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ABSTRACT Energy transfer from photoexcited zero-dimensional systems to metallic systems plays a

prominent role in modern day materials science. A situation of particular interest concerns the interaction between

a photoexcited dipole and an atomically thin metal. The recent discovery of graphene layers permits investigation

of this phenomenon. Here we report a study of fluorescence from individual CdSe/ZnS nanocrystals in contact

with single- and few-layer graphene sheets. The rate of energy transfer is determined from the strong quenching

of the nanocrystal fluorescence. For single-layer graphene, we find a rate of ~4 ns™", in agreement with a model

based on the dipole approximation and a tight-binding description of graphene. This rate increases significantly

with the number of graphene layers, before approaching the bulk limit. Our study quantifies energy transfer to and

fluorescence quenching by graphene, critical properties for novel applications in photovoltaic devices and as a

molecular ruler.
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etallic surfaces are known to

quench the fluorescence from

nearby photoexcited dipoles
through resonant energy transfer. On
the other hand, no energy transfer is ex-
pected when a dipole is placed in the vicin-
ity of a transparent insulating surface.
Graphene,®> > as an atomically thin and
nearly transparent semimetal represents an
intermediate case of both fundamental and
practical interest. Indeed, single-layer
graphene (SLG) possesses extremely high
carrier mobility,® while absorbing only ~2%
of incoming light, independent of wave-
length across the visible spectrum.”® These
properties make graphene an excellent can-
didate for solar cell electrodes® and other
applications in photonics. Here we exam-
ine the interaction of the 2-dimensional
graphene system with another model nano-
scale system, that of 0-dimensional semi-
conductor nanocrystals. Such nanocrystals
have broad and size-tunable absorption,
and high photostability,’® which make
them promising systems for diverse optical
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applications, including the light-harvesting
material in photovoltaic cells."" '3

Resonant (Forster) energy transfer from
nanocrystals to single and few-layer
graphene is expected to occur, since these
systems exhibit broad absorption across the
visible spectral range. SLG, for example, is
characterized by a linear band dispersion
around the corners of its Brillouin zone (K
and K’ points)® and a nearly constant opti-
cal absorption. Near graphene, electroni-
cally excited species, such as semiconduc-
tor nanocrystals, can thus be quenched by
resonant energy transfer, exciting
electron—hole pairs in the semimetal.
Whether this rate is significant compared
with the natural radiative decay is, however,
presently unknown. Photoexcited semicon-
ductor nanocrystals can also decay by a
competing process of charge transfer to
the graphene substrate. Photoinduced elec-
tron transfer to graphene would produce
charged nanocrystals, which are under-
stood to be responsible for the “off” peri-
ods in fluorescence blinking.'*'> Our mea-
surements of core/shell CdSe/ZnSe
nanocrystals adsorbed on single and few-
layer graphene (FLG) also explore this po-
tential decay channel.

RESULTS AND DISCUSSION

Graphene layers were deposited on
quartz substrates by mechanical exfolia-
tion® of kish graphite. Isolated CdSe/ZnS
nanocrystals were then spun cast onto the
samples (see Methods for details.) Fluores-
cence from individual nanocrystals could be
observed for nanocrystals located both on
the bare quartz substrate and on a
graphene layer (Figure 1). Strong fluores-
cence quenching was observed for par-
ticles deposited on graphene sheets com-
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pared to the bare substrate. The integrated
fluorescence intensities varied significantly from nano-
crystal to nanocrystal, on both quartz and graphene. We
first calculated the average quenching factor p = I9/I6,
where [? and € are the fluorescence intensities (ex-
pressed in emitted photons per unit time) on quartz
and on graphene, respectively. Each isolated diffrac-
tion limited fluorescence spot was assigned to an indi-
vidual nanocrystal and fit to 2D Gaussian profile. Statis-
tical distributions of the integrated intensities were
constructed separately for both populations of nano-
crystals on quartz and on graphene (Figure 2). The
widths of the distributions show a considerable inho-
mogeneity. The average intensities in Figure 2¢,d give
a quenching factor of ~25 for SLG.

Different “blinking” behavior is observed for nano-
crystals on quartz and on graphene (Figure 3). On
quartz, long “off” periods occur; these are not observed
on graphene. Different blinking behavior leads to differ-
ent integrated intensities from one nanocrystal to the
next, which complicates our quantitative measurement
of quenching. Blinking is known to depend upon both
the laser intensity'® and on the nature of the underly-
ing substrate."®”2° However, nanocrystal fluorescence
during the “on” period is known to have a relatively
constant radiative rate?' and near unity quantum
yield.?? Thus, in order to remove the effect of blinking,
we used the following procedure to calculate the com-
parative intensities during the “on” periods only. To re-
main in the linear regime, a low laser excitation inten-
sity of ~50 W/cm? was used to probe nanocrystals on
quartz. A much shorter nanocrystal excited-state life-
time exists on SLG (Figure 2). We therefore used higher
excitation intensity (~1500 W/cm?) for nanocrystals on
graphene, but with the same binning time (10 ms) for
recording the fluorescence emission. The integrated
fluorescence signals from nanocrystals on graphene still
show a linear relationship with laser intensity at this
high value, indicating that the dependence of blinking
behavior on excitation intensity is negligible. On quartz
the “on” and “off” periods lead to a familiar bimodal dis-
tribution of fluorescence intensities'” (Figure 3b). From
a collection of more than 160 time traces on quartz, we
found an average ratio of the “on” period T, to the in-
tegration time T of 0.34. Variations in T,, for different
nanocrystals are chiefly responsible for the broad distri-
bution shown in Figure 2d.

In contrast, fluctuations in the fluorescence inten-
sity from nanocrystals on graphene are dramatically re-
duced. The fluorescence time traces yield a single-
modal distribution of intensities (Figure 3b). This
suppression of blinking suggests that the fluorescence
quenching rate is significantly faster than the photoex-
cited electron trapping rate responsible for the “off”
state. Most of the integration time is “on” for nanocryst-
als on graphene, and thus on graphene T, is approxi-
mated as T in Figure 3a. The measured quenching fac-
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Figure 1. Optical and fluorescence images of individual nanocryst-
als on single-layer graphene and on the quartz substrate. (a) Sche-
matic diagram of our experimental setup; (b) optical reflectivity im-
age in the emission range of our nanocrystals; (c) wide-field
fluorescence image of individual CdSe/ZnS nanocrystals in the re-
gion shown in panel b. The color scale-bar indicates the number of
emitted photons (in arbitrary units) integrated over 30s. (d), Same as
panel c but in a color scale divided by a factor of 30 in order to show
the emission from nanocrystals on a graphene monolayer.

tors were therefore corrected to account for the
different “on” fractions, yielding p = 80.

We tentatively assign the quenching process, de-
creasing the nanocrystal quantum yield during the
“on” periods, to resonant (Forster) energy transfer and
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Figure 2. Determination of the fluorescence quenching factor. Fluo-
rescence images and corresponding histograms of the integrated
fluorescence intensities for nanocrystals on a graphene monolayer
(a and c) as compared to a reference taken on a quartz substrate (b
and d). The red curves in panels C and D show Gaussian fits to the his-
tograms. The centers of the Gaussian profiles were used to calculate
the average fluorescence quenching factors.
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Figure 3. Suppression of nanocrystal blinking on single-
layer graphene. Fluorescence time traces from an individual
nanocrystal lying (a) on a graphene monolayer (I ,er = 1500
W/cm?) and (b) on a quartz substrate (I ,ser = 50W/cm?).
Both traces were acquired with a time bin of 10 ms. The
dashed horizontal lines indicate the intensity thresholds
used to define the “on” and “off” states used in the text. Pan-
els c and d are histograms of the emission intensities corre-
sponding to panels a and b, respectively. After normalization
for the laser excitation intensities, we deduce an average
fluorescence quenching factor of ~75 between the “on” in-
tensity measured on quartz and the intensity measured on
graphene.

not electron transfer to graphene. Photoinduced elec-
tron transfer from core/shell nanocrystals to doped sili-
con substrates with a thin surface oxide, and to highly
oriented pyrolytic graphite (HOPG), has been studied by
electron force microscopy.”® The rates were quite slow;
such charge transfer would be negligible under our
conditions of excitation intensity and integration time.
In contrast, excited-state resonant energy transfer to
graphene is predicted to be efficient as shown below.
We express the corrected steady-state quenching fac-
tor p (the inverse of the fluorescence quantum yield) in
terms of the dipole radiative decay rate +y,,q and nonra-
diative energy transfer rate yer: p = (Vrad + Yer)/Vrad-
We neglect any effects of optical reflection from
graphene and also assume the nanocrystal fluores-
cence quantum yield in the “on” state is unity in the ab-
sence of graphene.??

The classical theoretical reference for resonant en-
ergy transfer from a molecule to a bulk metal is Chance,
Prock, and Silbey, which uses the experimental metal-
lic dielectric constant at the emission wavelength.?* For
resonant energy transfer to 2D SLG, we use a theory
from Swathi and Sebastian which directly calculates the
relevant Coulomb matrix element between the excited
molecule and the 1 electron system of SLG, which is pa-
rametrized by the experimentally determined Fermi ve-
locity v¢.2>2® (see Supporting Information):
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Here « is the fine structure constant, € is the dielectric
constant of the surrounding medium, c is the speed of
light in vacuum, z is the distance from the nanocrystal
center to the graphene plane, AE = 1.9 eV is the energy
of the emitted photons, and vy = 1 X 10° ms™ ' is the
Fermi velocity in SLG.> We take ¢ to be that of the usual
coating ligand trioctylphosphine oxide (¢ = 2.6), and
we have also used the standard theoretical expressions
for Vrag-

To our knowledge there is no theoretical expres-
sion for the corresponding energy transfer rate in few-
layer graphene. Since the interactions between the lay-
ers of graphene are relatively weak® and we are
concerned with excitations in the visible spectral range,
we approximate the FLG system simply as a stack of de-
coupled single-layer graphene sheets. Each layer is
treated as an independent energy transfer channel,
separated from other layers by the graphite spacing of
8 = 0.34 nm. The dielectric screening from upper-layers
of a FLG sample is assumed to be unchanged from
that of the nanocrystal ligands. The quenching factor
for FLG of n-layer thickness is then given by
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p(nl) =

where z; = z; + (i — 1)3 is the distance from the nano-
crystal center to the ith graphene layer.

A critical parameter in the model is the position of
the nanocrystals with respect to the underlying
graphene sheets. We measured this height distribution
using nanocrystals dispersed on HOPG by tapping-
mode atomic-force microscopy (see Supporting Infor-
mation, Figures S3 and S4). The average height of the
top of the nanocrystals was found to be 6.1 nm; thus
the average distance from the nanocrystal center to
graphene is taken to be z; = 3.05 nm. From ref 26, the
theoretical distance (z) dependence of the dipole en-
ergy transfer rate to graphene is z~* As a result, smaller
nanocrystals with lower z; should show larger p, and
larger nanocrystals with greater z; should show smaller
p. We do in fact observe a distribution of integrated
fluorescence intensities for nanocrystals on graphene
(Figure 2b). For SLG we calculated the relative number
of emitted photons from each part of the height distri-
bution using eq 1. We found that the total number of
emitted photons over the distribution was essentially
the same as calculated using the average distance.
Thus, in Figure 4 we compare data with theory using
the average distance of z; ~ 3.05 nm.

The experimental and theoretical quenching factors
p are shown in Figure 4. The factors of 70 for SLG and
~115 for bilayer graphene are in good agreement with
the dipole energy transfer theory in eq 2. This agree-
ment supports assignment of the quenching process
to resonant energy transfer and not electron transfer.
Considering a typical radiative rate'®?' y,q ~ 5~ X 10’
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Figure 4. Evolution of the fluorescence quenching factor
with the number of graphene layers. The black dots repre-
sent the quenching factors for single and few-layer
graphene and for graphite determined from experiment,
with the corresponding experimental uncertainties. The
solid lines are the quenching factors calculated from the
theory described in the text.

s~', we estimate ygr =~ 4 X 10° s~ for SLG. The nano-
crystal lifetime on graphene is about 250 ps. Interest-
ingly, this value is similar to the reported near 200 ps~’
lifetime of slightly smaller nanocrystals emitting at 620
nm on Au surfaces."” We note that in the case of bulk
metals, surface roughness is known to cause dramatic
modifications in the absorption and radiative decay
rates, yielding either fluorescence enhancement or
quenching.” In the case of atomically thin surfaces
like graphene, such effects can be neglected so that a
comparison of the fluorescence intensities is equivalent
to a comparison of the excited-state lifetime. It is re-
markable that nanocrystals on SLG, which only absorbs
about 2% of incident light, have roughly the same life-
time as on flat Au metal.

The experimental fluorescence quenching factor p
increases with number of layers of the graphene
sample, but is not in quantitative agreement with the
model. This simple model should increasingly fail as the
thickness increases, since it neglects attenuation and re-
flection of the emitting dipole near field in the top sev-
eral layers for thick graphene samples.” For bulk graph-

METHODS

Graphene layers were deposited onto clean quartz sub-
strates by mechanical exfoliation® of kish graphite (Covalent Ma-
terials Corp). The number of graphene layers was determined
by both Raman spectroscopy>2 and optical reflection contrast
measurements>> (see Supporting Information). CdSe/ZnS core/
shell nanocrystals (Qdot 655, Invitrogen Corp., Cat. No.
Q21721MP) were spuncoat onto the substrate at low density
(<0.4 wm™2). Nanocrystals were illuminated under ambient con-
ditions by a 532-nm continuous-wave diode laser for 30 s at
low laser intensity (~50 W/cm?). The fluorescence from indi-
vidual nanocrystals was collected by an air objective (100X, NA
= 0.9), sent through an emission filter (655 = 20 nm), and im-
aged onto a CCD array (Figure 1a). Graphene pieces were located
under white light illumination. The average fluorescence intensi-
ties were corrected for the slight inhomogeinity of the laser
beam profile.
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ite the measured p is about 600, while the model
calculated p is only about 250. In the bulk limit, we can
alternatively calculate the expected quenching p using
the Persson energy transfer theory for flat bulk materi-
als (see Supporting Information).! This theory gives a
quenching p of 607, close to our measured value.

CONCLUSIONS

We have demonstrated efficient energy transfer
from individual CdSe/ZnS nanocrystals to single- and
few-layer graphene. Our analysis corrects for the differ-
ing blinking kinetics observed on quartz and on
graphene substrates. The fluorescence intensity of
single nanocrystals is quenched by a factor of ~70 on
single-layer graphene, in agreement with resonant en-
ergy transfer theory. The quenching efficiency increases
with layer number. Resonant energy transfer is much
faster than photoexcited electron transfer for hydrocar-
bon ligand coated, CdSe/ZnS core/shell nanocrystals
adsorbed on graphene.

How might one change the relative rates of elec-
tron transfer and energy transfer for solar energy appli-
cations? The rate of electron transfer could be increased
by strengthening the electronic coupling between
nanocrystal and graphene through covalent bonding
and by removal of the strongly insulating ZnS outer
shell. The photochemical covalent functionalization of
graphene has been recently demonstrated,”” making
possible strong electronic coupling between nanocryst-
als and graphene. The Fermi energy of graphene can
also be tuned by electrostatic*®*?° or chemical doping°
in order to increase the rate of electron transfer and/or
decrease the rate of resonant energy transfer.

Note also that, owing to the theoretically predicted
d™* scaling of the rate of energy transfer to 2D SLG,*>°
fluorescence quenching by graphene should be signifi-
cant at distances that cannot be reached with normal
molecular donor—acceptor pairs,®' for which energy
transfer decreases as d™°.
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