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ABSTRACT
Two-dimensional crystals and their heterostructures unlock access to a class of photonic devices, bringing nanophotonics from the nanometer
scale down to the atomic level where quantum effects are relevant. Single-photon emitters are central in quantum photonics as quantum
markers linked to their electrostatic, thermal, magnetic, or dielectric environment. This aspect is exciting in two-dimensional (2D) crystals
and their heterostructures, where the environment can be abruptly modified through vertical stacking or lateral structuring, such as moiré
or nano-patterned gates. To further develop 2D-based quantum photonic devices, there is a need for quantum markers that are capable of
integration into various device geometries and that can be read out individually, non-destructively, and without additional electrodes. Here,
we show how to optically detect charge carrier accumulation using sub-GHz linewidth SPEs coupled to a graphene device. We employ the
single molecule Stark effect, sensitive to the electric fields generated by charge puddles, such as those at the graphene edge. The same approach
enables dynamic sensing of electronic noise, and we demonstrate the optical readout of low-frequency white noise in a biased graphene device.
The approach described here can be further exploited to explore charge dynamics in 2D heterostructures using quantum emitter markers.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0274182

The integration of a quantum sensor1 presents a challenging
dichotomy: on the one hand, the quantum probe must be iso-
lated from its environment as much as possible to maintain its
purity and coherence, while on the other hand, it must be capable
of interacting with the same environment to function as a sensor.
To address this challenge, solid-state quantum emitters1 have been
incorporated into various applications such as nanoscale thermom-
etry,2 charge sensing,3 and magnetometry.4 One limitation of quan-
tum sensing that utilizes dispersive schemes based on measuring

emission line shifts is the presence of inhomogeneous broadening.
This phenomenon increases the emission linewidth, compromising
the emitter’s coherence and ultimately limiting the accuracy of the
spectroscopic detection of the emitter. In quantum sensing, another
persistent challenge is to position the quantum marker as close as
possible to the target sample. This proximity is essential for reduc-
ing the probed volume to the nanoscale and, ultimately, to the level
of a single particle. This proximity is essential for reaching quan-
tum sensing applications’ high sensitivity and resolution. To address
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these limitations, there is a need for narrow linewidth quantum
emitters that are both bright and stable and can be positioned at the
nanoscale.

In the field of quantum nanophotonics, nanoscale quantum
markers are of great significance, mainly when used in devices
based on two-dimensional materials (2DMs).3 These materials offer
atomic-level control of light–matter interactions at the nanoscale,3,5

which is promising for tailoring quantum light–matter interactions.
In these 2DM devices, the abrupt variation of material proper-
ties in van der Waals stacks—where metal, insulator, ferromagnets,
and semiconductors can be stacked on top of each other, one
atomic layer after another—requires highly sensitive and selective
probes. Various efforts have been made to embed such emitters
to meet the demands of individual control and integration of
single-photon emitters (SPEs) within 2D materials directly. These
efforts include using local strain fields,3,6–8 defect implantation,9,10

nano-indentation,3 and even moiré-confined excitons in twisted
heterostructures.3 However, such SPEs generally perform worse
than other solid-state quantum emitters1 in terms of linewidth3

(Γ/2π ∼ 40 GHz), emission intensity8 (Isat ∼ 104 counts/s), and
sequential single-photon emission11 [g(2)(0) ∼ 0.2]. In this work,
we use a second approach of building a hybrid device made of
nanoscopic sub-GHz linewidth solid-state SPEs integrated with a
2D material.3,12 Among the available solid-state SPEs, aromatic
molecules3 such as dibenzoterrylene (DBT) are suited for integra-
tion at the nanoscale as the synthesis of DBT-doped anthracene
nanocrystals (NCs) is well controlled.13 This unlocks the design of

hybrid systems combining atomically thin electronic interfaces with
SPEs with narrow linewidth (Γ/2π ∼ 50 MHz) at low temperatures,
high photon detection rates (Isat ∼ 106 counts/s), and almost no
multi-photon events [g(2)(0) < 0.03].

Previous studies have demonstrated that these aromatic
molecules can be used in quantum technology applications, where
properties such as emission decay rate3 and energy levels3,14 can
be tuned. In particular, these molecules serve as markers or
probes, revealing environmental modifications induced by near-
field interactions in the vicinity of the 2D material.3,5,15,16 The
advantage of such a large sensitivity is that emitters can be used
to probe local fluctuations of the electric field.17,18 Local prob-
ing of graphene devices has led to observing the electron–phonon
Cherenkov effect,3 mapping the current flow,3 and probing the
electronic scattering at the edge19 or local compressibility.20 Sin-
gle molecules have also been predicted as a probe of nanome-
chanical oscillations of carbon nanotubes.21 The unique electro-
static environments provided by 2D materials, such as semimetal-
lic graphene and semiconductor transition metal dichalcogenides,
can be identified through the emission spectra of molecules.3 In
particular, certain 2D materials, like hBN, can stabilize molecular
emissions.12 Furthermore, in various graphene-related applications,
including gas sensing, metrology, and quantum transport, electronic
noise—especially at low frequencies—poses a challenge for high-
precision measurements.22,23 There is a need for sensitive, large
bandwidth, and integrated sensors of electronic noise to provide
insights into the local origin of noise. Combining a 2D material with

FIG. 1. Hybrid photonic system integrating single organic molecules into a graphene device. (a) Sketch of the graphene device and electronics schematics. Nanocrys-
tals doped with single molecules (DBT:Ac) are deposited over the sample. In the studied device, one lies at the center and another at the edge of the graphene device. (b)
Optical microscope image of the graphene device with source (S) and drain (D) electrodes. Doped nanocrystals deposited, respectively, at the center and at the edge of the
graphene flake are highlighted with a black circle. (c) Fluorescence map of the dashed area in (b) obtained by resonant confocal excitation. (d) Typical emission spectrum of
one doped nanocrystal. The inset shows a histogram of linewidths for more than 60 molecules. (e) Zoom on one molecule’s emission with linewidth ΓDBT/2π ∼ 250 MHz.
Measurements shown in (c),(d), and (e) are taken at T = 2.8 K, using a confocal spot of 700 nm and with all source, drain, and backgate electrodes grounded.
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DBT molecules appears as an original platform, where the quan-
tum emitters can also act as probes of the electric fields near the 2D
material.3,5,15,16

Our device combines a gate-tunable graphene structure and
sub-GHz linewidth quantum emitters. A stack made of single-layer
graphene on top of a hBN multilayer (∼50 nm thick) is deposited on
a SiO2/Si− chip and connected to source and drain gold electrodes
[see Fig. 1(a)]. Once the graphene device is built, we iteratively spin
coat a polymeric suspension doped with nanocrystals of anthracene
containing DBT molecules until anchoring some at the center and
near the edge of the graphene device [see Figs. 1(b) and 1(c)]. In
this configuration, the molecules are located on top of the graphene
device. DBT molecules are solid-state quantum emitters that can
be modeled as two-level systems at cryogenic temperatures. We
excite resonantly the zero-phonon line transition (00ZPL) from the
zero-vibrational electronic ground state to the excited state using a
tunable 785 nm cw laser source. The molecule decays to vibrational
ground states (phonon sideband), and we detect these redshifted
photons via a single-photon counting module, filtering out the elas-
tically scattered photons. Upon scanning the excitation energy, we
measure a typical forest of narrow peaks [see Fig. 1(d)], each cor-
responding to an individual molecule. The emission frequencies of
the peaks are spread over hundreds of GHz due to local variations
of strain and charge distribution in the crystalline environment.
By integrating the emission signal for each position of the laser,
we obtain a high-signal-to-noise fluorescence map that reveals the
position of nanocrystals [see Fig. 1(c)]. The resolution of our con-
focal microscope does not reveal the individual position of single
molecules inside a nanocrystal. Still, it is sufficient to locate the
nanocrystals at the center or the edge of the graphene device with a
spatial resolution of about 700 nm. For each nanocrystal, we observe
around a hundred lines corresponding to individual molecules [see
Fig. 1(d)]. At the center of the device, the linewidth distribution
is broad, peaked at Γ/2π ∼ 200 MHz [see the inset of Fig. 1(d)],
often attributed to non-resonant energy transfer to graphene.3
It is possible to reduce this effect and maintain Fourier-limited
linewidths by using hBN as a substrate for the DBT:Ac crystal.12 Our
geometry would require a top hBN encapsulation of the graphene
device, thus adding an extra distance from the graphene to the
molecule. The studied device shows two clusters of nano-particles
containing DBT molecules, one at the center and one at the edge
[Figs. 1(b) and 1(c)].

To show how single DBT molecules can serve as local probes of
their electrostatic environment, we measure the shift in their emis-
sion frequency as a function of the applied back-gate potential V g at
these two remarkable positions—center and edge—of the graphene
device. In this experiment, we consider that the exchange of elec-
trons between the molecule and the graphene is negligible; hence,
the molecules are not measuring the electrochemical potential but
strictly the electric field. When positioning the excitation laser at the
position of the nanocrystal located at the center, spectra of molecules
are recorded for gate-voltage values of V g ∈ [−30; 30 V] [Fig. 2(a)].
Each line corresponds to one molecule within the nanocrystal. For
each molecule measured at the center position, we generally observe
a monotonic variation of the frequency shift δω(V g)/(2π) with
backgate voltage V g , which is roughly linear over the whole span
of V g and ranging from 10 MHz/V for the almost insensitive to
1 GHz/V for the most sensitive case. Most molecules show stable

FIG. 2. Exotic Stark shift response at the edge of the graphene device. (a) For
more than 80 molecules measured in the nanocrystal at the center of graphene, we
observe a close-to-linear Stark shift. (b) Molecules in the nanocrystal positioned at
the edge of graphene show a different response in the frequency shift as a function
of Vg. (c) For more than 180 molecules detected at the edge, ∼38% exhibit linear
Stark shift, while 43% and 19% show an atypical “Z” and “V” behavior, respectively.

emission in time (τmeas ∼ 6 h). The monotonic Stark behavior mea-
sured on DBT molecules located at the center of the graphene device
is similar to what has been previously reported under an in-plane
electric field.24

In contrast, when illuminating the nanocrystal at the edge
of graphene, we sometimes observe a saturation of δω(V g) upon
increasing V g [Fig. 2(b)]. In most cases, we observe that δω(V g)

varies either linearly or quadratically [“Z” and “V” behaviors in
Fig. 2(b)] in the range V g ∈ [−15; 15 V]. For “Z” behaviors, it
reaches a clear saturation plateau for ∣Vg ∣ > 15 V, while less pro-
nounced for “V” cases. Such a saturating behavior is observed for
∼2/3 of the detected molecules near the graphene’s edge [∼1/3 shows
a linear dependence; see Fig. 2(b) bottom]. Due to long acquisition
time (δt ∼ 600 s) per spectra and small voltage step (δV g ∼ 1 V), the
resulting small voltage sweep rate (δV g/δt ∼ 1.6 mV/s) prevents any

APL Quantum 2, 036101 (2025); doi: 10.1063/5.0274182 2, 036101-3

© Author(s) 2025

https://pubs.aip.org/aip/apq


APL Quantum ARTICLE pubs.aip.org/aip/apq

FIG. 3. Sensing electronic defect states in graphene with sub-GHz linewidth emitters. (a) Electrical equivalent circuit diagram of the sample. (b) Graphic representation
of the contributions of the charge defect potential (ϕgD) into the Stark shift equation [last three terms of Eq. (2)]. (c) Side view of the graphene edge (center) and finite element
electrostatic simulation of the electric field intensity (bottom). The black lines are the field lines. In our model, a defect is electrically connected to the edge of graphene
and induces a modification of the electric field sensed by a doped nanocrystal nearby. The simulation does not include the perturbation due to the nano-crystal dielectric
environment. (d) Difference in the molecule’s frequency from one saturation region to the other (Δω0/2π) with respect to the corresponding span in backgate voltage (ΔV g)
extracted for 21 molecules (5 “V” and 15 “Z” behaviors) within the same nano-crystal.

hysteretic behavior. We have performed more than ten sweeps in
both directions and systematically observed similar behavior.

One of the main mechanisms responsible for the frequency
shift of the molecules hδω is the interaction of the molecule with
the external electric field, known as the Stark effect.3,24,25 Other
mechanisms, such as strain or thermal variations, can be reason-
ably ruled out as the device is not piezoelectric, the laser power is
kept constant,26 and no Joule dissipation is expected when varying
V g . Molecular Stark shift can be explained with a contribution com-
ing from the interaction of the dipole change between ground and
excited states (δμ ) and the corresponding polarizability change (δα)
with the external electric field E, given as follows:

̵hδω = −δμ ⋅ E −
1
2

E ⋅ δα ⋅ E. (1)

At the center of the device, the electric field scales linearly with
the voltage V g applied between the two electrodes. This leads to
a parabolic dependence of the energy shift with coefficients that
depend on the position r and orientation of the molecule.3 This is
sufficient to describe qualitatively the behaviors we observe at the
center position [see Fig. 2(a)], where only small fields generated by
defects, charge inhomogeneities,27 or stray fields are present.

At the edge of the graphene device [see Fig. 2(b)], the elec-
tric field is stronger and has an in-plane component, as shown in
the finite-element simulation of Fig. 3(c). To explain the satura-
tion behaviors observed at the edge, the previous model needs to
be refined. The energy saturation suggests that certain charges can
get trapped and become insensitive to the backgate voltage, thus

leading to a saturating contribution in the total electric field E. To
account for this behavior, we develop a minimal model of a defect
based on the following five assumptions: (i) the defect is treated as
a small piece of conductor of size R [see Fig. 3(c)], (ii) the defect
is in thermodynamical equilibrium with the graphene, (iii) the elec-
trons trapped inside the defect can only occupy one energy level with
energy εD and degeneracy g, and (iv) the Fermi–Dirac distribution at
the same chemical potential and temperature of graphene controls
the occupation of the defect. Finally, (v) the interchange of charge
between the defect and graphene happens on timescales faster than
the time it takes for a molecule to emit a photon Γ−1

DBT ∼ 0.64 ns.
As a result, the number of trapped electrons in such a defect can

vary only from 0 to g, thus providing a saturation mechanism. The
Stark shift of the molecule emission is determined by the number
of charges present on the defect and should, in principle, be quan-
tized. However, if the charge fluctuation dynamics is faster than the
molecule’s lifetime, this quantization effect is averaged out, and the
Stark shift is sensitive only to the average occupation of the defect.

Thanks to the linearity of electrostatics, the electric field at the
position of a molecule depends linearly on both V g and the elec-
trostatic potential drop between the gate and the defect—ϕgD—via
geometric coefficients (see details in the supplementary material,
Sec. 1). However, this potential ϕgD[V g] is a non-linear function of
V g thanks to the finite electronic occupation of the defect. Accord-
ing to our toy model (see the full derivation in the supplementary
material, Sec. 2), we find that within the experimental conditions
(T = 2.8 K), ϕgD[V g] is well approximated by a piecewise lin-
ear function of V g . It is equal to V g around zero, ϕgD = V g for
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Vg ∈ [Vg,1; Vg,2], and becomes practically constant outside this
range, as illustrated in Fig. 3(b). Effectively, the non-linear relation
between ϕgD and V g can be represented by an equivalent circuit
in the form of a voltage clipper—more rigorously, a Zener diode
clipper—with thresholds V g,1 and V g,2 as shown in Fig. 3(a).

The Stark shift for a molecule located at the edge, taking into
account the non-linear response of the defect, can be expressed as

̵hδω = aVg + bV2
g + a′ϕgD[Vg] + b′VgϕgD[Vg] + b′′(ϕgD[Vg])

2, (2)

where a, b, a′, b′, b′′ are coefficients depending on the molecule’s
position and orientation (see the derivation in the supplementary
material, Sec. 1). The coefficients a, a′ are proportional to δμ, and
they stand for the linear contribution to the Stark shift. On the
other hand, the coefficients b, b′, b′′ are proportional to δα and are
responsible for the quadratic dependence with V g , for small val-
ues of ∣Vg ∣ (before the saturation occurs). The last three terms of
Eq. (2) describe the saturating behavior and are graphically depicted
in Fig. 3(b). The molecules showing a linear shift before satura-
tion can be mainly described with the term a′ϕgD[Vg], while for the
quadratic response, a combination of the three terms is required.

We extracted the following quantities from the experimen-
tal results: (i) the span in backgate voltage ΔV g before saturation
occurs and (ii) the difference in the molecule’s frequency from one
saturation region to the other ̵hΔω0 = ̵hδω(Vg,2) − ̵hδω(Vg,1). The
first quantity can be expressed as a function of the unit charge e,
the state degeneracy g, and the defect self-capacitance CD (see the
supplementary material, Sec. 2),

ΔVg = Vg,2 − Vg,1 = eg/CD. (3)

These quantities ΔV g and hΔω0 are shown in Fig. 3(d) for 21
measured molecules located close to the graphene edge. A spread
of Δω0/2π ∼ 300 MHz is observed for all the molecules, indepen-
dently of the linear or quadratic response. This shift in frequency is
equally distributed around positive and negative values supporting
the hypothesis of random induced dipole’s orientation. In contrast,
ΔV g shows a narrower distribution centered around V g = 15 V. The
spread is contained within 5 V, thus suggesting that all the molecules
are probing the same type of defect.

To prove that our results are compatible with a defect of atomic
size with degeneracy close to unity, we are going to provide an
estimation of the defect size R and the degeneracy g. From this
experimental observation of ΔV g , replacing the capacitance of the
defect expressed as CD = 4πε0R in Eq. (3), we can estimate the ratio
R/g = e/(4πε0ΔVg) ∼ 10−10 m. From such a simple estimation, we
obtain the lower bound for the defect size. The minimum value of
the degeneracy g being 1, the defect size R cannot be smaller than
an atom, serving as a sanity check of our estimation. Of course, this
ratio cannot rule out the possibility of a more significant defect with
higher degeneracy g ≫ 1. To get more insight into the defect’s size,
we perform another independent estimation of R. Here, we consider
that the full span of frequency shift ̵hΔω = max (̵hΔω) −min (̵hΔω)
covers all dipole orientations over the full solid angle. This hypoth-
esis implies that there is no preferential direction in the dipole
orientation distribution and that the 21 measurements shown in
Fig. 3(d) accurately sample this distribution.

We also consider a spherical defect for simplicity located at a
distance r to the molecule. The upper bound of r is given by the
excitation laser spot size (∅ ∼ 700 nm). This estimation leads to
R ≅ ̵hΔωr2

/(2ΔVg ∣δμ∣) < 5 Å, assuming ̵hΔω = 0.3 GHz, r < 700 nm,
ΔV g = 15 V, and ∣δμ∣ = 2D (from Ref. 3). These assumptions rein-
force the idea of an atomic scale defect with possible degeneracy g
spreading from 1 to 5. Nevertheless, our analysis is limited when
it comes to identifying the exact nature of the defect. Such defects
can be located near the edges of graphene, supporting previous
interpretations in transport measurements of graphene nanorib-
bons.28 Nonetheless, contamination—potentially introduced during
the stacking process—may also reside on top of the device, acting as
a conductive charge defect coupled to the graphene layer. Our main
conclusion is that we can probe optically atomic-size charge defects
using fluorescent molecules as local markers of the electromagnetic
environment.

In an adiabatic regime, as discussed until now, the amount of
electronic charges is constant in time. We now turn to the non-
adiabatic regime, which is of interest for optical sensing of electronic
noise or charge fluctuation in general.18 Considering the molecule’s
short lifetime of the order of nanoseconds, we assume the Stark shift
to be instantaneous compared to the measurement time of the order
of seconds. We collect temporal evolutions of the emission spectra
for a molecule located at the center of the graphene device for differ-
ent bias voltages V sd while keeping the backgate potential constant
at V g = −30 V. The situation differs from the previously discussed
one; molecules at the center are not expected to be affected by the
charging of a defect near the edge of the device. We observe spec-
tral fluctuations of the emission energy in time, which are more
pronounced at larger bias voltages [see Figs. 4(a) and 4(b)].

We fit each emission line with a Lorentzian function and extract
time traces for the emission frequency δω/2π and the linewidth
Γ. The main fluctuating quantity is the emission frequency δω/2π,
which we characterize by computing the power spectral density
(PSD), shown in Fig. 4(c). A typical 1/ f behavior is generally present
at low frequencies, while the DBT emission energy noise becomes
frequency-independent (white noise) at higher frequencies (typically
>10−2 Hz). The 1/ f behavior here can be due to long-term laser
wavelength noise caused by temperature or current fluctuations.
The slight deviation observed at V sd = 20 mV would require longer
acquisition times to access lower frequency components and allow a
more complete interpretation of this behavior. Another contribution
of such low-frequency white noise arises from current intensity fluc-
tuations in the graphene device. Indeed, when increasing V sd from
0 to 20 mV, we observe an enhancement of the white-noise over
two orders of magnitude [see Fig. 4(c)]. For larger V sd, the electrical
current in graphene increases, leading to enhanced current inten-
sity fluctuations. As intensity fluctuations depend on mobility and
charge fluctuations,22 we expect a similar effect as introduced above:
charge fluctuations near the DBT molecule induce bias-dependent
emission line shift fluctuations, as shown in Figs. 4(a) and 4(b). It
is worth noting that the experiment is conducted at relatively low
excitation power (50 nW), allowing us to neglect any laser-induced
tuning effects such as photoionization cascades, which have been
reported in previous studies.26

Current intensity fluctuations should also affect the measured
linewidth, either due to a local heating effect or to inhomoge-
neous broadening caused by higher frequency noise. To verify this,
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FIG. 4. Optical readout of the electronic noise in a graphene device. Time evolution of the same DBT molecule’s spectrum at 0 (a) and 20 mV (b) bias voltage applied to
the graphene device. The DBT molecule measured here is embedded in a nano-crystal located at the center of the graphene device, and its Stark shift is linear. Acquisition
time for each spectrum is 3 s and V g = −30 V. Each spectrum is fitted with a Lorentzian to extract the central emission frequency (δω/2π ) for the spectral fluctuations
analysis. (c) Power spectral density (PSD) of δω/(2π) as a function of the frequency for the same molecule at different bias voltages Vsd . The dashed lines are guidelines
for pink noise (1/f ) and white noise (constant). (d) Average emission linewidth Γ over the time series as a function of the bias voltage Vsd . Error bars show the width of the
Γ. All measurements are performed at T = 2.8 K.

we compute the histograms of the DBT linewidth Γ measured in
time and extract the mean value Γ for each source–drain bias V sd
[Fig. 4(d)]. The central values of such histograms increase from Γ
(0 mV) = 122 MHz to values above 220 MHz at higher V sd val-
ues. In the presence of electric field fluctuations, we expect the
Stark effect to cause inhomogeneous broadening of the measured
emission line, as the measurement time (∼3 s) is much slower
than typical electronic fluctuations. Thermal contributions due to
the dissipated Joule power in the graphene device could also lead
to a homogeneous linewidth broadening.17,29 In such a case, the
local temperature T loc is directly proportional to the Joule dissi-
pated power Pdiss ∝ V2

sd; the linewidth broadening typically follows
an Arrhenius law of the form Γ = Γ0 + A exp [−ΔE/(kBT + nV2

sd)],
where Γ0 is intrinsic linewidth at zero bias, A, n are constants having
the unit of a linewidth and J V−2, respectively, T is the local temper-
ature, and ΔE is a parameter with the dimension of energy. In our
experiment, the increase of Γ would correspond to only a few kelvins
change in the local temperature.29 Moreover, any static change in
the local temperature might also lead to a strain-induced shift in the
DBT emission frequency δω/(2π) caused by the thermal expansion
of the anthracene crystal,30 which we do not observe. Therefore, we
argue that the variation of the mean linewidth Γ and the noise level
for DBT emission energy observed in Figs. 4(c) and 4(d) are most
likely due to local electronic noise fluctuations when increasing the
bias voltage.

In conclusion, we have demonstrated the utilization of sub-
GHz linewidth single-photon emitters (DBT molecules) as markers
to probe charge defects near the edge of a graphene transistor.
We have reported saturating Stark behavior when the emitters are
located at the edge of graphene. Notably, the exact nature of such
defects remains uncertain as we cannot distinguish a structural
defect at the graphene edge from an impurity on top of graphene
or a bubble at the interface acting as a reservoir of electrons. Still,
our observations and model are consistent with electronic defects’
charging dynamics in the unitary limit degeneracy ( g ∈ [1; 5]). The
optical approach developed here can be further associated with

transport or scanning probe measurements to gain insights into
the role of graphene edges in nanostructures.28,31 Finally, when
located at the center of the graphene device, we have reported an
increase in the noise of the SPE’s resonance frequency and a broad-
ening of their linewidth upon applying a source–drain bias, which
is compatible with an increase of the local electronic fluctuations
sensed by the SPE. The approach described here can complement
previously reported techniques to map the charge carrier density
in graphene devices using NV (nitrogen-vacancy) center scanning
magnetometry32 or hBN-defect as local markers33 directly embed-
ded in 2D heterostructures. It could also be helpful for the quantum
sensing architecture of exotic electronic phases in 2D materials
(hydrodynamic regimes34 and electronic crystals3,35).

METHODS
Fabrication of the gate-tunable graphene device

The hexagonal boron nitride (hBN) and graphene flakes are
obtained by mechanical exfoliation of hBN and HOPG crystals,
respectively. The van der Waals heterostructures36 made of bottom
hBN and graphene are transferred onto an n-doped Si wafer with a
285 nm layer of thermally grown SiO2 on top. The bottom hBN has
a thickness of ∼50 nm. The source and drain electrodes are designed
via electron-beam lithography and contacted by thermal deposition
of 50 nm of gold.

Preparation of the DBT:Ac nanocrystals

A suspension of poly(vinyl alcohol) (PVA) doped with DBT
molecules hosted into anthracene nanocrystals is prepared by
reprecipitation. The suspension is spin-cast onto the bottom
hBN–graphene stack.

Optical setup

Measurements are performed at cryogenic temperatures
(2.8 K), using a Montana closed-cycle cryostat. A custom-built
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confocal microscope is used to isolate the signal of single molecules
from the background and to spatially confine the excitation and
detection to a small volume. The continuous wave (CW) laser used,
a tunable 785 nm diode laser (Toptica DL 100 DFB), is focused
into the cryostat with a long (10 mm) working distance microscope
objective (100× Mitutoyo Plan Apo NIR HR Infinity Corrected)
with a numerical aperture NA = 0.7 and transmission ∼60%–80%.
The objective is mounted on a 3D piezo stage. A point-like detec-
tion is obtained using a single-mode fiber coupled to an avalanche
photodiode (APD).

Optical detection and electrical device actuation

Single molecules are excited at 785 nm (5 nW/μm2). The red-
shifted single-photon emission is spectrally isolated with a long-pass
filter and measured with a single-photon counting module. Flu-
orescence maps are collected by artificially broadening the laser
excitation energy to simultaneously excite many molecules within
the same excitation spot. In this case, the diode laser current is mod-
ulated at a frequency f = 200 Hz, which is faster than the single-point
acquisition frequency (1/τAPD ∼ 50–100 Hz). This leads to an artifi-
cial broadening of ∼1/10 of the typical inhomogeneous broadening
of the molecules in the nanocrystal. The hybrid device is actu-
ated electrically using a low-noise DC voltage source. We extracted
energy vs voltage traces in Fig. 2 only for molecules with a signal-
to-noise ratio greater than 10 and with continuous, stable emission
lines.

SUPPLEMENTARY MATERIAL

A detailed derivation of Eqs. (2) and (3) is presented in the
supplementary material.
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I. Deperasinska, B. Kozankiewicz, M. Orrit, and C. Toninelli, “Laser-induced fre-
quency tuning of Fourier-limited single-molecule emitters,” ACS Nano 14(10),
13584–13592 (2020).
27A. A. L. Nicolet, M. A. Kol’chenko, C. Hofmann, B. Kozankiewicz, and M. Orrit,
“Nanoscale probing of charge transport in an organic field-effect transistor at
cryogenic temperatures,” Phys. Chem. Chem. Phys. 15(12), 4415–4421 (2013).
28B. Terrés, L. A. Chizhova, F. Libisch, J. Peiro, D. Jörger, S. Engels, A. Girschik,
K. Watanabe, T. Taniguchi, S. V. Rotkin, J. Burgdörfer, and C. Stampfer, “Size
quantization of Dirac fermions in graphene constrictions,” Nat. Commun. 7(1),
11528 (2016).
29S. Grandi, K. D. Major, C. Polisseni, S. Boissier, A. S. Clark, and E. A. Hinds,
“Quantum dynamics of a driven two-level molecule with variable dephasing,”
Phys. Rev. A 94(6), 063839 (2016).
30W. Häfner and W. Kiefer, “Raman spectroscopic investigations on molec-
ular crystals: Pressure and temperature dependence of external phonons in
naphthalene-d8 and anthracene-d1,” J. Chem. Phys. 86(8), 4582–4596 (1987).
31S. Somanchi, B. Terrés, J. Peiro, M. Staggenborg, K. Watanabe, T. Taniguchi,
B. Beschoten, and C. Stampfer, “From diffusive to ballistic transport in
etched graphene constrictions and nanoribbons,” Ann. Phys. 529(11), 1700082
(2017).
32M. J. H. Ku, T. X. Zhou, Q. Li, Y. J. Shin, J. K. Shi, C. Burch, L. E. Anderson, A. T.
Pierce, Y. Xie, A. Hamo, U. Vool, H. Zhang, F. Casola, T. Taniguchi, K. Watanabe,
M. M. Fogler, P. Kim, A. Yacoby, and R. L. Walsworth, “Imaging viscous flow of
the Dirac fluid in graphene,” Nature 583(7817), 537–541 (2020).
33A. J. Healey, S. C. Scholten, T. Yang, J. A. Scott, G. J. Abrahams, I. O. Robertson,
X. F. Hou, Y. F. Guo, S. Rahman, Y. Lu, M. Kianinia, I. Aharonovich, and J.-P.
Tetienne, “Quantum microscopy with van der Waals heterostructures,” Nat. Phys.
19(1), 87–91 (2023).
34D. A. Bandurin, I. Torre, R. K. Kumar, M. Ben Shalom, A. Tomadin, A. Principi,
G. H. Auton, E. Khestanova, K. S. Novoselov, I. V. Grigorieva, L. A. Ponomarenko,
A. K. Geim, and M. Polini, “Negative local resistance caused by viscous electron
backflow in graphene,” Science 351(6277), 1055–1058 (2016).
35Y. Xu, S. Liu, D. A. Rhodes, K. Watanabe, T. Taniguchi, J. Hone, V. Elser, K.
F. Mak, and J. Shan, “Correlated insulating states at fractional fillings of moiré
superlattices,” Nature 587(7833), 214–218 (2020).
36F. Pizzocchero, L. Gammelgaard, B. S. Jessen, J. M. Caridad, L. Wang, J. Hone,
P. Bøggild, and T. J. Booth, “The hot pick-up technique for batch assembly of van
der Waals heterostructures,” Nat. Commun. 7(1), 11894 (2016).

APL Quantum 2, 036101 (2025); doi: 10.1063/5.0274182 2, 036101-8

© Author(s) 2025

https://pubs.aip.org/aip/apq
https://doi.org/10.1038/ncomms15053
https://doi.org/10.1038/ncomms15053
https://doi.org/10.1088/2053-1583/aa9642
https://doi.org/10.1021/acs.nanolett.0c01222
https://doi.org/10.1063/5.0018557
https://doi.org/10.1038/s41467-023-42865-4
https://doi.org/10.1021/acsnano.7b08810
https://doi.org/10.1002/cphc.200700340
https://doi.org/10.1021/nl401129m
https://doi.org/10.1063/5.0074706
https://doi.org/10.1103/physrevb.64.205202
https://doi.org/10.1103/physrevlett.126.133602
https://doi.org/10.1126/science.aan0877
https://doi.org/10.1103/physrevlett.105.256806
https://doi.org/10.1103/physrevlett.110.125501
https://doi.org/10.1038/nnano.2013.144
https://doi.org/10.1038/nnano.2013.144
https://doi.org/10.1021/acs.nanolett.1c02325
https://doi.org/10.1002/cphc.201800937
https://doi.org/10.1021/jp983956t
https://doi.org/10.1021/acsnano.0c05620
https://doi.org/10.1039/c3cp44072a
https://doi.org/10.1038/ncomms11528
https://doi.org/10.1103/physreva.94.063839
https://doi.org/10.1063/1.452734
https://doi.org/10.1002/andp.201700082
https://doi.org/10.1038/s41586-020-2507-2
https://doi.org/10.1038/s41567-022-01815-5
https://doi.org/10.1126/science.aad0201
https://doi.org/10.1038/s41586-020-2868-6
https://doi.org/10.1038/ncomms11894

