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ABSTRACT: We report efficient nonradiative energy transfer (NRET) from core—shell,
semiconducting quantum dots to adjacent two-dimensional sheets of graphene and MoS,
of single- and few-layer thickness. We observe quenching of the photoluminescence (PL)
from individual quantum dots and enhanced PL decay rates in time-resolved PL,
corresponding to energy transfer rates of 1—10 ns™'. Our measurements reveal
contrasting trends in the NRET rate from the quantum dot to the van der Waals material
as a function of thickness. The rate increases significantly with increasing layer thickness
of graphene, but decreases with increasing thickness of MoS, layers. A classical
electromagnetic theory accounts for both the trends and absolute rates observed for the
NRET. The countervailing trends arise from the competition between screening and
absorption of the electric field of the quantum dot dipole inside the acceptor layers. We extend our analysis to predict the type of
NRET behavior for the near-field coupling of a chromophore to a range of semiconducting and metallic thin film materials.
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Metallic, semiconducting, and insulating nanostructures
are available as building blocks for novel optoelectronic
and photonic devices.' > Near-field electromagnetic coupling
of these materials plays an important role in the design of such
devices. Colloidal semiconducting quantum dots (QD), which
exhibit high quantum efficiencies and seamless tunability of
bandgaps, are excellent absorbers and emitters of light.
However, QD films have relatively poor carrier transport
properties when compared to conventional semiconductors. In
contrast, graphite and the family of transition metal
dichalcogenide (TMDC) crystals, which are composed of
two-dimensional (2D) layers coupled by weak van der Waals’
interactions, possess high mobilities.”® Consequently, bringing
these two classes of systems together for their respective
strengths and understanding the interaction of photoexcited
carriers in hybrid nanostructures is a burgeoning area of
research.” ™"

Nonradiative energy transfer (NRET) involves the transport
of an excited electron—hole pair from an emitter or “donor” to
an absorbing medium, or “acceptor”. The coupling is mediated
by near field interactions without the emission of photons and
can be understood as the quenching of the donor dipole in the
presence of a lossy medium.'” The efficiency of NRET depends
on a number of factors, including the distance between the
donor and acceptor, the spectral overlap between the emission
of the donor and absorption of the acceptor, the screening of
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the electric field of the donor dipole in the acceptor medium,
and the dimensionality of the donor and acceptor.” NRET
plays an important role in the transfer of energy through the
photosynthetic network of plants,"* solar cells,"> and quantum-
dot-based light-emitting diodes.” Because the efficiency of
NRET is very sensitive to the separation between the donor
and acceg)tor, it is used to measure distances in biological
systems'® and in nanoscale sensors with high specificity and low
detection limits.'”"® Engineering the spectral overlap between
the donor and acceptor offers another way to control the
NRET rate."” The complex environments in photosynthetic
systems also require a greater understanding of the role of
dielectric screening in tuning dipole—dipole coupling and the
rate of energy transfer.”””'

With the emergence of two-dimensional materials like
graphene and TMDC layers, there is a strong motivation,
both for fundamental reasons and as underpinnings for
potential applications, to extend our understanding of NRET
to these novel systems. In particular, we wish to examine the
prototypical case of energy transfer from a localized
chromophore, such as zero-dimensional quantum dots, to
these two-dimensional materials. Recently, there have been
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Figure 1. (a) Emission spectra of the QDs and the absorption spectra of monolayer graphene® and MoS,.>* Inset: Schematic representation of
core—shell QD and the 2D layered material hybrid structure. (b,c) Wide-field photoluminescence images of QDs spin-cast on monolayer graphene
(outlined by dashed blue lines) and MoS, (dashed red), respectively. The scale bars in the upper right corners are S ym in length. The contrast has
been enhanced in the images to allow the quenched QDs on the monolayers to be discerned. (d,e) Statistics of the PL from hundreds of individual
QD:s for the two monolayers, revealing PL quenching of over 90% in both cases.
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Figure 2. (a) TRPL traces on graphene layers are shown in the top panel and on MoS, in the bottom panel. Exemplary fits are overlaid on the data
in solid blue and red lines. The gray trace corresponds to the SiO, substrate and the instrument response function is the dashed black line. (b) The
QD lifetimes as a function of thickness of 2D layers are shown. Each data point corresponds to an average decay lifetime over multiple samples; the
error bars represent the standard deviation of the measurements. The gray dashed line at S ns denotes the average lifetime of the dots on the SiO,

substrate. The solid red and blue lines are guides to the eye.

independent reports of efficient NRET to graphene and MoS,
based on different experimental techniques and theoretical
models.”'**>** Chen et al.” reported an increasing rate of
NRET with increasing thickness of the acceptor material, while
Prins et al.'® identified the opposite trend. Our goal is to
examine and understand NRET to these 2D layers within a
unified experimental and theoretical framework.

In this Letter, we report a direct experimental comparison of
decay rates of quantum dot fluorescence when the
chromophores are placed on graphene and MoS, layers of
differing thickness. The measurements are performed using
time-resolved photoluminescence (TRPL) and photolumines-
cence (PL) quenching of individual quantum dots on
monolayer graphene and MoS,. The increased PL decay rate
observed for graphene and MoS, is attributed to NRET. Upon
increasing the thickness of the acceptor material from
monolayer to the bulk, the decay rate for the graphene layers
increases, while that on MoS, decreases. For a given thickness,
the rate is always found to be higher in the case of graphene.
We show that a classical electromagnetic model with only the
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input of the materials’ dielectric functions is sufficient to explain
both the contrasting trends with the thickness of the 2D
acceptor layer and the absolute rates within a factor of 2. The
countervailing trends for the different material systems reflect
differences in the relative importance of the additional layers on
the absorption and screening of the local electric field.

Experimental Methods. CdSe/CdZnS core—shell quan-
tum dots, provided by QD Vision Inc., were spin-cast from a
dilute solution onto varying thicknesses of graphene and MoS,
layers. The underlying substrate was a silicon wafer covered by
a 285 nm SiO, film. The sample configuration is shown
schematically in the inset of Figure la. The radius of the QDs
was determined to be 5.4 nm through transmission electron
microscopy; and the thicknesses of the 2D layers were
established by a combination of Raman spectroscopy, atomic
force microscopy, and optical contrast measurements.

For the time-resolved PL measurements, we excited the
quantum dots with the frequency-doubled output of a
modelocked Ti:sapphire laser providing 100 fs pulses of
radiation at a wavelength of 405 nm at low pump fluences
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Figure 3. (a) Normalized rate of NRET from QDs to graphene and MoS, as a function of layer thickness. The rate of NRET on the respective bulk
crystals are used for the normalization. Inset: Absolute rates of PL decay, presented as in the main figure. (b) Numerical simulations of the electric
field of a QD dipole inside the acceptor layers. The black arrows represent the Poynting vectors, indicating the near-field transfer of energy from the
QD to the underlying layer. The electric field has been reduced by a factor of 2 for the case of bilayer graphene.

(<1 pJ/cm*). We monitored the time evolution of the resulting
PL through time correlated single photon counting using a fast
avalanche photodiode. The instrument response function has a
full width at half-maximum of 50 ps, which is appreciably
smaller than our shortest measured lifetime. A similar detection
scheme was employed to characterize the TRPL of isolated
colloidal QDs using a suspension of QDs in toluene.

Steady-state diffraction-limited PL images of single QDs on
monolayer graphene and MoS, were also measured. For this
purpose, we made use of wide-field laser illumination of the
sample. This measurement capability was applied to determine
the PL quenching on the monolayers compared to the PL on
the SiO, substrate. The PL from each QD was extracted by
fitting the spatial profile of the emission to a 2D Gaussian form
and integrating over the area of this diffraction-limited spot.
Further information regarding the experimental techniques can
be found in the Supporting Information (SI).

Results and Discussion. Figure la shows the spectral
overlap between the optical absorption (at normal incidence)
of the monolayer 2D materials and the optical emission spectra
of the QDs. The two peaks in the MoS, absorption around 1.85
and 2 eV correspond to the “A” and “B” excitonic absorption
features.”” The wide-field images of single QD PL on
monolayer graphene and MoS, are shown in panels b and ¢
of Figure 1, respectively. Histograms of the PL intensity of
individual QDs on graphene and MoS, are compared with that
on SiO, in panels d and e, respectively, of Figure 1. In both
cases, >90% of the PL is quenched on the 2D monolayers, as
compared to the SiO, substrate. These results indicate the
existence of efficient nonradiative decay channels for the
photoexcited carriers in the QDs. The quenching also appears
to be greater on graphene compared to MoS,, despite its lower
absorption at the emission energy of the QD.

Figure 2a displays the results of TRPL measurements at the
QD emission energy. The population of photoexcited carriers
decays relatively slowly in the absence of the 2D material. This
is shown by the gray traces signifying QD emission on the SiO,
substrate, which corresponds to a luminescence lifetime of S ns.
When QDs are deposited on a monolayer of graphene (top
panel, light blue trace) or of MoS, (bottom panel, light red
trace), the PL lifetime drops by an order of magnitude. This
finding is compatible with the observed PL quenching of
individual QDs on the respective monolayer material. The
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lifetime data were fitted to a biexponential form (solid lines
overlaid on the monolayer signals in Figure 2a) convoluted
with the instrument response function (IRF, dotted black line
in Figure 2a). The slower component of the biexponential
decay is taken to have a fixed lifetime of 5 ns. Across all the
measurements, the typical contribution of this component is on
the order of a percent of the total signal. We attribute its
presence to nonidealities in the QD film coverage, for example,
to small regions with bilayer QD coverage.

For thicker layers of the 2D material, the observed PL
lifetime of the QD decreases in the case of graphene until it
approaches the bulk limit (blue traces in Figure 2a, b). The
trend for the decay rates measured on graphene is consistent
with the steady-state PL quenching experiments of Chen et al.”
For MoS,, however, the opposite trend is evident. The PL
lifetime increases monotonically with layer thickness (red traces
in Figure 2a, b). Monolayer MoS, yields more efficient NRET
than bulk MoS, with the added layers of acceptor material
effectively inhibiting energy transfer. This finding is in
agreement with the observations of Prins et al."’

The total decay rate of QD excitation is given by the
reciprocal of the measured PL emission time (' = 1/7).
Assuming contributions to the decay rate other than NRET are
unchanged as a function of layer thickness, I'ypgr can be
obtained by subtracting the measured decay rate of the QDs on
the bare SiO, substrate from the measured decay rate, I, on the
material of interest. Figure 3a shows the resulting I'yger as a
function of the number of layers of graphene and MoS,,
normalized by the rate of NRET on graphite and bulk MoS,,
respectively. In the following, we show that it is possible to
understand and accurately model the opposing trends for I'yper
using a simple electromagnetic treatment of energy transfer
(solid lines in Figure 3a).

Within the electromagnetic picture of energy transfer, we
model our experiment as a radiating dipole interacting with a
lossy thin film. The key factors that contribute to I'yggr are the
dielectric function of the acceptor thin film, which for these
anisotropic layers is represented by a (local) dielectric tensor (&
= ¢’ + ie”), and the electric field (E) distribution in the volume
of the acceptor. In the classical approach, the rate of energy
transfer from an oscillating dipole to an absorbing dielectric is
then given by I'yppr f v dv E* - ¢” - B where V is the
volume of the lossy material. For the case of an isotropic
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dielectric function, the expression can be simplified, such that
Inger < €7 f v dv |[EP%. The rate is now proportional to the
imaginary (or absorptive) component of the dielectric function,
and the integrated intensity of the electric field set up by the
radiating dipole in the acceptor layer.

The electric field within the acceptor layer depends on the
complex dielectric function at the wavelength of the emitting
dipole. For conditions relevant to our experiment, Figure 3b
displays the magnitude of the electric field in the acceptor layers
computed numerically.”” Regardless of the value of &, increasing
the thickness of the thin film decreases the magnitude of the
electric field in the top layer. This reflects screening of the
electric field by the addition of polarizable material below the
first layer. In Figure 3b, the electric field in the top layer of
trilayer MoS, (dotted lines) is clearly weaker than in monolayer
MoS,. To gauge the effect of changing the dielectric function,
while keeping the thickness of the material fixed, the electric
field in monolayer MoS, is compared to the field in bilayer
graphene (which has a similar thickness). The in-plane (82” =
5.6 + 7i) and out-of-plane (&,; = 1.8 + 2i) dielectric functions
at the QD emission energy of 2.1 eV for graphene/graphite are
taken from the literature’®*” with corresponding values for
MoS,”*** of 18 + 9.3i and 16 + 2.2i, respectively. Bilayer
graphene exhibits a greater magnitude of the electric field in the
thin film than a comparable thickness of MoS,. Because the
imaginary or absorptive components of the dielectric functions
are similar in the case of graphene and MoS,, the opposite
trends of NRET with thickness in the two materials can be
understood to arise from the differences in the total field
strength inside the material. The electric field within a film of
MoS, is screened so strongly with each added layer that it leads
to a net decrease in the overall NRET with increasing thickness,
despite the existence of additional decay channels for the
thicker film. In the case of graphene, the screening of the
electric field with each added layer, while still present, is weaker,
and an increase in NRET with thickness is predicted.

With this qualitative picture in mind, we now calculate I'yrgr
using the method introduced by Chance, Prock, and Silbey*
and henceforth referred to as CPS theory. This approach offers
an analytical alternative to the numerical solution described
above. CPS theory treats the quantum mechanical transition
dipole moment of the excitation in the QD coupled to
excitations in underlying thin film as a radiating dipole near a
lossy, anisotropic dielectric slab (as described schematically in
Figure 3b).”"?” The method yields compact integral
expressions for the total and radiative components of the
decay rate normalized by the decay rate of the radiating dipole
in the absence of the lossy surface, I'/T; and I',,4/T",. The in-
plane (&,) and out-of-plane (&,;) components of the dielectric
functions for graphene and MoS, are from the taken from the
literature, as above. When the material below the thin film
provides larger screening than the material in which the QDs
are embedded (g, < &;, see Figure 3b), as in our experiment
with the QDs in air and the thin film materials supported on an
SiO, substrate, then I'ypgr/I'y does not simplify to the form
used by previous authors.'>*’ It may, however, be obtained
from I'\ggr = I' — T4 Expressions for the individual
components of the rate are available in the literature®’ and
are reproduced in the Supporting Information.

We find excellent agreement between the experimental
results and the theoretical predictions of CPS theory, as
indicated in Figure 3a for the relative rates and in the inset for
the absolute rates. Relative rates (Iyrer/T k) were calculated
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by normalizing the thin-film NRET rate by the rate on bulk
film. In these calculations, we assume that the dielectric
function of the thin films has no thickness dependence. While
this is not strictly correct over the entire range of photon
energies, we note the approximation holds well in the energy
range of the QD emission at 2.1 eV.>¥¥73¢ Because CPS
theory only yields the ratio I'\ggp/Io, the calculation of
absolute rates requires an estimate of the QD decay rate in
vacuum [y, or, more practically, in a lossless solvent. Here, we
employ the experimentally determined luminescence lifetime of
the QDs in toluene (15 ns). More details are presented in the
SL

Despite being a classical macroscopic theory, the CPS
approach has been shown to be equivalent to a perturbative
quantum mechanical treatment, accurate to second order in the
electronic coupling between the transition dipole moment of
the radiating dipole and the excitations in the thin film.”**” For
such a perturbative treatment to be valid, the coupling between
the transition dipole moment of the QD and the excitations in
the thin film material needs to be small compared to other
energy scales of the system. A priori, one can use the
localization radius, £ ~ 2 nm, of the excitation in the QD and
the distance between the center of the QD to the surface, h ~
S.A%I-Snm, as an estimate of the electronic coupling, V ~ /¢ <
1.

We note that our discussion has neglected possible charge
transfer processes that might contribute to the observed
increase in the PL decay rate. This assumption is compatible
with previous experimental work™** on QD/carbon nanotube
hybrid structures, which indicates that NRET is the dominant
decay mechanism for photoexcited carriers in core—shell (type
I) QDs. For efficient charge transfer, the bulky, aliphatic ligands
passivating the surface of the QDs must be exchanged for
shorter ones.””*' In the present work, along with the strong
confinement of carriers in the core of the QD, surface
passivation with long, insulating ligands (~1 nm long) greatly
reduces the potential for charge transfer. Furthermore, the
significant variation in the PL decay rate with the thickness of
the 2D layers, as well as the prediction of these trends for
NRET processes, indicate that charge transfer processes are not
important under our experimental conditions.

The agreement of the classical electromagnetic theory with
experiment highlights the versatility of the classical approach,
which is applicable to both metallic and semiconducting thin
films.” Tt thus provides a unified framework for understanding
energy transfer for a wide array of single- to many-layer 2D
materials. Of course, CPS theory is applicable only for the
simple case where the excitation in the QD can be well
approximated by a point dipole. The spherical core—shell
structure of the QDs used in this experiment and the size of the
dot being much smaller than the emission wavelength ensures
that the dipole approximation is applicable.”” Through
numerical simulations, we have also confirmed that including
the extended shell structure of the QD does not significantly
alter the theoretical predictions. The additional screening of the
QD dipole by the shell causes the rates to converge faster to the
bulk limit compared to the point dipole approximation. The
results can be found in Section 2.2 of the SI.

Predictions for Other Systems. Given the success of the
CPS theory, we now examine in more detail what accounts for
the two opposing trends in NRET rates with film thickness.
First, we consider the factors that lead to maximum NRET to a
thin film. We then provide a map for our experimental
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conditions (emission energy of 2.1 eV and a separation of 5.4
nm) that identifies dielectric functions leading to a maximum in
I'\rer at finite thicknesses, the type of behavior exhibited by
MoS,. For simplicity, we restrict our analysis to a QD coupled
to a thin film with an isotropic dielectric response.

We further assume the generic case of an absorbing material
withe=1+y=1+y(1+ i)/\/Z, that is, where the real and
imaginary parts of the susceptibility are assumed to be equal.
We then focus on the role of the magnitude of the susceptibility
lyl, as shown in Figure 4a, in determining the behavior.
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Figure 4. Variation of the NRET rate as a function of film thickness
for different magnitudes of the susceptibility y for € = 1 + (1 + i)/
\/ 2. The distance between the point dipole and the thin film is fixed at
5.4 nm. (a) The rate of NRET normalized by the decay rate of the
dipole in vacuum. (b) The rate of NRET normalized by the value of
the NRET rate in the bulk or large thickness limit.

For low values of |yl, where screening of the electric field is
relatively weak, we see in Figure 4a that D'yper/Ty is
characteristic of graphene-like behavior, that is, the maximum
NRET is achieved in the limit of a thick film. As the total
susceptibility is increased (lyl = 10, 15, 20), a suppression of the
large-thickness rate is evident. The maximum I'ygpp/Iy occurs
at finite thicknesses, as observed experimentally for the case of
MoS,. This trend is consistent with the intuitive argument
introduced earlier: The greater the susceptibility, the greater the
screening of the electric field within the thin film. For
sufficiently strong screening, this effect outweighs the benefit
of additional decay channels for the NRET process and leads to
maximal decay for a film of finite thickness. In Figure 4b, we
include the bulk-normalized rate of NRET, I'yrpr/IRe.
Although we lose the information on the absolute rates, it
clearly identifies the cases that lead to a small-thickness peak in
the NRET rate.

Finally, in Figure 5 we consider the influence of the complex
dielectric function (¢’ and ¢”) on the predicted trend with
thickness for the same chromophore separation and photon
energy as used to model our experiment. The goal is to identify
the regions that lead to MoS,-like behavior, that is, maxima in
[yrer at finite thicknesses or TH& /TR > 1. Note that when
the absorptive component of the dielectric function (¢”) is
zero, there is no NRET. We expand the dielectric functions
considered to negative real components (¢’ < 0) to model
metals. We indicate a few common material systems based on
their measured dielectric functions. The metals are identified in
black and the nonmetals in white. The region enclosed within
the dotted lines represents graphene-like behavior while the
region outside displays MoS,-like behavior. It is evident from
Figure 5 that both the real and imaginary parts of the dielectric
function play a role in determining the type of behavior. In the
case of MoS, and graphene, they have similar absorptive
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Figure S. I'\Rer/ Teuk . plotted as a function of the real and imaginary
parts of the dielectric function. Rates corresponding to NRET from a
point dipole to thin film with an isotropic dielectric function are
calculated for a separation of 5.4 nm and emission photon energy of
2.1 eV. The dielectric functions are assumed to be constant as a
function of film thickness. Some representative metals and semi-
conductors for applications in photovoltaics and optoelectronics are
identified in the figure by their isotropically averaged dielectric
constant at 2.1 eV.***™* The dotted lines enclose the region of
dielectric space where the NRET rate increases monotonically with
thickness. The larger excluded area corresponds to behavior where the
peak NRET rate occurs for finite film thickness.

components (&”) but the real part of MoS, is approximately
three times that of graphene, leading to a stronger screening of
the electric field. This results in the opposite trends observed
for the thickness dependence of the NRET rates.

In conclusion, we have experimentally quantified the rate of
NRET from QDs to graphene and MoS, through PL
quenching and time-resolved PL for different thicknesses of
the acceptor thin film. We have elucidated the opposite trends
with thickness of graphene and MoS,. The observations can be
explained within a classical electromagnetic framework, where
the differences in susceptibility lead to different balances
between an increase in the available decay channels with
increasing thickness and a decrease in the field strength from
enhanced screening. The absolute rates of NRET are also
successfully predicted by the theory.
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