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G
raphene, a two-dimensional mono-
layer of carbon atoms, is a zero band
gap semiconductor.1�5 Because of

its potential use in ultrahigh speed photonic
devices, there has been an increased inter-
est in the optical properties of graphene.
Nonlinear optical properties of graphene,
such as second6�9 and third harmonic
generation,10 frequency mixing,11 photon
drag effect,12�16 optical Kerr effect,17 and
excitation of photocurrents,18,19 have been
extensively studied both experimentally
and theoretically. The effects observed are
strongly enhanced compared with those in
conventional semiconductors because of
the extraordinary electrical and optical
properties caused by the high electron mo-
bility and linear dispersion in graphene.
Recently, diverse graphene-based optoelec-
tronic devices making use of the optical
nonlinearities and the ultrafast carrier dy-
namics have been demonstrated or
proposed.20,21

The remarkable properties of graphene
have also led to a growing interest in the
possible use of this material as a source/
detector of terahertz (THz) radiation.18,19,22�25

THz generation through ultrafast nonlinear
optical phenomena has been reported in
graphite-relatedmaterials.16,18,19,25�31 How-
ever, one of the major hurdles for using
graphene as a source of THz radiation in
such cases is its small interaction with light,
owing to the single atom thickness.
There have been different attempts to

generate THz radiation from graphene. In
2012, Boubanga-Tombet et al. reported
the amplification of incoming THz light by
optically pumped exfoliated graphene.25

The excitation of ultrafast laser-generated
picosecond photocurrents in freely sus-
pended graphene was shown by Prechtel
et al.19 Very recently, results were reported
by Obraztsov et al. showing that photon-
drag currents, i.e., the currents induced by
the momentum transfer from photons to
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ABSTRACT We show that surface plasmons, excited with femtosecond laser

pulses on continuous or discontinuous gold substrates, strongly enhance the

generation and emission of ultrashort, broadband terahertz pulses from single

layer graphene. Without surface plasmon excitation, for graphene on glass,

'nonresonant laser-pulse-induced photon drag currents' appear to be responsible for

the relatively weak emission of both s- and p-polarized terahertz pulses. For

graphene on a discontinuous layer of gold, only the emission of the p-polarized

terahertz electric field is enhanced, whereas the s-polarized component remains

largely unaffected, suggesting the presence of an additional terahertz generation

mechanism. We argue that in the latter case, 'surface-plasmon-enhanced optical rectification', made possible by the lack of inversion symmetry at the

graphene on gold surface, is responsible for the strongly enhanced emission. The enhancement occurs because the electric field of surface plasmons is

localized and enhanced where the graphene is located: at the surface of the metal. We believe that our results point the way to small, thin, and more

efficient terahertz photonic devices.
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electrons, give rise to the emission of THz pulses by
graphene.16

In this report, we confirm the observation of broad-
band THz emission from a single layer of graphene,
excited by femtosecond near-infrared laser pulses and
show how the excitation of surface plasmons strongly
enhances the emission. Our results show that for
graphene deposited on a glass substrate, the ampli-
tude of the emitted THz electric field strongly varies
and even reverses sign when the pump-beam polar-
ization direction is changed. This behavior is consistent
with the model of 'nonresonant photon drag effect'
(NDE),12 which is the excitation of photocurrents by
photon-electron momentum transfer, as the source
of the THz emission. For graphene deposited on thin
gold (Au) films, however, the emitted THz power is
significantly enhanced by 2 orders of magnitude when
propagating and localized surface plasmons are ex-
cited. In particular, from the results of graphene on a
discontinuous Au layer, we argue that an additional
generation mechanism, 'optical rectification' resulting
from a strong lack of inversion symmetry of graphene
on the Au substrate, begins to dominate the emission
of the p-polarized THz light. The emission of s-polarized
THz light, most likely caused by the nonresonant
excitation of photon drag currents, seems to be un-
affected by the localized surface plasmon excitation.

RESULTS AND DISCUSSION

The graphene layers are directly synthesized by a
chemical vapor deposition (CVD) system and trans-
ferred onto a glass slide and a thin Au film on a glass
substrate (see Figure 1a). In Figure 1b, we show a
Raman spectrum of the graphene sample using excita-
tion at a wavelength of 532 nm. The intensity ratio of
the 2D peak (∼2680 cm�1) with respect to the G peak
(∼1590 cm�1) is ∼3. Note that the D band (expected
near 1350 cm�1) is absent, indicating a high purity of
the graphene layers with a low number of defects.
As illustrated in Figure 1c,d, the experiments were

performed using a standard THz time-domain spec-
troscopy setup based on electro-optic sampling using
a 0.5 mm thick (110) oriented zinc telluride (ZnTe)
crystal.32,33 Graphene prepared on a transparent glass
substrate is excited with the pump light in two differ-
ent ways, depending on the experiment. In one case,
the pump beam excites the graphene from the back
side through the glass substrate as shown in Figure 1c.
The emitted THz light is collected in the transmission
direction of the pump light. The graphene layer can
also be excited in a reflection type setup as shown in
Figure 1d, in which the pump light illuminates the
sample on the graphene layer side, and the generated
THz light is collected in the reflection direction of the
pump light.
Typical time traces of the detected THz electric

field, emitted from a single layer graphene on glass,

are measured in a transmission setup as shown in
Figure 2a. The pulses have a subpicosecond duration
and consist of a nearly single cycle oscillation followed
by a weaker and rapidly oscillating trace which is the
result of absorption and re-emission of the THz light by
water molecules in the atmosphere. The inset of the
figure shows the spectrum of the emitted THz electric-
field amplitude obtained by Fourier-transformation.
The frequency of the maximum THz amplitude is about
1.2 THz. The measured electric field from which the
broad spectrum was calculated was obtained in ambi-
ent atmosphere. In Figure 2b, we plot the measured
THz amplitude as a function of incident laser power.
The figure shows that the amplitude increases linearly
with laser power, suggesting that a second order non-
linear optical process is responsible for the emission.
As shown in Figure 2a, when the incident angle of the
pump beam θ is changed from þ45� to �45�, the
polarity of the emitted THz pulse is reversed. No THz
emission is detected at normal incidence of the pump
beam (θ = 0�). The emitted THz amplitude is thus
an odd function of the incident angle. In general for a

Figure 1. (a) Synthesis, etching, and transfer processes for a
single layer graphene film. (b) Raman spectrum of the
sample showing G and 2D modes of single layer graphene
(laser excitation at 532 nm). Note that the D band is absent.
(c and d) Schematics of transmission (c) and reflection types
(d) of THz generation setups.

Figure 2. (a) Typical time traces of the emitted THz electric
field from the single layer graphene on a glass slide,
measured in the transmission type setup. The incident
angles of the pump beam are þ45� (blue) and �45� (red).
Note that no emission is detected for 0�. Inset: Fourier-
transformed THz electric-field amplitude as a function of
frequency. (b) Emitted THz amplitude from the graphene
sample on a glass substrate vs incident pump power.
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conventional THz emitter material such as gallium
arsenide (GaAs), such a sign change is evidence of
photoinduced currents propagating in a direction per-
pendicular to the surface.34 Since such currents are
obviously not possible in graphene because it is only
a single atomic layer, the emission might be due to
nonresonant optical rectification by a non-zero electric
susceptibility χ(2), requiring the absence of a center of
inversion symmetry. An ideal graphene layer possesses
an in-plane center of inversion symmetry. Nonresonant
optical rectification is only possible along the surface
normal where the inversion symmetry is broken, be-
cause the graphene sample is deposited on glass
substrates. The asymmetry along the surface normal
can, however, be removed by sandwiching graphene in
between two layers of the samematerial. Therefore, the
graphene layer was prepared in between two 24 nm
thick aluminum oxide (Al2O3) layers on a glass sub-
strate. However, no significant change in the THz emis-
sion was observed from the sandwiched graphene
layer, as compared to the bare graphene layers on
glass, making the case of surface nonlinearity as the
source of the emission unlikely.
The THz emission from single layer graphene must

therefore be taking place through a different mechan-
ism. To shed more light on the emission mechanism,

we varied the polarization of the pump beam using a
half-wave plate as shown schematically in Figure 3a.
The incident angle θ is fixed at 45�. The polarization
angle R of the pump beam is defined as the azimuthal
rotationof the polarization angle fromthep-polarization
state. In Figure 3b, we plot the x-component of
the generated THz electric field as a function of
the polarization state of the incident pump light. The
x-component of the THz electric field shows a change
of polarity when R is rotated by an angle of ∼60�. The
sign reversal is observed again, as the rotation angle of
R reaches∼120�. In Figure 3c,we plot the y-component
of the detected THz pulse. Again we emphasize that
standard semiconductor THz emitters based on transi-
ent photocurrents perpendicular to the surface do not
emit such an s-polarized THz electric field. Interestingly,
the y-component of the THz electric field appears only
when both p- and s-polarization components of the
pump beam are simultaneously present. As the polar-
ization of the pump beam is rotated by more than 90�,
the y-component of the THz electric field also changes
polarity. This polarization dependence cannot be ex-
plained by surface related nonlinear optical effects.
At this point, based on these experimental results,
we can conclude that the mechanism of THz emission
from single layer graphene seems to be different from

Figure 3. (a) Schematic of the excitation of single layer graphene for polarization dependence experiment. (b and c) x- (b) and
y-components (c) of generated THz amplitudes depending on the incident polarization angle R when θ = 45�.
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those already reported in the literature,18,19,25�31 but
our results quite resemble a recent report suggesting
that “photon drag current” might be the cause of the
THz emission.16

Despite the large number of reports on photon drag
effects in the literature, little is known about their
contribution to the THz emission through the optical
excitation of ultrafast laser pulses in semiconductors or
on metal surfaces. NDE is the result of the momentum
transfer from pump photons to the electrons in the
material. As a result, the electrons are “dragged” along
with the propagation direction of photons and a dc

photocurrent develops in the material. Similarly, the
photogalvanic effect also leads to the generation of a
dc photocurrent in thematerial. However, in such cases
the spatial inversion symmetry needs to be broken. In
single layer graphene, photon drag and photogalvanic
effects have been theoretically well investigated.12

These effects arise from the unique ballistic or quasi-
ballistic electron transport properties of graphene and
related materials.12�15,35�37

Our experiments are performedwithin the condition
of NDE: |ω� 2εF| > sq, whereω is frequency of photon,
εF is Fermi energy, s is the electron velocity, and q is the
projection of the photon wave-vector to the sample
plane. The components of the drag current ju and jv in
the plane of the graphene layer depend on the polar-
ization of the pump beam as follows,

ju �
3
2
cos2 R � sin2 R

and

jv � cosR sinR

With ETHz,x � (∂ju/∂t) and ETHz,y � (∂jv/∂t), we can
similarly write the THz electric field components de-
pending on the polarization as

ETHz, x �
3
2
cos2 R � sin2 R

and

ETHz, y � cosR sinR

which are valid for a 45� angle of incidence. In
Figure 3b,c, we plot these expressions with the mea-
sured results, where we vertically scaled the expres-
sions to obtain the best fit. On the basis of the excellent
fit of the calculated values to the experimental data,
and in accordance with recent reports,12,16 it is likely
that the physical mechanism of THz emission from an
unbiased single layer graphene on a glass substrate
is mainly the excitation of ultrafast photocurrents
through the photon drag effect. Note that, as the
duration of the emitted THz pulse is <1 ps, it must
result from the electron transport over short propaga-
tion distances <1 μm. Thus, the emitted THz pulse can
be used as a probe to study the local electron transport

in graphene without requiring the application of elec-
trical contacts.
The THz emission from single layer graphene is fairly

weak. In our setup, the peak value of THz amplitude
from graphene on glass is ∼10 mV/cm with a THz
pulse energy of ∼10�20 J (Supporting Information).
To enhance the THz emission, surface plasmon reso-
nance excitation at graphene/metal interfaces can be
used.38�45 Very recently, Ramakrishnan et al. reported
the plasmonic enhancement of THz emission from
ultrathin semiconductor films deposited on Au
surfaces.46 The assumption is that at a metal surface,
the plasmon pump field is enhanced compared to the
field of a conventional propagating wave incident on
the metal, enhancing nonlinear processes occurring at
or near the metal surface. In what follows, we illustrate
this by using both propagating as well as localized

surface plasmons at a graphene/metal interface.
In the first experiment, we used the so-called

Kretschmann geometry to excite surface plasmons
on a flat Au surface (Figure 4a). A Au film of 44 nm
thickness is deposited on the hypotenuse side of a
right-angle prism, using electron-beam evaporation
under high vacuum conditions (below a pressure of
10�6 mbar).47 The single layer graphene is transferred
onto the Au film. The pumpbeam enters from the glass
side. In Figure 4b, the reflected pump power from the
prism with and without the graphene layer is shown as
a function of the incident angle of the pump beam.
When the incident angle is ∼45�, the reflected pump
power from the prism reaches a minimum. This sig-
nificant reduction of the reflection intensity comes
from the resonant coupling of the evanescent wave
field to propagating surface plasmon modes. This
incident angle is called the surface plasmon resonance
(SPR) angle, which is sensitive to the surface conditions
of the Au layer: the SPR angle shifts from 44.60�
(without graphene) to 44.84� (with graphene).40

In Figure 4c, we plot the peak value of the generated
THz electric field and the reflected pump power from
the prism with graphene as a function of the incident
angle θ. We observe that the emitted THz amplitude
is significantly enhanced when surface plasmons are
resonantly excited at the Au surface/graphene inter-
face. The enhancement factor is∼30 (power enhance-
ment of ∼900) compared to the THz amplitude
emitted by the graphene on the glass. The enhance-
ment occurs due to the increased interaction of the
pump light with graphene via the strongly localized
and enhanced electric field of the surface plasmons
excited near the Au surface.We note that the SPR angle
and the maximum of the emitted THz amplitude are
separated by ∼0.2�. This shift can be accounted for
the surface plasmon hybridization, where the bound
and leaky symmetric modes are generated when the
metal film becomes thin and lossy. Only the leaky
mode contributes to the intensity localization on the
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graphene layer.48 In this experiment, we cannot excite
graphene with s-polarized light because surface plas-
mons can be excited only with a p-polarized pump
beam. Accordingly, it is not possible to see the effects
of the polarization dependence.
In the second experiment, we increased the local

pump intensity by the excitation of localized surface
plasmons on a semicontinuous percolating Au film.
When Au films are prepared by physical vapor deposi-
tion on substrates like glass, themorphology of the film
is changed from randomly placed isolated nanoislands
to a percolated state as the average thickness of the
metal layer increases to ∼7 nm. The ultrathin semi-
continuous Au films near the percolation threshold
have been shown to enhance the nonlinear optical
properties of the metal, and of a second material
placed on top due to the hot spots of localized surface
plasmons. THz generation by illuminating percolating
Au films on glass substrates with femtosecond laser
pulses was reported earlier by Ramakrishnan and
Planken in 2011.49 In the present experiment, we used
the strong field enhancement of a percolating film
to increase the THz emission from a single layer of
graphene. We prepared an Au film of∼10 nm average-

thickness on a glass slide by electron-beam evapora-
tion and transferred a single layer graphene to the
Au film (Figure 5a). In Figure 5b, a scanning electron

microscope (SEM) image of graphene on the percolat-
ing Au film is shown. Figure 5c shows the atomic force
microscope (AFM) images of an Au film of 10 nm
average thickness deposited on a glass slide without
graphene layer (left) and with graphene layer (right),
scanned at different positions. The graphene layer
does not seem to follow the morphology of the
percolating gold layer. The experiments are performed
in a reflection-type setup. Figure 5d shows the THz
electric field emitted from a single layer graphene on
a percolating Au film (red), a single layer graphene on
glass (blue) and from a percolating Au film (black).
Considering the possible variation of the THz ampli-
tude for different positions on the sample, we find that
the THz power emitted fromgraphene on the Au film is
significantly enhanced by a factor of ∼81 with respect
to that from graphene on glass (Figure S1 (Supporting
Information)). This indicates that the strongly localized
surface plasmons of the percolating Au film play a
major role in enhancing the THz emission. In Figure 5e,
we plot the measured THz amplitude as a function
of the pump power. The amplitude clearly increases
linearly, indicating that the emission is still a second-
order nonlinear optical process.
To understand themechanism behind the enhanced

emission of THz light by graphene on percolating Au,
we plot in Figure 6 the emitted THz amplitude as a

Figure 4. (a) The Kretschmann geometry used for the excitation of the single layer graphene on a Au film. θ is the angle of
incidence for the pump beammeasured outside the prism. (b) Reflected pumppower as a function of the incident angle θ for
44 nm thick Au film on prism with graphene layer (blue) and without graphene layer (black). (c) THz electric field amplitude
(red) from the single layer graphene on the Au film and reflected pump power (blue), plotted as functions of the incident
angle θ.
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function of the polarization angle of the incident beam.
The x-component of the THz electric field (Figure 6a)
shows a weak cosine dependence on the pump polar-
ization angle with a large pump-polarization-indepen-
dent constant contribution. Excitation with p-polarized
pump light (R = 0� and 180�) results in slightly stronger
THz emission than with s-polarized (R = 90�) light. In
contrast in Figure 6b, we see that the y-component of
the emitted THz electric field shows a similar behavior
as seen earlier in Figure 3c, in the case of single layer
graphene on a glass substrate. One interesting thing is
that a remarkable enhancement is only observed for
the x-component of the THz electric field (Figure 6a),
compared to the results from a single layer graphene
on a glass substrate (Figure 3b), whereas no significant

change is observed for the y-component (Figure 6b).
These results suggest that the specific enhancement
observed for the x-component emission may be due to
an additional source term. In a direction perpendicular
to the surface, the inversion symmetry is broken due to
the presence of the Au layer, giving rise to an additional
second-order optical nonlinearity. Using this additional
nonlinearity, the excitation of “hot spots” of localized
surface plasmon can contribute to the enhancement
of the optical rectification of the pump laser pulses. In
ref 49, it has been shown that such a surface nonlinear-
ity only gives rise to p-polarized THz emission, explain-
ing why no enhancement is observed for the emitted
s-polarized THz electric field component.49 We empha-
size that for the enhancement, both the percolating Au

Figure 5. (a) The excitation of graphene deposited on percolating Au layer. (b) A pseudocolor SEM image of a single layer
graphene on a Au film of 10 nm average thickness deposited on a glass substrate. The Au layer shows a randomly shaped
nanostructure at this thickness. (c) AFM images of an Au film of 10 nm average thickness deposited on a glass without
graphene layer (left) andwith graphene layer (right), scanned at different positions. (d) THz electric field pulse as a function of
time, emitted from a single layer graphene on a percolating Au film of 10 nm average thickness (red), only graphene (blue),
and only percolated Au film (black). (e) THz amplitude emitted froma single layer graphene on the percolatedAu film, plotted
as a function of the incident pump power.

Figure 6. (a) x- and (b) y-components of THz amplitude emitted from a single layer of graphene on a 10 nm thick Au layer,
plotted against the incident pumppolarization angleR. The angle of incidence θ = 45�. The dotted lines are themeasurement
data and the solid lines are the mathematical fits.
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and the graphene need to be present. Either graphene
(on glass) or percolating Au emits THz pulses with
1 order of magnitude smaller amplitude. The emitted
THz amplitude from single layer graphene on 10 nm
thick Au layer is about 4%of the THz amplitude emitted
from an unbiased (100) oriented semi-insulating
GaAs surface, surprisingly strong, considering the single
atomic layer thickness of graphene.

CONCLUSIONS

We report the emission of broadband THz radiation
when single layer graphene is illuminated with femto-
second near-infrared laser pulses. Our experimental
results indicate that for graphene on glass, the

emission is most likely through the excitation of ultra-
fast transient photon drag currents, thus fulfilling the
promise of a Dirac material for the giant photon drag
effect at modest peak powers. We demonstrate that a
strong enhancement in the emission can be achieved
by excitation of strongly localized as well as propagat-
ing surface plasmons in the vicinity of graphene. The
localized surface plasmon excitation on randomly na-
nostructured Au films is seen to particularly enhance
the THz emission through enhanced optical rectifica-
tion through the surface χ(2) of the layer, which is not
observed in the case of graphene on a glass substrate.
Our work points toward the possibility of developing
graphene-based ultrafast THz photonic devices.

METHODS
Sample Fabrication. The graphene layers are directly synthe-

sized on copper (Cu) foils by chemical vapor deposition (CVD),
after which a poly(methyl methacrylate) (PMMA) film was spin-
coated for the transfer (see Figure 1a). The Cu substrates are
then dissolved in a 0.1 M ammonium persulfate ((NH4)2S2O8)
solution. The floating graphene/PMMA films are subsequently
transferred onto a glass slide and a thin Au film on a glass
substrate, and the PMMA film is finally removed by chloroform.

Experimental Method. A standard THz time-domain spectros-
copy setup is used for the experiments. The samples are illumi-
nated with the output from a laser source, a Ti:sapphire oscillator
(Femtosource XL) generating p-polarized light pulses centered at
awavelengthof 800nmwith50 fsdurationand11MHz repetition
rate. The averageoutputpower from the laser is∼800mW.About
80%of the laser energy is used as the pumpbeam for exciting the
samples, and the remaining∼20% is used as the probe beam for
detecting the emitted THz light. The pump beam is focused to
a spot size of ∼2 mm on the sample. The emitted THz light is
collected and guided to the detection setup using two para-
boloidal mirrors. The amplitude of the emitted THz light electric
field is detected by free-space electro-optic sampling method
with a 0.5 mm thick (110) oriented zinc telluride (ZnTe) crystal.
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