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We investigate the ultrafast relaxation dynamics of hot Dirac fermionic quasiparticles in multilayer

epitaxial graphene using ultrafast optical differential transmission spectroscopy. We observe differential

transmission spectra which are well described by interband transitions with no electron-hole interaction.
Following the initial thermalization and emission of high-energy phonons, the electron cooling is
determined by electron-acoustic phonon scattering, found to occur on the time scale of 1 ps for highly
doped layers, and 4-11 ps in undoped layers. The spectra also provide strong evidence for the multilayer
structure and doping profile of thermally grown epitaxial graphene on SiC.
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Graphene is a planar layer of carbon atoms in a hexago-
nal lattice, with a linear energy spectrum near the inter-
section of the electron and hole cones in the band structure
(the Dirac point) [1-4]. The linear energy dispersion gives
rise to massless Dirac quasiparticles with an energy-
independent velocity, leading to unusual quantum proper-
ties [5-9] and an electrodynamic response differing sig-
nificantly from that of fermionic plasmas with parabolic
dispersion [10,11]. Graphene grown expitaxially on SiC
substrates has been proposed as a platform for carbon-
based nanoelectronics [12,13]. Both transport measure-
ments and infrared spectroscopy have provided strong
evidence that the band structure of epitaxial graphene
layers is essentially the same as for single-layer graphene
[14-19]. While transport in steady-state measurements is
controlled by the electrons near the Fermi level, transport
in high speed devices is determined by the dynamic con-
ductivity of hot carriers, i.e., electrons whose temperature
is elevated above the lattice temperature due to the pres-
ence of high fields and/or dynamic fields in the material. It
is critical therefore to understand both the cooling of the
electrons due to coupling to lattice phonons and the re-
sponse of the quasiparticle plasma to dynamical fields.

Here we report the first ultrafast spectroscopy of hot
Dirac quasiparticles in epitaxial graphene in the region
near the Fermi level [20]. As illustrated in Fig. 1, a 100-
fs near-infrared (800 nm) optical pulse excites quasipar-
ticles from the valence to the conduction band across the
Dirac point; the optical response of a multilayer graphene
structure containing both doped and undoped layers is
measured via the differential transmission (DT) of a tun-
able probe pulse as a function of pump-probe delay. The
electrons have an initial energy of 428 meV above the
Fermi level in the doped layers and 777 meV in the un-
doped layers. Because of rapid carrier-carrier scattering, a
hot thermal distribution is established within the time reso-
lution of the experiment (150 fs). This distribution cools
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towards the lattice temperature, initially via the emission of
high-energy (194 and 330 meV) phonons [21], and later via
the interaction with acoustic phonons. In these experi-
ments, the elevated temperature of the quasiparticles is
manifested primarily through the modification of the probe
absorption by Pauli blocking of interband transitions.

For the optical experiments, a 100-fs 250-kHz amplified
Ti:sapphire laser at 800 nm pumps an infrared optical
parametric amplifier with signal wavelength tunable from
1.1 to 1.6 um and idler tunable from 1.6-2.6 um. The
sample is pumped with pulses at 800 nm, and either the
signal or the idler is used as the probe; the temporal
resolution is 150 fs, determined through both cross-
correlation measurements and the DT rise time. The
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FIG. 1 (color). Sample structure and energy dispersion curves
of doped and undoped graphene layers. The sample has a buffer
layer (green) on the SiC substrate followed by 1 heavily doped
layer (red) and approximately 20 undoped layers (blue) on top.
The Fermi level is labeled with a dashed line (brown) lying
348 meV (from the later data) above the Dirac point of the doped
graphene layer and passing through the Dirac point of the
undoped graphene layers. The blue solid line shows the tran-
sitions induced by the 800-nm optical pump pulse; the three
dashed lines correspond to probe transitions at different energies
with respect to the Fermi level (discussed in the text).
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pump and probe beams are colinearly polarized and fo-
cused on the sample to 80- and 40-um diameter spots,
respectively. The probe beam after the sample is filtered in
a monochromator with 3-nm resolution and detected by an
InGaAs photodetector and lock-in amplifier referenced to
the 4.2-kHz mechanically chopped pump. The sample
temperature is controlled over a range 10-300 K.

The sample is an ultrathin epitaxial graphene film pro-
duced on the C-terminated (0001) face of single-crystal
4H-SiC by thermal desorption of Si [16,17]. Figure 1
shows the structure of the sample [13,14,17,22]: the first
carbon layer (green) is covalently bonded to the 4H-SiC
substrate and acts as a buffer layer; the following layer
(red) exhibits the graphene electronic spectrum and is
doped by charges transferred from the SiC. From the
measured Fermi level (see below), the charge density is
estimated to be 9 X 10'? electrons/cm?. The graphene
layers (blue) above the doped layer are neutral [22,23].
For the growth conditions employed, the number of neutral
layers has been estimated to be in the range 15-20 [15,24].

Figure 2(a) shows representative DT spectra at various
probe time delays. The DT amplitude peaks near zero time
delay for all probe wavelengths; since the DT rise time is
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FIG. 2 (color). DT spectrum normalized by transmission (T).
(a) DT spectrum on epitaxial graphene at 10 K, with 500-uW
800-nm pump (photon fluence of 1.6 X 10'# photons/cm? per
pulse), at probe delays of 10, 5, 2, 1, 0.5 ps, and background
(50 ps before the pump arrives). The arrows at 1.78 and 2.35 um
indicate the DT zero crossings. (b) DT time scan of the two
probe wavelengths marked in (a) at the red (1.85 wm) and blue
side (1.75 pm) of the 1.78 um DT zero crossing. (c) Time scan
of the two probe wavelengths marked in (a) at the red (2.40 pm)
and blue side (2.25 wm) of the 2.35 um DT zero crossing. In all
figures, the dashed line (brown) marks where the DT signal is
zero. The DT tails in (b) and (c) are simply fitted by a sigmoidal
curve.

limited by the experimental time resolution, a hot thermal
carrier distribution is apparently established on a time scale
much less than 150 fs. The DT amplitude then relaxes
towards zero on a time scale of 15 ps. The DT signal flips
from positive on the blue (high-energy) side of a probe
wavelength of 1.78 um to negative on the red (low-
energy) side of 1.78 um, and flips back from negative to
positive again at 2.35 pm.

Figures 2(b) and 2(c) show DT time scans for selected
probe wavelengths on both red and blue sides of the two
zero crossings. Immediately following the pump pulse, the
DT signal is positive over the entire probe spectral range.
The DT signal becomes negative within 2 ps if the probe
wavelength falls between 1.78 and 2.35 wm, otherwise it
remains positive until the signal decays away. The DT
signal relaxes to zero on the time scale of 1-10 ps depend-
ing on probe wavelength. The lack of the data in the two
blank regions of Fig. 2(a) is due to limitations in tuning our
optical parametric amplifier.

Figure 3 shows the effect of lattice temperature on the
carrier dynamics (the data are taken at a different position
from that in Fig. 2). For spectral regions where the DT sign
is positive, the DT dynamics show little temperature de-
pendence apart from minor amplitude changes and slightly
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FIG. 3 (color). Temperature dependent DT spectrum. (a) DT
time scans at temperature 10, 30, 50, 77, 130, and 180 K with
500 uW pump at 800 nm and 2.25 um probe. The DT time
scans were fit with a sigmoidal curve to show more clearly the
behavior of the zero crossings. In the inset the DT zero-crossing
points at different temperatures are marked with different colors.
(b) DT time scans at temperatures of 10, 77, and 287 K with
1 mW pump at 800 nm and 1.57 wum probe. (c) DT time scans at
temperatures of 77 and 290 K with 1 mW, 800 nm pump and
2.4 um probe. In all figures, the dashed line (brown) marks
where the DT is zero.
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different relaxation times. When the probe wavelength
falls between 1.78 and 2.35 wm, the DT signal is positive
at early times, and becomes negative within a few pico-
seconds. The amplitude of the negative DT component
decreases with increasing temperature and almost disap-
pears for temperatures above 180 K. The delay time at
which the DT crosses zero increases monotonically with
temperature [Fig. 3(a) inset).

We now turn to the interpretation of the DT and the
origin of the zero crossings. From the simplest point of
view, the differential probe transmission spectrum arises
from the change in carrier occupation functions in the
bands, since generally the probe absorption is proportional
to f,(1 — f.) where f, (f,) is the occupation probability in
the valence (conduction) band. Following the excitation of
quasiparticles high into the conduction band by the pump,
electron-electron scattering on a time scale short compared
to 150 fs establishes a hot thermal distribution. Since the
carrier occupation probability above the Fermi energy is
increased by the pump, the DT signal is positive due to
reduced probe absorption. Below the Fermi level, the
heating of the electron plasma reduces the occupation
probability, so the DT is negative. Thus the upper zero
crossing at 1.78 um probe wavelength arises from the
smearing of the Fermi level in the doped layers. We find
the Fermi level ., for the doped layer to be 348 meV above
the Dirac point. This result is close to the calculated Fermi
level in the carbon-deficient geometry [22], and is consis-
tent with the results of transport studies on epitaxial gra-
phene grown on the C-terminated (0001) face [13]. We
note additionally that there is no peak in the DT spectrum
near the Fermi level; this indicates that there is no Fermi
edge singularity [25,26] due to electron-hole interactions
in the interband absorption spectrum of graphene, as may
be expected from the massless nature of the quasiparticles.

At very long probe wavelengths, i.e., for transition final
states well below the Fermi level of the doped layers, one
may expect the DT spectra to be determined primarily by
the carrier occupations in the undoped layers; since the
pump pulse generates hot carriers in the undoped layers,
the sign of the DT signal arising from the undoped layers

should be positive for all wavelengths. However, for probe
wavelengths below the Fermi level of the doped layer, the
contribution of the doped layer to the DT is negative. Thus
one expects that for some probe energy the net DT signal
should flip sign; this is the origin of the lower zero crossing
at 2.35 um.

The probe transmission and reflection spectra were self-
consistently modeled using the transfer-matrix method,
incorporating both the interband and intraband contribu-
tions to the dynamic conductivity (or dielectric constant) of
each graphene layer [4,11]. We calculated the transmission
spectrum of the multilayer structure of Fig. 1, with transfer
matrices for 20 undoped graphene layers (Fermi level at
the Dirac point) and 1 doped layer [25] with a Fermi level
of 350 meV.

Figure 4 shows the calculated transmission spectrum for
various electron temperatures, where for simplicity we
have assumed the temperature to be the same for all layers.
At low temperature (10 K), the transmission spectrum
shows an absorption edge at hiw = 2u,4, as one would
expect from the simple picture of interband absorption
discussed previously. Here u, is the Fermi level energy
relative to the Dirac point of the doped layer. As the
temperature increases, the absorption edge due to the
doped layer broadens due to smearing of the carrier distri-
bution around the Fermi level, and the undoped layers
contribute a broad peak at low energy.

Figure 4(b) shows the calculated DT spectrum for an
initial electron temperature of 10 K (i.e., the DT spectrum
is the transmission spectrum for an elevated electron tem-
perature minus the transmission spectrum for 10 K). The
DT spectra show the upper and lower zero crossings at
energies (hw = 2u, and how = 1.5, respectively) close
to those observed in the experiment. The calculated DT
signal is positive over the entire spectral range if the
electron temperature is higher than approximately 960 K;
since the experimental DT immediately following the
pump pulse is positive everywhere, this establishes that
the initial carrier temperature exceeds 960 K.

Examination of Fig. 4 shows that when the probe energy
is between the two DT zero crossings, the transmission
curve does not relax monotonically with decreasing elec-
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FIG. 4 (color). DT signal simulation. (a) Simulated transmission curves at different electron temperatures. In the inset, the
transmission curves at low electron temperature are shown expanded for frequencies around the two DT zero crossings.
(b) Simulated DT/T curves at different electron temperatures with lattice temperature at 10 K. In the inset, the DT/T curves for
low electron temperatures are expanded in the vicinity of the two DT zero crossings. Both figures share the same legend.
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tron temperature; it decreases to a minimum around 400 K
and then turns back and increases with decreasing tem-
perature. The high initial electron temperature gives a
positive DT signal; as the carriers lose energy, the DT
amplitude decreases and becomes zero for an electron
temperature of approximately 700 K. The DT is then
negative and reaches its maximum negative amplitude for
an electron temperature of 400 K. With further cooling, the
DT approaches zero. The time delay at which the DT flips
sign should increase with lattice temperature from the
model, as observed in the experiment [inset of Fig. 3(a)].

In contrast, when the probe wavelength is either above
the upper or below the lower zero crossing, the transmis-
sion decreases monotonically with the electron tempera-
ture and the DT decay curves are only weakly dependent
on lattice temperature, as is apparent in Figs. 3(b) and 3(c).

Additional simulations performed by excluding various
contributions to the total conductivity reveal that the domi-
nant contribution is the real part of the interband conduc-
tivity. We note that the observed lower zero crossing is
unrelated to the transverse electric mode arising from the
negative imaginary part of the interband conductivity pre-
dicted in recent work [11]. The imaginary intraband con-
ductivity only results in a small shift of the lower zero
crossing (less than 5%), and this contribution cannot be
isolated in our normal-incidence DT experiment. Our DT
spectra are well described by interband transitions and the
single-particle density of states for linear dispersion, and
no electron-hole interaction; investigations of the intraband
response will require much longer probe wavelengths. We
also note that the simulations are sensitive to the detailed
layer structure of the epitaxial graphene, and the spectra
provide strong corroborating evidence for the epitaxial
graphene structure determined using other methods [14—
19]; our best fit to the data is obtained for one conducting
layer and 20 undoped layers.

Our calculations of the DT assume that the quasiparticle
plasma can be described by a thermal distribution charac-
terized by a single electron temperature 7, in all layers.
Within the time resolution of our experiment, the electron
distribution appears to be thermal in all experimental DT
spectra. From the time delay of zero-crossing DT point at
10 K, we find that the hot electron temperature relaxes to
around 7, = 420 K (36 meV) on the time scale of 1.7 ps
by emitting two or three 197 meV [21] optical G phonons
[27,28], or one to two 330 meV D phonons [21]. The re-
laxation afterwards is mainly due to the relatively slow
acoustic phonon scattering process. Because the photoin-
jected carrier population is low (less than 1.2 X 10" cm ™2
per layer), the probe DT is sensitive only to the high-energy
thermal tail of the carrier distribution at the probe wave-
lengths used, so the dynamics are interpreted only in terms
of carrier cooling, and the experiments are insensitive to
possible electron-hole recombination across the Dirac
point.

To determine the electron temperature 7', as a function
of time from the DT amplitudes, we calculate the DT at a
given probe wavelength for each value of the temperature.
We find that fits of the DT dynamics near the upper zero
crossing (where the DT is dominated by the doped layer)
show that the decay of T, is reasonably well described by a
single exponential with a time constant of 1.45 ps. Fits to
the DT dynamics near the lower zero crossing cannot be fit
with single exponential decay of T, but can be well fit by a
stretched exponential exp[ — (7/7)'/"] with 7 in the range of
4-11 ps and a heterogeneity parameter 7 = 3. The long
nonexponential decay may arise from the generation of hot
phonons [27,28] although disorder in the sample or the
temperature- and density-dependence of the scattering rate
may also contribute. The observed time scale for the cool-
ing is consistent with the 4-ps electron-phonon scattering
time constant estimated recently from magnetoresistance
measurements [13] and with recent calculations [27].
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