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ABSTRACT We have performed the first single-particle spectroscopic measurements on individual

graphene quantum dots (GQDs) and revealed several intriguing fluorescent phenomena that are

otherwise hidden in the optical studies of ensemble GQDs. First, despite noticeable differences in the size

and the number of layers from particle to particle, all of the GQDs studied possess almost the same

spectral lineshapes and peak positions. Second, GQDs with more layers are normally brighter emitters

but are associated with shorter fluorescent lifetimes. Third, the fluorescent spectrum of GQDs was red-

shifted upon being aged in air, possibly due to the water desorption effect. Finally, the missing emission

of single photons and stable fluorescence without any intermittent behavior were observed from

individual GQDs.
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raphene oxide (GO) can be described

as a two-dimensional (2D) network

of graphite containing nanometer-
sized regions of sp>-hybridized carbon atoms
dispersed within a carbon—oxygen sp>
matrix." In contrast to the zero-gap semi-
conductor of pristine graphene that gains
its fame with superior electrical transport
properties,® the energy-gap opening in GO
due to the introduction of oxygen func-
tional groups makes it attractive for various
optical applications, such as in photocat-
alysis,* solar cells,® light-emitting diodes,®
and biological imaging.” The GO fluores-
cence has been reported to cover a broad
wavelength range from ultraviolet to visible
to near-infrared, with the underlying me-
chanisms now being actively pursued in the
research community.®~'* Owning to the
continuous improvement on the synthesis
strategies, the past several years have seen
the emergence of a handful of techniques'®
for making miniaturized versions of GO
sheets, generally called graphene quantum
dots (GQDs), with the sizes ranging from
several to tens of nanometers. These single-
or few-layer GQDs can potentially provide
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an alternative yet succinct view of the GO
optical properties since their sp® domains
decorated with oxygen functional groups
might be the main fluorescence contribut-
ing units before being isolated out of the GO
sheet 22111314 Unfortunately, all of the pre-
vious optical studies of GQDs reported so far
were performed exclusively on the ensem-
ble level,"*~%” only yielding averaged fluor-
escent characteristics that are not quite
different from those demonstrated by their
GO sheet counterparts.

In this report, we have performed the first
single-particle spectroscopic measurements
on individual GQDs and revealed several
intriguing fluorescent phenomena that are
otherwise hidden in the optical studies of
GO sheets and GQD ensembles. First, de-
spite noticeable differences in the size and
the number of layers from particle to parti-
cle, all of the GQDs studied possess almost
the same spectral lineshapes and peak posi-
tions. Second, GQDs with more layers are
normally brighter emitters but are asso-
ciated with shorter fluorescent lifetimes.
Third, the fluorescent spectrum of GQDs
was red-shifted upon being aged in air,
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Figure 1. (a) AFM image of GQDs. The inset shows a height profile of the GQDs measured along the solid line (from A to B) in
the AFM image. (b) The height distributions of GQDs obtained from the AFM image. (c) TEM image of GQDs. (d) The size

distributions of GQDs obtained from the TEM image.

possibly due to the water desorption effect. Finally, the
missing emission of single photons and stable fluores-
cence without any intermittent behavior were ob-
served from individual GQDs.

RESULTS AND DISCUSSION

The GQDs were prepared by a hydrothermal cutting
method'® without further dialysis. The atomic force
microscopy (AFM) image (Figure 1a) of the hydrophilic
GQDs deposited on a mica substrate exhibits a height
distribution within ~2—8 nm (Figure 1b), implying that
most of the GQDs are composed of few-layer carbon
sheets. The lateral sizes of GQDs were determined by
the transmission electron microscopy (TEM) measure-
ment (Figure 1c) to be in the range ~10—35 nm
(Figure 1d). As reported previously by us'® and is
commonly encountered in both GO sheets'*'* and
GQDs,">'82921:23 theijr photoluminescence (PL) bands
shift to the red side with the increasing excitation
wavelengths. In Figure 2a, we plot two representative
PL spectra of the ensemble GQDs excited at the laser
wavelengths of 266 and 400 nm with the corres-
ponding emission peaks centered at ~460 nm and
~520 nm, respectively. These two peak positions fall
within a wavelength range whose fluorescent origins
have been classified into two main categories for both
GO sheets and GQDs. As schematically shown in
Figure 3, photoexcited electrons through the w—x*
transitions were proposed to relax into either the sp?
energy levels or the defect states, giving rise to the blue
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or red PL, respectively.''**?® The former emission
might bear the discrete feature due to quantum
confinement of electrons inside the sp? carbon
domains.®~1""171920 The |atter emission, which is re-
lated to the oxygen functional groups decorating the
intrinsic sp? domains at the edges and/or on the basal
planes,” ~"32122 could possess broad absorption and
emission bands within the 7—x* gap.'"?' This naturally
explains the excitation wavelength dependence of the
GO and GQD PL since different defect states are selected
in this case to yield a specific spectral pattern (Figure 3).

In Figure 2b, we present the PL decay curves mea-
sured for the two PL bands in Figure 2a, and they can
be both fitted well using a biexponential function of
1) =Ae "™ + Ae Y% Here, A, (A,) and 7, (15) are the
percentage contribution and value of the faster (slower)
lifetime component, respectively, from which we can
define a weighted-average lifetime of Tayerage = A171 +
A,7>.%° Overall, the PL decay is faster for the 460 nm
band (Taverage = 0.84 £ 0.01 ns) excited at 266 nm than
that measured for the 520 nm band (taverage = 1.29 =
0.02 ns) excited at 400 nm, which can be used as a
plausible proof to show that these two bands do have
different electronic origins.'"?* However, as can be
conceived from Figure 3, electrons of the higher-lying
defect states are more likely to decay into the lower-
lying defect states and nonemissive traps in addition
to their radiative recombination. Then the lifetime
discrepancy observed in Figure 2b can be alternatively
explained without involving the sp>-related states if we

VOL.7 = NO.12 = 10654-10661 = 2013 @L%{()

WWwWW.acsnano.org

10655



€ o8l
S L
~ 06 |
> L
=
2 0.4
[) r — 266 nm
3
£ 02F — 400 nm
00 1 1 1 1 1
350 400 450 500 550 600 650
Wavelength (nm)
—_ 1.0 '(C)
g 0.8 |-
£ L
2 o0 _ 4K
= —_
g 0.4 - — 50K
= i — 100 K
c -
=027 — 200K
oobfL 1 011

350 400 450 500 550 600 650
Wavelength (nm)

Intenaity (norm.)

Intensity (norm.)

10°

10"

107

10‘3 1 1 1

0 2 4 6 8 10 12
Time (ns)

0 2 4
Time (ns)

6

8

Figure 2. (a) PL spectra and (b) PL decay curves of ensemble GQDs measured at room temperature with the pulsed laser
excitations at 266 and 400 nm, respectively. (c) PL spectra and (d) PL decay curves of ensemble GQDs measured at four
representative temperatures with the pulsed laser excitation at 266 nm. In b, the biexponential fitting parameters (A,, A,; 74,
T2i Taverage) are (82%, 18%; 0.63 ns, 1.79 ns; 0.84 + 0.01 ns) for the 266 nm excitation and (84%, 16%; 0.73 ns, 4.26 ns; 1.29 +
0.02 ns) for the 400 nm excitation, respectively. In d, the biexponential fitting parameters (A, A3; 71, T2} Taverage) are (83%, 17%;
0.54 ns, 3.05 ns; 0.97 £ 0.01 ns) at 4 K, (80%, 20%; 0.41 ns, 2.24 ns; 0.78 £ 0.02 ns) at 50 K, (79%, 21%; 0.44 ns, 1.83 ns; 0.73 +
0.02 ns) at 100 K, and (78%, 22%; 0.48 ns, 1.79 ns; 0.77 + 0.02 ns) at 200 K, respectively.
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Figure 3. Energy level structures to explain the optical
behaviors of photoexcited electrons in both GO sheets
and GQDs, including their radiative recombination from
discrete spz-related states and continuous defect states,
thermally activated decay into nonradiative traps, and non-
radiative relaxation from higher- to lower-lying defect states.

assume that electrons of lower-lying defect states
sampled at longer excitation wavelengths suffer less
from the nonradiative decay, thus leading to an ap-
parentincrease of the PL decay lifetime. This scenario is
similar to what has been observed in semiconductor
CdSe and PbSe QDs that photoexcited carriers in the
higher energy states suffer more from relaxation into
nonradiative surface traps®®' leading to the well-
known charged-exciton issue in their PL blinking®?
and carrier multiplication®® studies. We next excited
the ensemble GQDs with the 266 nm laser at variable
temperatures, only to see that the PL peak shifted
slightly to the blue side with no detectable spectral
narrowing at low temperatures (Figure 2c). Meanwhile,
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their PL decay dynamics get a little expedited with the
increasing temperature (Figure 2d), possibly due to the
increased probability for the sp? and/or defect state
electrons to be thermally activated into nonradiative
traps (Figure 3) that might originate from imperfect

surface/edge passivations.

escent

21,26,27

After the PL characterizations in Figure 2, showing
that the optical properties of GQDs studied here on the
ensemble level are not any different from those of
other GQD and GO samples reported in the literature,
we next turned to single-particle spectroscopic mea-
surements to probe if there is still any hidden fluor-

information that can be

revealed from

individual GQDs. The spatial and spectral PL images
for a number of individual GQDs excited at 400 nm are
shown in Figure 4a and b, respectively, together with
the PL spectra in Figure 3c for four selected individual
GQDs excited at 266 nm. Due to the hydrophilic nature
of the silica coverslips used in our experiment, the
deposited GQDs are well-dispersed without any clus-
tering effect, as evidenced by the diffraction-limited
image spots shown in Figure 4a. It can be clearly seen
from Figure 4b and c that, despite a relatively large size
distribution of the individual GQDs (Figure 1d), their PL
spectra are basically the same in terms of the spectral
peak positions and lineshapes. This kind of size-independent
PL characteristics, observed previously in ensemble
GQDs,?" is confirmed here again on the individual level.
Similar to the ensemble case in Figure 2¢, we observed
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Figure 4. (a) Spatial and (b) spectral PL images of individual GQDs measured at room temperature with the pulsed laser
excitation at 400 nm. (c) PL spectra and (d) PL decay curves of four representative GQDs measured at room temperature with
the pulsed laser excitation at 266 nm. In d, the biexponential fitting parameters (A;, Ay; 71, 72; Taverage) are (81%, 19%; 0.49 ns,
1.81 ns; 0.74 £ 0.02 ns) for GQD1, (77%, 23%; 0.69 ns, 2.64 ns; 1.13 4 0.02 ns) for GQD2, (75%, 25%; 0.71 ns, 3.33 ns; 1.37 £+ 0.02
ns) for GQD3, and (71%, 29%; 0.73 ns, 3.54 ns; 1.54 + 0.03 ns) for GQD4, respectively.

from the temperature-dependent measurements (not
shown) that there were almost no changes in the PL
peak positions and lineshapes of individual GQDs.

The spatial PL image of Figure 4a contains both
brighter and dimer GQDs, whose fluorescence inten-
sity difference is further emphasized in Figure 4c.
We speculate that brighter GQDs are composed of
more layers of sp? domains (Figure 1a) based on the
time-resolved measurements in Figure 4d, which
shows that they are correlated with shorter PL decay
lifetimes. For single-layer GQDs, their PL decay process
consists of both radiative electron—hole recombina-
tion and nonradiative carrier relaxation into other
emissive or nonemissive states (Figure 3). When multi-
ple layers of sp? domains are stacked together, one
additional channel for the nonradiative decay of car-
riers would be opened due to possible interactions
between neighboring layers,’® which explains the
shortening of PL decay lifetime in brighter or multiple-
layer GQDs observed in Figure 4d. On the other hand,
the increasing number of absorption and emission
units in a multiple-layer GQD favors an enhancement
of its PL intensity, which should be larger than that of a
single-layer GQD but smaller than would be combined
from all the composing layers without nonradiative
interactions. Since the adjacent layers of GQDs are
commonly isolated by oxygen functional groups and
water molecules®®? to prevent any direct migration of
photoexcited carriers, their nonradiative interactions
might be realized through the Forster-type energy trans-
fer process® that has been previously invoked to explain
the fluorescence quenching effect caused by GO sheets.!

XU ET AL.

The GQDs studied here were prepared hydrother-
mally and have shown hours of stable emission in
solution.'®** Thanks to the sensitivity of the single-
particle spectroscopic measurement, we were able to
resolve red-shifted optical emissions from individual
GQDs in their aging process. This can be clearly seen in
Figure 5a from the two PL spectra of a representative
GQD, which were obtained with the 266 nm excitation
right after it was deposited onto the coverslip from
solution and when it had endured an overnight ex-
posure to the ambient environment, respectively.
Meanwhile, the red-shifted PL was accompanied by
an elongated PL decay lifetime of T,yerage = 0.96 £
0.02 ns in the aged GQD as compared to that of
Taverage = 0.87 £ 0.02 ns measured when it was still
fresh (Figure 5b). One possible origin of this red-shifted
PL is that the GQDs were oxidized in their aging
process with the addition of oxygen-containing func-
tion groups, which would form more lower-lying
defect states emitting on the red side of the PL
spectrum (Figure 2a) with a relatively longer radiative
lifetime (Figure 2b). However, the X-ray photoelectron
spectroscopy (XPS) measurements of ensemble GQDs
demonstrated that it was the C—C peak whose per-
centage contribution to the integrated area of the
C 1s spectrum increased in the aging process (see
Supporting Information, Figure S1). To further exclude
the contribution of oxidation to the red-shifted PL, we
placed a freshly made film of individual GQDs inside
a vacuum chamber. As representatively shown in
Figure 5c¢, after about one day of vacuum pumping,
the red-shifted PL could still be observed from an
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Figure 5. (a) PL spectra and (b) PL decay curves of a representative GQD measured during the fresh and aged stages,
respectively. These measurements were performed at room temperature with the pulsed laser excitation at 266 nm. In b, the
biexponential fitting parameters (A, A; T1, T2; Taverage) are (79%, 21%; 0.50 ns, 2.24 ns; 0.87 + 0.02 ns) for the fresh GQD and
(84%, 16%; 0.59 ns, 2.93 ns; 0.96 + 0.02 ns) for the aged GQD, respectively. (c) PL spectra of an individual GQD excited at
400 nm on a freshly made film and after the film has been placed inside a vacuum chamber continuously pumped for about
one day. (d) PL spectra of an individual GQD excited at 400 nm on a freshly made film (black), after the film had been exposed
in the ambient environment for about 10 h (red), and after water was added to the aged sample (green).

individual GQD excited at 400 nm, although there
should be no oxygen molecules around.

Moreover, the above vacuum experiment has also
implied that the red-shifted PL might be caused by
water desorption from the GQD sheets. To verify this,
we did one additional experiment to first observe that
the PL spectrum of an individual GQD excited at
400 nm on a freshly made film shifted to the red side
after it had been exposed in the air for about 10 h
(Figure 5d). Then after a small amount of water was
sprayed onto the film, the PL peak of this GQD shifted
back to its original position, thus unambiguously con-
firming that the red-shifted PL of aged GQDs should be
a direct consequence of water desorption. This rever-
sible PL shift of GQDs upon addition/removal of water
molecules should find an immediate application in
environmental sensing devices and would surely sti-
mulate extensive theoretical modellings on its exact
electronic origin. For now, a possible explanation is
that the desorption of water molecules from between
neighboring GQD sheets would make a better 7—x
stacking, which has been shown previously to cause
the red-shifted PL in some organic/inorganic building
molecules.® This kind of enhanced 77— stacking of GQD
sheets might greatly increase the mobility of charge
carriers® to extend their spatial confinement from two
to three dimensions, leading to the red-shifted PL, and to
reduce the overlap of electron and hole wave functions,
thus elongating the radiative lifetime of excitons.

XU ET AL.

Finally, with the 405 nm pulsed laser excitation at a
repetition rate of 10 MHz, we performed single photon
antibunching and PL intensity versus time trace mea-
surements for both single CdSe QDs and individual
GQDs. In Figure 6a, we plot the second-order intensity
correlation function g(z)(t) measured for a representa-
tive CdSe QD, which gives the probability of detecting
two consecutively emitted photons at variable time
delays.3®*” If an excitation pulse has already triggered
a photon from a single CdSe QD, no other photons
would be emitted within the pulse duration due to the
quantized nature of its energy level structures,®® thus
leading to a missing peak, or a vanishing g®(t) prob-
ability, at zero time delay in Figure 6a. On the other
hand, the probability of registering a second photon
would be high with the arrivals of other excitation
pulses, so that one could observe all of those peaks
at the integer multiples of the pulse separation of
~100 ns. We then performed the same g®(t) measure-
ments with ~10 single- or few-layer individual GQDs,
corresponding to those dimer spots in Figure 4a. As
shown in Figure 6b for a representative GQD, the appear-
ance of a central peak at zero time delay unambiguously
proves that multiple photons are emitted with the
excitation of a single laser pulse and it cannot serve as
a quantized single photon emitter. We next investigated
if an individual GQD can be treated as a single molecular
emitter, whose fluorescence should universally possess
an intensity intermittency,®*”3? which is representatively
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Figure 6. Second-order photon correlation functions measured for (a) a single CdSe QD and (b) an individual GQD. PL
intensity versus time traces measured for (c) a single CdSe QD and (d) an individual GQD. All of the measurements were
performed at room temperature with a 10 MHz, pulsed 405 nm laser.

shown in Figure 6c¢ for a single CdSe QD. In contrast, all
of the individual GQDs studied showed stable fluores-
cence over the measurement time, as can be clearly
seen in Figure 6d from the PL intensity versus time trace
of a representative GQD. This kind of stable fluores-
cence, which is free of PL intermittency and bleaching
effects, highlights the great advantage of individual
GQDs over traditional organic dyes and semiconductor
QDs as nanometer-sized fluorescent chromophores.
The dramatically different optical behaviors be-
tween single CdSe QDs and individual GQDs might
point to the fact that optical emissions of GQDs are
mainly from continuous defect states. Then a full
understanding of the formation mechanisms of these
defect states and a judicious control of their fluorescent
characteristics in future work would benefit a variety of
applications for both GO sheets and GQDs,"*'>% espe-
cially those specific to GQDs in biological labeling, ima-
ging, and functional nanodevices.'®***® On the other
hand, this discrepancy might reflect an alternative sce-
nario where the 2D sheet of a single-layer GQD can be still
divided into even smaller sp?> domains separated by
oxygen functional groups, so that the single-particle
spectroscopic measurement is in fact conducted on a
fluorescent ensemble. This is supported by previous
scanning tunneling microscopy*®*' and TEM*? measure-
ments with GO sheets that have revealed the existence of

EXPERIMENTAL SECTION

Sample Preparation. The GQDs were prepared by a hydro-
thermal cutting method'® without further dialysis. As a refer-
ence for the single-particle spectroscopic measurement, we

XU ET AL.

nanometer-sized sp? clusters (~2—3 nm), whose isolated
form of ultrasmall (~1.65 nm) GQDs was recently re-
ported to emit ultraviolet light2! In this case, we believe
that more exciting breakthroughs would be made if
quantized optical emissions from the real sp? domains
can be finally brought into play to greatly boom the
fundamental research of GQDs in the context of quantum
information science applications.

CONCLUSIONS

To summarize, we have studied individual GQDs
with a single-particle spectroscopic technique, which
has provided a more informative description of their
optical properties than the ensemble approach.
Although the PL lineshapes and peak positions of
individual GQDs are not size-dependent, their PL in-
tensities and lifetimes are strongly affected by the
number of composing layers. Upon being aged in the
ambient atmosphere, nearly all of the individual GQDs
measured showed some degree of red-shifted PL,
which could be recovered back with the addition of
water molecules. Finally, no single photon emission
was detected from individual GQDs, but their stable
fluorescence, which is free of the PL intermittency and
bleaching effects, may indicate their great advantage
over traditional organic dyes and semiconductor QDs
as nanometer-sized fluorescent chromophores.

also studied commercial CdSe QDs with the emission peak
wavelength at ~655 nm (Qdot 655 from Invitrogen). One drop
of the sample solution with an appropriate density of GQDs or
CdSe QDs dispersed in deionized water was spin-cast onto a
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fused silica coverslip to form a solid film for the optical
characterizations.

Optical Characterization. All of the optical measurements were
performed at room temperature unless otherwise specified in
the text. The 800 nm output of a 76 MHz, picosecond Ti:sapphire
laser was used to get the excitation wavelengths of 400 and
266 nm from the second and third harmonic generation
processes, respectively. The 266 or 400 nm laser beam with
a power density of ~100 W/cm? and at an incident angle of
~45° relative to the normal direction was focused onto the GQD
sample films at either room temperature or low temperatures
with a helium flow cryostat. The fluorescence signal was
collected vertically from the film surface by a 60x microscope
objective and sent through a 0.5 m spectrometer to a charge-
coupled-device camera for spatial and spectral PL characteriza-
tions or to an avalanche photodiode for the PL decay measure-
ments using a time-correlated single-photon counting system
with a time resolution of ~250 ps. Since the PL decay lifetimes of
GQDs studied here are on the time scale of several nanosconds,
we mainly used a laser repetition rate of ~76 MHz for all of the
PL decay measurements. We have also employed smaller laser
repetition rates for the time-resolved measurements, and the
weighted-average lifetimes of GQDs are basically the same
within the experimental error (see Supporting Information,
Figure S2). For the PL intensity versus time trace and photon
antibunching measurements, the GQD or CdSe QD sample was
loaded to a scanning confocal microscope equipped with a
piezo scanner with a spatial resolution of ~100 nm. The 405 nm
beam of a 10 MHz, picosecond diode laser was focused onto the
sample surface at the power density of ~100 W/cm? with a
100x immersion-oil objective. The single-particle fluorescence
signal was collected by the same objective and sent through a
beamsplitter tube to two avalanche photodiodes in a Hanbury
Brown—Twiss configuration.
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