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Figure 1.  Optical and fluorescence images of individual nanocrystals on single-layer 

graphene and on the quartz substrate. a) Schematic diagram of our experimental setup. 

b) Optical reflectivity image in the emission range of our nanocrystals. c) Wide-field 

fluorescence image of individual CdSe/ZnS nanocrystals in the region shown in b). The 

color scale-bar indicates the number of emitted photons (in arbitrary units) integrated over 

30s. d), Same as c), but in a color scale divided by a factor of 30 in order to show the 

emission from nanocrystals on a graphene monolayer. 
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Experiment. We measure the optical-excitation lifetime of a
thin layer of rhodamine molecules (<1 nm thick25) by probing
spatially and temporally resolved fluorescence using a home-
built confocal microscope. A pulsed green laser (532 nm
wavelength) at 40 MHz excites the molecules and their
fluorescence is recorded with an avalanche photodiode detector
(APD). Through time-correlated photon counting with a
Picoharp time correlator, we obtain the lifetime of the emitters.
The sample consists of a monolayer graphene flake placed on
top of a Si−SiO2 (285 nm) substrate. The graphene is covered
by a TiO2 spacer layer, realized through atomic layer
deposition, on top of which we deposit the rhodamine layer,
followed by a final capping layer of PMMA that provides
stability of the emitters (see Figure 1B). We modify the
distance between the emitters and the graphene by increasingly
depositing additional layers of TiO2. In this way, we measure
the lifetime of the emitters in the vicinity of a single graphene
flake, while gradually increasing the graphene-emitter distance
(i.e., the TiO2 layer thickness). We choose experimental
parameters such that processes other than nonradiative
coupling to graphene are much less likely to occur. First, the
spacer layer thickness (5−20 nm) is much smaller than the
emission wavelength of the rhodamine molecules (650 nm)
and is electrically isolating, so that charge transfer between the
emitters and graphene is prevented.26Second, we use graphene
with low intrinsic doping such that plasmons are not excited at
this wavelength.7 A more detailed description of the

experimental setup and sample fabrication is presented in the
Supporting Information.

Results and Discussion. Figure 2A shows an optical
microscope image of the graphene flake used in the
experiments, which can be correlated with Figure 2B,
containing a fluorescence image of the same area. Clear
fluorescence quenching of the emitters that are located 11 nm
above the graphene sheet is observed, which is in agreement
with earlier experimental works.20−23 This fluorescence
quenching is due to the nonradiative energy transfer processes
from the emitter to graphene.
Measurements of the lifetimes of the emitters respectively on

top of graphene and outside graphene (above the substrate) are
shown in Figure 2C. As expected, the lifetime for emitters on
graphene (defined as Γ) is shorter compared with emitters on
the substrate (defined as Γs). Quantitative analysis (see
Supporting Information) shows that there are two dominant
contributors to the emission: the rhodamine emitters and a
small background from the PMMA capping layer. Therefore,
we fit the lifetime data with a double exponential decay Ae−t/τRho
+ Be−t/τPMMA, where t is the delay time between laser excitation
and fluorescence, τRho and τPMMA are the lifetimes of the
rhodamine emitters and the PMMA protective layer,
respectively, and A and B are the corresponding fluorescence
intensities (in count rates). We find that for all graphene-
emitter distances the emission from rhodamine is higher than
that of the PMMA layer (A > B) and that due to the large
thickness of the PMMA layer and therefore smaller coupling

Figure 3. Emitter lifetime reduction as a function of distance between the emitters and graphene. (A) Lifetime curves for emitters on top of
graphene for distances of 5, 10, and 11 nm, as well as for emitters outside the graphene. Solid lines are biexponential fits to the data. (B) Dependence
of the rhodamine lifetime as a function of the distance separating the emitters from the graphene. (C) Decay rate enhancement Γ/Γs obtained from
the lifetime measurements as a function of distance, yielding up to a factor 90. Dashed lines: analytical simulation for point-dipole emitters with their
orientation parallel (Γ||) and perpendicular (Γ⊥) to the graphene plane. The red solid line represents the weighted average over dipole orientations,
(1/3)Γ⊥ + (2/3)Γ||. The green line represents the calculated Γ/Γs (weighted average over dipole orientations) for the multilayer structure which
includes the Si (0.5 mm), SiO2 (285 nm), TiO2 (variable thickness), and PMMA (50 nm) with dielectric constants of 14.8, 2.12, 5.7, and 2.22
respectively.27 (D) Energy transfer efficiency as a function of distance, calculated based on the lifetime measurements presented in (C).

Nano Letters Letter

dx.doi.org/10.1021/nl400176b | Nano Lett. 2013, 13, 2030−20352032
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