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ABSTRACT: The opening of a band gap in graphene nanoribbons induces novel optical and electronic properties, strong-
ly enhancing their application potential in nanoscale devices. Knowledge of the optical excitations and associated relaxa-

tion dynamics are essential for developing and optimizing device designs
and functionality. Here we report on the optical excitations and associated
relaxation dynamics in surface aligned 7-armchair graphene nanoribbons as
seen by time-resolved spontaneous Stokes and anti-Stokes Raman scatter-
ing spectroscopy. On the anti-Stokes side we observe an optically induced
increase of the scattering intensity of the Raman active optical phonons
which we assign to changes in the optical phonon populations. The optical
phonon population decays with a lifetime of ~2 ps, indicating an efficient
optical-acoustic phonon cooling mechanism. On the Stokes side we observe
a substantial decrease of the phonon peak intensities which we relate to the
dynamics of the optically induced exciton population. The exciton popula-
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tion shows a multi-exponential relaxation on the hundreds of ps time scale, independent of the excitation intensity. Our
results shed light on the optically induced phonon and exciton dynamics in surface aligned armchair graphene nanorib-
bons and demonstrate that time-resolved spontaneous Raman scattering spectroscopy is a powerful method for exploring

quasi-particle dynamics in low dimensional materials.

INTRODUCTION

Graphene based nanostructures have been attracting
widespread attention in research and industry*s since the
first graphene electronic device was demonstrated in
2004.% Of particular interests are the spatially confined
strips of graphene monolayer, dubbed graphene nanorib-
bons (GNRs). Due to one-dimensional quantum confine-
ment and edge dependent effects, these GNRs display
remarkable chemical, electrical and optical properties,
including a width-tunable band gap, excitonic optical
transition, and room temperature ballistic transport.”
These novel properties result in many potential applica-
tions in nanoscale electronic transistor devices,> optical
modulators,4 quantum gates,’> and infrared photodetec-
tors.’®7 The development of applications, as well as the
fundamental understanding of the GNRs electronic prop-

erties requires knowledge of the fundamental optical exci-
tation properties and energy relaxation mechanisms in
these one dimensional systems.

Over the past, electronic structures and excitation proper-
ties of GNRs have been investigated via conventional
spectroscopic techniques such as X-Ray absorption,®
scanning tunneling,>>>' and photoelectron spectroscopy>*
24, In addition the electronic structure has been studied
from a theoretical point of view.>*® The general steady
state features such as the band gap structure of GNRs are
reasonably well understood by now. Studies on the dy-
namical non-equilibrium properties of GNRs are, howev-
er, more scarce most likely due to lack of sufficiently sen-
sitive experimental techniques for these single layered
materials. Recently, polarized reflectance measurements
combined with ab initio calculations** demonstrated



that the optical absorption in armchair graphene nano-
ribbons (AGNRs) are dominated by excitonic transitions.
The investigation of the electronic relaxation dynamics in
graphene based nanomaterials has been limited to a few
cases reporting transient absorption spectroscopy meas-
urements of solution solvated and suspended samples,3°32
and time resolved terahertz studies of multilayer aggre-
gated GNRs.3334 The development of methods to grow
aligned GNRs on gold surfaces,? and techniques to trans-
fer the GNRs to non-metallic substrates3® opened the pos-
sibility to study the properties of GNRs in a more con-
trolled manner, including for instance symmetry aspects
using polarization sensitive spectroscopies.

Steady state Raman spectroscopy has been proven to be a
versatile tool in the characterization of carbon and gra-
phene based materials.373° It allows to determine the
number and orientation of layered graphene, yields in-
formation on strain, doping, and disorder, and provides a
good method to assess the quality of graphene based ma-
terials as well as the nature of edges and functional
groups in functionalized graphene.4># In addition to this,
the time-resolved variant of Raman spectroscopy is a
powerful method to investigate both incoherent phonon
relaxation as well as electron-phonon coupling and elec-
tronic dynamics.+>49

In this report, we applied these spectroscopic techniques
to study the optical transition properties and in particular
the optically induced phonon and electronic dynamics in
7-AGNRs aligned on a silica/silicon substrate. We demon-
strated that not only the phonon population, but also the
excitonic relaxation dynamics, can be extracted from the
optically induced changes in the Raman spectrum. To
achieve the latter, we make use of the strong resonant
enhancement of the optical phonon Raman scattering due
to excitonic transitions. The observed fast phonon crea-
tion and relaxation originates from an efficient exciton-
phonon and optical-acoustical phonon coupling, respec-
tively, indicating of an efficient energy dissipation in this
material. The observed strong resonant optical transition
and non-exponential nature of the excitonic relaxation in
this one dimensional system evidences the dominated
existence of dark and trapped exciton states. These
knowledge provide fundamental understanding of the
GNRs system toward further optimizing electronic device
application.

METHODS

Sample preparation. 7-AGNRs were synthesized using
the well-established bottom-up fabrication approach on
Au (788) surfaces which exhibit a regular arrays of narrow
(1) terraces dictating the direction of growth and yield-
ing high quality, densely aligned ribbons.?>35 The transfer
from the Au (788) substrate to the insulating silica/silicon
substrate was performed by the alignment-preserving
bubbling transfer method based on an electrochemical
delamination process.5*5'

Experimental Setup. Steady state (one laser beam) Ra-
man spectra of 7-AGNRs were performed using a micro-
Raman setup equipped with a tandem triple spectrometer
(Spectroscopy & Imaging GmbH) and LN2 cooled CCD
(PyLoN 100; Princeton Instruments). An optical paramet-
ric amplifier (OPA, Light conversion), pumped by a sin-
gle-unit amplified femtosecond laser (Pharos, Light con-
version) running at a repetition rate of 100 kHz provided
wavelength tunable (400 nm to 800 nm; 1.5-3.1 €V) pico-
second pulses (~2 ps) as excitation source. The excitation
pulses were spectrally cleaned and narrowed (full width a
half maximum (FWHM) ~10 ¢cm™) using a home build
pulse shaper. The pulses were focused on the sample with
a 20 times micro objective, and Raman signals were col-
lected in a backscattering geometry. To avoid sample deg-
radation, samples were mounted in a cryostat pumped
down to 105 mbar.

Time-resolved measurements (Figure 1a) of 7-AGNRs
were performed with the same setup by introducing a
pump laser pulse (~300 fs) provided by a second OPA
(ORPHEUS, Light conversion) pumped by the same am-
plified laser. The samples were pumped with laser wave-
lengths of 590 nm (2.1 eV) and 490 nm (2.5 eV) respec-
tively, and Raman signal were collected using 512 nm (2.4
eV) probe pulses (Figure 1c). Both the pump and probe
light polarization are parallel to the long axis of the
AGNRs. In order to avoid optical damage of the samples
and improve the signal to noise ratio, the laser spot sizes
on the sample were defocused to ~60 pm. The back re-
flected Raman scattering signals were re-collimated with
an additional telescope lens group before entering the
spectrometer.

RESULTS

Figure 1b presents typical steady state polarized Raman
scattering spectra of the 7-AGNRs on Stokes side. The
phonon scattering peak at around 521 cm™ originates from
the silica/silicon substrate and provides a good reference
for the measurements. The highly orientated nature of
our samples is demonstrated by the strong enhancement
(~ 10x) of the Raman signal when the incoming light is
polarized along the ribbons.3* The G and D modes typical
for all graphene related materials are clearly observed in
the spectra. The C-C stretching G mode, located at 1608
cm?, corresponds to a carbon-carbon bond stretching
mode along the ribbon. The D mode which can be related
to defects or the edges of GNRs>* is found at 1345 cm™ and
is weaker than the G mode. Other vibrational Raman
peaks, like the radial breathing mode related to the rib-
bon width expansion is found at 398 cm™, and the con-
finement-derived vibrational modes at 1255 cm™ and 1266
cm™ were also well resolved. In general, the spectra meas-
ured with the pulsed laser are fully consistent with previ-
ous results measured on 7-AGNRs on a metallic substrate
surface3®54 with continuum laser beams.
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Figure 1. (a) Illustration of steady state and time-resolved spontaneous Raman scattering experiments. Steady state measurement
is obtained when the pump beam is blocked. (b) Steady state Raman scattering spectra of the 7-AGNRs on silica/silicon recorded
with picosecond pulsed laser at 512 nm, Ep indicates that the polarization of laser pulse is along the ribbons, Ev indicates that the
polarization of laser pulse perpendicular to the ribbons. (c) Energy dependence of the Raman intensity of the phonon G peak,
showing a strong resonant enhancement of the Raman scattering. Dark yellow and blue arrows indicate the pump energies used
for the time-resolved experiments, green arrow indicate the Raman probe energy used for the data shown in (a) and for the

time-resolved experiments.

To investigate resonance effects due to optical transitions
in 7-AGNRs, wavelength dependent Raman scattering
measurements were performed. Figure 1c depicts the res-
onance profile of the integrated intensity of the G mode
(for the spectra see Figure S1). A clear resonant profile was
observed, centered at ~ 2.3 eV with a FWHM of ~0.4 eV.
The observed resonant profile resembles the imaginary
part of the dielectric function of 7-AGNRs on a gold sub-
strate, which was interpreted in terms of an excitonic
transition." The fundamental energy gap for 7-AGNRs on
a gold surface is strongly reduced due to polarization
screening by the substrate compared to the theoretically
calculated energy gap of ~ 3.7 eV." In our case one expects
a much weaker screening by the silica/silicon substrate,
and hence a substantially higher single particle band gap.
Indeed, it has been demonstrated that the reduced
screening for 7-AGNRs aligned on an Au-Silicon alloy
substrate leads to a band gap of 2.7 eV.5 Since the dielec-
tric constant of our silica/silicon substrate is even lower,
we expect a single particle band gap much closer to the
theoretical value of 3.7 eV. In view of this we can safely
assign the observed resonance around 2.3 eV in the Ra-
man scattering experiment to excitonic transitions associ-
ated with an exciton binding energy of the order of 1 eV.

Figure 2a depicts the time-resolved Stokes spectra after
optical excitation at 590 nm (2.1 eV), with excitation laser
intensity around 1.2x10“4 photons/cm?. To more clearly
exhibit the pump induced effects on the Raman spectra,
Figure 2b shows difference spectra obtained by subtract-
ing the -5 ps spectrum (top panel Figure 2a) from the time
delayed spectra in Figure 2a. As is clear from the figures,
the Raman spectra show an overall decrease of scattering
intensity for all time delays, which recovers on a hun-
dreds of ps time scale. Similar spectral changes were also
observed upon excitation at higher photon energy at 490
nm (2.5 eV) (Figure S2). These observations contrast the
usual observations in time resolved spontaneous Raman
experiments of an increasing optical phonon scattering
intensity originates from an, through the electron-
phonon scattering processes, optically increased phonon
population.4>485¢ This surprising result can be understood
in terms of optically induced changes in the Raman reso-
nance efficiency which allows extraction of the electronic
relaxation dynamics from our data, as we will discuss
later on in this report.
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Figure 2. Time-resolved spontaneous Raman scattering spectra of the 7-AGNRs recorded on Stokes side, with pump energy at 2.1
eV and Raman probe energy at 2.4 eV. (a) Raman scattering intensity spectra at different delay times after optical excitation. (b)
Difference spectra obtained by subtraction the spectrum at -5 ps from each spectrum in (a) at different corresponding delay
time. The color bars indicate the integration regions used in the analysis of the transient behavior.
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Figure 3. Decay dynamics of the phonon peak D (top panels) and G (bottom panels). (a) Dynamics observed at the excitation
wavelength of 590 nm (2.1 eV). (b) Dynamics observed at the excitation wavelength of 490 nm (2.5 eV). Black circles represent
the experimental data, red lines represent a global fitted. Insets show the short time dynamics.



To obtain a more detailed insight into the dynamics, the
changes in the phonon scattering intensities of the D and
G bands are integrated (over regions indicated by the col-
ored areas in Figure 2b) for each time delay. The dynam-
ics of the D and G bands are plotted in Figure 3 and are
found to be identical: the changes in the Stokes spectra
show a substantial decay within 100s of ps, but only fully
recover on a ns time scale, which is out of our detection
window. Multi-exponential decay functions are required
to fit the data, where a global fitting of the D and G re-
sponses yield decay times of 1.4 ps and 34 ps for the 2.1 eV
pumped spectra, and 1.7 and 37 ps for the 2.5 eV pumped
spectra. The 20-40 ps decay dynamics observed is much
longer than the general optical phonon population dy-
namics in graphite and graphene related systems#4454849:56
which are in the time range of 1-2 ps. On the other hand,
the time behaviors are comparable to the exciton recom-
bination dynamics as observed in graphene nanotubes3"7
and nanoribbons.3° This, together with the resonant na-
ture of the Raman scattering, strongly suggests that an
exciton related relaxation mechanism is responsible for
the observations.
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Figure 4. Pump (2.1 eV) excitation intensity dependence of
the decay dynamics. The data represent the averaged re-
sponse of the D and G bands. In (a) the raw data are present-
ed and in (b) data are normalized to show the absence of the
pump intensity dependent dynamics. The inset in (a) shows
the pump excitation intensity dependence of the amplitude
at a delay of 2 ps.

To test if any many-body relaxation mechanisms are in-
volved in the decay of the Stokes response, excitation in-
tensity dependent measurements are carried out with the
pump photon energy at 2.1 eV. The measured results are

presented in Figure 4. Since dynamics form D and G
peaks are generally the same, only the average of the D
and G responses is plotted. For pump excitation densities
< 2x10' photons/cm? a linear increase of the signal is ob-
served which seem to saturate above this value (see inset
in Figure 4a). Figure 4b, which shows the same data nor-
malized to the maximum response, indicates that there is
no pump excitation power dependence in the dynamics,
demonstrating the absence of many-body processes in the
transient behavior of the signal.
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Figure 5. Time-resolved spontaneous Raman scattering spec-
tra of the 7-AGNRs recorded on anti-Stokes side. (a) Raman
scattering intensity spectra at different delay times after op-
tical excitation at 2.1 eV. (b) Pump induced difference spectra
obtained by subtraction the spectrum at -5 ps from each
spectrum in (a) at different corresponding delay times.

It is clear from the above that the dynamics of the phonon
population cannot be extracted from the Stokes side Ra-
man spectra. In order to obtain insight in the phonon
population dynamics we have therefore carried out time-
resolved experiments on anti-Stokes side, using identical
experimental conditions with a pump energy of 2.1 eV and
pump intensity of 1.2x10“4 photons/cm?. The recorded
time dependent spectra are presented in Figure 5, in the
same manner as those on Stokes side in Figure 2. Indeed a
pump induced enhancement of the phonon scattering
signals is observed for both D and G responses on the
anti-Stokes side. The dynamics show a very fast response,
with ingrowth times faster than our time resolution and
decay time of ~2 ps. The integrated intensity dynamics for
the D and G responses are shown in Figure 6a, both have
identical relaxation dynamics. A global single exponential
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fit yields a decay constant of 1.9 ps, which can be inter-
preted as the lifetime of the optical phonons.
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Figure 6. Phonon population dynamics of 7-AGNRs extracted
from anti-Stokes spectra. (a) Dynamics obtained for peak D
and G (symbols are experimental data; lines represent a
global single exponential fit convoluted with the instrumen-
tal response.). (b) Calculated transient phonon temperatures
for the D and G responses.

In principle, phonon temperatures’®> can be obtained
from the signal ratio between Stokes and anti-Stokes side,
based on the detailed balance resulted from fluctuation-
dissipation theorem. However, due to the strong reso-
nance Raman effects this is not trivial. We therefore esti-
mated the transient optical phonon temperature using
the reasonable assumption (Supporting Information) that
before time zero the phonon temperatures are equal to
the environment temperature (~300 K). As indicated in
Figure 6b, the transient temperatures estimated from
both D and G peaks are, within the experimental accura-
cy, identical and reach a maximum value of 350 K within
our time resolution. They decay to the equilibrium tem-
perature within 2 ps as the optical phonons are depopu-
lated through optical-acoustical phonon scattering.

DISCUSSION

The decay dynamics of the optical phonons in 7-AGNRs is
found to be very similar to the dynamics observed in in
graphite and graphene nanotubes.#35 The main differ-
ence is in the observed temperature increase which is
only 50 K in 7-AGNRs and can exceed 1000 K in graphite
under similar excitation conditions®. Correspondingly,
the phonons in 7-AGNRs also do not show any spectral

dynamics such as the stiffening observed in graphite.
These differences originate from the generation mecha-
nism of the optical phonons. In the experiments on
graphite the optically induced phonon population is cre-
ated through relaxation of the highly excited free carriers
to the conduction band minimum. In our experiments on
the 7-AGNRs, however, the optical transitions are exci-
tonic in nature and excited with only a limited amount of
excess energy (i.e. close to resonant excitation), leading to
a much lower raise of the phonon population, and thus
phonon temperature, as compared to the graphite case.

The most interesting observation reported here is argua-
bly the decay dynamics of the Stokes spectra. Since we are
directly exciting the excitonic transition responsible for
the resonant Raman enhancement, the transient decay of
the Stokes response directly reflects the exciton dynamics
of the 7-AGNRs (see Supporting Information). The reduc-
tion of the resonant enhancement is a direct consequence
of ground state bleaching/excited state filling, i.e. of the
reduction of the optical transition probability. We note
that pump-probe Terahertz conductivity experiments on
multi-layered AGNRs3+ showed a short lived dynamics (1-
2ps) which has been assigned to free carrier relaxation
caused by the formation of excitons. Though we observe a
similar fast time scale of the initial decay of the Stokes
response, its origin has a different nature. Our steady
state resonant Raman results demonstrate the pure exci-
tonic nature of the transitions around 2.3 eV in 7-AGNRs,
therefore one does not expect any substantial density of
free carriers directly after pump excitation. This is cor-
roborated by the observation that the dynamics and am-
plitudes of the signal are nearly identical for both excita-
tion energies used in the experiments (2.1 eV and 2.5 eV,
see Figure 3), and by the observation that the fast decay
components recovers around 50% of the initial amplitude.
The latter would not be expected if formation of excitons
from free carriers is responsible for the initial fast decay
since such a process does not substantially recover the
optically induced ground state bleaching and thus the
changes in the Raman resonance enhancement.

Since 7-AGNRs are non-luminescent,3® exciton recombi-
nation must be non-radiative decay process. In carbon
nanotubes, non-radiative exciton relaxation decay pro-
ceeds by passing through either long-lived defect related
trap states ,% or through scattering into the optically inac-
tive dark exciton states.® Also in the AGNRs one expects
both trap and dark states. The dark states are derived
from the Ei2 (upper valence band to second conduction
band) and E21 (second valence band to lowest conduction
band) transitions, whereas defect related trap states (both
short and long lived) are expected to be present either
originating from the bottom up growth process or from
the electrochemical transfer process. The observed decay
dynamics can now be understood as follows. After the
initial creation of the free exciton population excitons
populate both dark as well as trap states. Within the first
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2 ps part of this population (short lived trap states) re-
combine, thereby reducing the transient response. In the
following 30 ps dark excitons decay non-radiatively, leav-
ing only the long lived trap exciton states, which amount
to about 20% of the initial excited exciton population.
These latter then decay on a nanosecond timescale which
is out of our observation window.

In most graphene based nanomaterials, such as the car-
bon nanotubes57%>% and a cove-shaped graphene nano-
ribbons,3° diffusion controlled exciton-exciton annihila-
tion dominates the exciton relaxation processes. Our ex-
periments have shown that in our case many-body pro-
cesses do not play a dominant role. This is understanda-
ble in view of the relatively short length?* of the 7-AGNRs
(~50 nm) compared to carbon nanotubes (exceeding 1
um) and the mild excitation conditions used in our exper-
iments: one does not expect a substantial amount of
AGNRs with more than one exciton excited and hence no
exciton-exciton annihilation processes.

SUMMARY

In summary, wavelength dependent Raman scattering
confirmed the excitonic nature of the 2.3 eV optical band
gap in 7-AGNRs on a silica/silicon substrate. The estimat-
ed exciton binding energy is about 1 eV. Optical excitation
of these excitons leads to an enhanced optical phonon
population through relaxation of the excess exciton ener-
gy by exciton-phonon scattering on a time scale faster
than our temporal resolution (~1.5 ps). The decay times of
the optical D and G phonon populations, originating from

optical-acoustic phonon scattering, are found to be ~2 ps,
similar to values found in other graphene based nano-
materials and graphite. The exciton dynamics is directly
reflected in the optical induced changes of Raman suscep-
tibility. No evidence for diffusion controlled exciton-
exciton recombination has been found, consistent with
expectations. The exciton relaxation is found to be multi-
exponential (decay constants ~1.5 , ~30 ps and >1 ns) re-
flecting the presence of short and long lived trap states as
well as the expected dark states which have a life time of

~30 ps.
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Phonon temperature estimation methods, Raman tensor
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porting figures are included in the Supporting Information.
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