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Abstract Ultra-fast optical measurements of few-layer sus-
pended graphene films grown by chemical vapor deposi-
tion were performed with femtosecond pump—probe spec-
troscopy. The relaxation processes were monitored in tran-
sient differential transmission (AT/T) after excitation at
two different wavelengths of 350 and 680 nm. Intraband
electron—electron scattering, electron—phonon scattering, in-
terband Auger recombination and impact ionization were
considered to contribute to AT/ T. All these processes may
play important roles in spreading the quasiparticle distri-
bution in time scales up to 100 fs. Optical phonon emis-
sion and absorption by highly excited non-equilibrium elec-
trons were identified from AT /T peaks in the wide spec-
tral range. When the probe energy region was far from the
pump energy, the energy dependence of the quasiparticle de-
cay rate was found to be linear. Longer lifetimes were ob-
served when the quasiparticle population was localized due
to optical phonon emission or absorption.

1 Introduction
Graphene, a monolayer of carbon atoms, provides an ex-

cellent platform to investigate the quasiparticle dynamics in
the two-dimensional material [1]. The dynamics is strongly
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related to the unique electronic structure of graphene, es-
pecially the linear energy dispersion spectrum around the
Dirac point, which has attracted considerable efforts to in-
terpret in theory and experiment [1-4]. It is very important
to study the quasiparticle dynamics for fundamental quan-
tum mechanics and graphene-based electronic and optical
devices, such as field-effect transistors [5] and saturable
absorbers for ultra-fast pulsed lasers [6]. Experimentally,
ultra-fast spectroscopy is a direct approach for observa-
tion of dynamic scattering events among quasiparticles us-
ing ultra-short pulses. Femtosecond pump—probe measure-
ments [7-16] of various graphene films have been reported,
where time scales of relaxation processes of excited elec-
trons range from femtoseconds to tens of picoseconds. Re-
cently, electron—electron (e-e) and electron—optical phonon
(e-op) scattering processes were also investigated by pho-
toluminescence measurements [17-19] of graphene under
ultra-fast laser excitation, where both contribute to the broad
emission spectra [17].

It is noted that, in previous studies [7—19], most graphene
films are epitaxial graphene films on SiC substrates [7-9]
or exfoliated layers from graphite [13, 16—19]. In con-
trast to the promising applications [3,6] of large-area
graphene films grown by chemical vapor deposition (CVD),
their ultra-fast properties have not caused enough attention
[10, 15]. Further, due to the influence of the substrate on the
electronic structure [20, 21] and the electron dynamics [22]
of graphene, the suspended sample is expected to reflect
more intrinsic properties of graphene itself compared to the
supported graphene films, where the scattering of electrons
can be related to extrinsic sources such as remote interfa-
cial phonons [23, 24]. On the other hand, there is a quite
attractive topic about the dynamic quasiparticle distribution
after photon excitation. It can offer more complete infor-
mation of the relaxation progression of excited electrons in
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the electronic band than that of the relaxation dynamics at a
probed energy level. However, only a few studies were re-
ported on this topic of graphene [8, 10, 16]. Our previous
studies have focused on ultra-fast relaxation processes of
monolayer, bilayer and stacked CVD-grown graphene films
[10-12] by a UV/visible pump—probe setup, where quasipar-
ticle lifetimes and their energy dependences were reported.
In this paper, quasiparticle dynamics of suspended CVD-
grown few-layer graphene has been studied by using two
different pump wavelengths, 350 and 680 nm, and using the
probe beam in the visible (400—650 nm). For the first time
we observe both ultra-fast optical phonon emission and ab-
sorption in transient differential transmission (AT /T) spec-
tra of the few-layer graphene.

2 Experimental

The few-layer graphene sample was grown on high-purity
(99.999%) copper foil by low-pressure thermal CVD, where
the growth mechanism is a surface-catalyzed and self-
limiting process involved with the low solubility of car-
bon in copper [12, 25]. The obtained few-layer graphene
on copper was put in an aqueous solution of iron nitride,
(FeNO3)3, for etching the copper foil. Finally, the float-
ing few-layer graphene was transferred onto a silicon sub-
strate with pre-patterned holes of 270 um in diameter. The
ultra-fast optical measurements were conducted by focus-
ing the laser beam on the suspended parts. Surface im-
ages were taken by a scanning electron microscope (SEM,
JEOL JSM-6700F) where the operating voltage was set at
10 kV. A Raman system (WITec CRM 200) with a diode-
pumped double-frequency Nd: YAG laser (532 nm) was em-
ployed to acquire Raman spectra. The steady state transmis-
sion spectrum was determined by an UV-Vis spectropho-
tometer (Cary 100Bio, Varian) in the spectral range from
400 to 800 nm. For pump—probe measurements, the 800-
nm output of a titanium—sapphire regenerative amplifier
(Legend Elite, Coherent) seeded by an oscillator (Micra,
Coherent) was used as a pulse laser source: pulse width
80 fs, pulse repetition rate 1 kHz and average power 2.6 W.
90% of the radiation was converted into the pump beam
of 350 nm or 680 nm by passing an optical parametric 0s-
cillator. The remaining 10% was used to obtain the probe
beam of white-light continuum. The details of this pump—
probe system have been described in a previous work [11].
The kinetic data were fitted to a multi-exponential decay
function convoluted with the instrument response function.
The full widths at half maximum (FWHMs) of the instru-
ment response functions were about 120 fs and 90 fs at
the excitation wavelengths of 350 and 680 nm, respec-
tively.
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3 Results and discussion

Figures 1a—1c show SEM images of the suspended graphene
sample with magnifications of 250, 2000 and 10000, re-
spectively. It is clear that the graphene film is suspended
over a hole with a diameter of 270 pm. There are some rip-
ple and/or fold structures found on the surface of the sam-
ple. The transmission spectrum of the few-layer graphene
on quartz is shown in Fig. 1d and proves that the opacity
of the sample is close to a few times the value of mono-
layer graphene (2.3%) [26], which is similar to those trans-
mission spectra of few-layer graphene films in other stud-
ies [27]. To further confirm the number of graphene layers,
Raman spectra of suspended monolayer, bilayer, few-layer
CVD-grown graphene and graphite were recorded as shown
in Figs. 1e and 1f. G-band positions for all samples are sim-
ilar at 1580 £ 2 cm~!. The position and the FWHM of 2D
bands increase with the number of graphene layers. By dis-
criminating the Raman characteristics of graphene films and
graphite, i.e. the FWHM (54 £+ 4 cm™!) and the position
(2700 & 2 cm™!) of 2D bands, the suspended sample used
here is identified to be a few-layer graphene film, which is in
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Fig. 1 SEM images (a—c) of the suspended few-layer graphene film,
the transmission spectrum (d) of the transferred few-layer graphene on
quartz and Raman spectra (e, f) of the suspended few-layer graphene
film
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agreement with previous reports [28, 29]. G and 2D bands in
graphene and graphite films are associated with two species
of phonons, zone-center and zone-boundary optical phonons
at I' and K in the phonon dispersion curve [30], respec-
tively. For the few-layer graphene, the zone-center and the
zone-boundary phonon energies are estimated to be 0.196
(for G band) and 0.168 eV (for D band), respectively.

Figures 2a and 2b show transient differential transmis-
sion spectra of the suspended graphene for two excitation
energies, 3.55 and 1.83 eV, respectively. In the investigated
energy range, the conduction and valence bands are al-
most symmetric [31] referring to the momentum axis in the
schematic electronic band as shown in the insets of Fig. 2
(k-axis). According to previous studies [4, 32, 33], E — E¢
is used to represent the excited and detected energy levels,
which are equal to half of the pump and probe photon en-
ergies [7, 13, 15, 16, 18, 32, 33], respectively. Ef (0 eV)
is the Fermi energy and located at the touching region of
conduction and valence bands [31]. The positive AT/T
indicates induced transmission or bleaching by the pump
pulse, which conveys the information on the quasiparticle
distribution in the electronic band of few-layer graphene.
The real-time evolution of this distribution reveals the re-
laxation progression of all excited electrons in the probed
electronic band. In Fig. 2a, the intensity of AT /T decreases
with the pump—probe delay, and two series of discrete peaks
at 1.2 £ 0.03 and 1.35 £ 0.03 eV (denoted by dotted ar-
rows) were discerned. The energy intervals between these
two groups of peaks are about 0.15 eV, which corresponds
to the energy of a zone-boundary optical phonon (derived
from the Raman data above). These peaks can be assigned to
enhanced transmission by the third- and the fourth-order op-
tical phonon emissions starting from the laser-excited level
1.78 eV, which is half of the pump photon energy, due to the
symmetric electronic structure [2, 3]. Analogous features in
GaAs [34] and GaN/AlGaN heterostructure [35] were also
observed by femtosecond transmission spectroscopy, which
resulted from longitudinal optical phonon emission. In de-
tail, the peak positions slightly shift towards high energies
with the delay time. We explain this shift as the result of the
increase of the lattice temperature due to the energy trans-
ferred from the electron to the lattice, which can shorten the
optical phonon energy, in accordance with Raman studies of
2D-band red shift versus temperature in graphene [36, 37].
It should be mentioned that the first- and the second-order
peaks caused by optical phonon emission (Fig. 2a) are not
observable because of the weak probe light at A < 400 nm
and the bad signal-to-noise ratio.

Except for the peak regions, i.e. phonon replicas, the
background of AT /T in Fig. 2a corresponds to the occu-
pied states in the probed energy levels that are caused by
the downward spreading of the excited electrons after photo-
excitation. The decrease of the intensity of the background
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Fig. 2 Transient AT /T spectra of the suspended few-layer graphene
film at the excitation energies of (a) 3.55 eV (350 nm) and (b) 1.83 eV
(680 nm). Insets: schematics of the electronic band structure of the
few-layer graphene film and pump/probe transitions

indicates that the excited electrons relax to the lower energy
levels. Similar behavior has also been observed in the mono-
layer and stacked graphene films [11, 16]. In order to esti-
mate quantitatively the red shift of the transient spectra with
time, the typical energy relaxation rates were calculated by
comparing the energies (E — Ef) of adjacent transient spec-
tra at the same AT /T intensity (as shown by the black solid
arrows in Fig. 2a). For example, in the energy region around
E — Ef = 0.95 eV, the transient spectra at 100, 130, 170
and 200 fs were selected to get the average energy relax-
ation rate: 1.6 +0.2 meV/fs. According to a recent report on
reduced graphene oxide films [38], the optical phonon emis-
sion time is extracted by dividing the phonon energy by the
relaxation rate, i.e. in our case 0.15 eV/(1.6 meV/fs) = 90 fs,
where 0.15 eV is the detected phonon energy. Note that
our obtained result (1.6 meV/fs) in the few-layer graphene
sample is smaller than the one (4—10 meV/fs) of reduced
graphene oxide films [38].

However, for optical phonon absorption (Fig. 2b) we
did observe the broad first-order peak centered at 1.07 +
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0.02 eV, which is about 0.15 eV away from the laser-excited
energy of 0.92 eV. The background of the AT/T spec-
trum represents the induced transmission due to only up-
ward spreading of excited electrons. The energy relaxation
rate can be calculated by the energy shift of the AT/T
spectrum towards low energies. For instance, at energies
of about £ — Ef = 1.25 eV and times of 130, 170 and
200 fs (indicated by black solid arrows, Fig. 2b), the ob-
tained relaxation rate and the optical phonon emission time
are 0.9£0.1 meV/fs and ~170 fs, respectively. After 100 fs,
i.e. when the e-e scattering contribution is low, the AT/ T
spectrum reflects a combinational effect of two processes:
optical phonon emission and absorption. These two pro-
cesses are related to the decrease and the increase of the
total energy of the excited electron system, respectively. De-
cay of the AT/T signal at 1.08 eV originates from the
reduction of total energy of the excited electron system,
which means that optical phonon emission overcomes op-
tical phonon absorption during e-op scattering. In compari-
son with the zone-boundary optical phonon, emission or ab-
sorption of the zone-center optical phonon (0.196 eV) has
not been observed in Fig. 2. Thus, the obtained results evi-
dence the previous theoretical predictions that the e-op scat-
tering at K is prevailing rather than e-op scattering occur-
ring equally likely at both I" and K [39, 40]; it is consistent
with the phonon-related fluctuations (~0.15 eV) obtained
from angle-resolved photon emission spectroscopy [41] and
scanning tunneling microscopy [42, 43].

Figure 3 presents the kinetic curves of AT /T and the
energy dependences of quasiparticle decay rates after exci-
tation with 3.55 eV (350 nm) and 1.83 eV (680 nm). The
decay curves for the energies at 1.0 and 1.2 eV can well be
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Fig. 3 (a, b) Kinetic behavior of AT /T as a function of pump—probe
delay for the suspended few-layer graphene film pumped at 3.55 eV
(350 nm) and 1.83 eV (680 nm), respectively. (¢, d) Quasiparticle
decay rates versus quasiparticle energy at the excitation energies of
3.55eV and 1.83 eV, respectively
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fitted by a mono-exponential function. The decay process
is appointed to the e-op scattering as reported in Refs. [9]
and [10]. As shown in Fig. 3¢ and 3d, the quasiparticle life-
times range from 90 to 220 fs at the probed energy levels.
A linear relationship with a slope of 0.012£0.01 eV~ fs~!
was observed in the energy range from 0.9 to 1.15 eV at
350-nm excitation (Fig. 3c), which reflects the linear density
of states, as expected from previous studies [44-46]. It was
noted that this linear region is far (>0.6 eV) from the laser-
excited level. Moreover, two obvious valleys were found at
about 1.21 and 1.37 eV, where the quasiparticle decay rates
drop down. It is found that the positions of these valleys co-
incide with the peak locations in the transient AT /T spec-
tra in Fig. 2a, where the quasiparticle population in the peak
region is relatively higher than those in non-peak regions re-
ferring to the background. Therefore, the anomalous behav-
ior (valleys) in Fig. 3c is attributed to the extra quasiparticle
accumulation in these regions, i.e. localization of the quasi-
particle population, induced by the third- and the fourth-
order optical phonon emissions as discussed above (Fig. 2a).
Meanwhile, when the sample was pumped at 680 nm, one
concave region was recognized to be located around 1.08 eV,
corresponding to the first-order optical phonon absorption
(Fig. 3d). After this turning region, the quasiparticle decay
rate increases versus the energy of E — E¢ (Ey is the Fermi
energy).

By combining the transient AT /T spectra and kinetics
data, a more detailed understanding of early quasiparticle re-
laxation processes is obtained. In the first 50 fs, the electron
population spreads upward and downward from the laser-
excited level. In general, if the relaxation of electrons is
caused only by the electron—phonon scattering, the transient
spectrum is expected to show the periodic peaks without
the strong background [47]. However, the large background
is observed in the first 100 fs (Fig. 2), indicating the exis-
tence of other relaxation channels besides electron—phonon
scattering. We consider three processes which lead to ultra-
fast spreading of the quasiparticle population: intraband e-e
scattering, interband Auger processes and electron—phonon
scattering. First, intraband elastic and inelastic e-e scatter-
ing events can result in the randomization of momentum
and energy followed by Coulomb thermalization causing the
formation of a Fermi—Dirac distribution of quasiparticles,
similar to semiconductors, e.g. GaAs and Ge [48]. The e-
e scattering time in graphene has been estimated based on
Z-scan [49] and two-pulse correlation measurements [17],
where the typical time scale is around 10 fs. Therefore, in-
traband e-e scattering does contribute to the quasiparticle
spreading. Recently, the possibility of Auger processes in-
duced by the excited electrons and their influence on car-
rier dynamics in graphene materials have been theoretically
studied by Winzer et al. [50]. For interband Auger processes,
Auger recombination may arouse the upward spreading of
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the electron distribution referring to the laser-excited level
and impact ionization can cause the downward spreading,
where the excited electron is losing energy [15, 50]. Particu-
larly, both Auger processes can take place at the early times
(<50 fs) after photo-excitation [50]. Therefore, Auger pro-
cesses may serve for the observed large background. Simi-
larly, recent experimental reports [15, 16] also pointed out
the role of Auger processes in the early times of photo-
excited mono- and multilayer graphene films. Within 100 fs,
a considerable number of phonons are created, which further
participate in the energy relaxation of electrons. In our case,
ultra-fast phonon emission and absorption play a distinct
role in the early spreading of quasiparticles which cause the
formation of transient phonon replicas in the AT /T spec-
tra. Strong optical phonon emission or absorption will affect
the populations and the lifetimes of quasiparticles at ener-
gies close to the laser-excited level, i.e. 1.36 and 1.07 eV.
After 100 fs, optical phonon emission is predominant rather
than optical phonon absorption, and the energy relaxation is
regulated by the e-op scattering in the probed energy range.
As a result, the total quasiparticle distribution shifts to low
energies.

4 Conclusions

In conclusion, quasiparticle dynamics of suspended few-
layer graphene films grown by CVD has been studied by use
of femtosecond spectroscopy techniques. The phonon emit-
ted or absorbed during the broadening of the electron distri-
bution was recognized as a zone-boundary optical phonon
with the energy of 0.15 £ 0.02 eV. Linear dependence of the
quasiparticle decay rate on electron energy was observed in
the energy levels far (>0.6 eV) from the laser-excited level
of 1.78 eV. Localization of the quasiparticle population in-
duced by the first-order optical phonon absorption and the
higher order (third and fourth) optical phonon emissions was
distinguished, where the kinetic curve behaved with a slow
decay.
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