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ABSTRACT: The combination of semiconductor quantum dots
(QD) and single-layer graphene (SLG) can lead to the formation
of optoelectronic devices with enhanced sensitivity and can have
extensive applications in the field of the photodetector and
photovoltaics. The optical properties of the resultant hybrid
material are controlled by the interplay of energy transfer between
QDs and charge transfer between the QDs and SLG. By studying
the steady-state and time-resolved photoluminescence spectrosco-
py of hybrid QD−SLG devices, we observe a subtle interplay of
short- and long-range energy transfer between cadmium selenide
(CdSe) QDs in a compact monolayer solid film placed in close
proximity to an SLG and the charge transfer from the QD solid to
SLG. At larger separation, δ, between the compact monolayer QD
and SLG, the emission properties are dominated by mutual energy transfer between the QDs. At relatively smaller separation the
emission from QDs, which is strongly quenched, is dominated by charge transfer between QDs and SLG. In addition, we are also
able to tune the relative strength of energy and charge transfer by electrostatic doping through the back gate voltage, which provides
a novel pathway to tune emission properties of these devices for possible applications as photodetectors, in photovoltaics, and for
sensing.

■ INTRODUCTION

Hybrid devices consisting of graphene and semiconductor
quantum dots (QDs) have been widely studied for potential
photodetector, photovoltaic,1−3 and sensing applications.4−6

While graphene possesses high electronic mobility, it has weak
and wavelength-independent absorption.7,8 In contrast, semi-
conductor colloidal QDs are strong light absorbers and
emitters9,10 with broad spectral tunability in the visible
wavelength regime and beyond.11,12 However, they have
relatively poor carrier transport properties compared to
graphene.13,14 Consequently, combining these two classes of
systems can lead to the formation of optoelectronic devices
with enhanced sensitivity.15−17

While in some cases it is of interest to combine a single
quantum emitter like QD with single-layer graphene
(SLG),8,18,19 it is beneficial in most applications, including
photovoltaics or photodetector, to coat a film of QD on
graphene.20,21 Moreover, compact films of colloidal QDs are a
new emergent class of materials called quantum dot solids with
novel electrical13,14 and optical properties.22−25 An important
aspect of these materials is the nature of energy or charge
transfer between the individual QDs, which eventually
determines their collective macroscopic electrical or optical
properties. In particular, photoluminescence (PL) decay from

these materials shows multiple components26,27 corresponding
to energy transfer between concentric shells of QDs. In this
regard, we have also shown that emission from such compact
monolayers of semiconductor QDs can be strongly quenched
or enhanced27−34 by suitably doping them with tiny metal
nanoparticles (MNP) with the ability to generate localized
plasmons upon irradiation with electromagnetic radiation. The
emission properties depend, among other things, on the
concentration of MNPs, their size, and the average separation
between MNP-QD. We have recently shown that doping such
materials with tiny plasmonic MNPs can lead to the emergence
of quantum correlations and a novel strong coupling regime
induced by many-body emitter-metal nanoparticle coupling at
very small separations.32

At a fundamental level, the optoelectronic properties of
QD−graphene based hybrid materials depend on the band
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alignment of the QD used with respect to graphene.35 While
the QD band structure is fixed by it size and chemical
properties,36−38 graphene band structure is highly tunable
through electrostatic gating or chemical doping, especially in a
field-effect transistor device.39−42 The optical properties of the
resultant hybrid material are largely controlled by the extent of
energy transfer between QDs22,43 and charge transfer between
the QDs and SLG.35,44,45 While significant recent interest has
been generated in understanding the novel emergent
electrical46,47 and optical properties27−29,34,48 of compact
colloidal QD films, there has been very little effort in exploring
optoelectronic properties of compact QD film−graphene
hybrid devices.49 In particular, the interplay between the
different energy and charge transfer channels has not been well
studied.
Here we have used steady-state and time-resolved PL

spectroscopy of hybrid QD−SLG FET devices to electrically
tune the emission properties of quantum dots. We observe a
subtle interplay of short- and long-range energy transfer
between cadmium selenide (CdSe) QDs in a compact
monolayer solid film placed in close proximity to a SLG and
the charge transfer from the QD solid to SLG. At larger
separation, δ, between the QD solid and SLG, the optical
properties are dominated by mutual energy transfer between
the QDs. However, at relatively shorter separation, engineered
by changing the capping of the quantum dots, their emission,
which is strongly quenched, is dominated by photoinduced
charge transfer to the SLG. In addition, we can also tune the
relative strength of energy and charge transfer by electrostatic
doping, which provides a novel pathway to tune emission
properties of these optoelectronic devices for possible
applications as photodetectors, photovoltaics, and sensing.

■ EXPERIMENTAL SECTION
Materials. Cadmium oxide (CdO) powder, trioctylphos-

phine (TOP), trioctylphosphine oxide (TOPO), selenium
powder, n-hexylphosphonic acid (HPA), potassium sulfide,

formamide, acetonitrile, chloroform, and toluene were
obtained from Sigma-Aldrich (Germany) for the synthesis of
QDs and used as received.

Synthesis and Characterization of Quantum Dot. The
CdSe quantum dots were prepared by the well-known hot-
injection synthesis of CdSe cores, followed by a temperature-
dependent growth. In a typical synthesis, CdO and
trioctylphosphine oxide (TOPO) are mixed, and the mixture
is heated up to 240 °C to get a clear solution, and then the
solution heated up to 280 °C and inject the required amount
of TOP-Se stock solution in the three-neck flux containing hot
Cadmium based growth solution. A temperature of 280 °C for
4 min was used to get the proper size of QD. The QDs formed
by the above-mentioned process showed PL emission maxima
at 2.08 eV. The absorption and emission spectra are shown in
Figure S1. The size distribution of the QDs have been
estimated from TEM images (Figure S1b).

Device Fabrication and Characterization. Graphene
FET has been made on highly doped silicon substrates with
285 nm silicon oxide layer. The substrates are cleaned in
acetone and isopropyl alcohol to remove any residues and
impurities. Graphene was exfoliated from graphite crystal by a
well-known Scotch tape technique and placed onto the Si−
SiO2 substrate. The characteristics have been made by an
optical microscope followed by Raman spectroscopy,50,51

shown in Figure 1b, which suggests a single layer from the
ratio of 2D to G peak emission intensities. The electron beam
lithography technique is used for placing the gold contacts at
the edge of the single-layer graphene. In this technique, we use
the solution of the poly-methyl methacrylate (PMMA) layer to
form a mask. The contacts are made by depositing 5 nm
chromium/50 nm gold through the PMMA mask pattern in a
thermal evaporation chamber under vacuum, and the contacts
are bonded from the graphene device to the gold ports with
gold wire.
To measure the graphene’s transport characteristics in FET

configuration, a small bias of 10 mV has been provided in the

Figure 1. (a) Optical image of the single layer graphene FET device. The white line defines the edge of the graphene flake. (b) Characteristic
Raman map and spectra from the graphene. (c) Surface separation between individual QDs and QD to graphene.
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channel, and by changing the doping through the gate, the
current in the channel has been measured. The conductivity is
a minimum near the Dirac point (VD). Transport character-
istics of graphene FET is plotted in Figure S2. The Dirac point
of the pristine SLG FET device was measured to be 3.8 V.
Langmuir−Blodgett Technique for Monolayer Film

Preparation. The Langmuir−Blodgett (LB) technique has a
broad impact on single-layer formation since it has meticulous
control over the internal structure up to the molecular level.
Here QDs are mixed with volatile solvent chloroform and
spread over deionized water (18.2 MΩ, Millipore) filled
Langmuir trough (Kibron MicroTrough G-series, Finland).
The QDs are compressed by a hydrophobic Teflon barriers
from both side of the trough and with sufficient compression
leading to the formation of a compact monolayer. The
graphene FET device picks up the monolayer of QDs from the
top of the trough surface. The layer has been transferred at
surface pressure of 38 mN/m. The compression isotherm has
been shown in Figure S3 (Supporting Information). The
formation of compact layer and height difference has been
confirmed by AFM topography map. The AFM map and
corresponding height profiles are provided in Figure S4
(Supporting Information).
Ligand Exchange Procedure. For the ligand replace-

ment, we have followed a well-known ligand exchange
procedure.52−56 The ligands can be replaced by different
procedures in the solution, film, and vapor phase. Here, we
have replaced the long-chain ligand TOPO with shorter chain
length of sulfur by vapor phase method. For the replacement
procedure, we have used a solution of potassium sulfide (K2S)

and formamide. The vapor of the particular solution has been
exposed to the films under a nitrogen gas environment for 10 h
and furthermore followed by a vapor expose with toluene
solvent to remove excess previous capping TOPO. For the
confirmation of ligand replacement, we have performed atomic
force microscopy (AFM) imaging before and after the ligand
exchange procedure (Supporting Information Figure S4).

Steady State and Time Resolved PL Spectroscopy.
The steady-state PL spectroscopy measurements have been
performed in confocal mode (WiTec alpha-300 SNOM setup).
The sample is excited with a 100× air objective, and the
emission signal is collected in reflection geometry. We have
used a notch filter and a long pass dichroic beam splitter to
separate out the laser line. The emission signals are collected
by a charge-coupled device detector. We have also studied the
exciton decay behavior of respective systems. TRPL measure-
ment has been performed with MicroTime 200 (Picoquant,
Germany) fluorescence lifetime microscope. The sample is
excited with a fiber-coupled pulsed laser diode of laser source
of 507 nm. The repetition rate has been selected at 10 MHz to
ensure maximum lifetime range. We have used a 100× air
objective that is used to excite and collect signals from the
samples. Measurement and analysis have been performed using
the software SymPhoTime 64 (Picoquant, Germany). All
measurements were performed at constant incident power of
20 μW in ambient conditions.

■ RESULTS AND DISCUSSION
In this study, we have used two specific configurations of QD
coated single-layer graphene (SLG) field-effect transistor

Figure 2. Steady state photoluminescence (PL) spectroscopy of hybrid devices. (a) PL intensity map shows the intensity variation of the TOPO
QD layer on the graphene and on the Si−SiO2 substrate. (b) PL intensity map for Sul QD on SLG FET system. (c) Corresponding PL spectra
from reference TOPO QD on Si−SiO2 substrate and on the SLG FET. (d) Similar PL spectra from reference Sul QD on Si−SiO2 substrate and on
the SLG FET.
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(FET). In the first case. A single layer of TOPO capped QDs
have been transferred on SLG FET. The surface separation is
dictated by the dielectric ligands attached to the surface of
QDs. Now we have another similar geometry where the QDs
are placed closely with lesser surface separation emerging due
to shorter dielectric ligand of sulfur (Sul). In the first case of
TOPO QD on SLG, the surface−surface separation between
QDs, 2 × δ, is ∼2.2 nm,32,57,58 while for Sul QD this value is
reduced to ∼0.6 nm (Figure 1c).59 The corresponding
separations, δ, between the QDs and graphene are 1.1 and
0.3 nm, respectively, for TOPO and Sul QD on SLG. Figure 1a
shows the optical image of the single-layer graphene in FET
configuration. The existence of a single layer has been
confirmed by Raman characterization (Figure 1b). The main
first-order Raman band in graphene, known as the G band
(1580 cm−1), is a doubly degenerate in-plane sp2 C−C
stretching mode. The most substantial peak in graphene is the
2D band (2700 cm−1), a second-order Raman process.
Figure 2a shows the PL intensity map for TOPO QDs on

the graphene FET device for a particular gate voltage, VG = VD.
A similar map is shown in Figure 2b for the Sul QD system.
The maps represent the spatial variation of steady-state PL
intensity of respective QDs on SLG and outside the SLG flake.
Strong quenching of QD’s PL intensity is observed on the
graphene flake, while regions outside the graphene show
brighter intensity. To quantify the PL intensity variation
between QDs on Si−SiO2 and on SLG, we compare the
steady-state PL spectra from several regions on Si−SiO2 and
SLG. Figure 2c shows one such individual PL spectrum for
TOPO QD on Si−SiO2 and SLG, while Figure 2d shows the
same for Sul QD system for VG = VD. Quenching of PL on
SLG compared to that on Si−SiO2 is clearly observed in these
spectra similar to earlier observations of QDs on gra-
phene.19−21 Experimentally, PL quenching factor (QF) is
defined as

= − ×−
Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑ
Q

I

I
1 100%F

QD  SLG

ref.QD (1)

where, IQD−SLG and Iref.QD are defined as the PL intensity from
QD on SLG and reference QD on Si−SiO2, respectively. Here,

we have considered single point PL spectra from multiple
regions of QD layer on SiO2 and on SLG. The QF is calculated
as the ratio of the mean of the maximum intensity of these
several spectra (15−20 spectra) from the QD on SLG to that
of ref QD. From the PL spectra in Figure 2c we estimated QF
to be ∼54% for TOPO CdSe QDs placed on SLG. This factor
further increases to 86% for the Sul QD on SLG when δ
reduces to 0.3 nm.
We now explore the possible variation of QF with VG. In

Figure 3a, we show VG dependence of QF. The quenching
factor is observed to be a minimum near the Dirac point, VD.
What is also clear is the significant enhancement of this
quenching factor with a reduction in d in the Sul based FET
device. Nonradiative energy transfer between QDs and
graphene can occur by resonant energy transfer (RET) or by
charge transfer (CT).19 Both these processes have a well-
known dependence on δ.8,18,60−63 In addition there is a
possibility of RET between QDs which also has a well-known
dependence on 2 × δ.19 The extent of PL quenching will be
decided by the interplay of these competing processes. CT or
RET depends on the band alignment between QDs and
graphene as explained in Figure 3b. Since the Fermi energy of
graphene can be tuned by varying VG, this suggests electrical
control of CT or RET between QD monolayer and graphene
and hence the emission of the QD monolayer. However, to
obtain insight into which out of the two possible processes
dominate the PL of the QDs, steady-state PL alone is
insufficient, and hence we now consider time-resolved PL
measurements on these FET devices as well. The temporal
dependence of the PL intensity is defined by

= κ−I t A( ) e t (2)

where κ is the decay rate. In the case of compact quasi-ordered
QD films, the TRPL data are often found to be best described
by a multiexponential function indicative of nearest and next
nearest neighbor energy transfer between QDs.27,28,30,32 The
decay profiles were thus fitted with triple exponential decay
functions of the form

= + +τ τ τ− − −I t A A A( ) e e et t t
1

/
2

/
3

/1 2 3 (3)

and

Figure 3. (a) Quenching factor (QF) of the QD PL emission in the presence of graphene with respect to the reference QD system. The quenching
is more in the case of Sul QD on SLG FET system (right panel). (b) QD−graphene composite system’s band alignment diagram.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c00643
J. Phys. Chem. C 2021, 125, 8314−8322

8317

https://pubs.acs.org/doi/10.1021/acs.jpcc.1c00643?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c00643?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c00643?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c00643?fig=fig3&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c00643?rel=cite-as&ref=PDF&jav=VoR


τ
τ
τ

=
∑
∑

A
A

i i

i i
avg

2

(4)

Here, τi’s are the different decay lifetime component and Ai
represents the corresponding probability amplitudes. Further,
the corresponding decay rate components can be written as

κ
τ

= 1
i

i (5)

Three exponential decays are typical in such compact QD
layers and have been reported by us27 and others26,64 earlier.
The different rates correspond to energy transfer between a
particular QD and various concentric shells of QDs
surrounding this QD. Figure 4a represents the lifetime and
PL intensity map for the TOPO QD based graphene FET
devices, while Figure 4b represents the same for the Sul QD
based FET device. Similar to the steady-state PL map, we
observe quenching of lifetime of QDs on graphene compared
to that on surrounding Si−SiO2. To quantify the time-
dependent PL, we compare typical data for QDs on Si−SiO2
and SLG in Figure 4c for TOPO QDs. A clear reduction of the

lifetime can be observed. Similar behavior with even stronger
quenching is observed for Sul QD FET in Figure 4d. By fitting
all TRPL data to eq 3, we obtain information about the various
lifetime components of QDs, their modifications due to energy
transfer, and the dependence on δ. Table 1 shows one such set
of comparative fitted parameters for VG = VD.
We are now in a position to explore the interplay of RET

between QDs and either CT or RET between QD and SLG
and also demonstrate how this can also be tuned by
electrostatic doping of the FET devices. Several key
observations can be noted from the data presented in Table
1. For TOPO QDs on Si−SiO2 τ1 and τ2 have almost equal
weighting, although their actual values are significantly
different. The longest component τ3 is smaller than these
two components but otherwise still significant. As shown
earlier,27,32,64 the shortest lifetime component, τ1, corresponds
to that originating from nearest neighbor RET interactions
between QDs. A strong reduction of an average lifetime τavg of
TOPO capped QD from 15.3 to 6.4 ns by introducing this QD
layer on SLG is observed. While the contribution of τ1
increased to 63%, that of τ3 decreased to 6.2% . Both τ1 and

Figure 4. Time resolved photoluminescence (TRPL) study of different systems, showing the intensity variation topography map of (a) TOPO QD
on SLG FET and (b) Sul QD on SLG FET from the TRPL measurement. (c) Decay spectra from reference TOPO QD on Si−SiO2 substrate and
on the SLG FET. (d) The same decay spectra from reference Sul QD on Si−SiO2 substrate and on the SLG FET.

Table 1. Fitted Parameters (VG = VD)
a

sample τ1 (ns) (A1) τ2 (ns) (A2) τ3 (ns) (A3) τavg (ns)

T QD−SiO2E 0.82 ± 0.04 (34 ± 0.16%) 4.6 ± 0.3 (39 ± 0.14%) 19.7 ± 1 (27 ± 0.13%) 15.3 ± 0.4
T QD−SLG 0.53 ± 0.03 (62.7 ± 0.9%) 2.4 ± 0.2 (31.1 ± 0.2%) 12.6 ± 0.6 (6.2 ± 0.12%) 6.4 ± 0.2
S QD−SiO2 0.56 ± 0.04 (56.7 ± 0.11%) 2.9 ± 0.2 (32.7 ± 0.2%) 16.7 ± 1 (10.6 ± 0.14%) 10.7 ± 0.3
S QD−SLG 0.49 ± 0.02 (92.6 ± 0.8%) 2.1 ± 0.1 (6.5 ± 0.3%) 10.15 ± 0.4 (0.9 ± 0.02%) 2 ± 0.1

aThe table shows calculated parameters from TRPL measurement by fitting a particular set of spectra. The errors esimated from multiple
meausrement have been provided in Figure 55 and in Figure S5. Here T QD represnets TOPO QD and S QD represents Sul QD.
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τ3 decreased. It occurs because of the additional energy transfer
channel which is available on graphene. For Sul QD FET
devices, we observe that even on Si−SiO2, there is a reduction
of all lifetime components compared to that with TOPO. This
is driven purely by RET between QDs, which significantly
increases due to a reduction in 2 × δ. However, in this case, the
τ1 component becomes dominant while τ3 becomes com-
paratively smaller. On SLG for the same system, we observe a
dramatic enhancement of the relative contribution of τ1
component. In contrast, that of τ3 becomes almost
insignificant, suggesting the dominance of QD−SLG energy
transfer for these systems. As a result, there is a sharp decrease
in τavg by more than a factor of 5. We now try to understand
what is the dominant mechanism of decay rate modification of
QDs by graphene: RET or CT. If we consider the additional
contribution65,66 to the decay rate due to graphene as κG and
the following relation to be valid,

κ κ κ= +−QD SLG ref.QD G (6)

where κref.QD and κQD−SLG are the decay rate of reference QD
systems and the same QDs in the presence of graphene. Then
any possible RET based energy transfer between QDs and
graphene can be considered. This aspect has been well studied
for the QD−graphene system, including its δ dependence, so it
should be possible to check this easily. Using the data in Table
1 and the above eq 6, we find κG to be 9.2 × 10−2 ns−1 for

TOPO QD on SLG device while it is 38.3 × 10−2 ns−1 for the
Sul QD on SLG device. In addition we can also calculate the
decay rate efficiency, η, from the corresponding rate as65

η
κ

κ
= −

−
1 ref.QD

QD SLG (7)

Using eq 7, we evaluate a decay rate efficiency, η, to be 58.5%
for TOPO QD with a δ value of 1.1 nm and a significantly
enhanced value of 81% for the Sul QD system with δ of 0.3
nm.
However, if we now cross-check the dependence of κG on δ,

we obtain a ratio of 4.16. We now explore the possibility of CT
for these QD based systems. In order to estimate the δ
dependence, we use the well-known Marcus model66,67 for CT
wherein κCT is defined as

κ = CVCT
2

(8)

where V denotes the electronic coupling strength. According to
previous reports,66,68,69 the strength (V) reduces exponentially
with distance, and it can be expressed in terms of an
exponential distance-dependent decay function as66,68,69

δ= −V V exp( )0 (9)

where V0 is constant termed as the rate at close contact69 and δ
is the surface separation. By considering the known values of δ
for TOPO QD on SLG32,57,58 and for Sul QD on SLG,59 we

Figure 5. Decay rate components of QDs on graphene. (a) Decay rate (κ1) corresponding to shortest component (τ1) and (b) κ3 to the longest
component (τ3) for the system of TOPO QD on SLG and Sul QD on SLG. Corresponding contribution of the decay rates (c) A1 and (d) A3. (e)
Charge transfer rate (κCT) and (e) charge transfer efficiency (η) as a function of external doping.
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obtain an expected δ dependence of 4.95 from eq 8, using eq 9,
while from our calculated ratio of κG we obtain a value of 4.16.
Since it is clear that charge transfer is the dominant process of
interaction between the QDs and SLG, especially when the
separation δ is low, the additional contribution to the decay
rate due to graphene, κG as indicated in eq 6, can be identified
as the charge transfer rate κCT.
Further insight can be obtained by also exploring the VG

dependence of the decay rates. In Figure 5a,b, we present VG
dependence of κ1 and κ3, respectively, for Sul QD on SLG as
compared to TOPO QD on SLG. We observe decay rate
enhancement when δ reduces in the Sul QD-based system
compared to TOPO QD based system. However, doping of
the FET significantly alters this enhancement, which is
maximum at the Dirac point. Thus, CT effects start decreasing
away from the charge neutrality point of the device. In terms of
the probability of the various decay channels, we observe in
Figure 5c,d that while the κ1 channel probability, represented
by A1, is maximum at VG = VD, that of the κ3 channel (A3)
shows opposite trends being minimum at the same VG. As
explained earlier and discussed by us27,29 and others,26 κ3
corresponds to long-range energy transfer between QDs in
compact films. By tuning the Fermi energy EF of the SLG
channel through VG, it is possible to reduce the probability of
CT. Suppression of CT leads to enhancement of the possibility
of long-range RET between QDs. Finally, in Figure 5e,f we
demonstrate VG dependence of κCT and η. We observe
maximum CT probability near the Dirac point, which is
consistent with the conclusions from Figure 5a−d as well as
from Figure 3. While the reduction in δ affects both κ1 and κ3,
the effects are stronger for the former decay rate. In a reference
system consisting of only the QD solid monolayer films on Si−
SiO2 where no charge transfer takes place, while we do observe
decay rate enhancement due to reduction in 2δ (Figure S5),
the extent of enhancement is significantly smaller and,
expectedly, independent of VG. We would also like to note
here the significant difference in the energy transfer process
between QDs in the presence of MNPs, as shown ear-
lier,27,32,64 and that in the presence of graphene. In QD
compact monolayers doped with MNPs decay rates are
observed to change due to RET between QDs and MNPs as
compared to the pure QD monolayers without altering the
relative weight of the various components. For the QD−SLG
system we observe drastic increase of the weight factor
corresponding to nearest neighbor QD interaction decay rate
(τ1) at the expense of the rest and especially the long-range
component (τ3). Thus, our study not only highlights the
interplay between charge and energy transfer through electrical
control but also highlights important differences with the
dominant energy transfer processes in quantum dot solid due
to presence of tiny metal nanoparticles where charge transfer is
negligible and either quenching or PL enhancements can be
observed.

■ CONCLUSIONS
Using steady-state and time-resolved photoluminescence
measurements on core CdSe quantum dot−graphene hybrid
optoelectronic devices, we report a change in emission
properties of the compact quantum dot monolayer solids by
altering the extent of dot−dot energy or dot−graphene charge
transfer. The interplay between charge and energy transfer was
tuned by varying both the dot−dot and dot−graphene distance
as well as the Fermi energy of graphene by varying the back

gate voltage in the FET devices. We also reveal how graphene
mediated charge transfer alters the energy transfer probability
between quantum dots in nearest and next nearest neighbor
multilayer shells. We also indicate how this differs from
interaction between metal nanoparticles and QDs in similar
quantum dot solids where nonradiative energy transfer
mediated quenching or superradiance has been observed.
Our demonstrated electrical control of optical properties of
compact quantum dot solids mediated by their interactions
with proximal graphene layer can lead to possible applications
of these hybrid optoelectronic materials in photovoltaics and
photodetector devices.
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