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of a few tens of nanometers.[1] Although 
their intriguing chemical and physical 
properties have been the focus of many 
recent studies, exact values of some of 
them are only poorly known.[2] One of 
the main but hard to measure photo-
physical properties is the fluorescence 
quantum yield (QY) that is defined as the 
ratio of the number of photons emitted 
by a fluorophore to the number of pho-
tons absorbed by that fluorophore. It 
determines the fluorophore’s brightness 
(number of fluorescence photons per 
time at a given excitation intensity) and 
hence its suitability for all applications 
where its ability to emit light is vital. 
Although standard methods such as the 
integrating sphere or the comparison to 
a reference sample allow for the reliable 
measurement of QY values of many types 
of fluorophores, they are prone to con-
siderable errors when the photo-physical 
properties of a sample are non-uniform or 
when a sample contains a fraction of non-
luminescent but light-absorbing species.[3] 
Their light absorption and subsequent 
non-radiative de-excitation reduces the 

apparent QY of a sample, in proportion to the relative amount 
of the non-luminescent impurities. Despite a few reports on 
the synthesis of chemically identical GQDs using a bottom-
up approach,[4] most of the methods that are based on a top-
down approach result in non-uniform optical properties and 
the presence of non-luminescent impurities.[5] As a result, the 
reported QY values of GQDs with similar spectral properties 
differ widely from publication to publication, within the range 
of 0.03–0.53.[6]

An elegant way of measuring absolute QY values of lumi-
nescent particles is by using the Purcell effect, that is, by 
modulating their radiative rate of emission by placing them 
into a non-uniform environment.[7] This approach does not 
require optical absorption measurements and thus excludes 
the influence of non-luminescent species within the sample. 
Modulation of the de-excitation rate has been demonstrated 
for immobilized fluorophores placed close to a dielectric inter-
face,[8] a sharp tip of a scanning probe microscope,[9] a metallic 
mirror,[10] a metallic nanoparticle,[11] between two gold nanopar-
ticles,[12] or between the mirrors of a nanocavity.[13] The latter 
can also be used to modulate the radiative rate of an ensemble 
of fluorophores freely diffusing in solution. Changing the size 
of the nanocavity (distance between the two metallic mirrors)[14] 

A fundamental but difficult to assess photophysical property of quantum 
emitters is their fluorescence quantum yield. It describes how efficiently a 
fluorophore converts absorbed light into fluorescence. Conventional meas-
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encountered in complex systems such as graphene quantum dots that are 
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tion of the quantum yield of the luminescent species. Here, a plasmonic 
nanocavity-based method is used to measure absolute quantum yields of 
graphene quantum dots by modulating their radiative rate. This method 
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measure absolute values of quantum yield of the luminescent nanoparticles. 
The determined quantum yields of nearly 100% significantly exceed previ-
ously reported values. By comparing these values with those obtained with a 
comparative method, the average size and relative concentration of the non-
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1. Introduction

Graphene quantum dots (GQDs) are nanoparticles that con-
sist of one or few layers of graphene and have a lateral size 

© 2021 The Authors. Advanced Optical Materials published by Wiley-
VCH GmbH. This is an open access article under the terms of the 
Creative Commons Attribution-NonCommercial-NoDerivs License, 
which permits use and distribution in any medium, provided the original 
work is properly cited, the use is non-commercial and no modifications 
or adaptations are made.
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modulates the mode structure of the vacuum electromagnetic 
field, which changes the de-excitation rate of a fluorophore 
inside the cavity. This effect forms the basis of the recently 
developed nanocavity-based method for absolute QY meas-
urements of dye molecules,[15] semiconductor nanocrystals,[16] 
fluorescent proteins[17] as well as such complex systems as mix-
tures of different types of quantum emitters[18] or molecules 
embedded into a lipid bilayer.[19]

In the present paper, we apply the tunable nanocavity 
method for measuring QY values of GQDs. The core advantage 
is that this method is completely insensitive to the presence 
of non-luminescent particles or impurities. We compare our 
nanocavity results with values obtained by using a conventional 
method. We demonstrate that nanocavity-based measurements 
of non-purified and purified samples yield nearly equal values, 
while the conventional method of comparing against a fluores-
cence standard results in lower QY values depending on the 
sample purity.

2. Results and Discussion

To demonstrate that the nanocavity-based method is applicable 
for GQDs fluorescing in different spectral ranges, we used 
blue-, cyan- and green-emitting nanoparticles (Sigma-Aldrich, 
product numbers 900  708, 900  707, and 900  712, respectively) 
synthesized from graphite using a top-down electrochemical 
method described in ref. [20]. The samples show bright lumi-
nescence with maxima at 448,  473, and  520  nm (black dotted 
curves in Figure 1). Recent single particle measurements of 
the GQDs showed that their emission stems from surface 
emission cites[2c] that were recently identified also by other 
research groups.[21] To measure the average size of lumines-
cent nanoparticles, we performed fluorescence correlation 
spectroscopy (FCS) measurements of GQDs in aqueous solu-
tion that allowed us to unambiguously link their size with 
luminescence.[22] FCS measurements on aqueous solutions of 
GQDs could be well fitted with two diffusion components that 

Adv. Optical Mater. 2021, 9, 2100314

Figure 1. Absorption, excitation, and emission spectra of an ensemble of unfiltered and filtered graphene quantum dots and of dye molecules in 
aqueous solution.
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we attribute to two different populations of particles with dif-
ferent average sizes (Figure 2).[23] When using an oblate sphe-
roid model for the shape of a graphene nanoparticle, we find 
for the green curves in Figure 2a lateral diameter in the range 

from 4.9 to 6.5 nm when assuming that one particle consists of 
only one single graphene layer. The red curves in Figure  2a,b 
reveal significantly slower diffusion values that correspond to 
dimensions of at least several tens of nanometers. This com-
ponent is attributed to large single particles or aggregates. The 
FCS curve of the green-emitting sample (Figure  2c) does not 
show the presence of a slow-diffusing component. This sug-
gests a higher mono-dispersity of green GQDs and the absence 
of large aggregates.

Extensive FCS studies of fluorescence dynamics of dye mole-
cules showed that signal fluctuations on a sub-microsecond 
time scale can be attributed to rotational diffusion of the aniso-
tropic emitters and/or their rapid blinking.[22,23] Recent studies 
of fluorescence blinking of carbon dots for which fluorescence 
emission does also originate from surface states did show that 
fluorescence fluctuations in the range from 10−7–10−5 s have the 
same origin.[24] Therefore, for all three samples, we attribute 
the sub-microsecond FCS decay to rotational diffusion or tri-
plet state photophysics. Further details on FCS measurements 
can be found in the Supporting Information (Section S1, Sup-
porting Information).

For the referential QY measurement based on comparing 
against a fluorescence standard, we used the dyes Alexa 350, 
Atto 390, and Atto 488 as references (Section S2, Supporting 
Information). All three dyes absorb and emit light in the same 
spectral ranges as the blue, cyan, and green GQDs, respectively 
(shaded areas in Figure 1).

GQD purification was done using an extruder (Avanti Mini 
Extruder, Avanti Polar Lipids) and by passing the aqueous 
GQD-containing solution through a polycarbonate membrane 
with a pore diameter of 50  nm (polycarbonate membrane 
0.05 µm 19 mm, Avanti Polar Lipids). While purification did not 
lead to any significant changes in the emission (red vs black 
dotted curves in Figure  1) and excitation (red vs black dashed 
curves in Figure  1) spectra of nanoparticles, the absorption 
spectra exhibited a certain redistribution of spectral bands. This 
suggests that the purification did not change the population of 
luminescent GQDs with dimensions on the order of several 
nanometers, but reduced the presence of larger non-lumines-
cent species that contribute only to the absorption spectrum.

Nanocavity-based QY measurements were performed using 
a confocal microscope that was equipped with a pulsed excita-
tion laser and a single photon avalanche diode with time-cor-
related single photon counting electronics for luminescence 
lifetime measurements (Figure 3). The plasmonic nanocavity 
consists of two silver layers that were deposited by vapor depo-
sition onto the surfaces of a glass cover slide (30  nm, bottom 
mirror) and a plano-convex lens (60 nm, upper mirror), respec-
tively. Prior to silver deposition, glass substrates were coated 
with a 2 nm thick titanium layer for better adhesion of silver. 
The thicker upper mirror maximized the collection efficiency 
of the fluorescence that was mostly transmitted through the 
bottom mirror toward the high numerical aperture objective 
lens. The spherical shape of the upper mirror allows for easy 
modulation of the cavity length by laterally moving the cavity 
with respect to the excitation focus with a piezo scan stage. For 
a given lateral laser focus position, the exact distance between 
the cavity mirrors was determined by measuring a white light 
transmission spectrum, using a broad-band halogen lamp as 

Adv. Optical Mater. 2021, 9, 2100314

Figure 2. Fluorescence correlation spectroscopy measurements of gra-
phene quantum dots in water. Open circles are experimental data; solid 
curves are theoretical fits. The green and red curves correspond to two 
diffusion components that correspond to few nanometer-sized particles 
and to large aggregates, respectively. <D> is the average diameter of lumi-
nescent particles as deduced from the diffusion-related correlation decay 
shown in green.
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excitation source. For the excited state lifetime measurements, 
a droplet of aqueous solution of GQDs was placed between the 
cavity mirrors. The lifetime measurements were done across 
the first interference ring (λ/2 region) of the cavity that can be 
seen in the white light transmission pattern as the first color 
ring around the center of the cavity (inset in Figure 3), a region 
where the lifetime modulation of a fluorophore is maximized. 
The measurements of the blue and cyan samples were done 
using a diode UV laser emitting at 378 nm; the measurements 
of the green GQDs were performed using the 485 nm light of 
a supercontinuum laser. Further details of the experimental 
setup can be found in the Supporting Information (Section S3, 
Supporting Information).

Open circles in Figure 4 show results for the excited state 
lifetime measurements of GQDs at different cavity lengths. For 
each data point, both the fluorescence decay and the white light 
transmission spectrum were measured. The obtained curve 
was fitted with a theoretical model that takes into account all 
the parameters of the optical system and the electrodynamic 
coupling of a quantum emitter to a planar metallic nanocavity. 
Since the particles studied have fixed linear emission and 
excitation transition dipole moments (see ref. [2c] for more 
details), the model explicitly takes into account the orientation-
dependent interaction of GQDs with the cavity.[15a] The only free 
parameters of this model are the QY and the free-space (out-
of-cavity) lifetime values. A complete description of the model 
can be found in ref. [15b]. Comparison of the free-space lifetime  

as calculated from the nanocavity measurements with a value 
measured in a droplet of solution placed on a clean glass cover 
slide allows us to estimate the reliability of the obtained QY 
value.
Table 1 (column Φcavity) shows the determined QY and life-

time values of the GQDs. For all the three types of GQDs, both 
filtered and unfiltered samples showed identical QY values 
within measurement error margins. The difference between the 
calculated and measured free-space lifetimes for all the GQDs 
samples did not exceed 3%, confirming reliability of the calcu-
lated QY values. Furthermore, the identity of QY values for the 
unfiltered and filtered samples suggests that the population of 
the luminescent particles did not change during purification.

Since not all QY values of the dyes that were selected as ref-
erence for the comparative QY determination were known from 
literature, we measured all three reference samples also using 

Adv. Optical Mater. 2021, 9, 2100314

Figure 3. Schematic of the confocal scanning microscope and the plas-
monic nanocavity that were used for measuring absolute quantum yields 
of graphene quantum dots. The inset shows the white light transmission 
pattern around the center of the nanocavity. The first color ring corre-
sponds to the λ/2 region of the cavity.

Figure 4. Excited state lifetime of graphene quantum dots as a function 
of the cavity length. Open black and red circles are data that were meas-
ured from unfiltered and filtered samples, respectively. The fit parameters 
are the fluorescence quantum yield and the excited state lifetime in the 
absence of the cavity.
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the nanocavity-based method as described above (see Table  1, 
column Φcavity). This allowed us to obtain absolute QY values 
using the same technique for all the three dyes that is an essen-
tial prerequisite for a consistent comparison of all results. The 
experimental data and fits for the nanocavity-based QY meas-
urements of the dyes can be found in the Supporting Informa-
tion (Section S4, Supporting Information).

To determine reliable QY values of GQDs by comparing 
against the reference dyes, fluorescence intensities of reference 
and test samples were measured over a range of fluorophore 
concentrations corresponding to five different extinction values 
at the excitation wavelength. This allowed us to minimize inac-
curacies of the QY determination due to errors in the optical 
absorption measurements. Sample concentrations were chosen 
in such a way that the maximum extinction did not exceed 0.1, 
so that non-linear (re-absorption) processes can be neglected. A 
detailed description of the complete QY measurement proce-
dure is given in the Supporting Information (Section S5, Sup-
porting Information).

The GQD QY values that were obtained by referencing 
against the dye solutions (Table  1, column Φcomp) are signifi-
cantly lower than those obtained with the nanocavity. This sug-
gests that all measured samples contain non-luminescent 
but light-absorbing contaminations. Their presence leads to 
a systematic underestimation of the average QY when using 
the comparative method, while the nanocavity-based measure-
ments deliver absolute unbiased QY values. Since we detected 
no signs of other fluorophores than GQDs in our samples, we 
attribute the non-luminescent species to GQDs without lumi-
nescent centers. The top-down synthesis leads to non-uni-
formity of nanoparticle structure and diversity of surface group 
types.[2c] Such surface state diversity has been observed before 
for carbon dots[25] or SiO2 nanoparticles.[26] A further analysis of 
the obtained values reveals more details about the character of 
the non-luminescent species and their relative amount for each 
of the GQD types.

The nearly identical values obtained using the comparative 
method for the unfiltered and filtered green GQDs and the sig-
nificantly higher values determined using the nanocavity-based 
method suggest that the sample contains a large fraction of 
non-luminescent particles whose population was not changed 
during purification. Hence, their dimensions and absorp-
tion cross-section are comparable to those of the luminescent 

GQDs. This conclusion is also supported by the FCS measure-
ments (Figure  2c) that show that, in contrast to cyan or blue 
GQDs, the green sample has no particles or aggregates that 
are larger than a few tens of nanometers. These results suggest 
that for the green GQD sample, the ratio of the concentrations 
of luminescent and non-luminescent particles is comparable to 
the ratio of quantum yields that was obtained using the nano-
cavity (0.82) and the comparative (0.14) methods, respectively.

In contrast to the green GQDs, the blue and cyan samples 
showed an increase of the QY value as measured with the com-
parative method during purification. This suggests that both 
unfiltered samples contained a fraction of large non-lumines-
cent particles or aggregates with sizes larger than filter pores. 
This conclusion agrees also with the FCS measurements that 
show the presence of particles or aggregates that have dimen-
sions of hundreds of nanometers. However, the significant dif-
ference between the QY values of the filtered samples obtained 
with the nanocavity and with the dye references suggest that 
small non-luminescent particles that passed the purification 
were also present in the cyan and blue samples. While it is hard 
to make precise estimations of the absorption cross-sections of 
larger aggregates and thus their amount, a comparison of the 
QY values of the filtered cyan (0.89 and 0.53) and blue (0.98 and 
0.67) samples as measured with the two methods suggests that 
the concentrations of the optically active and inactive particles 
in both samples are similar.

3. Conclusions

In summary, by measuring QY values of different types 
of GQDs using the nanocavity-based and the comparative 
methods, we showed that all samples contain a significant 
fraction of non-luminescent but optically absorbing species. 
Their presence leads to a gross underestimation of the QY 
values of light-emitting particles as measured by referencing 
against a dye solution. Comparison of QY values for the unfil-
tered and filtered samples obtained with the two fundamen-
tally different techniques (referencing or nanocavity) allows 
one to quantify the average size and relative concentration of 
the non-luminescent particles. The nanocavity-based method 
is applicable to all types of quantum emitters, including such 
complex samples as semiconductor nanocrystals, carbon dots, 

Adv. Optical Mater. 2021, 9, 2100314

Table 1. Results of the quantum yield and excited state lifetime measurements of dye molecules and graphene quantum dots. Comparative quantum 
yield values for the dye molecules are not provided because they served as reference.

Fluorophore Φcavity t0_cavity [ns] t0_meas [ns] Φcomp

Alexa 350 0.91 ± 0.01 4.7 ± 0.1 4.6 ± 0.05 –

Atto 390 0.96 ± 0.01 5.0 ± 0.1 5.0 ± 0.05 –

Atto 488 0.83 ± 0.01 4.2 ± 0.1 4.2 ± 0.05 –

Blue GQDs unfiltered 0.95 ± 0.01 14.0 ± 0.3 13.7 ± 0.05 0.63

Blue GQDs filtered 0.98 ± 0.01 14.0 ± 0.2 14.0 ± 0.05 0.67

Cyan GQDs unfiltered 0.90 ± 0.01 4.7 ± 0.1 4.7 ± 0.05 0.36

Cyan GQDs filtered 0.89 ± 0.01 4.8 ± 0.1 4.6 ± 0.05 0.53

Green GQDs unfiltered 0.80 ± 0.01 4.0 ± 0.1 4.1 ± 0.05 0.15

Green GQDs filtered 0.82 ± 0.01 3.9 ± 0.1 4.1 ± 0.05 0.14
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or fluorescent proteins. Therefore, we envision that the experi-
mental approach suggested in this work will be useful not only 
for measuring absolute QY values of luminescent nanostruc-
tures in various complex systems, but can also help to estimate 
properties of non-emitting but optically absorbing species.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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