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We present terahertz pump-probe measurements of sub-wavelength graphene ribbons that
show a strong, optically-induced nonlinearity (of order 10%) in an atomically thin layer at a
plasmon frequency of 3.9 THz. Measurements taken above and below the plasmon resonance
frequency clearly demonstrate that the nonlinearity results from an optically-induced red-shift
in the plasmon resonance, which is a signature of hot carriers in the graphene. Unlike conven-
tional thermal nonlinearities, which are typically slow and ill-suited for optical switching and
processing, the observed nonlinearity exhibits few picoseconds response time, which is limited
only by the cooling rate of hot electrons. The measurements confirm theoretical predictions
about the nature of the THz nonlinearity in graphene, and illustrate how sub-wavelength pat-
terns can be engineered to produce atomically thin nonlinear materials in the terahertz regime.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
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1. INTRODUCTION

Graphene has been widely studied as an atomically thin non-
linear material that can be added or incorporated into other
active or passive optical devices. In the visible and near-infrared
regime, the linear and nonlinear optical properties of graphene
are governed by the interband response, which is extremely
broadband because of graphene’s gapless, Dirac dispersion rela-
tion. Several nonlinear effects have been observed in graphene,
including saturable absorption from Pauli blocking[1-3], third-
harmonic generation[4, 5], and four-wave mixing][6, 7], although

in many cases the cumulative nonlinear efficiency is severely
limited by the monolayer film thickness. Indeed, the first and
most prevalent application of graphene as a nonlinear mate-
rial remains as a saturable absorber in mode-locked lasers —
an application that requires only a small fractional change in
absorption[8, 9]. In the terahertz spectral regime, by contrast, the
conductivity of graphene is governed by intraband absorption,
which is well-described by the Drude model. Graphene’s un-
usual thermal properties, including small electron heat capacity
and weak electron-phonon coupling, mean that the electrons
responsible for the Drude absorption can be efficiently heated,
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thereby producing a hot-carrier nonlinearity that is absent or
weak in conventional materials[10-13]. As the hot carriers in
graphene cool down on a picosecond timescale, this nonlinearity
can even be exploited for efficient harmonic generation in the
THz regime [14].

The light matter interaction in many materials can be tuned
and controlled by introducing plasmonic structures [15], which
also results in an increased nonlinear response [16]. When
graphene is patterned into micron-scale ribbons, the electrons
can collectively oscillate at a resonant frequency that depends
on both the dimensions and the carrier concentration. These
plasmon resonances can be tuned electrically or lithographi-
cally throughout the terahertz regime. When these graphene
ribbons are illuminated at the resonant frequency, there is a sig-
nificant increase in the absorption, which is accompanied by a
dramatic electric field enhancement in the immediate vicinity of
the ribbons [17-21]. Both effects can lead to an increase in the
hot-carrier nonlinear interaction[22]. A very recent theoretical
study by Cox and Abajo [23] confirms that hot carrier effects
dominate the nonlinearity in graphene plasmons.

In this study, we pattern graphene ribbons from quasi-
freestanding epitaxial bilayer graphene that is produced
by thermal decomposition of silicon carbide and hydrogen
intercalation[24, 25]. This process yields wafer-scale graphene
with simultaneously high carrier mobility and concentration
— conditions that are ideal for producing a sharp, strong plas-
monic resonance[26]. The samples were measured using narrow
band THz pulses from a free-electron laser, which were tuned
across the plasmon resonance in order to probe the nature of
the enhanced nonlinear response. Our measurements reveal a
strong (~10%) and fast (~9 ps) THz-induced change in trans-
mission that is associated with an optically-induced red-shift of
the plasmon resonance caused by hot carriers.

2. FABRICATION

The epitaxial graphene used in these experiments was syn-
thesized by sublimation of silicon from a ~xcm™2 coupon cut
from a 6H-silicon carbide (SiC) wafer (II-VI, Inc.) and subse-
quent graphitization of carbon, resulting in the structure de-
picted in Fig 1(a). Unlike conventional exfoliated or CVD-grown
graphene, this process produces large area wafer-scale graphene
films with high electrical and morphological uniformity needed
for these experiments[27]. The reconstructed carbon buffer layer,
which is bound to the SiC, increases the electron-phonon cou-
pling and thereby limits the mobility due to the increased scat-
tering rate of as-grown graphene[25, 28-30]. Using a process of
high-temperature hydrogen intercalation, the Si dangling bonds
of the SiC are passivated with hydrogen, as shown in Fig 1(b),
which decouples the buffer layer from the SiC by converting it
into a second layer under the first layer of graphene; the resulting
combination is Bernal stacked. This quasi-freestanding bilayer
epitaxial graphene has a a four-fold increase in carrier mobility,
and a corresponding narrowing of the plasmon linewidth[26].

The red curve in Fig. 2 shows the transmission spectrum of
the unpatterned bilayer graphene, which was measured using
Fourier transform infrared spectroscopy (FTIR) and normalized
relative to that of a bare SiC substrate. The superposed dashed
line in Fig. 2 shows the calculated transmission spectrum ob-
tained from the Drude model, from which we estimate the car-
rier density and mobility to be n = 9.0 x 10'2 cm~2 and p, =
3600 cm?V~1s~1, respectively. These values are in substantial
agreement with electrical Hall measurements.

The graphene was patterned via electron-beam lithography
and subsequent oxygen plasma etching to produce ribbons with
width w = 900 nm and a periodicity of A = 1200 nm. The blue
curve in Fig. 2 is the measured THz transmission spectrum of
the ribbons, which shows strong (35%) extinction at the plasmon
resonant frequency of 3.9 THz when the illumination is polar-
ized perpendicular to the ribbons. The transmission spectrum of
the graphene ribbons can be modeled using the Drude-Lorentz
model[22], which predicts a Lorentzian dip in transmission cen-
tered at the plasmon frequency, indicated by the blue dashed
line. The transmission spectrum of the graphene ribbons was
calculated using the previously determined mobility and carrier
concentration, the plasmon frequency served as a free parameter
in the Drude-Lorentz formula.

3. NONLINEAR MEASUREMENT

The nonlinear response of the graphene sample was measured
using a free-electron laser (FELBE facility, located at Helmholtz-
Zentrum Dresden-Rossendorf), which produces high-power
pulses with a repetition rate of 13 MHz that can be freely tuned
throughout the THz range. Importantly, the spectral width of
the FEL source in our experiments was approximately 30 GHz,
which is much smaller than the plasmon linewidth shown in
Fig. 2. We note that table-top pulsed THz sources based on
optical rectification of femtosecond pulses or photoconductive
emission produce multi-octave broadband THz pulses that can
not efficiently excite the narrow-band plasmon resonance of this
sample. Nearly co-linear pump and probe beams were focused
to an approximate spot size of 0.7 mm onto the sample using
an off-axis parabolic mirror, and transmitted probe beam power
was recorded using a Si bolometer as function of the time de-
lay between pump and probe pulse. In order to observe the
dynamical resonance shift, pump-probe measurements were
conducted at five different frequencies chosen to be below and
above the plasmon resonance, indicated by the vertical lines in
Fig.2:2.0,2.6,3.9,4.4, and 4.9 THz. The sample was held in a
helium cryostat at a lattice temperature of 15 K throughout the
measurements.

The strongest pump-induced transient is observed when the
photon frequency is resonant with the plasmon frequency at
3.9 THz, and both pump and probe are co-polarized perpen-
dicular to the graphene ribbons. In this case, we observe a
pump-induced increase in the transmission, as shown in Fig. 3a.
The highest measured change was 9%, which was observed at
a fluence of 1.8 y1J cm~2. The observed change in transmission
increases with the pump fluence approximately in proportion to
F1/2, as shown in Fig. 3b. We note that typical nonlinear effects
scale quadratically or cubically with intensity. As for the plas-
monic nonlinearity the change in transmission scales with the
square root of the intensity, it is already strong at comparably
low fluence. Transmission changes of more than 5% are achieved
at fluences of only 0.5 yJ cm—2.

For the nonlinear measurements presented in Fig. 3, both the
pump and the probe are simultaneously resonant with the struc-
ture, which yields a compounded nonlinear enhancement: not
only is the pump absorption resonantly increased, thereby lead-
ing to the strongest possible carrier heating, but the probe pulse
is also tuned to the resonance, and is therefore very sensitive to
induced changes in the plasmon frequency or linewidth. To bet-
ter resolve the nature of the plasmonic nonlinearity, additional
measurements were conducted at frequencies below and above
the plasmon resonance, indicated by the vertical lines in Fig. 2.
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Fig. 1. (a) Diagram of monolayer epitaxial graphene synthesized by the sublimation of silicon from the (0001) surface of SiC, prior
to hydrogen intercalation. (b) After hydrogen intercalation, the Si dangling bonds of SiC are passivated with hydrogen and the
buffer layer is promoted, forming quasi-freestanding bilayer graphene (QFS BLG) with significantly higher mobility and plasmon
lifetime. Hydrogen intercalation only affects the terraces (0001) due to a lack of Si dangling bonds on the (1120) steps of SiC.
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Fig. 2. Measured (solid) and simulated (dashed) transmis-
sion spectrum of unpatterned graphene (red) and patterned
graphene ribbons (blue). The vertical lines indicate the five
THz frequencies above and below resonance at which nonlin-
ear response of the sample was measured: 2.0, 2.6, 3.9, 4.4, and
49 THz.

For these measurements, the pump polarization was adjusted to
be parallel to the graphene ribbons — a condition that excludes
the resonant excitation of plasmons. Under these conditions,
the pump pulse heats the free carriers in the graphene through
conventional Drude absorption, which only weakly depends
on frequency over the spectral range considered. The probe
polarization, meanwhile, was maintained perpendicular to the
ribbons, thereby probing the plasmon resonance.

Fig. 4a shows the observed pump-probe response at the five
frequencies considered. Because the pump is no longer resonant
with the structure, the peak observed change in transmission is
smaller than in Fig. 4. For frequencies below the resonance (2,
2.5, and 3.1 THz), the pump-induced change in transmission is
negative, while for frequencies at or above the resonance (3.9, 4.4,
and 4.9 THz), the response is positive, with the largest increase
observed at the resonant frequency. As explained below, the
change in sign can be explained by a pump-induced red-shift of
the plasmon frequency.

4. THEORY AND ANALYSIS

For the probe signal, which is polarized perpendicular to the rib-
bons, the transmission spectrum 7(w) can be well approximated

using a Drude-Lorentz model of the conductivity [22],

-2

T(w) s wZy D

T A1+ ngic) < w? —w%) @
F [

where w/A is the duty cycle of the graphene grating, Z, (=
v/ Ho/€p) is the vacuum impedance and ngjc is the substrate re-
fractive index. The plasmon resonance frequency, linewidth, and
strength are described by wy, T', and D, respectively. As illus-
trated by the dashed theory curve in Fig. 2, this model accurately
predicts the observed transmission spectrum for the graphene
ribbons considered here. Eq. (1) is plotted in Fig. 5a, which
shows specifically how the the linewidth, resonance frequency,
and strength are related to the transmission spectrum.

The nonlinear response of the graphene ribbons can be ex-
plained by a two-temperature model, in which the optically
excited carriers are heated to transient temperature T that ex-
ceeds the lattice temperature T} . Because the electron-electron
scattering time (approximately 10 fs in graphene) is much faster
than the optical pulsewidths employed here, the optically ex-
cited carriers can be well characterized by a thermal distribution
of hot carriers. All three of the Drude-Lorentz parameters ap-
pearing in Eq. (1) implicitly depend on the transient electron
temperature T, according to:

2k2 TZ
D(T) ~ Dy (1—” B > @)
6eg
212 12
kg T
wp(T) =~ wpo <1 - 125% ) (3)
k2 T2
I(T) ~ T, (1 +—5— |41 @)
6eg

The Drude weight, plasmon frequency and scattering rate scale
with the chemical potential as y, yl/ 2 and y‘l respectively, and
the leading terms appearing in parentheses in Eq. (2)-Eq. (4) all
arise from the temperature dependence of the chemical potential,
which is expanded to second-order in kgT /er. The additional
term appearing in Eq. (4) describes a temperature-dependent
increase in the LA phonon scattering rate. The factor y appear-
ing in this equation is proportional to the acoustic deformation
potential, and is equal to 1.264 x 1073 K~!ps~! for the graphene
considered here, as summarized in Table 1.
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Fig. 3. (a) Pump-induced change in THz transmission, measured at the plasmon resonance of 3.9 THz, for a variety of pump flu-
ences. (b) Peak change in transmission, as a function of the pump fluence, showing approximate square-root dependence (line).
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Fig. 4. (a) Differential probe transmission through the sample measured at frequencies above and below the plasmon resonance, for
the case when the pump polarization is polarized parallel to the graphene ribbons, while the probe is polarized perpendicular. (b)
Peak change in transmission as a function of the frequency. The crosses indicate the measurements presented in (a), the line is the
result of the theoretical calculation based on a thermal model of hot electrons.
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Fig. 5. (a) Transmission spectrum for graphene ribbons

(Eq. (1)), normalized relative to that of a substrate with no
graphene, obtained from the Drude Lorentz model of con-
ductivity. The center frequency, width, and depth are related
to the plasmon frequency wy, scattering rate I', and Drude
weight D, respectively. These three parameters, indicated in
red, are predicted to vary with the electron temperature T, as
shown in (b).

Taken together, Egs. (2)-(4) predict that when the electron
temperature increases under THz illumination, the plasmon res-
onance will weaken, broaden, and red-shift to lower frequencies.
Fig. 5b plots how the Drude weight, linewidth and plasmon
frequency vary with the electron temperature. Fig. 6a plots the
calculated transmission spectrum for electron temperatures up
to 1000 K, calculated for the graphene conditions considered
here, clearly showing this effect. The thermally-induced red
shift causes the transmission to decrease for frequencies below
the resonance, but increase above resonance, in agreement with
the measurements presented in Fig. 4.
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Fig. 6. (a) Upper: Calculated normalized transmission for
electron temperatures up to 1000 K, showing the predicted
red-shift of the plasmon when the electrons are heated. Lower:
Corresponding fractional change in transmission At/ t. (b)
Calculated transient electron temperature as a function of
time, together with the incident pulse intensity I(¢), for a 1.8
#J cm~2 Gaussian pulse of 29 ps duration (FWHM), for which
the peak electron temperature reaches 610K. The correspond-
ing multimedia file (Media 1) shows the dynamic temperature
evolution, together with an animation illustrating the changes
in the transmission spectrum.

To model the temporal evolution of the pump-induced
change in transmission, we numerically solved the nonlinear
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thermal equation[31]
dT 3 .3
th—dt +B(T° —T7) = A(w, T)I(t) (5)

where aT is the specific heat of graphene, B describes the
disorder-assisted cooling coefficient of hot carriers[31, 32],
A(w, T) is the power absorption coefficient in the graphene
film, and I(t) is the incident pump intensity, which in these ex-
periments describes a Gaussian pulse with a full width at half
maximum (FWHM) of 29 ps. As summarized in Table 1, the two
parameters « and 8 appearing in Eq. (5) are entirely determined
by Fermi energy and mean free path (which characterizes the
level of disorder in the sample.)

The timescale for hot-carrier cooling can be estimated by
setting the right-hand side of Eq. (5) to zero, and assuming
T > Ty, in which case Eq. (5) may be directly integrated to find

To
T(t) = ——— (6)
1+ Eoy

where Tj represents the peak (initial) electron temperature pro-
duced by the pump pulse. If we assume a peak temperature of
Tp = 610 K (the maximum level predicted for the experimental
conditions considered here), the electrons will cool to half their
initial temperature over a time of a /BTy = 8.8 ps. Although the
relationship between temperature and transmission is nonlinear,
the timescale estimated here is consistent with the response time
observed in the pump-probe measurements in Fig. 4a.

Fig. 6b plots the calculated electron temperature, obtained by
solving Eq. (5), together with the incident pulse intensity I(¢),
for a 1.8 uJ cm~2 Gaussian pulse of 29 ps duration, for which
the peak electron temperature is predicted to reach 610 K. The
accompanying media file presents an animation showing the
transient evolution of the transmission spectrum caused by this
stimulus, showing both the spectral red-shift and broadening of
the resonance.

Fig. 4b plots the peak differential change in transmission
as a function of frequency for the five frequencies considered
here. The solid line indicates the result predicted by numeri-
cally calculating the electron temperature T(t) Eq. (5) and using
Egs. (1)-(4) to determine the consequent change in transmission.
The experimental observations are in excellent agreement with
the theoretical predictions, and clearly show evidence of the
transient red-shift in the plasmon frequency.

The theoretical model used exclusively parameters taken or
inferred from separately conducted measurements: the carrier
concentration and plasmon linewidth were inferred from linear
FTIR transmission measurements of patterned and unpatterned
graphene in Fig. 2. The cooling coefficient B (and consequently
the disorder mean-free path ) was chosen to match the power
dependence in Fig. 3b. All of the remaining model parameters
are derived from these, using well-defined relationships and
accepted physical constants for graphene, as summarized in
Table 1. The only adjustable parameter needed to match the
data shown in Fig. 4b was that the absorbed pump power was
reduced by a factor of approximately two relative to what was as-
sumed in the co-polarized case. We believe that this discrepancy
could be explained by the (unmeasured) difference in spatial
overlap between the pump and probe between the two mea-
surements, although we acknowledge that this could also be
evidence of anisotropic thermal distribution of carriers.

The wavelength dependence of the nonlinear absorption al-
lows employing graphene ribbons either as a saturable absorber

or saturable transmitter. The low heat capacity of the charge
carriers in the graphene leads to a pronounced increase of the
carrier temperature, even when excited at moderate fluence that
is achievable with table-top sources. As the plasmon frequency
of the ribbons can be tuned, either by changing the ribbon di-
mensions or by gating, graphene ribbons can feature a strong
nonlinearity in a wide spectral range from THz to mid-infrared
radiation. Even stronger nonlinearity is expected if higher qual-
ity graphene is used, or if additional longitudinal enhancement
is introduced through a resonant cavity. As the carrier phonon
cooling in graphene is very efficient, the pump-induced change
in transmission is mostly limited to the duration of the pump
pulse, which is consistent with pump-probe experiments on un-
patterned graphene in this wavelength range. This makes the
thermal nonlinearity in graphene ribbons suitable for ultrafast
processes.

5. CONCLUSION

Graphene plasmons provide a platform for nonlinear THz ma-
terials that can be tailored to a desired wavelength. The low
specific heat of the carriers in graphene, in combination with a
fast thermal relaxation, leads to strong nonlinearities with a short
life time of about 9 ps, even at moderate fluence that is achiev-
able with table-top lasers sources. As the resonance frequency
changes with temperature, an array of graphene ribbons can
serve either as saturable absorber or saturable transmitter, de-
pending on whether the photon frequency is below or at/above
resonance, respectively. Adding up several layers of ribbons, the
nonlinearity can be further enhanced.
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