapsulated
between two ~30-nm-thick hBN flakes. Electron beam lithography and
electron beam metal deposition were used to fabricate electrodes for
the electrical contacts.

The ER-MIM experiment was conducted with a supercontinuum
laser (NKT Photonics, FIU-20). The wavelength scans were carried out
with a monochromator (Princeton Instrument, Acton SP 2300). The
linewidth after the monochromator is ~0.5 nm. The laser power at the
end of the 100 um diameter multimode fiber is ~0.1-1 mW throughout
the measurements, with the spot radius at the end of the tip
being ~-0.8 mm.

Data availability

The data shown in the main figures are available in the Dryad data
repository (DOI: 10.5061/dryad.8gtht771m). Other data that support
the findings of this study are available from the corresponding authors
ZJ).and Z.S.
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