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In situ manipulation of fluorescence resonance
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monolayer graphene oxide by laser irradiation†
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The unique optical properties of solution-processable colloidal semiconductor quantum dots (QDs) high-

light their promising applications in the next generation of optoelectronic and biomedical technologies.

In order to optimize these applications, the tunability of QDs’ optical properties is always highly desired.

Although the tuning during synthesis stages has been intensively investigated, the in situ alteration after

device fabrication is still limited. Here we report the tuning of the optical properties of CdSeTe/ZnS QDs

through an in situ manipulation of fluorescence resonance energy transfer (FRET) between QDs and

monolayer graphene oxide (GO). By increasing the acceptor’s absorption ability of GO through laser

irradiation, the efficiency of FRET between QDs and GO has been substantially improved from 29.7% to

70.0%. The corresponding energy transfer rate is enhanced by 5.5 times. These results can be well

explored by a spectral overlap between the fluorescence emission of QDs and the absorption of original

or reduced GO. Our scheme, with the features of in situ manipulation, high spatial resolution and wireless

steering, enables the potential functionality of such hybrid structures in optoelectronic applications.

1. Introduction

Zero-dimensional (0D) quantum dots (QDs) or colloidal semi-
conductor nanocrystals have been the focus of intensive inves-
tigation over the past several decades, in view of their unique
optical properties including high brightness, photochemical
stability, and wide excitation but narrow emission bands. The
power of these advantages has motivated increasingly active
research studies aimed at applying QDs into the next gene-
ration of optoelectronic devices,1–3 such as solar cells,4 photo-
detectors,5 field-effect transistors,6 single photon sources,7

and light-emitting devices.8 In order to fabricate and optimize
these devices, the tunability of the optical properties of QDs is
always highly desired. So far, many wonderful research studies
have been focused on the tuning of the optical properties of
QDs during their synthesis stages by changing their size,9

shape,10 doping,11 alloying,12 and band gap offsets of the
core–shell.13 On the other hand, these properties can also be
modified by utilizing the interaction between QDs and sub-
strates or coverings during device fabrication. Among them,
two-dimensional (2D) materials have been most strikingly
highlighted recently, due to the strong interaction in these 0D–
2D hybrid structures and their tunability as a function of 2D
materials’ layer thickness.14–16

2D atomically thin materials, including graphene and its
derivatives,17 as well as transition metal dichalcogenides
(such as MoS2, WSe2)

18 show strong layer-dependent properties
and applications. By changing the layer thickness, the inter-
actions in the 0D–2D hybrid structures (including fluorescence
resonance energy transfer (FRET) or nonradiative energy trans-
fer (NRET) as well as charge transfer) can be well modified.
Thus, the tuning of the optical properties of QDs can be
achieved. In 2010, Brus’ group reported that the rate of energy
transfer from CdSe/ZnS QDs to graphene increased signifi-
cantly with the number of graphene layers,19 which has also
been proven by Zang and coworkers in the CdSe/ZnS–SnS2
hybrid structure.14 However, in contrast, Raja and Prins
reported increased rates with a decreasing number of MoS2
layers,16,20 where the highest fluorescence quenching (>95%)
was observed for monolayer MoS2. The opposite trends with
the thickness of 2D materials have been attributed to the com-
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petition between the absorption and screening of the local
electric field.16,20 Furthermore, the rate of energy transfer from
individual QDs to 2D materials has been determined to be pro-
portional to r−4, where r is the distance between QDs and 2D
materials.21 This suggests that the energy transfer in 0D–2D
hybrid structures is more efficient than that in 0D–0D struc-
tures, which is proportional to r−6.22 In these reports, the fluo-
rescence intensity and lifetime of QDs have been substantially
tuned by utilizing different 2D materials and/or different thick-
nesses during device fabrication. However, the in situ manipu-
lation of QDs’ properties after device fabrication or during the
synthesis stages, according to the demand in practical appli-
cations, is still limited.

In this work, we present an in situ manipulation of the
optical properties of CdSeTe/ZnS core–shell QDs after device
fabrication. This scheme is achieved by altering the efficiency
and rate of FRET from QDs to monolayer graphene oxide (GO).
According to the classical theory, the efficiency and rate of
FRET depend on the degree of spectral overlap between the
donor emission and the acceptor absorption,22 therefore we
enhance the absorption of monolayer GO by in situ reduction
through laser irradiation, and thus realize the manipulation of
FRET. The fluorescence intensity and lifetime of individual
QDs on glass (regarded as non-interaction with surroundings),

GO and reduced GO (RGO) with different irradiation durations
have been measured. The probability distributions of photo-
blinking events for individual QDs have also been analyzed to
exclude the charge transfer during this process. Lastly, the
efficiency is increased from 29.7% of QDs on GO to 70.0% of
those on RGO with the longest irradiation duration. The
corresponding rate is improved from 0.251 × 107 s−1 to 1.386 ×
107 s−1. Our scheme, with the features of in situ manipulation,
high spatial resolution and wireless steering, will provide a
new approach for tuning FRET between QDs and GO, and thus
tune the optical properties of QDs as needed.

2. Results and discussion

Fig. 1a presents the hybrid QD–GO structure with a cross-sec-
tional view. Here the near-infrared emitting (NIR) CdSeTe/ZnS
core–shell QDs were selected, in view of their promising appli-
cations in medical labeling and solar cells,23,24 as well as their
intensive fluorescence emission overlapping with the optical
absorption of GO, which enables strong interaction between
QDs and GO. Detailed information about sample preparation
can be found in Methods. Briefly, the GO dispersion was spin-
coated on a cleaned glass coverslip initially. According to the

Fig. 1 (a) Schematic representation of the QD–GO hybrid structure. (b, c) Atomic force microscopy of the prepared GO film and the PMMA film.
The insets are the height profiles of selected lines. Scale bar: 2 μm. (d) Fluorescence intensity imaging of the QD–GO hybrid structure. The dashed
circles represent the fluorescence from individual QDs, and the solid circles represent the fluorescence from aggregated QDs, respectively. Scale
bar: 2 μm.
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characterization of atomic force microscopy (AFM) presented
in Fig. 1b, the thickness of most films is about 1.5 nm, indicat-
ing that the prepared GO films are monolayer.25,26 Generally,
previous 0D–2D hybrid structures were prepared by loading
QDs atop 2D materials directly,14,20,27 and then their optical
properties and modifications were investigated. However, it is
found that when the CdSeTe/ZnS QDs were directly loaded on
the top of the GO surface, their fluorescence was almost fully
quenched. This phenomenon is consistent with previous
studies in aqueous environments,28,29 resulting from the
strong interaction between QDs and GO. To hold the inter-
action strength in a favorable region, the transparent insulat-
ing polymer, poly(methyl methacrylate) (PMMA), was fabri-
cated on the top of the GO surface firstly, and then QDs were
loaded atop the PMMA film, as illustrated in Fig. 1a. To extend
the tunability of the interaction between QDs and GO, the
thickness of the PMMA film has been carefully optimized to
be 15 nm. The presence of the PMMA film has been checked
using a cross-sectional scanning electron microscope (SEM)
(detailed information for the thickness of the PMMA film has
been supplied in the ESI, as shown in Fig. S1†), and the corres-
ponding thickness has been confirmed by AFM,30 as shown in
Fig. 1c. The size and height of QDs have also been character-
ized using a transmission electron microscope (TEM) and
AFM, as shown in Fig. S2,† with the sizes varying from 3.6 nm
to 9.6 nm. The wide distribution in size suggests the strong an-
isotropic properties of QDs.

Fig. 1d shows a confocal fluorescence imaging of GO
loading with QDs. A large flake with a fluorescence intensity
of about 45 thousand counts per second (kcps) can be dis-
tinctly observed in the fluorescence imaging. Undoubtedly,
this flake originates from the fluorescence emission of mono-
layer GO, which has also been confirmed by Raman spec-
troscopy, as shown in Fig. S3.† On and beyond monolayer
GO, some discrete patterns with stronger fluorescence inten-
sity can be visualized, as the dashed circles highlighted in
Fig. 1d. The discreteness mainly arises from the photoblink-
ing of QDs during fluorescence imaging, confirming that
these patterns originate from the fluorescence emission of
individual QDs (the areas marked with solid circles with less
discreteness represent the fluorescence from aggregated QDs.
The method of determining individual QDs has been sup-
plied and discussed in the ESI, as shown in Fig. S4 and S5†).
From Fig. 1d, we can generally conclude that the fluorescence
intensity of individual QDs on the top of monolayer GO is
weaker than that beyond GO, suggesting the strong inter-
action between QDs and GO. Compared with the QDs on the
top of GO (with PMMA between them, as shown in Fig. 1a),
the QDs beyond GO can be treated as those on the top of the
glass coverslip, which can be regarded as the case of non-
interaction. This hypothesis has been proved by the similar
fluorescence lifetime of QDs on glass, on PMMA and in
toluene, as shown in Fig. S6.† Thus, the QDs on the PMMA
will be used as a control experiment to reveal the interaction
between QDs and GO. For the sake of simplicity, if not
specially mentioned, the QDs on the top of and beyond

monolayer GO are named “on GO” and “on glass” hereinafter
for short, respectively.

To in situ manipulate and investigate the interaction
between QDs and GO, a 485 nm laser with both continuous
wave (CW) and pulsed wave modes was used in the experi-
ment. The CW mode was used as the control laser to irradiate
and reduce GO with a power of 1 mW, while the pulsed mode
was used as the probe laser to collect the fluorescence emis-
sion from QDs with an average power of 10 μW and a rep-
etition of 1 MHz. Considering that the power of the probe
laser is two orders of magnitude lower than the control laser,
the reduction effect on the GO film during fluorescence
probing can be ignored. Furthermore, the optical properties
of the QDs themselves show no significant change before and
after CW laser irradiation especially for QDs’ lifetime, as
illustrated in Fig. S7 and S8.† Fig. 2a presents the fluo-
rescence trajectory of individual QDs varied as a function of
the irradiation duration of the control laser. Note that the
fluorescence exhibits a strong background at the beginning.
With the increase of laser irradiation, the background rapidly
quenches to a weak and stable intensity. As we reported in
the previous studies,31 this background originates from the
fluorescence emission of GO, the quenching effect is a result
of the photoreduction of GO under laser irradiation. For indi-
vidual QDs themselves, distinct photoblinking events with
the decrease of fluorescence intensity can be observed. To
further reveal the optical properties of QDs varied as a func-
tion of laser irradiation, the time-tagged, time-resolved and
time-correlated single-photon counting (TTTR–TCSPC) tech-
nique was used to demonstrate the fluorescence intensity and
lifetime simultaneously. Here, the irradiation durations
under the control lasers of 0, 45, 90 and 135 s were selected
for further studies. The duration of 0 s denotes the original
monolayer GO, while the other durations denote RGO with
different reduction degrees. To simplify, they are named
RGO-1, 2, 3, respectively. For comparison, the QDs on glass
were also studied.

Fluorescence intensity trajectories, photon counting histo-
grams, and the corresponding time-resolved fluorescence
decays for individual QDs on glass, GO and RGO-3 have been
presented in Fig. 2b–d, respectively. It can be found that QDs
under all three conditions feature the typical two-state, on–off
blinking (Fig. 2b1, c1, and d1, respectively) with clear separ-
ation, as the corresponding histograms shown in Fig. 2b2, c2,
and d2, respectively. Here, the on- and off-state refer to
the state with high and low or non-fluorescence emission,
respectively. The two states are separated by threshold fluo-
rescence intensities, as the gray lines shown in Fig. 2b–d (the
rule for the determination of threshold intensity can be found
in Fig. S9†). One can find that the intensities of the on- and
off-states under these conditions are significantly different.
For QDs on glass, the intensities of the on- and off-states are
1315 and 82 cps, respectively. Thus, we can conclude that the
fluorescence intensity of bare individual QDs on glass is
1233 cps. The time-resolved fluorescence decay for QDs on
glass can be fitted by using the single exponential function,
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I(t ) = I0 + A exp(t/τQDs/Glass), yielding the lifetime of QDs on
glass, τGO/Glass, to be 188.4 ns, as shown in Fig. 2b3.

However, when the QDs are loaded on monolayer GO, the
intensities of the on- and off-states are 1310 and 302 cps,
respectively. The fluorescence intensity of 1008 cps for QDs on
GO is lower than that on glass, suggesting the existence of
interaction between QDs and GO. Furthermore, the intensity
of the off-state for QDs on GO is much larger than that on
glass, due to the fluorescence emission of GO itself. Note that
the fluorescence background shows no significant change
during TTTR–TCSPC measurements, totally different from the
irradiation under the control laser (Fig. 2a). As we mentioned
above, the negligible change in the fluorescence intensity can

be attributed to the extremely weak reduction effect on GO
under pulsed laser excitation. Unlike QDs on glass sharing a
single long lifetime, the time-resolved fluorescence decay of
QDs on GO displays a very short time decay and a long time
decay. Two lifetimes have been determined by the double-
exponential function, which are 2.81 ns and 137.3 ns, respect-
ively. The short lifetime value can be attributed to the lifetime
of GO fluorescence, consistent with previous reports.32,33 Thus
the value of 137.3 ns can be assigned as the lifetime of QDs,
which is smaller than that on glass. The decrease in lifetime
also suggests the interaction between QDs and GO. The inter-
action becomes stronger after GO irradiation under the control
laser. This can be proved by the further decay in both the fluo-

Fig. 2 (a) Fluorescence trajectory of CdSeTe/ZnS QDs on GO under the irradiation of a control laser. The laser power is 1 mW. (b–d) Fluorescence
trajectories, photon counting histograms, and time-resolved fluorescence decays for individual CdSeTe/ZnS QDs on glass, GO, and RGO-3, respect-
ively. The gray lines represent the thresholds separating the on- and off-states. (e) Fluorescence intensities and lifetimes for CdSeTe/ZnS QDs under
five conditions. (f ) The efficiencies and rates of the FRET process between CdSeTe/ZnS QDs and GO, and RGO-1, 2, 3, respectively.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2019 Nanoscale, 2019, 11, 1236–1244 | 1239

Pu
bl

is
he

d 
on

 0
6 

D
ec

em
be

r 
20

18
. D

ow
nl

oa
de

d 
by

 S
ha

nx
i U

ni
ve

rs
ity

 o
n 

1/
17

/2
01

9 
11

:3
6:

57
 A

M
. 

View Article Online

http://dx.doi.org/10.1039/c8nr07858k


rescence intensity and lifetime of QDs on RGO-3, which are
569 cps and 58.3 ns, respectively, as presented in Fig. 2d.
Further information about RGO-1 and RGO-2 can be found in
Fig. S10.† The fluorescence intensity and lifetime of QDs
under five conditions are also listed in Table 1.

Generally, the interactions in 0D–2D hybrid structures can
be distinguished into two possibilities: FRET and charge trans-
fer.34,35 Both processes will result in the decay of fluorescence
intensity and lifetime.14 To explore that the interaction
between QDs and GO originates from one of them or both pro-
cesses, the dynamics of photoblinking events are analyzed.
Photoblinking is usually associated with the charging of the
core via intermittent tapping of the electrons or holes at the
surface of the QDs and/or the surrounding film.35 Thus, the
charge transfer will substantially alter the dynamics of photo-
blinking. Cotlet’s group has proved that the analysis on the
probability distribution of photoblinking events (on- and off-
state, respectively) can be used to discriminate the FRET and
charge transfer between 0D and 2D hybrid materials,14 such as
QDs and GO used in this experiment.

The well-defined on- and off-states in fluorescence trajec-
tories supply good conditions to build their probability distri-

butions. The probability, P(t ), of an individual QD in the on-
or off-state is defined as:36

PiðtÞ ¼ NiðtÞ
Ni;total

� 1
Δtavg

i ¼ on or offð Þ ð1Þ

where Ni (t ) is the number of on- or off-states with the duration
t, Ni,total is the total number of on- or off-state events, and Δtavg
is the average of the time intervals to the preceding and follow-
ing events. Pon(t ) and Poff(t ) for five conditions (on glass, GO
and RGO-1, 2, 3, respectively) have been shown in Fig. 3,
which present similar trends. Both Pon(t ) and Poff(t ) can be
well fitted with a power law function, expressed as:37

PðtiÞ ¼ Bi � t�αi ði ¼ on or offÞ ð2Þ

where αi is the power law exponent and Bi is the amplitude. All
the fitting parameters have been listed in Table 2.

Experimental investigations have indicated that the density
of surface negative charge on RGO is much less than those on
GO, due to the removal of oxygen-containing functional
groups.38,39 According to the previous reports,40,41 if charge
transfer dominates the interaction between QDs and GO, the
power law exponent, α, of GO is expected to be smaller than
that of RGO, due to less negative charge on RGO. Furthermore,

Table 1 Fluorescence intensity, lifetime of QDs and GO, the efficiency
and the rate of energy transfer from an individual QDs to GO, or RGO-1,
2, 3

Substrate Glass GO RGO-1 RGO-2 RGO-3

QDs On-state (cps) 1315 1310 1035 798 735
Off-state (cps) 82 302 257 194 166
Intensity (cps) 1233 1088 778 604 569
Lifetime (ns) 188.4 137.3 117.5 83.6 58.3

GO Intensity (cps) 220 175 112 84
Lifetime (ns) 2.81 2.04 1.73 1.65

FRET Efficiency (%) 26.9 37.5 54.4 69.0
Rate (107 s−1) 0.195 0.318 0.633 1.179

Fig. 3 Probability distributions of (a) Pon(t ) and (b) Poff(t ) for CdSeTe/ZnS QDs on glass (gray circle), GO (orange square), RGO-1 (blue triangle),
RGO-2 (grass green hexagon), and RGO-3 (green pentacle), respectively. Solid lines are fits according to eqn (2).

Table 2 Parameters of photoblinking events derived from the on- and
off-state probabilities, from Fig. 3, for QDs deposited on glass, GO and
RGO with different irradiation durations

αon R2 αoff R2

Glass 1.053 0.936 1.335 0.975
GO 0.949 0.977 1.259 0.994
RGO-1 0.962 0.978 1.347 0.989
RGO-2 0.919 0.955 1.355 0.967
RGO-3 0.949 0.939 1.207 0.967
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by assuming non-interaction between QDs and glass, α for
QDs on glass would be further smaller. However, the incon-
spicuous difference in the value of the power law exponents
under five conditions, especially the lack of change from QDs on
glass and on GO, strongly suggests that the charge transfer does
not dominate the interaction.14 Thus, we can conclude that
FRET dominates the interaction and leads to the further decay
of fluorescence intensity and lifetime, when the QDs are loaded
on GO, as well as when the GO is converted to RGO by laser
irradiation. An additional fact that supports our conclusion is
that QDs and GO were separated by insulating the PMMA film
with a thickness of 15 nm, which is much larger than the favor-
able distance for the occurrence of charge transfer.42,43

To quantitatively evaluate the FRET process from QDs to
GO and RGO with different irradiation durations, the energy
transfer efficiency, ηFRET, and the energy transfer rate, κFRET,
can be derived from the lifetime of QDs under five conditions,
according to the expressions:14,27

ηFRET ¼ 1� τj
τQDs=Glass

ð3Þ

κFRET ¼ 1
τFRET

¼ 1
τj
� 1
τQDs=Glass

ð4Þ

where τj ( j = QDs/GO or QDs/RGO) denotes the lifetime of
QDs on GO or RGO, and τQDs/Glass denotes that on glass,
regarded as the intrinsic lifetime of QDs. The derived para-
meters have been listed in Table 1. The efficiency of 69.0% for
QDs on RGO-3 is much higher than that of 26.9% on GO, indi-
cating the great increase in the interaction between QDs and
GO. Meanwhile, the rate also improves from 0.195 × 107 s−1 to

1.179 × 107 s−1. The change of the fluorescence intensity and
lifetime of QDs as well as the modification of the efficiency
and rate not only demonstrate the manipulation of the optical
properties of the QDs, but also indicate the manipulation of
the interaction between the QDs and surrounding environ-
ments. More importantly, this manipulation can be precisely
controlled by altering the laser irradiation with the features of
in situ manipulation, wireless steering and high spatial
resolution.

To estimate the effect of anisotropic optical properties on
this 0D–2D system and further prove the manipulation, the
fluorescence lifetimes of more than 1000 individual QDs on
glass or many monolayer GO films have been investigated.
Fig. 4 presents the lifetime distributions of QDs under five
conditions, and all these follow a normal distribution. The
center value for QDs on glass is 168.4 ns, with the full width at
half maximum (FWHM) to be 91.4 ns. Such a wide range
mainly originates from the difference in the dot size and geo-
metrical shape of the QDs, as shown in Fig. S2.† After the QDs
are loaded on GO, the average lifetime decreases to 118.4 ns,
suggesting that the substantial FRET has occurred between
QDs and GO. The continuously decreased lifetime over the
irradiation duration indicates that the interaction becomes
stronger. Note that the FWHMs of the lifetimes of QDs on GO
or RGO are close, but much narrower than those on glass, as
listed in Table 3 and shown in Fig. 4f. The suppression of the
anisotropy of the QDs may result from the FRET process;
however, the underlying mechanism is still unclear.
Furthermore, the fluorescence intensity histograms for these
QDs under five conditions are presented in Fig. S11 and
Table S1,† where the intensity of QDs on glass has been sub-

Fig. 4 Lifetime histograms for CdSeTe/ZnS QDs on (a) glass, (b) GO, (c) RGO-1, (d) RGO-2, and (e) RGO-3; (f ) mean lifetime (blue line) and the full
width at half-maximum (FWHM, pink line) for CdSeTe/ZnS QDs under the five conditions mentioned above, which were obtained from the Gauss fits
of the histograms in panels a–e.
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stantially decreased from 1290 cps to 578 cps compared to that
on RGO-3.

The center values and FWHMs of QDs under five con-
ditions have been listed in Table 3. According to the statistical
analyses, the energy transfer efficiency and rate for this 0D–2D
system can be determined by using eqn (1) and (2) as well. The
calculated results are listed in Table 3 and shown in Fig. 5,
which are similar to that of individual QDs, as shown in
Fig. 2e. The efficiency is enhanced from 29.7% to 70.0%, and
the rate is increased from 0.251 × 107 s−1 to 1.386 × 107 s−1.
The rate of FRET as a function of laser irradiation can be well
explored based on the classical Förster theory,22 where the rate
is proportional to the overlap integral of donor’s fluorescence
spectrum, FD(λ), and acceptor’s absorption spectrum, εA(λ).
The equation can be expressed as:

κFRET /
ð1
0
FDðλÞεAðλÞλ4dλ ð5Þ

In this experiment, QDs act as the donor and GO or RGO
acts as the acceptor. Thus the FD(λ) is the fluorescence emis-
sion spectrum of QDs, and εA(λ) is the absorption spectrum of
GO or RGO with different irradiation durations. The normal-
ized fluorescence spectrum of QDs and absorption spectra of
GO and RGO have been presented in Fig. 5b. Note that with
the increase in irradiation duration, the absorption of RGO
becomes stronger. This phenomenon is consistent with pre-
vious studies,39,44 where the increased absorption can be
attributed to the restoration of electronic conjugation with an
increased reduction degree. The calculated energy transfer rate
for QDs on GO and RGO, as circles shown in Fig. 5a, agrees
well with the experimental results.

The statistical results further prove that the optical pro-
perties of QDs and the interaction between QDs and GO can
be manipulated by varying the absorption spectra of GO
through laser irradiation. This approach has many outstanding
features. Firstly, this process can be performed at any stage of
QD-based device fabrication, especially providing an in situ
manipulation after device fabrication, according to the
demand in practical applications. Next, the control laser is
focused by a high numerical aperture with the laser spot close
to the diffraction limit, therefore the manipulation has high
spatial resolution naturally. This allows the users to manip-
ulate the optical properties and interactions of QDs in any
desired areas, rather than the full device. Thirdly, the manipu-
lation is achieved by varying the duration of laser irradiation,
which can be operated remotely and flexibly. The manipu-
lation can also be performed in other ways, such as by chan-
ging the power,31 wavelength,45 and repetition of the control
laser.46 Furthermore, this method enables the all-optical
manipulation in non-contact form, thus the micro-electrodes
and other treatments (such as electrochemical etching) are not
required here, which will increase the complexity and difficulty
of the manipulation, and may damage QDs. These outstanding
features, especially in situ manipulation with high spatial
resolution, make QDs potential for lifetime-and-intensity mul-
tiplexing,47 which will provide an enhanced information
capacity in QD-based optical recording, encryption and data
storage.48,49 In addition, by manipulating the FRET process,
the optical properties of the donor (QDs) have been success-
fully modified in this work. This result also inspires us to
control the optical properties of the acceptor by the FRET
process.50

3. Conclusion

In summary, we propose a scheme to manipulate the
efficiency and rate of the FRET process between QDs and
monolayer GO, by varying the absorption spectrum of GO
through laser irradiation, thus to realize the modification on
the optical properties of QDs. The mean fluorescence intensity
of QDs has been substantially decreased from 1290 cps on
PMMA to 578 cps on RGO, and the corresponding fluorescence
lifetime has been reduced from 168.4 ns to 50.5 ns. This

Table 3 The center values of fluorescence lifetime distributions and
the FWHM of QDs on glass, GO and RGO with different irradiation dur-
ations, and the corresponding energy transfer efficiency and rate

Lifetime (ns) FWHM (ns) ηFRET (%) κFRET (10
7 s−1)

Glass 168.4 91.4
GO 118.4 56.9 29.7 0.251
RGO-1 110.0 59.8 34.7 0.315
RGO-2 75.7 51.6 55.0 0.727
RGO-3 50.5 55.5 70.0 1.386

Fig. 5 (a) Derived efficiencies and rates of the FRET process, as well as
the calculated overlap integral between QDs and GO or RGO-1, 2, 3,
respectively. (b) Absorption and fluorescence spectra of CdSeTe/ZnS
QDs, and the absorption spectra of GO, and RGO-1, 2, 3, respectively.
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scheme provides a new approach for tuning the properties of
donors (QDs here) in such 0D–2D hybrid structures by chan-
ging the optical properties of the acceptor (GO). The degree of
manipulation can be controlled flexibly by controlling the dur-
ation, power density, wavelength and repetition of the irra-
diated laser. Our scheme, with the features of in situ manipu-
lation, high spatial resolution and wireless steering, is signifi-
cant for the tuning of the properties of optoelectronic devices
based on QDs from the viewpoints of both fundamental and
practical applications.

4. Methods
4.1 Sample preparation

GO was synthesized by the modified Hummers method, and
the detailed description can be found in our previous
studies.31 PMMA (MW = 15 000, Tg = 82 °C, dielectric constant
3.4) was purchased from Aldrich and without further treat-
ment. The NIR CdSeTe/ZnS core–shell QDs (Qdot® 800 ITK
TM Organic Quantum Dots) were ordered from Thermo Fisher
Scientific. The GO film was prepared by spin-coating the GO
dispersion with a concentration of 1 mg mL−1 on a cleaned
glass coverslip. The parameters of spin-coating were set as 500
rmp for 12 s firstly, and then 3000 rmp for 60 s. The as-pre-
pared GO film was dried at room temperature under a nitrogen
atmosphere for 10 hours to remove the remaining solvent.
According to the AFM characterization, as shown in Fig. 1b,
the monolayer GO film has been fabricated successfully on the
glass coverslip. To control the interaction between GO and
QDs, the PMMA film was then deposited on monolayer GO by
the spin-coating method as well. The operation parameters of
spin-coating were 500 rmp for 5 s, 3000 rmp for 60 s, and 600
rmp for 10 s in turns to ensure the thickness of 15 nm.
Furthermore, the manipulation of FRET with other thicknesses
has also been investigated to determine the optimum con-
ditions, as in Fig. S12.† The prepared PMMA film was dried
under a nitrogen atmosphere. Lastly, QDs with a concentration
of ∼10−9 mol L−1 were spin-coated on the top of the PMMA
film at 3000 rmp for 20 s. AFM characterization of bare QDs
on the glass coverslip as well as the TEM image, as presented
in Fig. S2,† show that the size of QDs is in the region of
3.6–9.6 nm.

4.2 Optical setup

To control the reduction degree of GO and probe the optical
properties of each individual QD, a home-built scanning con-
focal system based on an inverted microscope (Nikon, TE2000-
U) was used to irradiate GO and measure the fluorescence of
QDs. The detailed descriptions of this optical setup can be
found in our previous studies.32,51 Particularly, a 485 nm laser
with both CW and pulsed wave modes was used here. The
laser beam was tightly focused by a 100× oil immersion objec-
tive lens with a high numerical aperture (NA = 1.3). The
focused laser spot was about 300 nm in diameter, mainly
limited by diffraction. The sample was placed on the piezo-

electric translation nano-stage (PZT, Tritor, 200/20SG).
Fluorescence imaging of GO and QDs was created by moving
the sample with respect to the focused laser beam in a pro-
grammable and control way. The step size of the nano-stage
was 180 nm, and the speed was kept constant at 18 μm s−1.
The fluorescence from GO and QDs was collected by using the
same objective. After passing through a dichroic mirror
(Semrock, Di01-R488-25 × 36), and a long-pass filter (Semrock,
BLP01-496R-25) to block the back scattered laser as well as the
background signal, the fluorescence was further filtered
spatially using a 100 μm pinhole and detected by using a
single photon detector (PerkinElmer, SPCM-AQR-15). The syn-
chronization of the pulsed laser and the outputs of the detec-
tors were fed into a TTTR–TCSPC data acquisition card (DAC,
HydraHarp 400, PicoQuant), by which the time-dependence
information for all of the detected photons can be recorded
simultaneously. Consequently, the fluorescence intensity and
lifetime can be obtained simultaneously. The time resolution
of the system is approximately 150 ps.
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