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plasmons in periodic arrays of epitaxial graphene nanoribbons
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The dynamics of plasmons in nanoribbons of (hydrogen intercalated) quasi-freestanding single-layer graphene
is studied by terahertz spectroscopy both in the steady state and upon photoexcitation by an ultrashort near
infrared laser pulse. The use of two-dimensional frequency-domain analysis of the optical pump–terahertz
(THz) probe signals allows us to determine the evolution of carrier temperature and plasmon characteristics
with ∼100 fs time resolution. Namely, we find that the carrier temperature decreases from more than 5000 K to
the lattice temperature within about 7 ps and that during this evolution the carrier mobility remains practically
constant. The time-resolved THz conductivity spectra suggest that graphene nanoribbons contain defects which
act as low potential barriers causing a weak localization of charges; the potential barriers are overcome upon
photoexcitation. Furthermore, the edges of graphene nanoribbons are found to slightly enhance the scattering of
carriers. The results are supported by complementary measurements using THz scanning near-field microscopy,
which confirm a high uniformity of the THz conductivity across the sample and demonstrate high enough
sensitivity to resolve even the impact of nanometric terrace steps on SiC substrate under the graphene monolayer.
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I. INTRODUCTION

Surface plasmons in subwavelength structures of graphene
are collective oscillations of Dirac quasiparticles [1–3] which
are essentially electromagnetic waves propagating inside and
in close vicinity of the graphene [4–7]. The confinement of
these waves strongly enhances the light-matter interaction,
thus increasing the linear absorption and allowing exploita-
tion of nonlinear phenomena already at moderate intensities
in atomically thin subwavelength devices [8–13]. Graphene
versatility together with the tunability of the plasmons makes
graphene structures excellent candidates for next-generation
plasmonic devices [14–22] with applications in ultrafast elec-
tronics, imaging, and quantum technologies from the terahertz
to the infrared regime. The unique properties of the graphene
sheets such as high carrier mobility at room temperature
and electrical, optical, and chemical tunability of their op-
toelectronic properties ascribe to graphene plasmons a great
potential especially for terahertz detection and sensing appli-
cations [23] in terms of the interaction strength, tunability, and
speed of the response. All these applications rely on a deep
understanding of the optoelectronic properties of nanostruc-
tured graphene, which are determined by ultrafast relaxation
dynamics of the hot carriers.

Plasmons in graphene have been mostly observed in
micron-scale ribbons where the resonance frequency is
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either controlled via ribbon parameters or by electronic gating.
Due to the exceptionally small electronic specific heat capac-
ity of graphene, hot-carrier effects are pronounced and they
influence the nonlinear dynamics of plasmons in graphene
structures, which may be important for potential applications
of graphene nanostructures in ultrafast plasmonic devices
[8–10]. These plasmonic nonlinearities were investigated re-
cently using transient terahertz (THz) transmittance induced
by intense narrow-band THz pulses [8,9,10].

In this paper, we study the THz response of graphene
ribbons excited by 800 nm femtosecond laser pulses. To
retrieve the most complete dynamical picture of the car-
rier evolution in the photoexcited graphene nanoribbons, we
combined analyses using both a conventional approach ap-
plicable for a slow dynamics [24] and a two-dimensional
(2D) frequency-domain approach for characterization of sub-
picosecond dynamics [25–28]. A comparison of the response
for both polarizations of the THz probe with respect to the
nanoribbon direction is important to elucidate the role of
growth defects and the graphene ribbon edges. As a com-
plementary experiment we applied scattering-type near-field
THz microscopy (THz-SNOM) which provides information
about the local conductivity on ∼100-nm scale and also si-
multaneously records the atomic force microscopy (AFM)
topographical image of the surface.

II. EXPERIMENTAL DETAILS

A. Steady-state setup and sheet conductivity measurements

The THz steady-state conductivity spectra of the graphene
ribbons were measured in transmission configuration using a
conventional femtosecond oscillator-based time-domain THz
spectroscopy setup basically described in [29].
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FIG. 1. Experimental setups for time-resolved (a) THz and (b) multi-THz spectroscopies. D1, D2: optical delay lines; CH1, CH2: choppers;
L: converging lens; B: assembly of BBO (second-harmonic generation), α-BBO (time plate controlling the phase between the 800- and 400-nm
pulse), and dual 800/400 nm waveplate; AP: avalanche photodiode; F: 400-nm bandpass filters; V1: ±1.5 kV voltage source at 500 Hz
synchronized with the laser.

In the case of a two-dimensional (2D) material like
graphene on a substrate, the THz sheet conductivity σ can
be retrieved from the experimental data using the Tinkham
formula [30] adapted for phase sensitive measurements:

E0(ω)

E0
ref (ω)

= Ns + 1

Ns + 1 + z0σ
eiω(Ns−1)(ds−dr )/c, (1)

where z0 is the vacuum wave impedance. E0(ω) is the
Fourier transformation of a sample waveform (measured with
graphene film on substrate with thickness ds and refractive
index Ns) and E0

ref (ω) is the Fourier transformation of a refer-
ence waveform (measured with a bare substrate with thickness
dr). The complex exponential term in Eq. (1) accounts for
the difference between phase shifts induced by the reference
and sample substrate, which has to be carefully accounted for
when calculating the conductivity of thin films. Therefore,
to ensure the most accurate data, we systematically opti-
mized the value of the substrate thickness difference ds − dr

by comparing the sheet conductivity spectra obtained from
the directly transmitted THz pulses [E0(ω) and E0

ref (ω)] and
from the first Fabry-Pérot reflections within the substrates,
as explained in the supplementary material of our previous
study [24].

B. Optical pump–THz probe setup
and transient THz conductivity measurements

The complex transient transmittance spectra of the studied
samples were measured in optical pump–(multi-)THz probe
setups powered by a Ti:sapphire ultrafast amplified laser sys-
tem (Spitfire ACE, 5 kHz repetition rate, 40-fs pulse length;
see Fig. 1). The fundamental laser wavelength of 800 nm was
used for the sample photoexcitation.

For the optical pump–THz probe spectroscopy the gener-
ation and detection occur in identical (110)-oriented 1-mm-
thick ZnTe crystals. To achieve the collinear pump beam
geometry, we use a 1-mm-thick and 2-in.-diameter fused silica

plate introduced into the THz beam path under 45 °. The
Fresnel losses of the plate for the p-polarized THz pulse are
minimal since the angle is close to the THz Brewster angle
(more than 90% of the THz field is transmitted). The plate also
features a high-reflective dielectric coating on its front side
for the 800-nm excitation pulses to allow an efficient intro-
duction of the optical pump pulse with a large diameter. The
setup is thus convenient to reach the ultimate time resolution
and ensure a homogeneous illumination of the sample by the
pump beam. The pump beam chopper is synchronized with
the laser output (chopper CH2, 2.5 kHz) and the THz beam
is modulated at an incommensurate frequency (chopper CH1,
1.127 kHz).

In optical pump–multi-THz probe experiments [31] lin-
early polarized multi-THz pulses are generated by two-color
plasma mixing in the air [32]. The residual power of the opti-
cal pump beam is filtered by a silicon plate oriented close to
the Brewster angle. The pump beam impinges on the sample
under an angle of 7◦ with respect to the probe beam; since
the diameter of the multi-THz beam spot is smaller than 0.4
mm for the whole frequency content, the experimental time
resolution is better than 200 fs. The detection is performed
by using the air-biased-coherent-detection technique [33]: the
multi-THz beam is focused collinearly with the sampling
beam to a spot between two 1-mm-thick electrodes with a
gap of 1 mm between them. The electrodes are supplied with
±1.5 kV rectangular pulses at 500 Hz (synchronized with the
laser repetition rate) which superimpose to the THz field. The
second-harmonic beam generated in the detection process is
sent through a set of 400-nm bandpass filters into an avalanche
photodiode. The pump beam chopper is modulated at a fre-
quency incommensurate with the laser repetition rate (chopper
CH2, 2.126 kHz). The details and further characteristics of our
multi-THz setup are provided in [31].

In both experimental setups the sampling of the THz
(multi-THz) pulse is controlled by the delay line D1 (time τ )
and the pump-probe delay τp is controlled by D2. The tran-
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FIG. 2. (a) Spatial mapping of the scattered THz signal measured using the THz-SNOM device; image 16 × 16 µm2. The width of the
ribbons is w = 3.4 µm and they are separated by empty gaps 0.5 µm wide; the period of the array is L = 3.9 µm; the graphene filling fraction
is 87%. (b) AFM height profile of the studied array of graphene ribbons (higher-resolution image of 5 × 5 µm2); the height changes due to SiC
terrace steps are clearly observed. (c) Higher-resolution THz-SNOM image of the same area. In this view we also distinguish the SiC terrace
steps within the graphene ribbons. (d) Comparison between the sample height recorded by AFM and the scattered THz amplitude obtained
during a scan along the green horizontal line indicated in panels (b) and (c). For the scattered THz signal, a background (straight line) was
subtracted; the level of the subtracted background is ∼9; the plotted THz signal magnitude in (d) represents a change with respect to this value
using the same scale.

sient signal �E (τ, τp) and the reference transmission E0(τ )
are then obtained at the same time by a double demodulation
technique.

The measured sheet photoconductivity �σ is calculated
from the transient (�E ) and reference (E0) signals in the thin-
film approximation and in the small-signal limit (�E � E0)
as follows [34]:

�σ (ω) = −1 + Ns

z0

�E (ω)

E0(ω)
. (2)

The total measured sheet photoconductivity is given by a
sum of the following terms:

�σ (ω, τp) = σe(ω, τp) − σ (ω) + �σSiC(ω, τp), (3)

where τp is the pump-probe delay, σe is the sheet conductiv-
ity of photoexcited graphene layer, and σ is its ground-state
(steady-state) sheet conductivity. The photoconductivity of
graphene (the first two right-hand-side terms) dominates;
however, Eq. (3) takes into account also the observed small
photoconductivity �σSiC of the SiC substrate [24]; the spec-
tra �σSiC(ω, τp) were independently measured using a bare
substrate.

C. THz-SNOM

The THz-SNOM setup (Neaspec) consists of an atomic
force microscope, where a metallic tip (diameter ∼50 nm)

is illuminated by focused picosecond THz pulses covering
spectral range 0.5–2.0 THz. The scattered THz amplitude, re-
sulting from the near-field interaction between the tip and the
sample surface, allows for the acquisition of THz near-field
images with nanoscale resolution across the scanned region of
the sample; the data presented in this paper display the THz
scattered amplitude demodulated at the second harmonic of
the tip tapping frequency. The AFM topography of the surface
is recorded simultaneously.

D. Sample preparation

A single layer of quasi-freestanding single-layer graphene
(QFSLG) was grown on the Si side of a 6H-SiC substrate
using the procedure described in [24,35,36]. Subsequently,
standard electron beam lithography followed by oxygen
plasma etching was employed to create graphene ribbons 3.4
µm wide separated by 0.5-µm gaps over an area of 5 × 5 mm2.

III. RESULTS AND DISCUSSION

A. THz near-field imaging

In the initial step, we examined the topography and local
THz conductivity of the sample by using the THz scattering
near-field microscope (THz-SNOM), Fig. 2. While vertical
terraces of the SiC substrate are very clearly visible on
the AFM image, Fig. 2(b), no other topographic defects in
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FIG. 3. Steady-state (a) and transient (b)–(d) spectra of the complex sheet conductivity of graphene nanoribbons for THz electric field
perpendicular to the ribbons. (b), (c) Real and imaginary sheet photoconductivity, respectively, measured at various pump-probe delays using
THz transient spectroscopy with an incident pump fluence: F = 0.05 mJ cm−2 (i.e., photon fluence of � = 2 × 1012 cm−2 absorbed in the
graphene layer). (d) Real and imaginary sheet photoconductivity measured by transient multi-THz spectroscopy for τp = 1 ps; absorbed photon
fluence � = 2.3 × 1013 cm−2. Symbols: measured data; lines: global fit based on Eqs. (3) and (4).

the structure are seen in these images. The sample presents
excellent homogeneity from the point of view of the local
THz conductivity, Figs. 2(a) and 2(c). Notice that the scattered
THz signal exhibits a slight variation in close vicinity of the
nanometer-sized vertical terrace steps on the SiC substrate
such that these defects are observed in the local conductivity
image, Fig. 2(c), and even better, in a scan of the line of
interest, Fig. 2(d). On the one hand, one can expect that the
substrate edge can cause an enhanced carrier scattering in the
graphene layer due to structural defects and layer discontinu-
ities accompanied by a drop in the local carrier mobility. On
the other hand, ballistic transport of carriers (i.e., enhanced
local mobility) has been observed at zigzag edge sidewall
ribbons grown on 6H-SiC substrate [37,38]. In addition, the
intricate structure of the graphene layer on the terrace step,
characterized by variations in its slope and step height, leads
to a pronounced decrease in electrostatic potential at the step
boundary. This, in turn, gives rise to the formation of resid-
ual resistivity dipoles in the graphene close to the step, as
documented by Wang et al. [39] and Krebs et al. [40]. The
accumulation and depletion of charges at the opposite sides of
the step then may trigger the movement of additional charges
from the surrounding graphene, resulting in an enhanced mo-
bility across the step. In the current state of understanding
we are not able to fully interpret the observed shape of the
local THz signal in Fig. 2(d) but some interplay between
the above-mentioned phenomena can presumably be re-
sponible for the observed bipolar character of its spatial
dependence across the step shown in Fig. 2(d).

B. Steady-state terahertz conductivity and picosecond dynamics

1. Experimental data and models

Steady-state THz sheet conductivity spectra as well as tran-
sient THz sheet conductivity spectra of the patterned graphene
layer were measured for both THz probing polarizations. The
experimental data are shown in Fig. 3 (for ETHz ⊥ ribbons)
and Fig. 4 (for ETHz ‖ ribbons). The spectral response is
significantly different for the two polarizations. This is un-
derstandable since the depolarization fields developed in the
graphene layer are quite different in both cases: they practi-
cally vanish for the parallel geometry while they significantly
contribute and lead to a formation of the plasmon in the
perpendicular geometry.

For the incident THz electric field perpendicular to the
ribbons, the spectral response shown in Fig. 3 reflects the
separation and screening of carriers inside the ribbons, i.e.,
the conductivity both in steady and photoexcited state features
a pronounced plasmonic oscillation resulting in a promi-
nent conductivity peak which can be described by a Lorentz
oscillator [8]

σ⊥(ω, Tc) = w

L

D

π

iω

ω2 − ω2
0 + iω

τs,⊥

, (4)

where w/L = 87% is the surface coverage by the graphene
ribbons (filling fraction of the graphene component). The re-
sponse is controlled by the Drude weight D [41], the geometry
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FIG. 4. Steady-state (a) and transient (b)–(d) spectra of the complex sheet conductivity of graphene nanoribbons for THz electric field
parallel to the ribbons. (b), (c) Real and imaginary sheet photoconductivity, respectively, measured at various pump-probe delays using THz
transient spectroscopy with an incident pump fluence: F = 0.05 mJ cm−2 (i.e., photon fluence of � = 2 × 1012 cm−2 absorbed in the graphene
layer); (d) real and imaginary sheet photoconductivity measured by transient multi-THz spectroscopy for τp = 1 ps; absorbed photon fluence
� = 2.3 × 1013 cm−2. Symbols: measured data; lines: global fit based on Eqs. (3) and (8).

of nanoribbons—both determining the plasmonic resonance
(angular) frequency ω0—and by the carrier relaxation time τs:

D(Tc) = 2e2

h̄2 kBTc ln

[
2 cosh

(
μ(Tc)

2 kBTc

)]
, (5)

ω0(Tc) =
√

D(Tc)w

ε0(1 + εSiC)L2 ln
[
sec

(
πw
2L

)] , (6)

τs,⊥ = η⊥μ(Tc)

e0v
2
F

. (7)

Here Tc and μ(Tc) denote the carrier temperature and
chemical potential, respectively, vF ≈ 106 m/s is the Fermi
velocity in graphene, and η⊥ denotes the mobility of charge
carriers. The scattering rate presented in the literature fre-
quently includes a term representing LA phonon scattering
which is proportional to the carrier temperature Tc. However,
this term starts to play some role only for longer scattering
times (�100 fs) and we thus neglect it in our work. It was
assumed in the previous publications [8,9,24] that the carrier
mobility is independent of the carrier temperature and the
Fermi level position. We believe that the scattering time is
the primary parameter, which is actually measured, and which
reflects the character of the motion of carriers. It means that
the mobility can, in principle, vary with the pump-probe delay
under the conditions of intense optical excitation and strong
carrier heating. In this paper we follow the above ansatz, and
we deduce the behavior of the carrier mobility upon photoex-
citation from the experiment.

For the THz probing field parallel to the ribbons, the shape
of the steady-state spectra is very close to the Drude response
[see Fig. 4(a)]. Nevertheless, the transient spectra, as shown
in Figs. 4(b)–4(d) feature some degree of carrier localization,
which is neither strong enough to form a characteristic reso-
nance in the steady-state spectra (thus ruling out the presence
of a plasmon resonance), nor weak enough to permit fitting
by a simple Drude model. Instead, the spectral shape for
the parallel geometry perfectly follows the so-called “mod-
ified Drude-Smith” (MDS) model [42,21]. In contrast with
the purely phenomenological Drude-Smith model, the MDS
approach has a clear microscopic background in accounting
for the drift-diffusion current which restores the thermal equi-
librium in systems without translational invariance due to,
e.g., energy barriers. The physical interpretation of this model
was confirmed also by a semiclassical limit of the quantum
model of the THz conductivity [43]. The conductivity for this
geometry then reads

σ‖(ω, Tc) = w

L

D

π

τs,‖
1 − iωτs,‖

(
1 + c

1 − iωθ

)
, (8)

where the Drude-Smith constant c describes the degree of
localization of charge carriers (c = 0 represents the Drude
model of delocalized charges, c = −1 describes charges fully
localized within a domain) and the characteristic diffusion
time θ ∼ d2/(10Ddif ) puts in relation the diffusion coefficient
Ddif ∼ v2

F τs/2 and the characteristic dimension of the carrier
confinement d . The other symbols have the same meaning as
for the perpendicular geometry, namely, the Drude weight D
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and the scattering time τs,‖ are given by equations analogous
to (5) and (7).

We are aware that we investigate a rather fast dynamics
where, for very short pump-probe delays, the leading and trail-
ing edge of the picosecond THz pulse probe the photoexcited
sample in a different state [44]. This often results in apprecia-
ble spectral artifacts [26], which are observed in this particular
case as pronounced oscillations for the shortest pump-probe
delays [see the spectra observed for τp = 1 ps in Figs. 4(b) and
4(c)]. Interestingly, the spectra for the perpendicular geometry
[Figs. 3(b) and 3(c)] are somewhat less affected than those
for the parallel geometry [Figs. 4(b) and 4(c)]. This could
be related to the fact that low-frequency photoconductivity
components are expected to be influenced the most by these
artifacts and the low-frequency photoconductivity �σ⊥ is sig-
nificantly weaker than �σ‖.

For this reason we performed complementary ultrafast
measurements with ∼100-fs-long probe pulses in the multi-
THz range which should be free of these artifacts, as indeed
observed in Figs. 3(d) and 4(d). Since the multi-THz setup
suffers from a lower signal-to-noise ratio and dynamic range
than the standard THz setup [31], we used for these exper-
iments an order of magnitude higher pump pulse fluence to
obtain meaningful results.

For this reason, we also focused on subpicosecond dynam-
ics in a separate set of experiments as described in Sec. III C
below.

2. Fits of the data

For the fitting of steady-state spectra we used directly
Eqs. (4) or (8), depending on the geometry. For the fitting
of time-resolved spectra we used the general equation (3) for
the two geometries where the appropriate formula [i.e., (4) or
(8)] is used both for σ (with Tc = 300 K) and for σe (where
the carrier temperature Tc is elevated and it varies with the
pump-probe delay τp). In order to maximize the meaningful
physical output of the fitting we followed a specific procedure,
which is described below.

We first fitted the spectra in the perpendicular geometry,
which are less affected by artifacts due to the fast dynamics
and therefore the fit should provide the most reliable pa-
rameters. The global fit in the perpendicular geometry was
performed on all the data (both steady-state and transient)
shown in Fig. 3. Each complex spectrum was parametrized
by its own free value of the carrier scattering time τs,⊥ and
each transient spectrum had its own free value of the carrier
temperature Tc (Tc was fixed to 300 K for the steady-state
spectrum). The Fermi energy EF of the sample was intro-
duced as a single global fitting parameter for all the spectra.
The Drude weight D and the plasmon resonance frequency
ω0 were calculated from the value of Tc using Eqs. (5) and
(6), respectively. The structural parameters (L,w, εSiC) were
kept fixed to the nominal values. The spectra of �σSiC(ω, τp)
introduced in Eq. (3) were measured independently.

The spectra in the parallel geometry were measured in
identical conditions (pump beam power and diameter, pump-
probe delays). Therefore, for the fit of the data measured in
the parallel geometry, Fig. 4, we fixed the previously obtained
value of EF and also the carrier temperature values Tc for each

pump-probe delay. In this way, we reduce the impact of the
weak artifacts caused by the ultrafast dynamics. This should
be no problem from the point of view of the graphene physics
since the carrier temperature should be the same under equiv-
alent excitation conditions independently on the polarizations
of the excitation and probing light. So, we were left with
the following free fitting parameters: the carrier scattering
time τs,‖ and the confinement parameter c for each available
complex spectrum, and one global parameter—the diffusion
time θ—with a common value for all the spectra.

The models fit the data quite well as observed in Figs. 3 and
4. As already explained, the sheet photoconductivity spectrum
obtained by THz spectroscopy at τp = 1 ps exhibits artificial
oscillations originating from the ultrafast dynamics which the
fit thus cannot reproduce. In the next section we show mea-
surements allowing a proper deconvolution of these effects
in the THz range on the subpicosecond timescale. Note also
that the complementary spectra obtained by multi-THz spec-
troscopy (with much shorter probing pulses, ∼100 fs) do not
exhibit such artifacts and a very good agreement with the fit up
to 12 THz is obtained in both geometries [see Figs. 3(d) and
4(d)] demonstrating an overall consistency of the models. We
also remark that an order of magnitude higher pump fluence
used in the multi-THz experiments leads to an increase of the
carrier temperature at 1 ps from 1200 K (absorbed photon
fluence � = 2 × 1012 cm−2, THz experiments) to 1400 K
(absorbed photon fluence � = 2.3 × 1013 cm−2, multi-THz
experiments).

The most important global output parameters of the fits are
the Fermi energy EF = 310 meV (obtained from the perpen-
dicular geometry) and the diffusion time θ = 350 fs (retrieved
from the parallel geometry). Other parameters may vary with
time after photoexcitation and with the probing electric field
polarization (Fig. 5). For illustration, their steady-state val-
ues are as follows: the carrier scattering time τs ≈ 45 fs, the
carrier mobility η ≈ 1700 cm2 V−1 s−1, the Drude weight
D ≈ 0.11 S/ps, the plasmon resonance frequency ω0/2π ≈
2.07 THz, and the localization parameter c ≈ −0.13. These
values compare very well with previously measured proper-
ties by using magnetoplasmon infrared spectroscopy at 4 K
(which provides EF = 328 meV, τs ≈ 43 fs, and ω0/2π ≈
2.15 THz) [45].

3. Discussion

As observed in Fig. 5, the scattering time exhibits a very
small (but experimentally significant) anisotropy of ∼5%
(τs,⊥ < τs,‖), which is probably due to an extra scattering of
carriers on the ribbon edges for the probing field perpen-
dicular to the ribbons. Consequently, the mobilities obtained
for the perpendicular and parallel geometry differ by the
same amount. From Fig. 5(b) we also conclude that the
variation of the mobility upon photoexcitation is negligible,
thus confirming the past assumption of carrier-temperature-
independent mobility [8,9,24]. The mobility value obtained
here is somewhat worse than the best one reported in this type
of graphene [46]. This could be due to the nanofabrication-
induced mobility deterioration originating from resist residua,
ion contamination during the chemical processing, and rough
edges created during the lithography process. Those factors
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FIG. 5. Evolution of the transport parameters as a function of the
pump-probe delay deduced from the sheet photoconductivity data
shown in Figs. 3 and 4 for both polarizations: (a) scattering times
τs, (b) mobility η, (c) plasmonic frequency ω0 (ETHz ⊥ ribbons),
(d) carrier temperature (ETHz ⊥ ribbons; symbols without error bar
were fixed to the room temperature in the fitting procedure), and (e)
localization parameter c of the modified Drude-Smith model (ETHz ‖
ribbons).

may also affect the local conductivity behavior; however, they
were not clearly distinguishable within our spatial resolution
in Fig. 2(a).

The carrier temperature recovers with a time constant of
1.9 ± 0.2 ps. A similar relaxation is observed also for the
carrier scattering times (1.45 ± 0.2 ps) and the dynamical
redshift of the plasmonic frequency (2.2 ± 0.4 ps) shown in
Fig. 5. The slow component observed namely in panels (a)
and (c) is related to the cooling of the lattice and it decays
within several hundreds of picoseconds [24].

The localization parameter c decreases in absolute value
practically to zero upon photoexcitation implying that carriers
are heated enough to overcome the existing potential barriers.
It then relaxes back to its steady-state value of −0.13, which
means that the barriers start to hinder the carrier motion again
as their temperature decreases. Furthermore, the characteristic
localization length scale d ≈ √

10Ddifθ ≈ vF
√

5τsθ related to
the diffusion time in Eq. (8) is ∼300 nm. We now examine
several candidates for defects which can cause such localiza-
tion of carriers in graphene:

(a) Steps between terraces in the SiC substrate cause an
anisotropy of dc conductivity on the level of 3% for sam-
ples with considerably higher density of the steps [47]. In
our samples, the dc conductivity is expected to change by a
factor of −c ≈ 13% for a much lower density of the steps.
Furthermore, the mean distance between the terrace steps in
our sample exceeds 2 µm as seen in Fig. 2(c), which would
correspond to a characteristic diffusion time of θ ≈ 15 ps.
Such a long time would induce confinement spectral features
only below 100 GHz with negligible effects in our accessible
spectral range. From the point of view of both the confine-
ment strength and the confinement distance, the substrate
terraces are thus not likely to be responsible for the observed
confinement.

(b) Domains with different crystallographic stacking are
naturally formed during the growth due to the nucleation
dynamics and the built-in strain as observed in multilayer
graphene [48]; their characteristic size is in the range of
∼0.1–1 µm. However, no such features were observed in
QFSLG. Instead, the large lattice mismatch between SiC and
graphene leads to a surface reconstruction of QFSLG on the
nanometer-length scale, which is by far too small to introduce
any signatures into THz spectra.

(c) In Figs. 6(a) and 6(b) we present a map of Raman
intensities of the D and G lines in a 10 × 10 µm2 region of
the sample surface measured prior to the lithography process.
(The measurements were performed with a Witec Alpha 300
Raman confocal microscope, laser wavelength of 532 nm, and
beam diameter ∼1 µm). The corresponding histogram of the
intensity ratio ID/IG is plotted in Fig. 6(c). It is known that
this ratio correlates with the characteristic density of defects
[49,50]. While Ref. [50] describes the effect of point defects
in the sp2 carbon lattice, which are supposed to lead mainly to
isotropic scattering of charge carriers and thus to a reduced
mobility, Ref. [49] investigates the role of nanocrystallite
boundaries, which might contribute more likely to the local-
ization of charge carriers. From our Raman data it follows that
the characteristic distance between defects is of the order of a
few tens of nanometers. The carrier localization on tens of
nanometers scale would correspond to the diffusion time in
the order of units of femtoseconds. Such a process would be
too fast to induce a dispersion in our accessible spectral range.
Nevertheless, it is clear from [50] that the Raman data are
quite sensitive to the short-range defects and not really to the
defects separated by a few hundreds of nanometers in average.
Very likely, the defects detected by Raman spectroscopy in
our sample are at the origin of isotropic scattering of carriers,
thus reducing the THz mobility, i.e., they may explain our
reduced mobility of 1700 cm2 V−1 s−1 in comparison with the
value of ∼3000 cm2 V−1 s−1 observed in the best materials
[46]. The much more sparsely distributed defects introducing
energy barriers and weak localization of carriers cannot be
observed in the Raman-scattering experiments.

(d) An AFM adhesion force scan [Figs. 6(d) and 6(e)]
provides information on the changes of surface properties and
it can thus sense, e.g., a weak surface contamination not seen
in the topographic scans. In the figure we observe a set of
features across the nanoribbons with a characteristic distance
of the order of hundreds of nanometers. These features do not
reproduce during subsequent scans [Fig. 6(e)], which supports
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FIG. 6. (a), (b) Intensities of G and D peaks of the Raman spectra
of the QFSLG sample obtained prior to the lithography process. The
two oblique lines in the IG spectra correspond to the terrace steps on
the substrate. (c) Distribution of the intensity ratio of the D and G
peaks of the Raman spectra obtained from the results in panels (a)
and (b) (data corresponding to the terrace steps were excluded) and
its Gaussian fit. (d), (e) AFM adhesion force scans. (d) The first scan
over a smaller area shows a large density of defects. (e) Subsequent
scan over a larger area shows that the first AFM scanning to a large
extent cleaned the surface.

the view that they reflect a surface contamination upon a
lithographical process, which may be displaced or removed
by the AFM tip [51]. However, the mechanical AFM tip
cleaning [52] of the whole graphene surface for far-field THz
spectroscopy is not possible due to the inherently large probed
area. Although the only support is the correct characteristic
distance, the surface contamination may cause weak modula-
tion of the potential, which is now the best candidate for the
explanation of the observed weak localization of charges.

C. Subpicosecond dynamics

In order to avoid the strong artifacts appearing at the short-
est pump-probe delays and to get the most complete picture
of the transient data on the subpicosecond timescale, we ac-
quired a dense two-dimensional (2D) data grid in the time
domain, i.e., a series of transient THz waveforms �E (τ, τp)
at closely spaced (100 fs) delays τp between the optical pump
and the THz probe. The 2D waveforms recorded for the two

polarizations are shown in Figs. 7(a) and 7(b) and exhibit a
significant phase change with respect to each other: a rapid
examination of the plots reveals that the two sets of waveforms
have an opposite sign and an additional mutual time shift of
their extrema by ∼0.16 ps.

This difference is also illustrated in Fig. 7(c) on exam-
ples of transient waveforms obtained for a pump-probe delay
of 2 ps for the two polarizations in comparison with the
reference waveforms. This behavior reflects how differently
the carrier excitation affects the response for the two prob-
ing polarizations. For ETHz ‖ ribbons, the heating of excess
carriers reduces the intraband conductivity (i.e., the Drude-
like conductivity with a small localization contribution) of
graphene in a broad spectral range; the photoinduced wave-
form thus has the same sign and similar shape as the reference
waveform, indicating an induced transparency. The behavior
for ETHz ⊥ nribbons is controlled namely by a redshift of
the plasmonic response upon photoexcitation; this implies a
significant phase shift which yields a negative and slightly
time shifted photoinduced signal. The pump-probe scans mea-
sured at the extremum of the differential waveforms shown in
Fig. 7(d) thus have opposite signs.

In order to reach subpicosecond time resolution of the
sample response function, we applied the 2D Fourier trans-
formation (apart from the Fourier transformation along the
standard measurement time τ → ω, the second transfor-
mation involves the pump-probe delay τp; we denote the
conjugated frequency by ωp) to the transient waveforms. This
approach allows one to correctly account for the frequency
mixing inherently present in the subpicosecond dynamics and
to deconvolute the instrumental functions [25–28].

The two-frequency transient sheet conductivity of the
graphene layer can be evaluated from the previously pub-
lished expressions [25] further developed in the Appendix.
The resulting transient sheet conductivity spectra are shown in
Fig. 8 (for simplicity we show here only the signal amplitudes;
however, we stress that both the real and imaginary parts are
experimentally available and that the fitting was performed
on these complex spectra). The 2D spectra exhibit a center
of inversion symmetry and the accessible region consists of
a union of several polygons. The limits in the ω and ω − ωp

directions are mainly due to the bandwidth of the THz pulses
(the diagonal limits stem from the frequency mixing). The
limits in the ωp direction are controlled predominantly by
the scan length and scan step of the pump-probe delay line
through Nyquist criteria.

For ETHz ‖ ribbons, the measured spectrum [Fig. 8(a)]
resembles a pole located at ω = ωp = 0; such a shape is com-
patible with the MDS model response [Fig. 8(b)] with a weak
localization. The model spectrum is derived in the Appendix,
Eq. (A6), and it reads

�σ‖(ω,ωp) = w

L

1

π

D‖,E ĠE
(
ω + iτ−1

c‖
) − D‖ĠG(ω − ωp)

τ−1
c‖ − iωp

,

(9)

where

ĠG,E (�) = τs‖G,E

1 − i�τs‖G,E

(
1 + cG,E

1 − i�θ‖G,E

)
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FIG. 7. (a), (b) 2D colormap plots of the transient waveforms �E (τ, τp) for both orientations of the ribbons. (c) Change of the THz
waveform �E upon photoexcitation of the sample, compared to reference waveforms transmitted through an unexcited sample (solid line:
parallel geometry; dash-dotted line: perpendicular geometry); pump-probe delay: τp = 2 ps [the related cuts in 2D data are indicated by the
horizontal dashed lines in panels (a) and (b)]. The mutual phase shift of the signals for parallel and perpendicular orientation is clearly visible.
(d) Differential THz transmission as a function of the pump-probe delay τp (pump-probe scan), recorded at the highest absolute value of the
differential THz waveform normalized by the highest value of the reference [the related cuts in 2D data are indicated by vertical dotted lines
in panels (a) and (b)]; for comparison a differential transmission measured for the bare substrate under similar conditions is added as a green
line.

and where τc‖ is the relaxation time from the excited state
E (characterized by the Drude weight D‖,E , scattering time
τs‖E , diffusion time θ‖E , and localization parameter cE ) to
the ground-state level G. Note that the denominator term in
(9) assumes an exponential decay of the photoexcited car-
rier population. Upon fitting, we fixed all the ground-state
parameters to the values obtained within the analysis of the
slow dynamics (we also set cE to zero). The retrieved best-fit
excited-state parameters are D‖,E = 0.22 S/ps, τs‖E = 40 fs,
and τc‖ = 2.1 ps (these parameters control the Drude peak am-
plitude, its width in ω, and the linewidth in ωp, respectively).
The relaxation time τc‖ matches the decay time obtained from
the analysis of the picosecond dynamics of the conductivity in
the previous section. The (initial) scattering time τs‖E = 40 fs
is similar to the shortest one observed in the picosecond dy-
namics in Fig. 5(a); this indicates that the carrier scattering is
not further enhanced during the subpicosecond evolution of
the system after photoexcitation. The term D‖,E has the mean-
ing of the Drude weight immediately after photoexcitation and
its fitted value corresponds to an initial carrier temperature
of 5000 K (Fig. 9); this temperature roughly agrees with the
value estimated from the energy conservation condition at
the very initial stage of the photocarrier dynamics [24]. The

residua of the fit [Fig. 8(c)] provide an almost featureless
image, which indicates a good quality of the fit. The time
resolution here is limited by the excitation pulse width and
by the step employed for scanning τp; we thus estimate that
we can resolve processes as fast as 100 fs. In other words,
we can conclude that the dynamics after 100 fs and longer
after photoexcitation are fully governed by the MDS response
which involves a carrier relaxation and a weak progressive
localization of charges; no other process is observed. The
good quality of the fits of 2D data also confirms that the
oscillations in Fig. 4(a) are indeed artifacts.

Note that the employed two-level picture, in which an
exponential relaxation of the carrier population is assumed, is
an important approximation. In reality, we should expect that
all the parameters of the MDS model (including the Drude
weight value) decay progressively, and, moreover, that a
monotonous relaxation of the carrier temperature may lead to
a nonmonotonous dynamics of the Drude weight (see Fig. 9).
Although the presented model should be able to capture the
basic behavior, the retrieved values should be considered with
reservations.

For ETHz ⊥ ribbons, the measured spectrum [Fig. 8(d)]
features poles located at ω/2π ≈ ±2 THz and ωp/2π ≈ 0
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FIG. 8. (a), (d) Experimentally obtained amplitudes of the two-frequency transient sheet conductivity spectra. (b), (e) The best fits of the
measured data. (c), (f) Amplitude of the residua of the fits (with the same color scale). Upper row: ETHz ‖ ribbons, experimental data, and a
fit by the modified Drude-Smith model, Eq. (9). Lower row: ETHz ⊥ ribbons, experimental data, and a fit using the model where the plasmon
frequency and damping change, Eq. (10). The experimentally accessible region has a complex shape due to the unavoidable frequency mixing
[25]. The gray color indicates regions where at least one of the relevant measured spectra falls below the noise floor.

(again, the poles are rather narrow along ωp and broad along
ω), which indicates that the response of confined carriers dom-
inates. The choice of available pertinent analytical models is
very limited; we found the best match [Fig. 8(e)] with Eq. (50)

FIG. 9. Variation of the Drude weight (D) versus carrier tempera-
ture (Tc) obtained using Eq. (5) for the Fermi energy EF = 320 meV.
The value of the Drude weight in the photoexcited sample retrieved
from the fits in 2D-frequency space for the parallel geometry (D‖,E =
0.22 S/ps) agrees well with the carrier temperature of 5000 K ob-
tained immediately after photoexcitation.

in Ref. [26] which describes a pump-induced instantaneous
population and a subsequent exponential depopulation of a
state with different eigenfrequency ω1 and damping τ⊥1 (but
with the same effective Drude weight D

′
⊥):

�σ⊥(ω,ωp) = αD
′
⊥

π

1

X1
(
ω + i

τc⊥

) ω + i
τc⊥

ωp + i
τc⊥

×
[

1 − X1(ω − ωp)

X0(ω − ωp)

]
, (10)

where X1(�) = ω2
1 − �2 − i�/τ⊥1 and X0(�) = ω2

0 − �2 −
i�/τ⊥. In this model, the photoexcitation does not generate
any step change in the velocity or displacement of charge
carriers. [Note that this model is a considerable approximation
of the plasmonic behavior following Eqs. (3) and (4) applied
to ultrafast dynamics: we expect a continuous relaxation of
the eigenfrequency, whereas the model (10) represents a step
change in frequency of photoexcited particles and a relaxation
of their population instead]. The best fit is achieved when,
upon photoexcitation, the plasmon frequency changes from
ω0/2π = 1.94 THz to ω1/2π = 1.87 THz and the damping
changes from τ⊥ = 61 fs to τ⊥1 = 43 fs; the population
relaxation time then yields τc⊥ = 1.8 ps. Also, these values
match well those obtained from the analysis of the time-
dependent conductivity spectra. The relaxation time matches
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the one obtained for the parallel orientation, τc⊥ ≈ τc‖, and
it is also in agreement with the fast component inferred from
the transient THz conductivity evaluated at larger pump-probe
delays [between 2 and 10 ps; Fig. 4(c)]. The slight difference
in the scattering times obtained from these 2D fits may be
attributed to the approximations involved in the two models.
The residua of the fit [Fig. 8(f)] provide an almost featureless
image, therefore we can again conclude that the carrier dy-
namics occurring at 100 fs after photoexcitation and later is
fully governed by the plasmonic relaxation, while no further
process is observed.

IV. CONCLUSION

The photoinitiated dynamics of graphene ribbons was
investigated using time-resolved THz spectroscopy on a
timescale of 100 fs–500 ps. Upon optical photoexcitation the
carriers in graphene are heated to temperatures reaching up
to 5000 K. The dynamics of the carrier temperature is a
universal function governing the conductive response of the
graphene ribbons within the whole investigated time interval
for both parallel and perpendicular currents to the ribbon
direction. The response for the probing THz electric field
parallel to the ribbons has an essentially Drude-like character
with signatures of a weak localization (presumably caused by
contamination upon lithography); the observed photoinduced
dynamics is explained in terms of a cooling and a weak pro-
gressive localization of initially free carriers. For the probing
electric field perpendicular to the nanoribbons a THz plasmon
develops due to the ribbon structure. The excitation decay is
observed due to its frequency redshift followed on the ultra-
fast timescale. The nanoribbon edges weakly but significantly
enhance the carrier scattering process.
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APPENDIX: THEORY FOR SUBPICOSECOND
DYNAMICS MEASUREMENTS

The transient sheet conductivity in a 2D Fourier space
(τ → ω, τp → ωp) can be evaluated from a simple expression
[25]:

�σ (ω,ωp) = iωε0
T (ω)


(ω,ωp)

�E (ω,ωp)

E0(ω)

ES(ω)�(ω − ωp)

ES(ω − ωp)�(ω)
,

(A1)

where T is the complex transmittance of the sample in the
steady state, E0 is the detected reference spectrum transmitted
through an unexcited sample, ES is the spectrum of the THz
waveform measured at the place of the sample, and � is
the spectral response function of the sensor used for this last

measurement. Finally, the transfer function 
 for an ultrathin
film on a substrate reads [25,26,27,28]


(ω,ωp) = 2iω

c(1 + nSiC)2 , (A2)

where nSiC is the THz refractive index of the substrate (its
dispersion is negligible) and c is the speed of light in vac-
uum (not to be confused with the localization parameter in
the main text). Experimentally, we determined �E (ω,ωp),
E0(ω), ES(ω), �(ω), and nSiC. We then used Eqs. (A1) and
(A2) to evaluate the transient sheet conductivity �σ (ω,ωp)
shown in Fig. 8.

Basic models for the ultrafast conductivity in the two-
dimensional frequency domain (Drude and oscillator models)
were developed in [26]. Here we apply a similar formalism to
the modified Drude-Smith response [42] and extend it to the
two-dimensional frequency domain. We start from Eq. (27)
in [26] which describes the time-domain response function
dynamics of a system brought from the ground state G to
an excited state E. It introduces the Green’s functions GE

and GG describing the charge (electron or hole) trajectories
in the excited and ground states, respectively. Similarly as
in [26], we assume an exponential decay of the excited-
state population, Eq. (28) therein. We also assume that, upon
photoexcitation, the system loses information about the pre-
vious particle motion due to some fast-scattering mechanism
(condition of strong perturbation as introduced in [26]). For
graphene stripes, where the magnitude of the charge-field
interaction is described by the Drude weight, Eq. (27) in [26]
leads to

�σ (τ, τp) = w

L

1

π
Y (τ + τp) exp

(
−τ + τ p

τc

)

× [DEY (τp)ĠE (τ ) − DGĠG(τ )]. (A3)

Here DE and DG are the Drude weights in the excited
and ground state, respectively, and τc is the population decay
time. The time τp is the pump-probe delay and its changes are
experimentally implemented by moving the delay line D2; τ

has the meaning of the real time and it is implemented by
moving the delay line D1 (Fig. 1) [25,26]. The expression
(A3) corresponds to Eqs. (31) and (45) in [26] for the Drude
and oscillator dynamics, respectively. The transformation into
the 2D frequency domain reads

�σ (ω,ωp) =
∫ ∞

−∞
dτ

∫ ∞

−∞
dτp�σ (τ, τp) ei(ωτ+ωpτp) (A4)

(note that the sign convention of the imaginary part iconforms
to the current paper, i.e., it is opposite to that used in [26]).

The Heaviside step function Y (τp) and the definition of
the Green’s function GE (τ ) ensure that the term Y (τp)ĠE (τ )
is nonzero only when both τp, τ > 0. Consequently, for this
term, the integration limits of both integrals in (A4) are set
to 0 and �, and the expression is factorized into a τ and
τp dependent term. On the other hand, for the ĠG term,
the integral reduces to the area ∫∞

0 dτ ∫∞
−τ dτp, which leads

to a frequency mixing in the Fourier transformed Green’s
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function. Altogether, the conductivity reads

�σ (ω,ωp) = i
w

L

1

π

DE ĠE (ω + i/τc) − DGĠG(ω − ωp)

ωp + i/τc
.

(A5)
For the modified Drude-Smith model [42] the

frequency-domain Green’s functions simply adopt the known

form

ĠG,E (�) = τG,E

1 − i�τG,E

(
1 + cG,E

1 − i�θG,E

)
. (A6)

Note that for the case of a Drude response in classical
semiconductors, where DE ,G/π → n0e2

0/m, the ground-state
conductivity vanishes and no charge localization is consid-
ered, Eqs. (A5) and (A6) reduce to Eq. (33) in [26].
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