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ABSTRACT: We report on the use of graphene for room
temperature on-chip detection and generation of pulsed
terahertz (THz) frequency radiation, exploiting the fast carrier
dynamics of light-generated hot carriers, and compare our
results with conventional low-temperature-grown gallium
arsenide (LT-GaAs) photoconductive (PC) switches. Cou-
pling of picosecond-duration pulses from a biased graphene
PC switch into Goubau line waveguides is also demonstrated.
A Drude transport model based on the transient photo-
conductance of graphene is used to describe the mechanism for both detection and generation of THz radiation.
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Since its discovery,1 graphene has been shown to exhibit
high room temperature carrier mobility,2,3 a wide-band

optical transparency in the infrared and visible light ranges,4

and a short hot-carrier lifetime.5 On the basis of these
properties, graphene photodetection in the visible6,7 and
infrared8 ranges of the electromagnetic spectrum has already
been demonstrated. Furthermore, imaging of terahertz (THz)
continuous wave fields by an antenna coupled to a metal gate of
a graphene transistor9 has recently been demonstrated, and the
interaction between THz pulses and graphene in a free-space
geometry has been studied.10 On-chip (guided-wave) THz
spectroscopy systems have several advantages in comparison
with free-space techniques. For example, the confinement of
the THz electric field close to a metal transmission line
enhances the spatial resolution beyond the diffraction limit, and
a high frequency−domain resolution (<1 GHz) is possible,
since the geometry can allow a large etalon-free time−domain
window. Graphene photodetection in on-chip systems has been
demonstrated in the tens of GHz frequency range,11,12 but to
date not at higher frequencies (hundreds of GHz). Only pulsed
THz generation has been demonstrated in graphene,13 and
then only with a pulse amplitude no larger than 10 pA for 0.2
mW incident optical beam power. Such studies do, however,
imply that the fast carrier dynamics of photoexcited carriers
(electron−hole pairs) in graphene could make it a powerful
tool in the development of chip integrated THz communica-
tions devices.
The creation of photocarriers in graphene by the absorption

of visible light (∼1.5 eV) has been studied extensively.5 After
ultrafast (∼10 fs) equilibration by carrier−carrier collisions, the
resulting carrier distribution can be described by a Fermi−Dirac
function with a time-dependent hot carrier temperature. A
slower process, which affects the carrier distribution function, is

optical phonon scattering, which occurs over a time scale of
<0.1 ps. During this period, all hot electrons lose their energy,
provided the energy is larger than the Debye energy (∼200
meV in graphene).14 A process with an even longer time scale is
electron/acoustic phonon scattering caused by thermalization
between hot charge carriers and the lattice, which takes several
nanoseconds.15 Since this process is inefficient, supercollisions
involving scattering with impurities are observed instead.16,17

None of these scattering processes, however, change the total
concentration of the photo-generated carriers; this is unlike the
e−h recombination, which reduces the concentration over a
short time (∼1 ps) and causes photoluminescence.8 The e−h
recombination depends sensitively on the properties of
graphene (carrier concentration and temperature), as shown,
for example, for the case of Auger recombination.18

Graphene is not traditionally used for THz photoconductive
(PC) switches. Instead, low-temperature-grown gallium arsen-
ide (LT-GaAs) PC-switches are typically used for the
generation and/or detection of picosecond pulsed radiation
in THz time−domain spectroscopy (THz-TDS) systems.19,20

LT-GaAs is an ideal photoconductive switch material since it
has a high mobility, high intrinsic resistivity, and the
photogenerated carriers exhibit a short lifetime (of order 100
fs),19,20 although careful temperature control is required during
both the molecular beam epitaxial growth and subsequent
annealing of the material. Generation and detection of THz
pulses in both free-space and integrated on-chip systems are
achieved by illumination of the photoconductive material by a
subpicosecond duration laser pulse.21,22 In on-chip THz-TDS
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systems, the THz field is then confined near a lithographically-
defined metal transmission line, and interaction between the
THz pulses and crystalline materials placed close to the
transmission line can result in absorption at resonant
frequencies, which can be detected by a second PC switch at
the far end of the transmission line.21,23

In this paper we report on the generation of picosecond
pulses using a LT-GaAs PC-switch and their detection using a
graphene switch, where both switches are integrated into an on-
chip Goubau-line waveguide. We compare the results with
detection performed using standard LT-GaAs switches.
Furthermore, we also demonstrate generation of a picosecond
pulse in an on-chip system by using a biased graphene switch,
comparing our results with previous work13 in which generation
of a picosecond pulse by unbiased graphene was demonstrated.
Two planar Goubau line devices, D1 and D2, were initially

fabricated as shown in Figure 1. Both devices incorporated LT-

GaAs PC switches (used for measurements and marked as
LTA, LTO, and LTB) at either end of Goubau lines, but device
D2 included graphene in a cross-geometry at the device center,
extending across a 50 μm gap in the center conductor. Device
fabrication proceeded as follows, with further details presented
in the Supporting Information. First, epitaxial transfer was used
to remove the LT-GaAs layer from its growth substrate and

locate it on the quartz substrate. Device D1 comprised of a
continuous 9-μm-wide and 2-mm-long center−conductor,
separating two LT-GaAs PC switches (LTA and LTB). A
graphene layer was transferred from its Cu growth substrate
and subsequently etched into a cross-shape to form a four-
terminal device, which we used to measure photocurrent and
THz pulses in Device D2. The length of the transmission line
between the LT-GaAs PC switch and the nearest graphene
contact in device D2 was 1.07 mm. The graphene layer was
coated by a 1.3-μm-thick layer of (Shipley 1813) photoresist
during measurements in order to support the graphene
structurally at the edges of the contacts, but it also served to
protect it from ambient water absorption and to keep the
doping level stable over time.
Since the observed response of the graphene PC switch

(excluding a current offset, discussed later), is similar to that of
a LT-GaAs PC switch, we were careful to rule out any residual
LT-GaAs under the graphene layer from being a potential
source of picosecond-pulse detection. No residues were
detected by an optical microscope under a 150× lens
magnification, and the Raman spectrum in the region of the
graphene switch showed no evidence of photoluminescence
from residual LT-GaAs (see Figure 2a). The Raman signal
shows that our samples are composed from a single layer of
graphene, as determined by the parameters extracted from a
Lorentzian fit (peak positions, full width at half-maximum
(FMHW), and the ratio of intensities) of the 2D- and G-peaks
to the Raman spectrum obtained after removal of the
background signal from quartz (Figure 2b).24

Pump−probe experiments were carried out using a pulsed
Ti:sapphire laser centered at 790 nm, with a 100 fs pulse
duration, and a repetition rate of 80 MHz. This beam was split
into two, with the first branch used to illuminate a biased LT-
GaAs PC switch for THz pulse generation and the second
branch (the probe beam), focused onto a probe PC switch after
being time-delayed using a retro-reflector on a delay stage, and
chopped at 2827 Hz. The average power of both beams was 10
mW, and each beam spot had a FWHM of ∼35 μm (measured
by scanning a knife edge in front of a calibrated power meter).
For device D1, the resulting “output” THz pulse (see Figure
2c) transmitted down the Goubau line was detected at the LT-
GaAs using a lock-in amplifier connected to one of the probe
arms, as shown in Figure 1a. Reference measurements of the
“input” THz pulse to the waveguide were also obtained by
focusing the probe pulse on a region of LT-GaAs directly
adjacent to the excitation point (generation at PC switch LTA
and detection at switch LTB in Figure 1b). Similar “input”
pulse measurements were performed for device D2 using
switches LTA and LTB (Figure 1c) for comparison. It should
be noted that four transmission lines could be used for the
output pulse measurements in D2, but here the best performing
LT-GaAs PC switches were chosen. Comparable input pulse
shapes were generated in both devices D1 and D2 with FWHM
equal to 1.65 ± 0.05 ps (the black curve in Figure 2c).
By comparing measurements of the input and output pulses

in D1 (Figure 2c), it can be seen that dispersion of the
propagating pulses occurs as they move down the transmission
line causing a broadening of the output pulse (red curve)
relative to the input pulse (black curve). The 12.2 ps delay
between the pulses corresponds to a pulse velocity of 1.65 ×
108 ms−1. In comparison with the pulse detected by LT-GaAs
in D1, the pulse detected by the graphene switch in D2 has a

Figure 1. Schematic diagram of devices D1 and D2. (a) The setup for
LT-GaAs “output” pulse detection in device D1. Gold electrodes are
shown by black lines. For output pulse measurements a DC bias, Vsd, is
applied to the PC switch LTA and a lock-in is connected to the PC
switch LTO. The Goubau line is grounded throughout. The pump and
probe beams, indicated by red circles, are focused on switches LTA
and LTO, respectively. Inset: A part of a PC switch area where the
blue color indicates LT-GaAs areas after etching. The dotted line
indicates the edges of LT-GaAs under the metal contacts. (b) For
“input” pulse measurements the probe beam and the lock-in are
moved to the switch LTB, demonstrated for device D1. (c)
Measurement setup for graphene detection in the device D2.
Graphene is shown by a green cross, and the probe laser beam spot
is focused on the spot GO1. The orange line indicates the path for the
Fabry−Peŕot reflections of THz pulse. Inset: Optical image of the
quartz substrate with the graphene area etched in the shape of a cross
covered by S1813 resist. The graphene has a length of 50 μm and
width of 9 μm.
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similar peak shape but a negative background current offset
(Figure 2c inset), the origin of which is discussed later.
A detailed comparison between the input pulse in D1 (black

curve) and the pulse detected by the graphene in D2 (the red
curve is plotted with the −1.7 nA DC offset removed) is given
in Figure 3a. The measured delay of 6.3 ps between the input
pulse and the detected pulse corresponds to the time taken for
the pulse to travel the 1.07 mm of transmission line between
PC switch LTA and the graphene−metal interface, GO1, due to
the velocity in D2 being the same as device D1. It should be
noted, though, that the input pulse measured in the device D2
(the black curve in Figure 3a) has several features not observed
in the input pulse of the D1 Goubau line result shown in Figure
2c, namely a reflected pulse from the nearest ohmic contact due
to impedance mismatch (at 12.5 ps, shown by the black arrow)
and some small periodic oscillations detected after the main
pulse (which are a factor of ∼10 smaller in amplitude). The
frequency of these oscillations fosc ∼220 GHz corresponds to a
time delay 1/fosc of ∼4.5 ps, and they are related to Fabry−
Peŕot reflections from geometric features in the probe arms,
highlighted by the orange line in Figure 1c. The THz pulse can
be reflected from the probe arms as well, but this was not
observed in our measurement, since its amplitude is smaller
than the amplitude of 220 GHz oscillations.
The inset to Figure 3a shows that the FWHM of the output

pulse detected by LT-GaAs is 0.5 ps smaller than that of the
pulse detected by graphene (FWHM is ∼3 ps) indicating
slightly slower dynamics of the charge carriers in graphene
compared with the LT-GaAs. Spectra obtained by fast Fourier
transform (FFT) of the input pulse (D2), the output pulse
detected by graphene (D2), and the output pulse detected by
LT-GaAs (D1), shown in Figure 3b, allow us to define the
frequency at which the signal is equal to the noise (∼0.6 THz
for detection by both LT-GaAs and graphene). Since the shape
and the noise level of the pulses detected by both the LT-GaAs
and graphene PC switches are similar, we conclude that
graphene PC switches can be used as picosecond pulses
detectors for on-chip systems. Despite the small difference in
geometry (namely, the detection by LT-GaAs in device D1 is
performed using side contacts and for the detection by
graphene, device D2, is in line with the transmission line),
the shape of the detected pulse is similar in both devices since
the PC switch can be viewed as a point-like detector when the
wavelength (>100 μm) is much larger than a characteristic size
of the detector ∼20 μm.
The detected current in a PC switch, I(t), is a convolution of

the transient THz electric field, ETHz, at the illuminated region,
and the carrier dynamics described by a conductivity change,
δσ:

∫ τ δσ τ τ∝ −
−∞

+∞
I t E t( ) ( ) ( ) dTHz (1)

In the case of “ideal” detection with a very short rise/fall
time, the conductivity change can be approximated as being
proportional to a Delta function, and the detected current is
proportional the electric field I(t) ∝ ETHz(t). In the case of LT-
GaAs detection the conductivity change is defined by a life-time
of the photoexcited carriers and dispersion as occurs in the
output pulse measurement in device D1. However, our
measurements are not sensitive enough to provide the time
dependence of the graphene conductivity, owing to pulse
dispersion in the Goubau line. To calculate the approximate
conductivity change in our graphene switches, we deconvolute

Figure 2. Characterization of graphene and LT-GaAs. (a) Raman
spectra measured after excitation with a 633 nm laser for a clean quartz
substrate (black), for the substrate after removal by etching of the LT-
GaAs (red), and from an LT-GaAs covered region (green). No peak
corresponding to LT-GaAs at 290 cm−1 was found in the graphene
region. (b) Raman spectrum of a graphene switch region (black dots)
and a Lorentzian fit of the G- and 2D-peaks (red). (c) Input pulse
(normalized by 2.6 nA) generated at LTA and detected at LTB (black
line), together with the output pulse (normalized by 0.35 nA) detected
2 mm away at LTO (red line) measured in the device D1 with LT-
GaAs PC switches. The delay between the two pulses corresponds to a
pulse propagation velocity in the Goubau line of 1.65 ± 0.02 × 108

ms−1. Inset: Pulse detected by graphene at GO1 in device D2. The red
line is a Lorentzian fit to the data.
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the signals.25 We determined the FWHM of the conductivity
change to be 2.2 ps from the shape of the resulting conductivity
change plotted in the inset of Figure 3a by the green solid line,
which is in agreement with the hot carrier life-time in graphene
∼1.5 ps at room temperature previously reported (photon
energy is 1.25 eV).16

We now discuss characterization of the graphene PC detector
as a function of the probe beam power and the pump switch
bias, to investigate the origin of the picosecond time scale
detection mechanism in graphene further. Figure 3c shows the
amplitude of the signal detected by the graphene PC switch as a
function of probe power. A constant offset current, which
depends on the illumination power, is observed, which is not
observed in LT-GaAs PC switches. We have used a Lorentzian
fit to extract the amplitude, width, and offset for each curve. An
example of the fit is shown in the inset of Figure 2c, with a
slight deviation from a Lorentzian shape observed for times
larger than 2 ps originating from Fabry−Peŕot reflections from
the probe arms. The width of the detected pulse is ∼3 ps for
the largest probe powers (10 mW) and ∼10% smaller for the
smallest powers (1 mW). The time integral of the Lorentzian
current pulse, used to calculate total charge transfer per optical
pulse, is plotted in Figure 3c inset, together with the
corresponding DC current offset, as a function of probe laser
power. The offset current decreases linearly as the probe pulse
power increases and is observed in the time domain both before
and after the pulse. The charge as a function of incident power
has a power−law dependence with an exponent equal to ∼0.6
above 4 mW and ∼1 below 4 mW as shown by the solid red
and black lines, respectively. Since the amplitude of the THz
pulse generated by switch LTA is proportional to Vsd, we
measured the pulse detected at GO1 as a function of Vsd to
investigate the linearity of the graphene response. The signal
detected by graphene, as shown in Figure 4a, with a −1.7 nA
DC offset removed, has a clear linear dependence on Vsd, and it
can therefore be used as a linear detector for THz radiation.
Before we discuss the physical mechanism responsible for the

detection of THz pulse using graphene, it is important to
understand the properties of the metal−graphene interface.
When undoped graphene is placed on top of a gold electrode it
forms a weak bond; numerical calculations based on density-
functional theory predict that a small p-type doping (∼2.6 ×
1012 cm−2) arises with a Fermi energy shift equal to −0.19 eV
for undoped graphene at zero temperature.26 From the Raman
data shown in Figure 2b we determined that our graphene-on-
quartz has p-type doping of order (6 ± 2) × 1012 cm−2, using
the widths, positions, and intensity ratio of the 2D and G
Lorentzian peaks.24 The metal−graphene junction will thus
have a larger concentration of holes, p′, on and near the metal,
and a smaller concentration in the bulk, p. This p′−p interface
is responsible for the DC photocurrent in graphene. When no

Figure 3. Characterization of THz pulse detection using graphene on
device D2. (a) Input pulse (normalized by 75 nA) generated at LTA
and detected at LTB (black line), and the output pulse (normalized by
6.7 nA) detected at GO1 by graphene (red line) measured in the
device D2 repeated from Figure 2c inset, but with the current offset
removed for comparison. A reflection from the graphene−metal
interface is indicated by the black arrow. Inset: Normalized output
pulses detected by LT-GaAs (in device D1) and graphene (in device
D2), shown by black and red lines, respectively. Normalized
conductivity change obtained from the deconvolution of the two
output pulses shown in green. (b) FFT spectrum for the input pulse
(device D2), output pulse detected by graphene (device D2), and
output pulse detected by LT-GaAs (device D1) shown by black
squares, red circles, and green triangles, respectively. The dashed red
line indicates the chosen level of noise for the graphene detected signal

Figure 3. continued

used to define the bandwidth. (c) Pulse detected by graphene as a
function of incident optical power. The DC current offset at −10 ps
becomes more negative with increasing illuminating laser power. Inset:
Lorentzian current integral as a function of incident power is shown by
black squares in the linear region and red circles in the sub-linear
region. Solid lines are power law fits, ∝Pγ, where γ = 1 and 0.6 for
black and red curves, respectively. DC offset photocurrent as a
function of incident power is shown by green triangles, obtained from
a Lorentzian fit of the peak as shown on the inset in Figure 2c.

Nano Letters Letter

DOI: 10.1021/nl504116w
Nano Lett. 2015, 15, 1591−1596

1594

http://dx.doi.org/10.1021/nl504116w


bias is applied to the illuminated graphene, a DC current, IDC,
flows across this interface toward a cold gold contact owing to
the photothermoelectric effect,14 as shown on the inset in
Figure 4b. A photothermoelectric origin for the DC offset was
further confirmed by moving the probe beam focus from the
metal−graphene interface at the nearest ohmic contact, GO1,
to the furthest graphene−metal interface at GO2. The DC
offset changed its sign as expected, as shown in Figure 4b.
Another possible contribution to the DC offset, the photo-
voltaic effect, was found to be negligible in our experiment,
since we did not observe any difference in the photocurrent as a
function of laser beam polarization angle (see Supporting
Information).27 Since the polarity of the THz pulse did not
change sign, the pulse detection cannot be attributed to either
photoelectric or photo−thermoelectric effects. The amplitude
of the detected pulse becomes smaller due to losses in
graphene. A small delay of 0.4 ± 0.1 ps between the pulses is
attributed to a time required for the THz field to travel from
GO1 to GO2. This means that graphene detection may be used
to measure the THz field spatially as it propagates across the
graphene region.
The interaction of light with graphene is well-understood.

Graphene absorbs only 2.3% of the total incident power from a
sub−ps pulse from an 800 nm laser.4 The internal quantum
efficiency of graphene is, however, high, so almost all absorbed
photons generate e−h pairs. For a short period of illumination,
the probe pulse changes the electron (hole) concentration in
graphene, which can be estimated for a single laser pulse as

δ α=n P
P

SrE
( )

g (2)

where α is the part of the total light power absorbed by
graphene (2.3%), P is the illuminating laser power (∼20 mW),
Eg is the light quanta energy (1.6 eV), r is the number of pulses
received per second, and S is the area of the spot. Thus, the
change of concentration during a single pulse is expected to be
less than 6 × 1011 cm−2, which is 1 order of magnitude smaller
than the graphene doping level, as determined by Raman
spectroscopy.
Using a Drude model, the concentration change after

illumination can affect the conductivity of graphene in two
ways. In the linear regime, when the laser incident power is less
than 4 mW, the mobility μ is unaffected by incident power. The
conductivity change is directly proportional to concentration
δσ(P) ∼ eμδn(P), where e is the elementary charge, and any
applied bias will cause a current flow. In our experiment such a
bias is provided by the THz electric field. A sublinear regime of
detection is found above 4 mW power as shown in the inset to
Figure 3c. This point indicates a regime when mobility change
cannot be neglected. Though a change of mobility, δμ(P),

Figure 4. THz pulse detected by graphene and generation by biased
graphene. (a) Pulse detected by graphene as a function of the source−
drain bias applied to the LT-GaAs PC switch at 10 mW pump and
probe powers. The applied bias changes with 5 V steps between the
most negative signal, measured at −30 V, to the most positive signal,
measured at 30 V. A DC current offset corresponding to −1.7 nA has
been subtracted from the signal for clarity. Inset: Amplitude of the
pulse as a function of the PC switch bias. (b) Pulse detection on the
nearest and the furthest graphene ohmic contacts indicated by GO1
(black) and GO2 (red) in Figure 1c, respectively. The position of the
THz pulse detected at GO1 is taken as a reference. Inset: Band
structure of graphene without applied bias near an ohmic contact. As
soon as the temperature, T1, of the illuminated graphene is larger than

Figure 4. continued

the temperature of graphene placed on the metal contact (yellow
area), T0 = 300 K, and p′ is larger than p, a DC photothermoelectric
current flows toward the contact.14 (c) The pulse generated by
graphene on GO1 and detected by the LT-GaAs PC switch LTA as a
function of a DC bias applied to the graphene using 10 mW pump and
probe powers. The setup for THz pulse generation by graphene is
shown in Supporting Information. Top inset: Current amplitude as a
function of the applied bias. Bottom inset: Band structure for the
graphene under applied negative bias. The bias generates a negative
THz pulse if the conductivity change under illumination is positive.
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accounts for a change of conductivity, δσ(P), in the nonlinear
function of power δσ(P) ∼ eμδn(P) + en0δμ(P), where n0 is the
concentration without illumination.
In further support of a photoconductive detection mecha-

nism, we have also measured the inverse effect wherein a THz
pulse is generated by a DC bias applied across graphene, which
changes the graphene conductance by illumination, with
detection then achieved by an LT-GaAs PC switch. The
pulse amplitude is found to be proportional to the applied DC
bias, and the current amplitude (Figure 4c inset) has a linear
dependence on the applied bias. We notice that a pulse with a
small amplitude of 13 pA can be measured even at zero applied
bias. A similar current amplitude of ∼10 pA was previously
observed in unbiased graphene, using a laser (1.6 eV) of 0.2
mW power and spot size of 2 μm, and attributed to a transient
displacement current density and photothermoelectric effect.13

In conclusion, we have demonstrated THz pulse detection by
graphene in an on-chip system. The graphene switch was found
to have a linear response to both THz pulse amplitude and
probe beam intensity. We identify the transient photo-
conductivity change due to light absorption as the mechanism
for THz pulse detection. Our study paves the way for the
creation of purely graphene-based on-chip THz sensors. In
order to reduce dispersion in such devices, the transit path for
the picoseond pulse could be shortened, or the substrate
thinned by lapping to reduce the effective refractive index.28
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