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ABSTRACT: Graphene nanoribbons (GNRs) combine the remark-
able optical and electronic properties of graphene with the presence
of a tunable band gap, making them promising for optoelectronic
applications. Here, we investigate the excitonic properties of
individual cove-edge GNRs through microphotoluminescence
(micro-PL) spectroscopy. We observe ultranarrow emission lines
with full width at half-maximum as low as 24 μeV, demonstrating a
reduction of inhomogeneous broadening by 3 orders of magnitude
compared to GNR ensembles. Temperature-dependent PL reveals
phonon-mediated broadening mechanisms, with electron−phonon
coupling parameters in agreement with ensemble studies but with
dramatically reduced line widths. Time-resolved PL suggests long-
lived excitonic states, while spectral diffusion analysis demonstrates stable emission energies, highlighting the exceptional quality of
these GNRs as single-photon emitters. The absence of intensity blinking and low Mandel parameters further support the robustness
of the emission properties. Our findings establish cove-edge GNRs as promising candidates for quantum light sources and nanoscale
optoelectronic applications.
KEYWORDS: graphene nanoribbons, photoluminescence, single-photon emission, spectral diffusion, time-resolved PL, zero-phonon line,
electron−phonon coupling

Carbon nanostructures have drawn a large amount of
scientific attention due to their outstanding optical and

electronic properties. However, the absence of a band gap in
graphene and the presence of dark states in single-walled
carbon nanotubes (CNTs) limits their potential for applica-
tions in optoelectronics, bioimaging, and solar energy
conversion, as well as in quantum technologies for single-
photon sources, upconversion, and sensing.1−4

Graphene nanoribbons (GNRs) combine the beneficial
properties of graphene with an electronic band gap, which is
necessary for many applications, such as light-emitting devices.
In contrast to CNTs, GNRs possess edges to which side
groups can be attached without disrupting their electronic
structure to e.g. prevent aggregation. These edges can be
controlled with atomic precision, allowing the tuning of optical
and electronic properties.5 This enables GNRs to overcome
the inherent PL quenching by dark states typically present in
semiconducting carbon nanostructures. Dark excitons occur in
carbon nanomaterials because of exchange- and symmetry-
induced exciton fine-structure splitting associated with valley
and spin degrees of freedom causing only one out of 16
possible exciton states to be bright.6,7

The edge modulation in cove-edge GNRs, which are GNRs
with zigzag edges with an additional carbon hexagon present in
every third spot on both sides (see Figure 1a), lifts the K-point
degeneracy and the 3-fold edge symmetry causes zone-folding
of the dark states into the Γ-point zone center, allowing all of
the previously dark excitons to mix and become much more
emissive.8

Although the optical properties of GNRs with various edges,
lengths, and widths have been extensively studied in theory,
experimental data on the excitonic behavior of GNRs are
largely missing.9−11 Existing work is generally limited to
ensembles of GNRs which show a broadened optical response
often dominated by defects12 or studies on surface-grown
GNRs suffering from luminescence quenching and showing
only STM-induced fluorescence.7
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Here we report the photoluminescence of individual cove-
edge GNRs. The cove-edge GNRs exhibit ultranarrow
emission lines, packing density dependent electron−phonon
coupling and strong indications of single-photon emission. We
study the excitonic properties of individual GNRs at different
temperatures, excitation energies and intensities revealing
graphitic (G) mode and radial-breathing-like modes (RBLM)
as the dominant phonon modes and homogeneous broadening
with an electron−phonon coupling strength and phonon
energy consistent with previous results as the main broadening
mechanism. The inhomogeneous broadening is dramatically
reduced compared to ensemble measurements. Time resolved
PL experiments show a slow and a fast component with exciton
lifetimes decreasing with increasing GNR packing density on
the substrate. In contrast to previous studies, the GNRs can be
deposited on any substrate by simple drop casting at sufficient
dilution.
To study the excitonic properties of individual GNRs, we

chose a micro-PL setup with a 1 μm focal spot and soluble
cove-edge GNRs,13 see Figure 1a. The GNRs are synthesized
via Diels−Alder cycloaddition and carry bulky N-n-octade-
cylmaleimide side groups with a grafting ratio of 77%. The
remaining sites are occupied by anthracene side groups. The
high solubility of these samples allows us to precisely dilute
them to very low densities in chloroform. We find that at
concentrations of 10−4 mg/mL we can dropcast 5 μL onto a
SiO2 wafer and create a sparse network of GNRs that can be
individually resolved in PL spectra of diffraction-limited spots.
A far-field 2D PL map of such a wafer is shown in Figure 1b.
The energy-integrated 60 × 60 μm micro-PL map with a pixel

size of 1 × 1 μm possesses areas of higher GNR packing
density with a bright PL response and areas of low GNR
packing density with weaker PL from one or two individual
spots. We compare the micro-PL spectra of high and low GNR
packing density areas in Figure 1c to a GNR ensemble
spectrum taken at a much higher concentration (10−2 mg/mL)
similar to the ensemble data we have presented previously.8

The GNR ensemble PL data shows a single smooth and
broadened zero-phonon line (ZPL) peak with a full width at
half-maximum (FWHM) of about 17 meV. In contrast, the
ZPL of individual GNRs can be resolved in the micro-PL data
of the dilute sample. In the higher packing density areas, tens
of GNRs can be resolved from their individual ZPL positions.
The small shifts in ZPL peak position are likely caused by
differences in the microscopic environment of the GNRs, see
further discussion below. In the lower packing density areas,
the micro-PL spectrum of an individual GNR can be detected.
These spectra consist of a single, extremely narrow ZPL peak
with detected FWHM values as low as 24 μeV (Figure 1d).
Note that these line widths are still resolution-limited with a
1500 + 1500 + 2000 l/mm triple grating 0.75 m spectrometer
in additive mode and are probably even narrower. This line
width is almost 3 orders of magnitude smaller than for the
GNR ensemble and still more than 20 times narrower than the
narrowest line widths of single GNRs reported to date, which
were measured in STM-induced electroluminescence experi-
ments.7,14 The observed large difference between line widths
for ensembles and individual chromophores is similar to
carbon nanotubes, where inhomogeneous broadening also
strongly affects ensemble samples.15

Figure 1. Photoluminescence from individual cove-edge graphene nanoribbons. (a) Molecular structure of the cove-edge GNR under study with N-
n-octadecylmaleimide and anthracene side groups. (b) Micro-PL 2D map of a dilute GNR sample on SiO2 with 1 μm pixel size. The PL intensity
was integrated in the ZPL-relevant spectral range (2.05−2.1 eV). (c) Normalized PL spectra of the same type of GNR at different concentrations.
(d) High-resolution PL spectrum of a single GNR with Lorentzian fit to the data and resulting FWHM. (e) Temperature evolution of the single
GNR ZPL line width under 2.25 eV excitation shown with fit line (see text). (f) Laser power dependence of the integrated PL peak area for two
single GNRs.
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Temperature-dependent micro-PL measurements of the
ZPL line width (Figure 1e) provide insights into the internal
processes involved in the emission. The T-dependence of the
line-broadening parameter Γ(T) can be fitted with the
expression Γ (T) = Γ0 + Γph = Γ0 + γ (eEph/kB T−1) −1 and
yields the inhomogeneous broadening linked to scattering on
terminations,16 Γ0 = 0.033 ± 0.030 meV, the homogeneous
broadening produced by phonon scattering17 Γph, and an
electron−phonon coupling strength γ = 2.0 ± 0.4 meV with
phonons at energy Eph = 4.8 ± 0.7 meV. Interestingly, the
coupling strength and phonon energy are nearly the same as
we found for ensemble measurements on the same GNRs,8 but
the inhomogeneous broadening is reduced by a factor of 500.
This vast difference between the inhomogeneous line width of
a single ribbon and GNR ensembles suggests that the
mechanism for photon emission in GNRs is connected to
long-lived excitons in a low energy state. This further suggests
that any individual GNR has sufficiently long exciton lifetimes
and diffusion lengths to emit from probably only a single
emission site governed by the local energy landscape of each
individual GNR, in equivalence to observations on individual
carbon nanotubes.18 The large relative error in the
inhomogeneous broadening parameter Γ0 obtained from the
fit indicates once more that the actual line widths of the ZPL
are likely narrower than our resolution-limited results.
The excitation power dependence of the integrated PL peak

area exhibits a linear relationship with slope 1 over the entire
studied range, see Figure 1f. This indicates the absence of
saturation and a low defect density in our samples. A rough
estimate for the PL quantum efficiency suggests that the
emission rates are consistent with a value approximately 2−10
times higher than the measured room temperature values for
ensemble measurements at 300 K of 7%.8

Many single-photon emitters such as quantum dots suffer
from two effects, namely spectral diffusion and intensity
blinking. These effects can be observed by taking a time series
of consecutive PL spectra. We have measured a series of 500
PL spectra with 250 ms acquisition time each for a single
GNR. The ribbon shows a single narrow emission line at 2093
meV (Figure 2a). Upon increasing the energy resolution, we
find that the spectral diffusion of the PL energy is within about
0.8 meV, see Figure 2b, a relative change in emission energy of
about 0.04%.

Spectral diffusion is a common effect in nanocrystals and
typically caused by Stark effects, i.e. charging of the sample or
substrate.19−22 While the hopping of the emission energy
within the observed range appears to be random, there are
discrete energies around which the emission fluctuates. These
discrete energies are separated by about 0.1−0.2 meV and the
most prominent one is around 2093.65 meV. The temporal
evolution of the PL intensity is given in Figure 2c, where each
individual pixel on the energy axis (pixel width 35 μeV) in
Figure 2b is assigned a separate color and the intensities are
stacked. This clearly demonstrates that the GNR only emits at
one energy at a given time, a quality typically found in single-
photon emitters.
The stability of the PL intensity over time can be quantified

with the Mandel parameter ( )Q 1n n
n

2 2

= where n is

the number of photons observed in a given time period (here
250 ms) and ⟨n⟩ is the mean value of n over the whole series.
The value of Q provides a measure of the deviation of the PL
intensity distribution from the Poissonian distribution of
detector shot noise. Values close to Q = 1 show that the system
is in the shot noise limit.23 We find Q = 1.6, suggesting the
single GNR PL emission is basically free from long time scale
fluctuations and is shot noise limited. A histogram of the PL
intensity (bin size = 5) is shown with a Gaussian fit in Figure
2d, the fit returns a line width of FWHM = 60 ± 1 arb. un.
which is about 13% of the mean cumulative PL intensity.
The low Q value suggests that the PL emission of individual

GNRs originates from a two state system. The presence of
photoluminescence bleaching within hours and relatively low
PL intensities prevented successful observation of photon
antibunching for our samples. However, a previous study on
individual color centers in doped SWCNTs found that values
of Q < 5 correlate with single-photon emission, whereas no
single-photon emission was reported for SWCNTs with higher
Q values which can be up to several hundreds.24,25 It is worth
noting, that our GNR samples achieve these extremely low Q
values in a pristine state without the presence of color centers.
This highlights the purity of our samples and underlines their
potential as promising emitter material.
To study the internal processes leading to the recombination

of excitons, we perform photoluminescence excitation (PLE)
spectroscopy and time-resolved (TR) PL. By comparing a large

Figure 2. Spectral diffusion of single GNR PL emission at 4 K. (a, b) Time series of PL emission for a single GNR in 250 ms steps at different
energy resolutions. The sample is illuminated with 5 μW of 2.089 eV radiation and the scale shows counts per pixel for the acquisition time (250
ms). (c) Temporal evolution of the PL intensity distribution over the energy range shown in b). (d) Histogram of the cumulative PL intensity as
shown in (c) (bin size = 5 arb. un.) with Gaussian fit.
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number of single GNR PLE data, we find that the position of
the ZPL PL peak is generally not affected by the excitation
energy, see Figure 3b. The PL intensity, however, is strongly
affected by the excitation energy (Figure 3a) showing three
peaks roughly 1G, 1G+1RBLM, and 1G+2RBLM phonon
energies above the ZPL emission energy. All three peaks show
additional shoulders on the higher energy side, suggesting that
phonon scattering with an additional low energy mode is
present. The PLE suggests that phonon-assisted band edge to
band edge transitions are the dominant recombination process,
which matches observations on ensembles of the same type of
GNR.8

The line width of the PLE peaks in direction of excitation
energy remains relatively broad (30 meV) compared to the line
width of the emission but is still about 5 times narrower than
for ensemble samples (150 meV).8 This behavior again
resembles carbon nanotubes where similar FWHM values
have been reported for PLE absorption of individual polymer-
wrapped SWCNTs.18

For the purpose of this study, we examined a large number
of individual GNRs. Interestingly, we found that the cw PL
spectrum appears quite sensitive to the packing density of
GNRs. While a single, isolated GNR only produces a single
emission line corresponding to the zero-phonon line, a bundle
of GNRs already produces a phonon wing in the PL, see Figure
3c. Although the ZPL emission remains at the same energy

position, its intensity is enhanced and additional emission at
lower energies arises for the GNR bundle, likely caused by the
larger number of available excitonic and vibronic states.
Time-resolved PL measurements of the same single GNR

and bundle show that the lifetimes are significantly longer in
the single ribbon (Figure 3d). The decays of both samples
follow a biexponential behavior with a fast component
dominating the first few ns and a slower decay of 1.3 ns for
the bundle and 5.2 ns for the single GNR. As we have
previously reported, the fast component is associated with
Franck−Condon type electron−phonon coupling.8 The slow
component of several ns is comparable to the lifetimes
observed in suspended carbon nanotube quantum dots.26 The
faster decay of GNR bundles can again be assigned to the
larger number of available states and possibly tunneling.
Calculating the lifetime broadening for the fast decay of a

single GNR τ1 = 0.44 ns yields an FWHM of ΔE = ℏ/ τ = 1.5
μeV suggesting that the observed ZPL line width of 24 μeV is
still not lifetime limited but limited by the spectrometer
resolution or nonradiative dephasing mechanisms, e.g.
phonons, charge noise, or spectral diffusion.
Upon studying the PL emission of a large number of

individual GNRs, we noticed an energy dispersion in their
zero-phonon line emission. This can be visualized by replotting
the spatial map of Figure 1b with an emission energy
resolution, see Figure 4a. We find ribbons with sharp emission

Figure 3. PL excitation and time-resolved PL spectroscopy on single GNRs at 4 K. (a) Integrated PL intensity of a single GNR for different
excitation energies. The three peaks are 1G and 1G+RBLM phonon energies above the ZPL emission energy. (b) False color PLE map of the single
GNR shown in a) above. (c) PL spectra of a single GNR and GNR bundle. The yellow area highlights the ZPL peak which was used for TRPL
experiments. (d) Time-resolved PL spectra of a single GNR and GNR bundle fitted with biexponential decays, the resulting lifetimes are given.

Figure 4. GNR zero-phonon line emission energy dispersion. (a) Energy-resolved false color plot of the same spatial PL map shown in Figure 1b.
(b) Schematic illustrating the Coulomb-type simulations which consider the effect of the 14 nearest side groups on the local band gap. (c) Average
of 10,000 PL spectra taken in the spatial PL map shown in (a) shown together with the distribution of emission energies produced by the
simulation.
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lines emitting anywhere in the range of 2063−2105 meV.
Emission at lower energies is caused by phonon-assisted
transitions as we have previously shown8 and are thus excluded
in this figure.
Small differences in the emission energy of quantum

emitters are typically caused by inhomogeneities in the local
environment. The band gap of GNRs is to a first order
determined by their lateral confinement, i.e. their width and
edge structure. Since the range of ZPL emission lines only
spans about ± 20 meV which is about ± 1% of the band gap,
we conclude that this is caused by a second order effect rather
than differences in the lateral confinement.
A similar argument has previously been made for excitons in

suspended carbon nanotubes where exciton localization is
thought to improve the quantum yield.26 GNR length-related
effects can be ruled out as reason for the ZPL energy
dispersion, since the exciton confinement length for our GNRs
is on the order of 1−2 nm which is much smaller than the
GNR lengths of 10−371 nm.13 This is consistent with
computational results suggesting that the nanoribbon length
has a negligible effect on the band gap energy at lengths
beyond 5−10 nm.27−29

Secondary effects potentially affecting the band gap include,
as previously mentioned, the local environment of the GNRs
which is determined by the orientation on the substrate and
the side groups. The two types of side groups attached to the
GNRs, anthracene (A) and N-n-octadecylmaleimide (B), are
randomly allocated with a probability of 23% and 77%,
respectively. The two groups differ substantially in size and
weight and are therefore expected to have an effect on the local
energy landscape of the GNR.
To support this argument, we perform a simple simulation.

We assume the excitons in our GNRs are delocalized over
several nanometers, in accordance with excitons in CNTs,30,31

and their emission energy affected by the GNR side groups in
close proximity. For the sake of simplicity, for an exciton
positioned at a given site N we only consider the nearest side
groups up to site N ± 3, see Figure 4b. We then randomly
occupy the sites with the two side groups A and B, according
to their grafting ratio and further assume that sites with group
A reduce the band gap, whereas sites with group B have no
effect. Finally, we assume the strength of the effect follows a
Coulomb type behavior and decays quadratically with the
distance to site N. Now, we simulate 1 million GNRs
accordingly and show the resulting distribution of emission
energies together with the average of 10,000 PL spectra taken
from a spatial map, see Figure 4c. We find that the dispersion
of emission energies is reproduced well by our simple model.
Emission energies below 2.06 eV are part of the phonon side
wing and thus not considered here.
In this study, we have demonstrated the exceptional

photoluminescence properties of individual cove-edge gra-
phene nanoribbons. The observation of ultranarrow emission
lines, which are 3 orders of magnitude smaller than previously
observed in PL studies of graphene nanoribbons, demonstrates
that individual GNRs are free from the inhomogeneous
broadening that has previously obscured their excitonic
behavior and show the characteristics of quantum dots.
Temperature-dependent and time-resolved PL measurements
show that the emission is dominated by phonon-mediated
broadening, with coupling strengths consistent with ensemble
studies at high temperatures but dramatically reduced line
widths as the temperature falls. We further observe highly

stable emission energies with repeatable spectral diffusion
between states only a few tens or hundreds of μeV apart but no
intensity blinking, indicating robust excitonic emission from a
two-level system. The low Mandel parameters we measure
provide strong evidence for photon statistics corresponding to
a two-state system in the single-photon emission regime. The
most likely origin of the spectral diffusion is due to Stark shifts
associated with adjacent charging sites suggesting that it may
be possible to construct a gated structure which can control the
emission energies for potential quantum computing applica-
tions. The narrow quantum dot-like emission lines occur over a
range of approximately 200 meV in an ensemble of ribbons
suggesting that hundreds of distinguishable states might be
addressable on a single chip. Our findings suggest that cove-
edge GNRs represent a new class of high-quality, carbon-based
quantum emitters. Further engineering of the edge structure
and chemical functionalization of GNRs will allow tailoring of
their optical properties for specific applications, such as
integrated photonic circuits and single-photon sources for
quantum communication.

■ SAMPLE PREPARATION
Cove-edge GNRs decorated with the Diels−Alder cycloadduct
of an anthracenyl unit and N-n-octadecylmaleimide (GNR-
AOM) were prepared according to reported procedures.8,13

Ribbons have a length distribution of L = 10−371 nm.
To prepare single GNRs on a substrate, the GNR powder is

dissolved in chloroform at a concentration of 0.1 mg/mL. After
10 min, the solution is filtered through a 0.2 μm syringe filter
to remove impurities. Next, the solution is diluted down to a
concentration of 10−4 mg/mL and now ready to be deposited.
The Si/SiO2 substrate is cleaned in a sonication bath in
acetone and in the second step in chloroform. The substrate is
blown dry with a nitrogen gun after removal from the
chloroform bath. Next, 5 μL of the diluted nanoribbon solution
is deposited with a small pipet on to the surface of the
substrate. Immediately after this, the droplet is blown across
the substrate with the nitrogen gun until the solvent is fully
evaporated. This is to prevent the coffee ring effect and ensure
individual GNRs do not bundle up during solvent evaporation.

■ MICRO-PL
Low-temperature microphotoluminescence measurements
were taken with the sample immersed in helium gas at 4.2
K. Continuous wave excitation was produced by an NKT
Photonics supercontinuum laser tunable from 400 to 1000 nm
directed through a monomode fiber with 5 μm diameter core,
in the range 400−570 nm. For experiments other than the PLE
measurements, the excitation wavelength was set to coincide
with the lowest energy peak in the PLE (1G phonon above the
ZPL) which corresponds to 540−552 nm. After passing a
beam splitter the excitation was focused on the sample surface
with a spot size of 1 μm. The sample was manipulated with
submicron precision with an Attocube xyz-piezostage. The
piezostage was used to scan the position of the excitation (step
sizes 0.5 − 1 μm), and a spectrum was taken for each pixel to
create a detailed map of the GNRs on the sample. These
hyperspectral images contain a great deal of information
including the size, position, bundling, and specific energy levels
of the GNRs.
Emission was collected using free beam optics from the

sample to the spectrometer and detected by a Princeton
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Instruments Acton Trivista 0.75 m spectrometer with a 500 l/
mm grating used for the PLE spectra and a 1500 + 1500 +
2000 l/mm triple grating in additive mode for the high-
resolution spectra.

■ TIME-RESOLVED MICRO-PL
Time resolved photoluminescence measurements were ac-
quired with a Picoquant PMA-40 PMT TCPC detector with a
response time of 105 ps. The TCPC card was a Picoquant
Picoharp 400 with 4 ps bin time. The spectrograph was an
Andor Shamrock 500i 0.5 m system with an IDus CCD, or the
PMA TCPC detector on dual ports. The grating was either a
1200 l/mm one for the PL spectra or 300 l/mm for the time-
resolved measurements. The excitation laser was a 10 ps pulse
width frequency doubled YAG laser operating at 532 nm with
a rep rate of 40 MHz, or sometimes we used a CW 532 nm
YAG laser for the spectral measurements. When we did
temperature dependent line width measurements the cryostat
used was an Attodry 800 with a base temperature of 6 K.
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