N

N

Investigation of Rod-shaped Single Graphene Quantum
Dot

Hugo Levy-Falk, Océane Capelle, Thomas Liu, Emmanuelle Deleporte, Loic

Rondin, Jean-Sébastien Lauret, Daniel Medina-Lopez, Stéphane Campidelli

» To cite this version:

Hugo Levy-Falk, Océane Capelle, Thomas Liu, Emmanuelle Deleporte, Loic Rondin, et al.. In-
vestigation of Rod-shaped Single Graphene Quantum Dot. physica status solidi (b), In press,
10.1002/pssb.202300310 .  hal-04265070

HAL Id: hal-04265070
https://hal.science/hal-04265070
Submitted on 30 Oct 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-04265070
https://hal.archives-ouvertes.fr

WILEY-VCH

Investigation of Rod-shaped Single Graphene Quantum Dot

Hugo Levy-Falk Océane Capelle Thomas Liu Daniel Medina-Lopez Emmanuelle Deleporte Stéphane
Campidelli Loic Rondin Jean-Sébastien Lauret™

H. Levy-Falk, O. Capelle, Dr. T. Liu, Prof. E. Deleporte, Dr. L. Rondin, Prof. JS Lauret
LUMIN, Université Paris Saclay, ENS Paris Saclay, CentraleSupelec, CNRS, Orsay, France
Email Address:lauret@ens-paris-saclay.fr

Dr. D. Medina-Lopez, Dr. S. Campidelli

Université Paris-Saclay, CEA, CNRS, NIMBE, LICSEN, 91191 Gif-sur-Yvette, France

Keywords: Nanographene, quantum dot, single photon

In recent years, there has been a resurgence of interest in graphene quantum dots (i.e. large polycyclic aromatic hydrocarbons) in
particular due to their interesting properties as single quantum emitters. Here, we report on a thorough study of a graphene quan-
tum dot made of 96 carbon atoms in a Daj symmetry. In particular, experiments at the single molecule level reveal that this graphene
quantum dot structure is a bright and photo-stable single photon emitter at room temperature. Finally, a statistical study of the
emission wavelength as a function of the graphene quantum dot concentration highlights the high purity and degree of control on the
samples.

1 Introduction

Graphene Quantum Dots (GQDs), large polycyclic aromatic hydrocarbons (PAHs) with ~100 sp? car-
bon atoms or more, are a promising platform for many applications. Among many examples, GQDs films
can exhibit amplified spontaneous emission [1], near-infrared lasing [2], or be stable quantum light emit-
ters [3, 4]. Many synthesis methods have been proposed for GQDs, often classified between ”top-down”
and "bottom-up” routes [5]. These can be complemented by post-synthetic modification and functional-
ization, for example, to protect carbon dots from degradation [6]. Among the challenges of using GQDs
for single-molecule applications, aggregation of the dots can alter their properties significantly [7]. Bottom-
up synthesis is of peculiar interest for the study of fundamental properties of GQDs, as it yields quan-
tum dots with well-defined structure and size. Recently, we reported on a new bottom-up synthesis of
rod-shaped GQDs with a number of carbon atoms ranging from 78 to 132 [8]. Bulky tert-butyl groups
have been added at specific locations on the structure leading to a drastic enhancement of the solubility,
in contrast to our previously reported triangular GQDs [9], thus allowing the use of standard purification
techniques to remove by-products such as chlorinated materials of incompletely oxidized GQDs. As a re-
sult, purified samples of CggtBug are obtained, characterized by a very clean photo-luminescence (PL)
spectrum in solution and a photo-luminescence quantum yield (PLQY) as high as ~95 %. Harvesting
the full potential of these properties and attempting any more complex experiment with those GQDs re-
quires single-molecule characterization.

This paper focuses on the single-molecule characterization of the CggtBug GQD. We show that it can
be a very photo-stable single photon emitter at room temperature. Then, performing statistics on sam-
ples with various concentrations in the original solution, we study the purity of the synthesized samples
and highlight the low amount of by-product impurities and aggregates.

2 Results and discussion

2.1 Optical properties of CggtBug in solution

The structure of CggtBug is shown in Figure la. Powders of such compounds can be dissolved in or-
ganic solvents, such as 1,2,4 trichlorobenzene (TCB) or tertahydrofuran (THF). Figure 1b shows the
absorption spectrum, photoluminescence spectrum, and photoluminescence excitation spectrum (PLE)



. . . . . WILEY-VCH
2.2 Photoluminescence properties of single CgstBug in PS matrix

of a solution of CggtBug in THF. A sharp zero-phonon line (ZPL) at 2.058 eV is observed in the ab-
sorption spectrum, which also displays the vibrational progression corresponding to the main absorp-
tion bands. The peaks at 2.222 eV and 2.262 eV correspond to the vibronic (0-1) replica of the zero-
phonon that we attribute to molecular vibrations at 170 and 200 meV resulting from linear combinations
of localized vibrations of carbon-carbon bonds [8]. The second singlet transition band is also visible at
2.69 eV and features the same vibronic replica. The sharp features present in the absorption spectrum
make CggtBug standing out among previously reported GQDs where the absorption of aggregates dom-
inates the spectra [9, 10, 11]. We measured the molar extinction coefficient of CggtBug in THF solution

at the second band to 488760 M~'-cm ™!, which corresponds to an effective cross-section of ~ 18 A% and
equivalent to ~ 2.107'7 em?/carbon atom. This value is comparable to the absorption cross-sections at
the second excitonic transition measured for carbon nanotubes [12].

The photoluminescence spectrum shown in Figure 1b features a sharp zero-phonon line at 2.026 eV. The
corresponding Stokes shift is 32 meV, which is on-par with smaller PAHs, e.g., perylene (35 meV) [13].
Two vibronic replicas at ~170 meV complete the mirror symmetry. This spectrum is typical for the emis-
sion from GQDs monomers [9, 3]. It is worth mentioning that almost no emission is observed at higher
energy in contrast with our previous report on triangle-shaped Cgg(C12Hzs)6 [14]. This is related to

the solubility and purity of this family of GQDs [8]. The excitation spectrum, collected on the edge of
the zero-phonon line, is shown in Figure 1b. The spectrum perfectly matches the absorption spectrum,
which confirms that GQDs are highly individualized in the solution. Indeed, since the emission spectrum
is associated with emission from monomers, the good overlap of excitation and absorption spectra means
that the species absorbing are the same as the ones emitting.

Time-resolved photoluminescence traces reported in Figure 1c further confirm these results. Both mea-
surements, collected at 1.99 eV and 1.84 eV, are characterized by an almost mono-exponential decay
with a characteristic decay time of ~2.82 ns. A second exponential with low fractional contribution (around
6 %) and a lifetime of 10.1 ns is needed to fit the decay curve [15]. This almost mono-exponential decay
advocates for an emission spectrum that originates almost solely from one species of emitters.

2.2 Photoluminescence properties of single CgygtBug in PS matrix

The single-molecule study was conducted on thin polystyrene films doped with CggtBug at different
concentrations and at room temperature. Samples were prepared as described in the experimental sec-
tion. Figure 2a shows a raster confocal fluorescence scan excited by a 594 nm laser (2.087 eV). Diffraction-
limited spots were selected for spectroscopy studies.

First, second-order correlation measurements (¢(® (7)) under continuous illumination were performed
using a homemade Hanbury Brown and Twiss interferometer. Figure 2c gives a typical histogram for a
correlation measured under 0.15 kW /cm? excitation with the corresponding fitted g® (7). The fit yielded
g® (1 = 0) = 0.17, which is a precise indicator for single-photon emitters [16]. Note here that no back-
ground subtraction has been done. Rise-time was fitted to 2.43 ns, which is shorter than the lifetime

in solution (2.82 ns). This is expected for a single emitter under continuous excitation, as the laser in-
creases the effective transition rate [17]. Moreover, Figure 2c displays bunching (¢ (7) > 1) at 7 # 0,
which we attribute to the presence of a meta-stable triplet state that lies below the first singlet excited
state [17].

A typical photoluminescence spectrum from a single CggtBug is shown in Figure 2b. The emission spec-
trum is well-fitted using three Lorentzian profiles centered here at 2.00 eV, 1.83 eV, and 1.66 eV, re-
spectively. We investigate later the variations in ZPL energy. The energy gap AE;_5.5_3 between lines

is 170 meV, similar to the ones in solution.

Figure 2d is a polarization diagram reporting emission and excitation scans for a single CggtBug. It
shows that emission and absorption from a single CggtBug are linearly polarized and that absorption
and emission dipoles share the same direction. This confirms the theoretical predictions and anisotropy
measurements in solution previously reported [§].

A typical time trace at low excitation intensity (0.15kW /cm?) is shown in Figure 2e. A signal-to-noise
ratio (SNR) of 9.16 is measured. The excellent agreement with the expected theoretical SNR (~ 9.53)
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Figure 1: (a) Chemical structure of CggtBug. tBu: tert-butyl.(b) Absorption spectrum (solid green line), photolumines-
cence spectrum excited at 2.69 eV (solid blue line) and excitation spectrum collected at 1.99 eV (solid yellow line) in THF.
Excitation and absorption spectra superimpose neatly, hinting at no aggregation in the sample. (¢) Time-resolved photo-
luminescence traces collected around the zero-phonon line at 1.99 eV (solid blue line) and around the first phonon replica
at 1.84 eV (solid yellow line) in TCB. The instrument response function is in grey. Decays were fitted with two exponential
(solid green line), yielding lifetimes of 2.82 and 10.1 ns, respectively. f; indicates fractional contribution [15] of component

7.
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Figure 2: (a) Confocal raster scans of sample with CggtBug in PS matrix displaying diffraction-limited emission spots.
Concentration in the solution was 54.6 pM. (b) Typical PL spectrum of a single CggtBug (solid black), with the corre-
sponding fitted model (solid red). The model includes setup transmission (solid light gray) and three Lorentzian peaks
(dashed green). (c¢) Second-order correlation measurement, excited at 0.15 kW /cm?. The histogram (black circles) is
fitted using a single exponential with a constant added to account for bunching (solid red line). g (1) at origin is fit-

ted at 0.17, and the characteristic time of the exponential is 2.43 ns. (d) Emission polarization diagram (black circles)
fitted with Malus’s law (solid red line) and excitation polarization scan (grey circles) fitted with Malus’s law (dashed

blue line). The two fit superimpose nearly perfectly. (e) Time trace of the measured emission of a single emitter at ex-
cited at 0.15 kW /cm?2. Binning rate is 100 Hz. The moving average over 2 s is plotted in solid red. Manual adjustments
of the setup are marked with a blue star. Other variations are attributed to experimental instabilities. (f) Saturation
curve of a single CggtBug (black circles). The curve is fitted to the model in equation 1, yielding a saturation intensity of
4.7 + 1.2 kW/cm? and an asymptotic rate of 234 & 23 ke/s. Signals for Figures (c), (d), (e) and (f) are collected over the
whole spectrum in Figure (b)

demonstrates that our measurement is shot noise limited. We also stress that no blinking was recorded
for binning rate used (100 Hz) and that the photon count rate remains constant under continuous illu-
mination for up to thirty minutes, demonstrating that CggtBug GQDs in the PS matrix are remarkably
stable, despite that no particular precaution has been taken to reach this result. Thus, we foresee that
GQDs stability can even be increased by a careful choice of matrix and preparation steps.

The high stability of single CggtBug allows for intensity saturation measurements. Figure 2f shows the
emission rate of a single CggtBug estimated from our setup transmission for various excitation inten-
sities. Given the observed bunching in the ¢!® measurement, we model the CggtBug by a three-levels
system leading to an emission rate written as

1
R_Rool‘i‘lsat/I’ (1)
where R, is the emission rate for infinitely high excitation intensity, I is the excitation intensity, and
I, the saturation intensity. Fitting this model to the data in Figure 2f yields a saturated emission rate
R of 234 £+ 23 kc/s and a saturation intensity g, of 4.7 £ 1.2 kW/ cm?. This saturated emission rate
is in good agreement with the excellent quantum efficiency measured in the solution and the collection
efficiency of our setup.

2.3 Statistical study of diffraction-limited emitters.

Sample preparation is a crucial step in single-molecule experiments, mainly because impurities with emis-
sion spectra similar to the object of interest can make it challenging to ensure the right single-molecule
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Figure 3: (a) Confocal raster scans of four films with decreasing GQD concentration in the solution and reference sample
with PS matrix only. (b) Proportion of successfully (dark blue) and unsuccessfully (gray) fitted spectra observed in films
against the concentration of CggtBug in the solution. (c¢) Distribution of position of the zero-phonon line (dark blue) and
first vibronic replica (light blue) emission peaks of successfully fitted spectra. (d) Evolution of the standard deviation of
the peaks’ distribution for the concentrations of solution studied. (e) Comparison of the PL spectrum from a solution of
CystBug (solid yellow line) and the sum of all PL spectra from our most concentrated PS sample, 164 pMm (102 spectra,
solid blue line). Energies are centered around the ZPL of the averaged spectrum (2.016 eV). The dotted yellow line is the
spectrum in solution shifted by 9.4 meV, so ZPL is at 0 eV to compare its line width with that of the averaged spectrum.

is being observed. This problem has been raised in several studies, and different hypotheses have been
proposed for the origin of those impurities, ranging from solvent impurities [18] to organic impurities
from the caps of glass vials [19], impurities in polymer matrices [11], or defects in silica [20]. A thor-
ough investigation of fluorescent impurities in our single-molecule experiments can be found in refer-
ences [14, 9, 21]. Here, we demonstrate the high purity of our samples, making CgegtBug an ideal plat-
form to conduct single-molecule experiments.

To highlight the high purity of the synthesized CggtBug powders, we conducted a statistical study of
emission spectra from light emitters present in the PS matrix against the concentration of CggtBug in
the original solution. We prepared samples with various concentrations of CggtBug, ranging from 7.0 pm
to 170 pM, and a control sample without GQDs. As expected, the density of emitters available on a con-
focal scan decreases with lower concentrations of CggtBug in the solution, as shown in Figure 3a. Spec-
tra were classified using a simple three-emission-peaks model, following the method described in the ex-
perimental section. An example of a fit result is shown in Figure 2b. The proportion of spectra success-
fully fitted by the model increases with higher concentrations of GQDs, as shown in Figure 3b. This means
that the number of potential CggtBug in the sample increases as the concentration of the solution is in-
creased.

To further ensure that the spectra successfully fitted by the model correspond to CggtBug, the central
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emission energy of zero-phonon and first vibronic replica emission peaks were then grouped by sample
concentration and binned to form histograms such as presented in Figure 3c. These histograms show
that from a seemingly uniform distribution of central emission energy, the histograms look more and
more like a normal distribution when concentration increases. We then calculated the standard devi-
ation for each set of ZPL associated with a concentration. Figure 3d shows the evolution of the stan-
dard deviation of histograms for both emission peaks. It is clear that the standard deviation decreases
as CggtBug concentration increases, hinting that all emitters added in the polystyrene matrix, when in-
creasing concentration, have approximately the same emission energy.

From the evolution of the ratio of successfully fitted spectra and the decreasing standard deviations shown
in Figure 3d, we see that increasing the concentration in the solution before spin-coating mainly increases
the concentration of CggtBug in the film. Another phrasing of this last affirmation is that fluorescent
impurities in our samples do not arise from residual compounds from the synthesis of GQDs. The re-
maining possible impurities sources are thus substrate degradation, polymer matrix, and impurities from
the solvent.

As most of the emitters in the most concentrated sample appear to be CggtBug, it makes sense to link
the emission spectrum of those emitters to the emission spectrum in solution. Figure 3e shows the emis-
sion spectrum in solution as well as the mean of all 102 emission spectra recorded on our most concen-
trated sample (164 pMm). Both spectra have the same general features and, despite a ~ 15 meV red-
shift of the averaged spectrum, the same line widths. We attribute this red shift to solvatochromism. As
emission in the solution originates from individualized emitters, and because the distribution of ZPL is
very narrow, the similar line widths of the averaged spectrum and the spectrum in solution show that
the broadening in the emission spectrum of the solution is mostly homogeneous.

3 Conclusion

We have performed a statistical study of newly reported GQDs, CggtBug, at the single-molecule level.
We show that CggtBug GQDs are bright and stable single photons emitters at room temperature. Fur-
thermore, we confirmed the theoretical predictions of aligned excitation and emission dipoles for the first
singlet transition of the GQD. The statistical study as a function of the GQDs concentration shows a de-
crease of the standard deviation of 0-0 transition energy when concentration increases. It shows that a
large majority of the added emitters are indeed CogtBug GQDs and that almost no emitting by-products
are present in the sample highlighting its high purity.

Prospects for this family of GQDs include ultra-fast investigation of the internal conversion dynamics

as a function of the number of carbon atoms. Moreover, their good stability, high quantum yield, and
one-atom thickness make them desirable candidates for quantum sensing applications. In particular, it is
planned to use them to probe the surface properties of active materials.

4 Experimental Section

Characterization of CggtBug in solution: Rod-shaped CggtBug GQDs were synthesized and charac-
terized as previously reported [8]. They were then dispersed in spectroscopic-grade tetrahydrofuran pur-
chased from Thermo Scientific. The concentration of GQDs was assessed through the absorption spec-
trum of the solution using an FS5 spectrofluorometer from Edinburgh Instruments. Further dilutions al-
lowed getting the expected concentration of GQDs.

The molar extinction coefficient was assessed by dispersing a known mass of CggtBug, measured with a
micro-balance, in THF. Absorption spectra were then acquired for diluted solutions.

Preparation and characterization of CystBug embedded in polystyrene films:
A solution with 10 % w.r.t. of polystyrene in THF is then prepared. The solution was heated at 75 °C
for 30 minutes to dissolve the polystyrene beads completely. Both solutions are then mixed in equal vol-



WILEY-VCH

Table 1: Input parameters for Levenberg-Marquardt algorithm. HWHM, Half Width Half Maximum.

Peak Norm. Amplitude Center [eV] HWHM [meV]
Init. Min. Max. Init. Min. Max. Init. Min. Max.
1 1 0 +oo 2.0 1.90 210 100 6 162
2 1/3 0 +oo 183 1.75 19 100 6 138
3 0.1 0 +oo 1.67 155 1.75 50 10 250

umetric quantities. Reported concentrations in this work correspond to the calculated concentration of
GQDs in the resulting solution.

The films were then prepared by spin-coating the mixture on glass substrates (Schott Nexterion). The
substrates were plasma-cleaned for 20 minutes beforehand. The rotation speed was 1000 rpm, acceler-

ation 500 rpm/s, and rotation time 180 s. The samples were dried on a hot plate (90 °C) for 1 h. The

resulting films were 1 to 2 pm thick, measured with a profilometer.

Confocal microscopy and spectroscopy:

Single-molecule experiments were performed at room temperature on a homemade confocal microscope.
Samples are excited using a 594 nm c.w. laser (Cobolt Mambo 100) focused by a microscope objective
(0.95 NA MPLAPON100X M Plan Apochromat objective from Evident Scientific). Photoluminescence
from the sample is collected through the same lens. A laser beam splitter separates excitation and emis-
sion beams (zt 594 RDC, Chroma). Emission from the sample is then spatially filtered through a 75 pm
pin-hole, and residual light from the laser is filtered using a Thorlabs FELH0600 filter. Transmission
resulting from filters is reproduced from manufacturer data in Figure 2b (light gray). Detection is per-
formed using either silicon avalanche photodiodes (SPCM-AQR-13, Excelitas) for raster scans and ¢ (1)
measurements or a monochromator (SP-2350, Princeton Instruments) with an LN-cooled CCD camera
(PyLoN:100BR eXcelon, Princeton Instruments) for spectral measurements. Raster scans are recorded
using a dedicated acquisition card (PCle-6323, National Instruments) and a Python-based suite for ex-
periment control [22]. ¢®(7) acquisition was performed thanks to a TCSPC card (Swabian Time Tagger
20).

Semi-automatic treatment of PL spectra:

To ensure reliable and reproducible statistics on the distribution of peak emission wavelength, recorded
spectra were fitted with a model comprising three Lorentzian peaks and the transmission of the setup
based on manufacturer data for the dichroic mirror and clean-up filter. The model was fitted on each
normalized spectrum using the Levenberg—Marquardt algorithm with the input parameters given in Ta-
ble 1, and data points outside the transmission region of the filter were given a null weight. Spectra were
post-selected to remove fit results that would be difficult to interpret, including flat ones, which corre-
spond to impurities burning quickly. All treatments were performed using the Julia programming lan-
guage [23]. All data visualizations within this paper were plotted using the Makie.jl library [24].
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Supporting Information is available from the Wiley Online Library or from the author.
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