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uasiparticle dynamics in graphene

has attracted a great interest in the

community of fundamental re-
search and practical applications such as
nanoelectronics,' transparent electrodes,’
and spintronic devices.> Owing to the un-
ique electronic structure, charged carriers in
graphene behave like massless Dirac fer-
mions at Fermi velocity (~10° m/s).* Inves-
tigation of these quasiparticles is critically
important for the design and fabrication of
graphene-based electronic devices. Since
2008, ultrafast studies®'” of quasiparticle
dynamics in photoexcited graphene have
made much progress by using pump—
probe®~'® and Z-scan spectroscopic meth-
0ds."®"” In general, four kinds of graphene
samplesincluding epitaxial graphene on SiC
(graphene/SiC),>~ %7 exfoliated graphene,"'?
graphene grown by chemical vapor deposi-
tion (CVD),'®™' and graphene disper-
sion'® have been used. Among these
samples,®~ """ few-layer (<5) and multi-
ple (5—100) graphene films are mostly stu-
died. Different kinds of graphene samples
have their own limitations. In particular, for
epitaxial graphene/SiC, the effect of subs-
trate’® 2% on optical properties is complex
due to the existence of doping'®'® and
strain’® near the graphene/SiC interface.
For non-single-layer exfoliated graphene
films, their electronic structures are different
from that of the single-layer (1 L) graphene,
the most promising 2D material, due to the
interlayer coupling. Though there is no in-
fluence of a substrate for graphene suspen-
sion, the impact of sample uniformity and
the solution environment could inevitably
complicate the essential nature of quasipar-
ticle dynamics of graphene. Until now, most
of the ultrafast measurements were per-
formed in infrared (IR)>®°~ 1415 and tera-
hertz’® probe regions, and less attention
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ABSTRACT Ultrafast quasiparticle dynamics in graphene grown by chemical vapor deposition
(CVD) has been studied by UV pump/white-light probe spectroscopy. Transient differential
transmission spectra of monolayer graphene are observed in the visible probe range (400—650
nm). Kinetics of the quasiparticle (i.e., low-energy single-particle excitation with renormalized
energy due to electron—electron Coulomb, electron—optical phonon (e-op), and optical pho-
non—acoustic phonon (op-ap) interactions) was monitored with 50 fs resolution. Extending the
probe range to near-infrared, we find the evolution of quasiparticle relaxation channels from
monoexponential e-op scattering to double exponential decay due to e-op and op-ap scattering.
Moreover, quasiparticle lifetimes of mono- and randomly stacked graphene films are obtained for
the probe photon energies continuously from 1.9 to 2.3 eV. Dependence of quasiparticle decay rate
on the probe energy is linear for 10-layer stacked graphene films. This is due to the dominant e-op
intervalley scattering and the linear density of states in the probed electronic band. A dimensionless
coupling constant W is derived, which characterizes the scattering strength of quasiparticles by
lattice points in graphene.

KEYWORDS: graphene - femtosecond spectroscopy - electron—phonon interaction -
quasiparticle lifetime

has been paid to the visible range.'*'>"®

Moreover, dependence of quasiparticle de-
cay rate on the probe energy in graphene
has not been studied in detail by ultrafast
time-resolved spectroscopy.

In this paper, quasiparticle dynamics in
CVD-grown graphene samples were stu-
died in the visible region by using differen-
tial transmission (AT/T) spectroscopy. For
sample preparation, large-area monolayer
graphene was grown on copper foil by CVD
and then transferred onto quartz subs-
trate;*> multilayer graphene samples were
prepared by transferring and stacking
monolayer graphene one sheet by another.
UV pump/white-light probe setup was em-
ployed to record the transient AT/T spectra
and determine quasiparticle lifetimes. For
monolayer and stacked samples, decay times
due to electron—optical phonon (e-op) scat-
tering are similar for the probe wavelengths
from 550 to 670 nm (2.25—1.85 eV). When
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Figure 1. (a) Steady-state transmission spectra and (b) Raman spectra of 1—3 L graphene films on quartz substrates. The
spectra in (b) have been normalized by the intensity of G mode.
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Figure 2. (a) Transient AT/T spectra of 1—3 L graphene films (1xc = 350 nm) at pump—probe delay times of 0.05 ps (black),
0.15 ps (red), and 0.25 ps (blue); (b) AT/T kinetics for 1—4 L and 10 L stacked graphene films at 610 nm.

the probe photon wavelengths vary from visible to
near-IR ranges, the decay of the positive signal evolves
from mono- to two-exponential kinetics and the op-
tical phonon—acoustic phonon (op-ap) scattering rises
up in the near-IR region. Fitting the energy depen-
dence of the inverse quasiparticle lifetime, we extract a
dimensionless coupling constant W,>*** which repre-
sents the scattering strength of quasiparticles by lattice
points in graphene. The origin of the dependence of
the inverse quasiparticle lifetime on energy is also
identified.

RESULTS AND DISCUSSION

Figure 1a shows the steady-state transmission
spectra of 1—3 L graphene samples. According to
Beer's law

A =na = —InT) (1)

where A and n are the absorbance and the number of
layers, respectively, we estimate the attenuation coef-
ficient a to be 0.021 at 550 nm. It is close to the
theoretical value of 0.023,% which implies that the
transfer procedure for few layers does not introduce
noticeable change to a. Besides, the transmittance is
not constant within the whole visible range. The drop
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in the high energy range (>3 eV) is mainly due to the
nonlinear electronic spectrum, especially the flat en-
ergy dispersion near the M point.2® Compared with the
multilayer graphene on SiC*'®' or the exfoliated
graphene from graphite films, the stacked samples
are expected to possess much weaker interlayer cou-
pling. In other words, the nature of the stacked gra-
phene films used here should be close to that of the
monolayer graphene. To confirm this assumption, Ra-
man scattering measurements have been carried out
and the spectra are shown in Figure 1b. The spectra of
1—3 L stacked graphene sheets show similar charac-
teristics of single Lorentz G (~1586 cm™ ') and G’ or 2D
(~2680 cm™ ") bands,?” which indicates the decoupling
of the layers in the stacked samples.

By using pump—probe setup, transient AT/T spectra
of 1—3 L graphene films were obtained and are shown
in Figure 2a. The spectra from these three samples
show similar temporal progression in the probe region.
After photoexcitation at 350 nm, instantly, induced
increase of the transmission was detected in the visible
range. Later, AT/T decays and the carrier energy dis-
tribution shifts to the low-energy region accordingly.
As expected, AT/T increases with the number of gra-
phene layers. Figure 2b presents AT/T dynamics for
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Figure 3. AT/T kinetics for 4 L stacked graphene films at
550, 600, 676, and 778 nm. Inset: enlarged scale.

1—4 L and 10 L graphene samples at the probe
wavelength of 610 nm (2.03 eV). Being analogous to
the spectral data, the intensity of AT/T also varies with
the number of layers. Deconvolution fitting was carried
out for all curves, where the rise time was refined by
referring to the cross-correlation function (110 =+ 20 fs)
and the decay time was fitted by a monoexponential
function. The positive change of transmission is due to
the absorption saturation of the direct optical transi-
tion after photoexcitation. The obtained rise and decay
times are 60 £ 20 and 150—200 fs, respectively. The rise
time originates from the electron—electron (e-e) scatter-
ing and the initial phonon-involved scattering, while the
decay time is caused by the e-op scattering, as repor-
ted."?" There is no apparent dependence of the rise and
decay times on the number of layers. These findings
indicate that carrier relaxation processes in monolayer
and stacked graphene samples are akin to each other.
Figure 3 shows AT/T of 4 L stacked graphene as a
function of time delay, where the wavelength depen-
dence of carrier dynamics was studied. Mono- and
biexponential functions were used for fitting in visible
and nearby IR regions, respectively. While probing from
550 to 676 nm, the AT/T kinetics reveal a monotonic
increase of the decay times from 140 to 220 fs and a
recovery of a negative tail because of the band renor-
malization by the electron—hole plasma.?’ Between 685
and 715 nm, AT/T signals were interfered with by a
strong signal caused by the second-order frequency of
the pump pulse. In the probe region between 720 to 780
nm (1.72—1.59 eV), the decay curves can be well fitted
biexponentially. For the probe wavelength of 778 nm
(Figure 3), the fast decay occurs with 7, = 240 fs due to
e-op scattering; the slow decay occurs with 7, = 1.2 ps,
which is attributed to the hot optical phonon relaxation
by op-ap scattering, in agreement with the recent
measurements probing at 780 nm (ref 9) and 800 nm."*
Figure 4a shows rise and decay times as a function of
the probe photon energy E,, for different layer gra-
phene samples. By increasing the photon energies
from 1.9 to 2.3 eV, decay times range from 200 + 50
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to 75 4 25 fs and the rise times are around 60 4 20 fs for
all samples. It should be noted that the dependence of
the decay time on the probe photon energy becomes
apparent for the 10 L stacked graphene. The corre-
sponding decay rate k = 1/Tqecay versus the relative
electron energy ¢ = E — E¢ (E¢is Fermi energy) is plotted
in Figure 4b. According to the symmetric band structure,
& = E,/2. Dependence of the quasiparticle decay rate
versus ¢ can be well fitted by a linear function. It should
be mentioned that Ando et al.?*** have theoretically
predicted linear dependence of the inverse lifetime of
the quasiparticle versus e being mainly due to the zone-
boundary optical phonon scattering in graphene:

1 2

Here W = (nu?/4my?* is the dimensionless coupling
constant* n; is the concentration of scatterers, u; is
the potential strength, and y is the band parameter.
From Figure 4b, we obtain the slope of 0.012 + 0.003
eV™" fs"'and extract W a2 1.3 x 10>, Hence the main
decay channel in the probed region is assigned to the
strong e-op scattering around K and K’ points or zone-
boundary intervalley scattering. This assignment is
further supported by others' theoretical studies,”® where
the strongest electron—phonon coupling in graphene
was demonstrated to be adjacent to K point, and con-
sistent with the band structure measurements of the
epitaxial graphene? by angle-resolved photoemission
spectroscopy (ARPES). Furthermore, it was shown that
the quasiparticle lifetimes (few hundreds of femto-
seconds) in graphene are larger than those (tens of
femtoseconds) in graphite®>3" in the same probe region.
This difference results from the changes®? of the electro-
nic structure and the density of states aroused by the
interlayer coupling in graphite. The slope of the decay
rate versus ¢ in graphene, being proportional to the scat-
tering strength, is also smaller than the one in graphite:
0.029eV ™" fs ' (ref30) or0.048 eV ' s~ (refs 33 and 34).

There are several factors contributing to transmis-
sion change, such as the Fermi—Dirac occupancy
factor, Fermi level, initial and final states.'"'” In general,
AT is determined by the change of interband absorp-
tion that can be estimated by the variations in the
Fermi—Dirac occupation probabilities at optically
coupled states in the valence band, f,, and in the
conduction band, f,.'"" In reference to developed
expressions,'”?°> the transient differential transmit-
tance at time t is derived as

AT(t) = [1 —fh(—Ezp’, t) +fa (Ezp t)] (o) (3)

Here a is the fine structure constant which defines the
visual transparency of graphene. For a probe photon
energy E, fo(Ep/2) is proportional to C(Te) x Ne x
exp(—Ep/2kgTe), where C is a function of electron
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Figure 4. (a) Dependence of time constants on the probe photon energies for 1—4 L and 10 L graphene films. Errors for 7,5
are within 420 fs for all samples. Errors for 7gecay are within £50 fs for 1—4 L and within 4-20 fs for 10 L graphene samples.

(b) Decay rate versus ¢ for 10 L stacked graphene films.

temperature and N, is the electron density."" Further-
more, T, is proportional to the relative electron energy ¢ 3,
where £ = E — E;. Recent calculations® suggest that at T, >
200—300 K optical phonon emission dominates the en-
ergy relaxation of hot Dirac fermions in graphene, which is
also in agreement with our assignment in view that the
measurements have been done at room temperature.
Previously, the energy dependence of the inverse
quasiparticle lifetime was investigated in metals®
and graphite,**3"333% where the e-e scattering,® the
electron—plasmon scattering,° the anisotropic beha-
vior,?" the band structure effect,***° the neutral triplet
collective mode,*® and the e-ph scattering®**” were
considered. In graphene, the energy dependence of
quasiparticle lifetime has been studied theoretically by
calculating the electron self-energy®®*”~*° and uncon-
ventional dependences®”3° are proposed, such as
linear’” 32 and cubic®® relationships. ARPES has been
applied to measure this dependence in graphite®* and
graphene®?® by observing the relaxation of photo-
holes®® below the Fermi energy. However, the calcu-
lated quasiparticle lifetimes (3—5 fs) from ARPES data
are much smaller than the data measured by time-
resolved spectroscopy, due to limited energy and
momentum resolutions and/or high surface sensi-
tivity.>**° So far, the origins of the dependences in
graphite3%33343% and graphene® are still ambiguous,
and plasmon excitation**° and electron—hole pair
formation*333%3¢ have been discussed. In this work,
the observed dependence (k ~ &) deviates from the
conventional Fermi liquid theory*' describing e-e scat-
tering, where the quadratic dependence of decay rate
on ¢ is expected in the energy band close to E (i.e., k ~
£2).* For the quasiparticle energy scale of & from 0.9 to
1.1 eV, the major relaxation channel of quasiparticle

METHODS

Graphene was grown on copper foil by using low-pressure
CVD.* Before the surface-catalyzed growth, the copper sub-
strate was annealed at 1000 °C for 20 min where H, was used to
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energy is the strong e-op scattering. The contribution
of e-e scattering cannot be ruled out since its lifetime
is beyond our time resolution (50 fs). On the basis of
the above assignment of 7Tqecay and recent calcula-
tions,?*>?* the linear dependence is ascribed to the
single dominant e-op decay channel and to the linear
density of states in the probed electronic band of
graphene.

CONCLUSION

To sum up, quasiparticle dynamics have been stu-
died by using femtosecond differential transmission
spectroscopy. Transient AT/T spectra of monolayer
graphene were obtained in the visible region. Rise
and decay kinetics of AT/T for monolayer were found
to be similar to those of stacked samples. While passing
from visible to IR probe ranges, the decay channels
evolve from mono- to biexponential processes. The
energies of quasiparticles mainly dissipate by e-op
scattering in the visible range (550—670 nm) and both
e-op and op-ap scatterings at 720—780 nm. Observed
quasiparticle lifetimes decrease from 200 + 50 to 75 £
25 fs for E, from 1.9 to 2.3 eV. In contrast to the
conventional Fermi liquid theory,*'*? which considers
only e-e interaction, an unambiguous linear energy
dependence of quasiparticle decay rate was found in
graphene due to e-op interaction. A dimensionless
coupling constant W of 1.3 x 10> was evaluated, which
characterizes scattering strength of quasiparticles by
lattice points in graphene. The origin of the dependence
of quasiparticle decay rate on energy is designated to
the predominant e-op intervalley scattering and the
linear density of states in the probe region, whereas
ARPES data include electron—phonon as well as electron—
electron and electron—plasmon interactions.

remove surface oxide layers with a flow rate of 10 sccm. After
that, 40 sccm methane was introduced as carbon source.
Monolayer graphene on high-purity (99.999%) copper foil was
obtained at 1000 °C under a chamber pressure of 3.6 Torr. Then
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the sample was transferred as described in a previous report.>?
The aqueous solution of iron nitride (FeNOs); was employed to
etch copper foil and isolate graphene monolayer. Later, the
graphene film was transferred into deionized water to rinse for
several times. Subsequently, quartz substrate was used to lift up
the graphene films layer by layer. In this work, 1—4 L and 10 L
graphene films were transferred onto quartz. All spectroscopic
measurements were performed with graphene on the quartz
substrate.

Steady-state transmission spectra were determined by a
UV—vis spectrophotometer (Cary 100Bio, Varian) at 1.0 nm
resolution. A Raman system (CRM 200, WITec) with an excitation
source of diode-pumped double-frequency Nd:YAG laser (532
nm) was used for recording Raman spectra. The laser power was
kept below 0.1 mW to avoid the heat-induced deformation of the
sample. The Raman spectrum was calibrated by adjusting the first-
order Raman peak position of a standard Si substrate to 520 cm ™.

For pump—probe measurements, the output of titanium:
sapphire (Legend Elite, Coherent) regenerative amplifier
seeded by an oscillator (Micra, Coherent) was used as a pulse
laser source: wavelength 800 nm, pulse width 80 fs, pulse
repetition rate 1 kHz, and average power 3.5 W. The main part,
90%, of the radiation was converted into the UV (350 nm) by use
of optical parametric oscillator (Topas, Light Conversion) with
following second- and fourth-harmonic generation; this radia-
tion was used as pump beam. The remaining 10% was used to
generate white-light continuum in a CaF, plate (ie, probe
beam). Pump pulses were focused on the sample with a lens
of 30 cm focal length and an incidence angle of 10°. Probe
pulses with variable time delays relative to pump pulses were
used to measure time-resolved transient transmission pro-
duced by the pump pulses. The white-light continuum was split
into two beams (signal and reference) and, after propagating
through the sample, directed into two diode arrays attached to
the spectrometers (Model 77400, Oriel). The entire setup was
controlled by a computer with the help of software (LabView,
National Instruments). For obtaining the transient AT/T spectra,
chirp correction was carried out by utilizing the coherent artifact
signals from the quartz substrate.** The experimental data were
fitted to a multiexponential decay function convoluted with the
instrument response function B(t —t,) centered at to:

AT(t):/O (ZABexp(%))B(rﬂto)d/ (4)

i=1

Here AT(t) is the differential transmission at time t, and AT;is the
amplitude of the component with lifetime 7;. The fwhm of the
pump—probe cross-correlation signal in quartz was 110 & 20 fs
for the visible region.
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