Single-molecule study for a graphene-based nanoposition sensor
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Abstract

In this study we lay the groundwork for a graphene-based fundamental ruler at
the nanoscale. It relies on the efﬁcient energy-transfer mechanism between
single quantum emitters and low-doped graphene monolayers. Our experiments,
conducted with dibenzoterrylene (DBT) molecules, allow going beyond
ensemble analysis due to the emitter photo-stability and brightness. A quantitative characterization of the ﬂuorescence decayrate modiﬁcation is presented
and compared to a simple model, showing agreement with the d −4 dependence, a
genuine manifestation of a dipole interacting with a 2D material. With DBT
molecules, we can estimate a potential uncertainty in position measurements as
low as 5 nm in the range below 30 nm.
Keywords: graphene, nano-sensor, single molecule, spectroscopy, lifetime
measurements, energy transfer
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1. Introduction: single emitters close to interfaces

A single atom or molecule in the vicinity of a planar layered medium represents a paradigmatic
system in near ﬁeld physics [1]. On-chip antenna design, e.g., as well as surface-enhanced
spectroscopy [2], require a quantitative analysis of the dipole radiation and energy distribution
for such geometries. This study is then essential in the quest for efﬁcient light–matter interfaces,
on which optical sensing and photon-based communication protocols strongly rely [3, 4].
Experiments performed by Drexhage in 1970 [5] already showed a clear modiﬁcation of
emitter decay rate and radiation pattern as a function of the distance to a reﬂecting interface.
Classically, this is understood as a feedback effect of the reﬂected complex ﬁeld on the
molecule itself. Quantum mechanically, vacuum ﬂuctuations depend on the problem boundary
conditions and affect the density of states. The radiative decay rate results modiﬁed, as well as
the efﬁciency of all those processes which can be described by the exchange of virtual photons.
This is the case of what happens in a fundamental process in nature such as photosynthesis,
relying on the energy transfer between different chromophores.
Molecules close to surfaces are also ideal probes of local effects and ﬁelds, as they are
affected by the local environment at the nanometer scale, i.e. on the order of their physical size
[6–8]. Furthermore, similarly to what happens in cavity quantum electrodynamics, strong
interactions of quantum emitters (QE) or absorbers with guided modes at the interface between
different media can lead to cooperative effects [9] and entanglement phenomena [10, 11].
A QE placed in the vicinity of a surface with complex electric permittivity can decay into
three different channels [12]: excitation of surface plasmons that propagate along the surface,
radiation of photons into the far ﬁeld, and dissipation through Ohmic losses. The absolute and
relative probability of these processes depends on the speciﬁcations of the investigated system.
Among other materials, graphene is now very well known for its unique optical, electronic and
mechanical properties, which are a result of its gapless band structure and locally linear
dispersion relation [13]. From a fundamental point of view, the effects occurring for the case of
a quantum emitter in close proximity to such a purely two-dimensional material are still largely
unexplored, although they have the potential to set a new scenario for the physics of strong
light–matter interaction [14]. In a broad frequency range, i.e. for energies above twice the Fermi
energy and for distances within a quarter of the wavelength, the main mechanism of energy
relaxation is non-radiative dipole–dipole resonant energy transfer [15]. In particular, grapheneʼs
unequaled conductivity gives rise to a very strong polarizability, resulting in an efﬁcient energy
transfer from donor molecules. As a consequence, grapheneʼs use in the realm of functional
materials, e.g. as an extraordinary energy sink for photodetection, seems advantageous. Based
on the near-ﬁeld interaction between biomolecules and graphene, a wealth of sensing
applications have been proposed [16, 17]. More recently, even quantum position sensors have
been suggested, relying for example on the Casimir effect exerted by graphene on a nearby two
level system [18]. Similar quantum technologies have been discussed in the literature with the
purpose of detecting and manipulating mechanical degrees of freedom of nano-oscillators [19, 20].
In this paper we provide a ﬁrst proof of principle for a graphene nanoruler, based on the
measurement of the energy-transfer rate between single organic molecules and a graphene
monolayer.
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Figure 1. Box: artistic picture of our test sample, where a DBT:anthracene crystal is

interfaced with a graphene monolayer sheet. Depending on the relative distance
between molecule and graphene, the excited state decays with different branching ratios
via radiative emission or energy transfer to graphene excitons. Right panel: sketch of the
experimental setup, combining Raman spectroscopy and single-molecule microscopy.
Flippable mirrors (FM) allow switching between pulsed Ti:Sapphire and a continuous
diode-laser (640 nm) excitation. Fluorescence or Raman signal, collected through a
spatial (SF) and long-pass ﬁlter (LP), can be analyzed by means of an electronmultiplied charged-coupled-device camera (CCD), a spectrometer (SPT), avalanche
photodiodes (APD) arranged in a Hanbury–Brown–Twiss conﬁguration (HBT), or
coupled to a Time Correlated Single Photon Counting card (TCSPC) for lifetime
measurements.
2. Nanoscopic rulers by optical means

In the near-ﬁeld range, plasmonic rulers have been proposed [21, 22] and employed to measure
nuclease activity [23], to follow dimer assembly and DNA hybridization [24]. In the simplest
geometry, two metal nanoparticles, integrated into the sample as a probe, interact with each
other, yielding a shift of the plasmonic resonance which obeys a 1 d 3 distance dependence.
Different schemes helped improve sensitivity (up to about 10–15 nm) or maximum range
(40 nm [25]), by means of nanoparticle-induced lifetime modiﬁcation. The promise of
plasmonic rulers, however, has been partially compromised by a lack of universality, as the
actual scaling laws typically depend on the nanoparticle shape [26]. Our method represents a
key extension of another ruler species, based on ﬂuorescence resonant energy transfer (FRET)
[27–29], which may be employed to measure distances well beyond 10 nm.
In the near ﬁeld, the energy transfer rate between a donor and an acceptor dipole scales as
d −6 in free space. When the acceptor takes the form of a surface of dipoles, then integration over
all possible transfer sites yields a d −4 dependence, whereas transfer to the bulk shows a d −3
behavior [12]. Recent experiments with single emitters [30] and an ensemble of emitters [31]
have conﬁrmed the predicted [32, 33] d −4 distance dependence of the non-radiative transfer rate
to monolayer graphene. The magnitude of such coupling, enhanced with respect to other lossy
materials, is described by universal parameters (such as the ﬁne structure constant) so that the
relative distance of an object—in particular that of a ﬂuorescent molecule—could be accurately
determined (within a few nanometers) by measuring the emitter decay rate with respect to the
vacuum. An artistic view of our concept for a graphene nanoruler is depicted in the top left
panel of ﬁgure 1. At the single emitter level, a quantitative analysis for the decay rate
modiﬁcation was still missing to date.
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3. Dibenzoterrylene single emitters

Dibenzoterrylene (DBT) molecules embedded in thin anthracene crystals (about 40 nm) have
been employed as probes in this validation test for a graphene nanoruler. Such a study
represents likewise an exploratory experiment for the development of a graphene quantum
nanoposition sensor, as described in [18].
The solid-state quantum system that we use combines the high oscillator strength and
brightness of organic ﬂuorescent dye molecules with the photostability of single-photon sources,
such as inorganic quantum dots or color centers in diamond [34]. As the anthracene crystalline
matrix, which acts as a shield to oxygen diffusion, is only few tens of nanometers thick, coupling
to external photonic structures is envisioned and has indeed been shown in [35]. Its impact on
quantum-optics experiments is due to a narrow emission into the zero-phonon line around 785 nm
which, at cryogenic temperatures, is not subject to dephasing and, as a result, is only limited to
about 40 MHz by the excited-state lifetime [36, 37]. For the purpose of this work, i.e. exploiting a
broad-band effect, we operate at room temperature and perform a statistical analysis of lifetimes on
150 DBT molecules, whose distances from a single graphene sheet vary from a few to 80 nm. To
fabricate the DBT-doped crystals, we use a nM solution of DBT, prepared by mixing a solution of
DBT in toluene of known concentration with a solution of anthracene in diethyl ether with a
concentration of 2.5 mg ml−1. The crystals are then obtained by spin-casting a 20 μl-droplet of this
solution on different substrates, including a reference glass cover slide. Following this protocol,
crystals with clear-cut facets and thicknesses ranging from 20 to 80 nm are formed, embedding
DBT at single-molecule concentration. The sample surface roughness and thickness were studied
by means of atomic force microscopy (AFM); a typical recorded image is shown in ﬁgure 2(a),
displaying an average crystal thickness of 30 nm, and a typical surface roughness of the order of
1 nm. DBT is known to be hosted as an impurity in such matrices, but with a well-deﬁned
orientation, so as to minimize Gibbs free energy [34, 36]. In ﬁgure 2(b), we show a ﬂuorescence
image of a DBT:anthracene sample deposited on silica, similar in characteristics to the one
measured by AFM. The map is obtained by scanning the sample in the confocal microscope
conﬁguration, sketched in ﬁgure 1. A diode laser at 767 nm (typical intensity is 60 kW cm−2) is
used in excitation and the emitted red-shifted ﬂuorescence is collected through a 1.4-N.A. oilimmersion objective after wavelength selection. Bright spots in ﬁgure 2(b) correspond to single
molecule emission, as the second-order autocorrelation function of panel (c) suggests. By
reconstructing the histogram of the time intervals between start and stop events, recorded by two
avalanche photodiodes (APDs) arranged in a Hanbury–Brown–Twiss geometry (see ﬁgure 1), we
approximate the intensity autocorrelation function for short time periods. We ﬁnd g 2 (0) ≃ 0.2
which is a clear indication of sub-poissonian photon statistics from a single photon source [38].
Having access to the single molecule behavior also allows for the probing of local properties such
as Fermi energy spatial variation. In order to observe the relaxation dynamics we employ a Ti:
Sapphire laser optimized to emit pulses 200 fs long around a wavelength of 767 nm, with a
repetition rate of 81.2 MHz. The histogram of photon arrival times upon laser triggering is
recorded via a PicoHarp Time-Correlated Single Photon Counting card. The acquired signal is
well ﬁtted by the convolution between system response function (gray curve in ﬁgure 3) and a
single exponential decay, associated to the depopulation of a single excited state. In the absence of
external loss channels, the quantum efﬁciency of our emitter is close to unity and the inverse of the
population relaxation time decay is solely due to the radiative decay rate (≃25 MHz).
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Figure 2. (a) AFM image of anthracene crystals grown by spin-casting on a glass

substrate. Crystal edges are clearly visible and, in the inset, a line section cut through the
black line shows a thickness of 30 nm with low surface roughness (≈1 nm ). (b) Confocal
ﬂuorescence scan of DBT molecules embedded in thin anthracene crystals: typical
concentrations and count rates. Evidence of emission from single molecule excitation is
given by measurements of the intensity autocorrelation function, such as the one
displayed in panel (c). Here, photon anti-bunching from single-molecule emission is
displayed in normalized units, without any background correction, and ﬁtted with the
function y = C (1 − b exp ( − | t − t0 | τ )), yielding a coincidence reduction at τ = 0 ns
of 93%. (d) Raman spectrum of the CVD pristine graphene sample, obtained with a CW
solid state diode laser (640 nm), exhibiting the characteristic lines at ≈1581 cm−1 and
≈2640 cm−1. The single Lorentzian proﬁle of the 2D band and the respective positions for
G and 2D bands show unambiguously the graphene monolayer signature.
4. Graphene monolayer

The graphene monolayers under investigation have been fabricated by chemical vapor
deposition (CVD) on copper. A millimeter of polycrystalline graphene is then transferred on a
microscope slide and annealed in H2-Ar (1:5) 300 °C for 3h. The presence of a monolayer has
been veriﬁed by performing Raman spectroscopy [39] on the sample before the DBT:
anthracene solution was spincasted. Raman spectroscopy of graphitic systems is a non-invasive,
fast and complete tool to investigate doping, stress and structural properties. In particular, the
two main Raman features of graphene, G and 2D bands, provide information about the number
of layers, the intrinsic graphene doping or structural defects. The optical setup for the analysis
of the Stokes red-shifted bands is standard for confocal Raman spectroscopy, employing a
5
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Figure 3. (a) Time-resolved measurements of the ﬂuorescence decay for single DBT
molecules, placed at different distances from a graphene layer. Solid black lines are ﬁt
to the experimental data, with the convolution between the system response function
(light gray) and a single exponential decay function. The longer lifetime of molecule B
with respect to A is associated with a brighter signal, as displayed in panel (b). Here, a
close-up of a bigger confocal ﬂuorescence scan is reported, suggesting the typical
emitter concentration and signal to noise ratios.

100X Objective (N.A. = 0.7). The source is a continuous wave solid state diode laser, with
central emission wavelength around 640 nm and TEM00 spatial mode. The excitation laser line
is cleaned with a narrow (2 nm) bandpass ﬁlter, whereas the Rayleigh line in detection is ﬁltered
out by means of a longpass ﬁlter. The spectrometer used to record Raman spectra has a spectral
resolution of 3 cm−1. As shown in ﬁgure 2(d), the respective positions and shape for the G and
2D bands are a clear signature of a graphene monolayer [40–42]. The G band position is
measured at 1581 cm−1 and has a pure Lorentzian shape. The proﬁle of the Raman 2D band at
2640 cm−1 is Lorentzian and shows correct agreement with the expected line shape for
monolayer graphene [41].

5. Lifetime measurements

We here prove that the measurement of the decay rate is a tool to accurately pinpoint an emitter
position away from a graphene interface. Speciﬁcally, we show how the lifetime distribution
from a collection of 150 DBT molecules close to a graphene monolayer only depends on
universal parameters, besides their position distribution. As lifetime measurements are not
affected by the instrumental collection efﬁciency, whether geometrical or intrinsic, the system
shows promising characteristics as a nanoscopic ruler.
We consider a semi-classical model along the lines of what is described in [43] and already
applied in [31] for the energy transfer, taking place between an ensemble of molecules and the
two-dimensional material. The decay rate of a molecule at a distance d from a graphene ﬁlm (Γg)
is calculated as the power radiated by a classical dipole, placed in a semi-inﬁnite medium facing
the absorbing material. Γ is derived by integration over parallel wave vectors, considering the
total ﬁeld as a result of interference between the dipole emission and its Fresnel reﬂection. A
particularly elegant form describes Γg : in the 15 nm-range and above 3 nm, using graphene DC
conductivity σ = e2 4 , for a parallel oriented dipole we ﬁnd:
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Γg Γant

⎛ λ 0 ⎞4
9α
⎜ ⎟
≃1+
256π 3 ( ϵant + ϵsub )2 ⎝ d ⎠

(1)

where Γant is the decay rate in the bulk medium, α is the ﬁne structure constant, λ0 is the freespace emission wavelength, ϵant and ϵsub are the permittivities of the anthracene hosting medium
and of the substrate supporting graphene, respectively. Besides the characteristic d −4
dependence, inherent to the system dimensionality, the transfer mechanism appears to be well
described by universal parameters, independent of the speciﬁc realization or the experimental
setup. It is worth noting that the theoretical results are in agreement with a full quantum optical
analysis [44].
The decay rate of molecules coupled and uncoupled to graphene have been compared in
terms of excited-state lifetime measurements. The analysis was performed in a systematic way,
starting from a scan similar to the one in ﬁgure 2(b) and deﬁning an intensity threshold for the
faintest detectable molecule, according to a minimum signal to noise ratio (S/N) of 3. On each
selected molecule, we then measured the relaxation dynamics and extracted a value for the
excited-state lifetime. Figure 3(a) shows particularly clean single-exponential decays of DBT
ﬂuorescence, in the vicinity of low-doped graphene. Such signals can be associated to a single
optically active system, i.e. with no contribution of the host matrix, and with a simple level
structure [34]. Decay times were derived from the best ﬁt with a convolution between the
system response function (gray solid line in ﬁgure 3(a)) and a single-exponential decay. The
proximity to a graphene monolayer is clearly reﬂected in lifetime measurements: a molecule,
say molecule A in the example (ﬁgure 3(b)), has been characterized by a short lifetime due to
efﬁcient energy transfer to the graphene sheet, also resulting in a ﬂuorescence quenching. On
the other hand, molecule B appears brighter and with a longer lifetime, and is supposedly
further away from the graphene. Shorter lifetimes are due to the non-radiative decay rate
enhancement (expressed by equation (1)), which results in a decreased quantum efﬁciency,
hence in ﬂuorescence quenching. This effect has even been exploited to image a graphene
monolayer [45], or to characterize the coupling efﬁciency between emitters and graphene, (see
[15], quenching factor 70). As a reference sample we have considered a SiO2 substrate and
collected measurements for 75 molecules. We observe therein a symmetric distribution of
lifetimes around 4.1 ns with σ ≃ 0.4 ns (see ﬁgure 4(a)), which cannot be fully accounted for by
simple interface effects, acting differently depending on the distance to the surface. In fact,
considering the in-plane orientation of DBT molecules [34] and calculating the lifetime spread
for a 40 nm-thick crystal, following the discussion for a multilayer in [12], we estimate a 10%
total lifetime variation, resulting in approximately half the experimental spread. Local
environment and edge effects contribute to determine the observed variation of lifetimes for
DBT, as already suggested in [46, 47]. Such mechanisms are reasonably accounted for by a
Gaussian distribution (blue solid line in ﬁgure 4(a)).
When molecules are instead brought in close proximity to a mono-atomic carbon layer by
spin-casting a DBT-doped anthracene thin ﬁlm onto a graphene sheet, the lifetime distribution
is strongly affected, becoming asymmetric with a long tail for short lifetimes. In particular, the
average lifetime is shorter (3.7 ns), as a new non-radiative decay channel has opened up. In the
histogram shown in ﬁgure 4(b) the bin size is given by the time resolution of the setup,
amounting to 400 ps, after deconvolution with the instrumental response function.
In order to test the model with our actual system, we make an educated guess for the
molecule position distribution, insert this assumption into equation (1) and compare the
7
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Figure 4. Probability density function (PDF) of single-molecule excited-state lifetimes
on a reference sample (a) and on a graphene monolayer sheet (b). Histograms represent
experimental values, while blue solid lines result from the theoretical models discussed
in the text. A PDF of a normal distribution (solid line), centered around 4.2 ns
reproduces well the intrinsic spread in lifetimes of DBT molecules in a thin anthracene
ﬁlm. The PDF for lifetimes on graphene requires information on the molecule position
distribution, for which we assume the PDF reported in panel (c). The expected potential
accuracy in operating our system to measure distances is plotted in panel (d) versus the
relative distance.

obtained probability density function with the experimental data. Let us assume that DBT
molecules are homogeneously distributed inside anthracene crystals, whose thicknesses are on
average 50 ± 10 nm , according to AFM measurements. A cutoff on the distribution is
introduced, accounting for the before-mentioned quenching of molecules, which makes
detection difﬁcult for distances to graphene closer than 20 nm. In ﬁgure 4(c), the resulting
probability density function (PDF) of the molecule position distribution is reported. As for Γant ,
we consider Gaussian-distributed values, as suggested by the ﬁt to our experimental results on
the reference sample7 (see ﬁgure 4(a)). The expected PDF for the molecule lifetimes on
graphene is calculated and plotted (blue solid line) for comparison to the experimental data
histogram, shown in ﬁgure 4(b). The agreement clearly conﬁrms the validity of the model,
whose simple ﬁnal formulation enables our system as a tool for position measurement at the
nanoscale.
7

This assumption is motivated by theoretical calculations based on the discussion in [12], according to which the
ﬁnite size effect of the anthracene layer on the emitter lifetime spread is of secondary importance with respect to
local-ﬁeld and edge effects. We hence adopt the simple model of equation (1), considering as reference a semiinﬁnite anthracene medium, where the lifetime of DBT molecules is characterized by a homogeneous
(phenomenological) Gaussian distribution.
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In ﬁgure 4(d) the uncertainty in position measurement is shown for the speciﬁc case of
DBT molecules in anthracene. Here we have only included the effect of the intrinsic DBT:
anthracene lifetime spread and assumed an ideal setup, i.e. no cutoff due to detection is
considered. We observe that the distance to the graphene interface of DBT molecules can be
determined with an accuracy below 5 nm, for distances smaller than 30 nm.
Given the lifetime distribution for molecules on glass and on graphene, we can estimate the
probability to measure a transfer efﬁciency η higher than 40%, which is the maximum value
τg
reported in literature for single emitters [30, 48]. According to the equation η = 1 − τ , which
ref
holds when the intrinsic quantum yield amounts to 1, with τg and τref being respectively the
lifetime measured with and without graphene [30], we ﬁnd that in our case 12% of the measured
molecules have experienced an energy transfer efﬁciency higher than 40%. Given a typical S/N
for a single molecule equal to about 15 and a minimum detectable lifetime of about 1 ns, we do
not expect (probability smaller than 0.1%) to observe molecules with a transfer more efﬁcient
than ≃70%. Note that such numbers are only determined by instrumental issues, such as
minimum detectable lifetime and S/N. Therefore they do not represent absolute limitations for
the proposed nanoruler. Finally we can estimate a maximum measured transfer efﬁciency from
a single DBT molecule to graphene equal to (61 ± 21)%. The uncertainty is estimated taking
into account the ﬂuctuations in the reference value and the precision of lifetime measurements.
6. Conclusions

In conclusion, we have presented a full statistical study of the coupling between single longlived organic molecules and a graphene monolayer sheet. We have reported, to our knowledge,
the highest ever measured transfer efﬁciency from single emitters to graphene, amounting to
(61 ± 21)%. The molecule excited-state lifetime is strongly affected by the presence of the
monoatomic carbon layer, because of its two-dimensionality, high conductivity and gapless
dispersion relation. As a result, we can detect a FRET-like effect to distances well beyond the
characteristic 10 nm of standard acceptor–donor energy transfer. The semi-classical model
discussed in [33], yielding a universal d −4 dependence of the coupling efﬁciency, was
successfully veriﬁed in the near-ﬁeld range against a statistical distribution of the molecule
lifetimes. The presented investigation on our favorable DBT:anthracene platform constitutes a
ﬁrst proof of principle for a graphene-based nanoruler, where ideally the distance to a surface
can be measured by extracting the lifetime of a well-referenced single emitter, serving as a
marker. We expect an N-fold increase of the effect for an N-layer system because the optical
conductivity (and thus the energy transfer rate) increases linearly with N for at least up to 5
layers [49]. In the near future, the use of single emitters will be essential to focus on local effects
such as mapping the local Fermi energy in graphene, which is useful for electron-transport
engineering in graphene based devices. Dibenzoterrylene molecules, emitting single photons on
demand in the near infrared, are also particularly promising candidates to launch deterministic
single plasmons into heavily-doped graphene.
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