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Graphene, a two-dimensional layer of carbon atoms, is a promising building block for a wide 

range of optoelectronic devices owing to its extraordinary electrical and optical properties, 

including the ability to absorb ~2% of incident light over a broad wavelength range. While the 

RC-limited bandwidth of graphene-based photodetectors can be estimated to be as large as 

640 GHz, conventional electronic measurement techniques lack for analysing photocurrents 

at such frequencies. Here we report on time-resolved picosecond photocurrents in freely 

suspended graphene contacted by metal electrodes. At the graphene–metal interface, we 

demonstrate that built-in electric fields give rise to a photocurrent with a full-width-half-

maximum of ~4 ps and that a photothermoelectric effect generates a current with a decay 

time of ~130 ps. Furthermore, we show that, in optically pumped graphene, electromagnetic 

radiation up to 1 THz is generated. Our results may prove essential to build graphene-based 

ultrafast photodetectors, photovoltaic cells and terahertz sources. 
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T
he high charge-carrier mobility in graphene has spurred a 
tremendous interest in graphene-based high-speed electronic 
devices such as �eld-e�ect transistors and pn-junctions1,2.  

In combination with its excellent optical properties3, graphene fur-
ther quali�es for optoelectronic applications4–12. Various graph-
ene-based terahertz sources and detectors have been proposed, as  
the frequency of plasma waves, the gap of graphene nanoribbons, 
and the tunable bandgap in bilayer graphene lies in the terahertz 
range3–16. Whereas the RC-limited bandwidth of graphene-based 
photodetectors can be estimated to be as large as 640 GHz (ref. 12),  
common electronic apparatuses cannot resolve the underlying 
ultrafast charge-carrier dynamics because available equipment can-
not produce electronic trigger signals and detect transients faster 
than tens of picoseconds.

Here we introduce a pump-probe photocurrent spectroscopy 
to graphene-based devices to resolve their photo-electric response 
up to 1 THz (ref. 17). In our experiments, we demonstrate that 
terahertz radiation is generated in optically pumped graphene. �e 
electromagnetic radiation is detected by a coplanar metal stripline, 
which acts as a highly sensitive near-�eld antenna and waveguide 
with a bandwidth of up to 1 THz. Our ultrafast experiments further 
clarify the optoelectronic mechanisms contributing to the photo-
current generation at graphene–metal interfaces. So far, this photo-
current has been extensively investigated by spatially resolved, but 
time-integrated photocurrent imaging techniques3,4–6. We verify 
that both built-in electric �elds4,7, similar to those in semiconduc-
tor-metal interfaces18, and a photothermoelectric e�ect6,19 give 
rise to the photocurrent at graphene–metal interfaces at di�erent 
time scales. Our results open the possibility to design and fabricate 
graphene-based ultrafast photodetectors, photoswitches, photo-
voltaic cells, and terahertz sources15.

Results
Time-integrated and time-resolved photocurrent spectroscopy. 
�e investigated graphene sheets are fabricated as recently 
described11,20 (Methods). We �rst measure the time-integrated, 
spatially resolved photocurrent Iphoto of the freely suspended 
graphene in the stripline circuit (Fig. 1a). At zero bias voltage Vsd, 
we �nd two spatial extrema of Iphoto, each of which is in the vicinity 
of a metal electrode (Fig. 1b,c). �e extrema are consistent with 
recent scanning photocurrent results4–6. �ey can be explained in 
terms of built-in electric �elds or a photothermoelectric current at 
graphene–metal interfaces, as will be discussed below in detail.

To investigate the temporal optoelectronic dynamics in graphene, 
we measure Isampling at the �eld probe as a function of the time delay  
tdelay between the pump- and probe pulse (Fig. 1d and Methods).  
Figure 2a shows Isampling as a function of tdelay for excitation positions 
starting at the graphene–metal interface in steps of 2 µm (from bottom 
to top along the dotted line in Fig. 1b). �e amplitude of the main peak 
of Isampling centred around 5 ps reverses sign from the lowest to the 
topmost trace. �is �nding is consistent with the spatial dependence 
of Iphoto (Fig. 1b,c), which indicates the direct correlation between the 
time-integrated Iphoto and the time-resolved Isampling (refs 18, 21).

Built-in electric �eld and photo-thermoelectric e�ect. Generally, 
directly a�er an optical excitation of graphene, the photogenerated 
charge-carriers redistribute to decrease local potential di�erences. 
�is displacement of the charge-carriers decreases the electric �eld 
E in the irradiated region. In turn, the optoelectronic response can 
be described by a transient displacement current density22,23 

j ED t= ∂ ∂e e0 / .

�is mechanism also holds for built-in electric �elds and can pro-
duce displacement currents even with sub-picosecond duration21–23.  

(1)(1)
�e amplitude of the displacement current saturates if the electric 
�eld E is set to zero by the displacement of the optically excited 
charge-carriers. Figure 2b shows the trace of Isampling at the graph-
ene–metal interface extended to tdelay = 180 ps (dots). �e solid line 
is a �t with the sum of a Gaussian and an exponentially convoluted 
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Figure 2 | Time-resolved photocurrents in graphene. (a) Isampling for 

excitation positions starting at the graphene–metal interface in steps of 

2 µm (from bottom to top) along the dotted line in Figure 1b. Solid lines are 

guides to the eye. Data are offset for clarity. The experimental parameters 

are Elaser = 1.59 eV, Plaser = 800 µW, Vsd = 0 V, and Tbath = 300 K. (b) Lowest 

trace in (a) and its fitting function (solid line) for tdelay up to 180 ps. The 

individual components of the fitting function are offset for clarity and 

depicted as dashed and dotted lines.
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Figure 1 | Ultrafast photocurrent circuitry for graphene. (a) Freely 

suspended graphene is incorporated into a coplanar stripline circuit.  

A pump laser pulse focused onto the graphene-sheet generates the time-

integrated photocurrent Iphoto. Scale bar, 20 µm. (b) Spatially resolved 

scan of Iphoto. The position of the striplines is indicated with dashed 

lines. Scale bar, 20 µm. The experimental parameters are Elaser = 1.6 eV, 

Plaser = 200 µW, Vsd = 0 V, and Tbath = 300 K. (c) Single line-sweep of Iphoto 

along the dotted line in (b). (d) The time-resolved photocurrent response 

Isampling is measured at the field probe, located ~0.3 mm away from the 

graphene. The probe laser pulse (red circle) triggers the read-out of 

Isampling. Scale bar, 15 µm.
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Gaussian, which are shown individually as dotted and dashed lines. 
In Figure 3a,b, we depict data of the optoelectronic response of two 
samples #1 and #2 measured at the graphene–metal interface as a 
function of the laser power. Sample #1 is the graphene device, which 
is further characterized in Figures 1 and 2. �e data in Figure 3 are 
taken down to a power level where the experimental noise domi-
nates the signal. With both samples, we detect a fast optoelectronic 
signal in combination with a slowly decaying current component. 
For sample #2 (Fig. 3b), the onset of Isampling at short tdelay is less 
steep compared with the data on sample #1 (Fig. 3a). We interpret 
this to stem from a slightly enhanced dispersion and attenuation 
for sample #2, because, for this sample, the detected electromag-
netic pulses propagate along a longer graphene-covered part of the 
stripline24. We present the integrated area of the fast �rst peak for 
sample #1 (#2) as green symbols in Fig. 4a (b). Most importantly, 
the area of the �rst peak increases as a function of Plaser and then, 
for Plaser ≥ 200 µW, it saturates at a constant value. Figure 4c shows 
the full-width-half-maximum (FWHM) of the �rst peak for both 
samples #1 and #2. In both cases, the FWHM stays rather constant 
throughout the examined laser power range with a mean average 
of 4.3 ± 0.1 ps. �e slightly increased �tted values for sample #2 at 
small laser powers can be explained by the impact of the noise. 
Most importantly, there is a range of Plaser where the FWHM and 
the area of the �rst fast peak are constant within the experimental 
error for both samples #1 and #2. Taking all the above arguments 
together, we interpret the fast peak with a FWHM ~4 ps to stem 
from the ultrafast screening of the electric �elds at the graphene–
metal interface by the displacement of the photogenerated charge-
carriers. Consistently, its FWHM of (4.3 ± 0.1) ps is comparable to 
values found in carbon nanotubes18 (~2.1 ps) and low temperature 
grown (LT)-gallium arsenide21 (~1.5 ps), all measured in similar 
stripline circuits. We conclude that a displacement current due to 
built-in electric �elds at the graphene–metal interface is generat-
ing this ultrafast photoresponse. Furthermore, we note that the fast 
peak is not related to a thermoelectric e�ect induced by electrons, 
because such an e�ect cannot explain the saturation of the peak area 
for larger values of Plaser.

�e area of the exponentially convoluted slow Gaussian peak, 
however, increases linearly with Plaser for the examined range 
of laser power (blue symbols in Fig. 4a,b). �is suggests that the  

exponentially convoluted Gaussian is associated with a thermoelec-
tric e�ect, because the thermovoltage Uthermo can be described as, 

U S S Tthermo graphene stripline=( - )  ,∆

where ∆T is the optically induced temperature di�erence and  
Sgraphene and Sstripline are the Seebeck coe�cients of graphene and 
the metal stripline6. For small Plaser, one expects that ∆T and, there-
fore, Uthermo linearly depend on Plaser. On the basis of the linear 
power dependence in Figure 4a,b, we interpret the slowly decay-
ing photoresponse contribution in Figures 2 and 3 to be caused by 
a short-time temperature di�erence ∆T between the graphene and 
the metal. �e interpretation is further corroborated by the fact that 
τslow is rather constant for the examined range of Plaser within the 
experimental error (Fig. 4d). �e mean value of τslow = 130 ± 10 ps 
(for both samples) suggests that ∆T is dominated by heat di�usion 
rates along the metal stripline25.

Photocurrent oscillations in freely suspended graphene. For an 
optical excitation in the middle of the freely suspended graphene, 
we detect strong oscillations of Isampling that start at tdelay ~5 ps  
(Fig. 2a). �e oscillatory amplitude increases towards the centre of 
the graphene. We investigate the oscillations by performing a fast-
Fourier-transformation (FFT) (Fig. 5a) of the Isampling trace indicated  
with an open circle in Figure 2a. Most prominently, we �nd ampli-
tudes at frequencies up to 0.8 THz. �e oscillatory behaviour of 
Isampling does not have a counterpart in the time-integrated Iphoto, 
which decreases from the contacts towards the middle of the graph-
ene (Fig. 1c). At the graphene–metal interfaces (for example, lowest 
trace in Fig. 2a), the photo-thermoelectric e�ect and built-in elec-
tric �elds dominate the optoelectronic response. �erefore, the fast 
oscillations of Isampling are generic to the freely suspended graph-
ene sections. For comparison, Figure 5b shows a FFT of Isampling  
measured at the graphene–metal interface (lowest trace in Fig. 2a).
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Figure 3 | Laser power dependence of the ultrafast photocurrent at the 

graphene–metal interface. Isampling versus tdelay as a function of Plaser for 

(a) sample #1 and (b) sample #2 at room temperature. Lines are fits to the 

data. The data offset level is indicated with dashed lines. The experimental 

parameters are Elaser = 1.59 eV, Vsd = 0 V and Tbath = 300 K.
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Figure 4 | Fit parameters for Isampling versus Plaser at the graphene–metal 

interface. Area of the individual components of the fitting function for  

(a) sample #1 and (b) sample #2. Green symbols represent the area of the 

fast first peak. The blue symbols stand for the area of the exponentially 

convoluted slow Gaussian peak. Dashed and dotted lines are linear fits. 

(c) FWHM of the first peak as a function of Plaser for sample #1 (red) and 

sample #2 (black). (d) τslow for both samples as a function of Plaser for 

sample #1 (red) and sample #2 (black). Error bars reflect the estimated 

standard deviation of the fit coefficients.
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In Figure 6a, we show Isampling measured at a bath temperature  
of Tbath = 77 K, for excitation positions along the dotted line in  
Figure 1b. In a �rst approximation, Sgraphene linearly depends  
on the temperature19,26. �erefore, we expect a decrease of the 
thermoelectrically induced ultrafast photocurrent to about 1/4 of 

its room-temperature value when lowering Tbath down to 77 K. 
Indeed, at the graphene–metal interface, the slow-decaying signal of  
Isampling is suppressed (Fig. 6a). In the middle of the freely sus-
pended graphene, however, fast oscillations of Isampling again occur 
for tdelay ≥5 ps. �e FFT yields amplitudes for frequencies up to 
1 THz (Fig. 6b).

In Figure 7a, we depict data of the optoelectronic response at the 
centre of the graphene sample #1 as a function of the laser power. 
�e data are taken a�er the sample was temperature-cycled several 
times in the course of the optoelectronic experiments. It exhibits a 
worse signal to noise ratio as compared with the data presented in 
Figure 2, which were taken directly a�er the graphene was trans-
ferred onto its stripline circuit. Generally, the data in Figure 7a  
are taken down to a power level where the experimental noise 
dominates the signal. Again, we detect a fast oscillatory signal of  
Isampling. Figure 7b depicts the corresponding amplitude of a FFT 
of the data. Within the experimental error, the FFT-spectra shi� to 
higher frequencies for increasing Plaser. �is can be directly seen 
also in the raw data in Figure 7a. For the highest Plaser, the signal 
becomes ‘steeper’.

Numerical stripline investigations. Figure 8a shows a sketch of the 
graphene incorporated into a coplanar stripline circuit. �e metal 
electrodes are depicted in yellow, the LT–GaAs in green. �e metal 
striplines act as a near-�eld antenna, greatly enhancing the out-
coupling of electromagnetic �elds in the direction of the stripline. 
A �nite-di�erence time-domain simulation (FDTD) is carried out 
to compare the radiation coupled into the metal stripline with the 
radiation emitted perpendicular to the sample surface, using a freely 
available so�ware package27. In our simulation, a Gaussian electric 
�eld source Ey (centre-frequency f = 0.3 THz and width 0.2 THz) 
polarized along the y axis is placed inside the stripline (Fig. 8a).  
A 20-µm×20-µm window lying in the y–z plane is placed at a dis-
tance of 130 µm from the source Ey centred with the stripline. �e 
�eld �ux Fwg coupled into the stripline is measured in this window. 
�e �eld �ux Fair radiated perpendicular to the sample surface is 
measured in a window of the same size, placed at the same distance 
of 130 µm directly above the �eld source Ey. Figure 8b shows the 
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Figure 5 | Frequency analyis of ultrafast photocurrents in graphene.  

(a) FFT of Isampling for excitation in the centre of the freely suspended 
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�eld �uxes F as a function of frequency f. �e �eld �ux Fwg (solid 
black line) at the centre-frequency is about a factor of 45,600 
enhanced when compared with the �eld �ux Fair above the surface 
(dashed black line). We would like to mention here that increasing 
the propagation distance both along the stripline and perpendicular 
to the surface further increases the enhancement factor. Although 
the electric �eld E of a spherical wave decreases with the distance 
r with |E|~1/r, it has been shown that the electromagnetic �eld  
of picosecond pulses can propagate along striplines for several mil-
limeters with experiencing a small loss of ~35% (ref. 28). We there-
fore conclude that measuring the terahertz wave generation on-chip 
in a stripline circuit is several orders of magnitude more sensitive 
than measuring in a free-space set-up. However, omitting the trench 
and the metal stripline greatly reduces the �eld �ux Fwg (solid  
red line), and in turn, the enhancement factor is reduced to 150 
when compared with the �eld �ux Fair above the surface (dashed 
red line).

Generally, the spectral response of our measurements is limited 
to below 1 THz by the bandwidth of our detection scheme29. Fig-
ure 8c shows a �nite-element-simulation of the odd-mode e�ective 
index of refraction ne� as a function of frequency for a 5/15/5 µm 
stripline circuit fabricated on a GaAs substrate. �e e�ective index 
of refraction ne� is signi�cantly reduced when a 12-µm deep trench 
located between the metal strips is considered (open circles), com-
pared with a simulation without a trench (red circles). For the trench 
geometry, we estimate the e�ective index to be ne�  = 2.2 ± 0.1 for 
frequencies below 1 THz. �e dispersion for both geometries sets in 
at about 1 THz, thereby limiting our detection sensitivity to below 
1 THz. For striplines without an etched trench and without graph-
ene, the bandwidth of our detection scheme is also experimentally 
determined to be about 1 THz (Supplementary Fig. S1).

Discussion
Generally, photoexcited charge-carriers in graphene can very e�-
ciently relax by the emission of optical phonons with a subsequent 
interband recombination or via plasmon emission on a sub-pico-
second timescale15,16,30–32. Our detection scheme is only sensi-
tive to coherent electromagnetic radiation with constant phase 
with respect to each pulsed laser excitation. We therefore do not 
expect incoherent interband-recombination processes to contrib-
ute to the oscillations of Isampling. In the case of stimulated emis-
sion, the phase would be random with respect to each pulsed laser 
excitation. Indications for the creation of an electron-hole plasma 
in graphene a�er photoexcitation have recently been reported33,34. 
�e frequency of electron-hole plasmons are predicted to be in the 
terahertz regime15. We therefore interpret the fact that we detect an 
oscillatory signal Isampling to be an indication of an electron-hole 
plasma in the graphene, which is AC-coupled to the striplines. We 
point out that our stripline detection scheme is a factor of 104–105 
more sensitive than a far-�eld detection of electromagnetic radia-
tion in the tested frequency range (Fig. 8b).

We further note that M. Freitag et al. recently reported on the 
thermal emission from graphene, which was heated by an electric 
current to a temperature of several tens to hundreds of kelvin35.  
A thermal emission, however, cannot explain a coherent emission  
of photons. �erefore, we infer that thermal emission of the pho-
toexcited graphene is only of minor importance to describe our 
results.

In conventional semiconductors, a symmetry-breaking due to 
(intrinsic) electric �elds and/or di�erent e�ective electron and hole 
di�usivities can lead to a preferential initial phase of the resulting 
terahertz plasma oscillations36 (Supplementary Fig. S2). In pristine 
graphene, however, both intrinsic �elds4 and a di�erence between 
e�ective charge carrier masses are absent1,2. To explain our experi-
ments, we interpret the required symmetry breaking to stem from 
the overall nonuniformity of the samples or from an ultrafast inter-
action between the few (1–3) individual layers of graphene. As has 
been reported for graphite37, collective carrier and phonon dynam-
ics can be induced by plasmons ~180 fs a�er an ultrafast optical 
near-infrared excitation. In our experiment, the centre frequency of 
the high-frequency components at ~300 GHz does not shi� strongly 
with excitation position (Fig. 6b). However, it shi�s to higher fre-
quencies with increasing excitation laser power (Fig. 7). �e latter 
�nding corroborates our interpretation that a plasmonic excitation 
generates the terahertz radiation.

We further note that the low-frequency components 
( < 100 GHz) in the FFT spectrum in Figure 6b possibly originate 
from re�ections of the electromagnetic pulse at irregularities of 
the metal stripline. For instance, a frequency of 100GHz=10psˆ  
translates into a distance along the stripline of d ~ttravel·c0/ne� =  
10 ps·c0/(2.2 ± 0.1)~(1.36 ± 0.06) mm (see Fig. 8c for ne�). However, 
by using optical microscopy, we could not identify an apparent 
imperfection of the stripline circuits explaining the low-frequency 
components. Another possibility is given by re�ections of the tera-
hertz radiation emitted from the graphene at the boundaries of the 
GaAs-wafer. A terahertz pulse, which is reabsorbed at the position 
of the �eld probe, would be expected at earliest at a time delay of 
t = 2wnGaAs/c0~8.4 ps and later, with w = 350 µm the height of the 
substrate and nGaAs the di�raction index of GaAs. �erefore, we 
tentatively attribute the variation of the low-frequency compo-
nents in Figure 6b by such re�ections. Generally, we only subtract 
an o�set level from the original �nite-size data before the fast- 
Fourier transformation.

In respect of electronically contacting graphene, we remark that 
the terahertz signal in Figure 6 decreases towards the metal contacts. 
In our interpretation, the photothermoelectric and displacement 
currents contribute to Isampling at the graphene–metal interface. At 
room temperature, all processes can be concurrently resolved at  
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speci�c excitation positions, for example the second trace from the 
bottom in Figure 2a. At 77 K, however, we cannot resolve the pho-
tothermoelectric and displacement currents at the metal–graphene 
interface because of a dominating terahertz response.

To conclude, we spatially resolve picosecond photocurrents in 
freely suspended graphene contacted by metal striplines. We iden-
tify both built-in electric �elds and the photothermoelectric e�ect to 
contribute to the photocurrent generation at graphene–metal inter-
faces. In addition, optical pumping of the freely suspended graphene 
gives rise to strong photocurrent oscillations in the time-domain. 
We interpret these oscillations with FFT-amplitudes up to 1 THz 
to originate from terahertz radiation emitted from an electron- 
hole plasma in the optically pumped graphene.

Methods
Fabrication of the suspended graphene. �e studied graphene samples were 
directly synthesized on copper (Cu) foil using liquid precursor hexane in a chemi-
cal vapour deposition system20. A�er growth, a thin poly-methyl-meth-acrylate 
(PMMA) �lm was deposited on the graphene/Cu substrate as supporting layer for 
the graphene transfer. �e underlying Cu substrate was then dissolved in dilute 
HNO3 and washed several times in deionized water. �e �oating graphene/PMMA 
�lm was controllably transferred onto a pre-processed GaAs substrate, such that 
the graphene spans two electrodes of a gold stripline. �e sample was immersed 
into acetone solvent to remove PMMA, and then dried in critical point dryer to 
avoid the damage of the freely suspended graphene by liquid surface tension.  
In this procedure, we obtain one to three graphene layers (Supplementary Fig. S3).  
Precursor-assisted scanning-electron-beam deposition of platinum onto the 
graphene covering the stripline is used to lower the contact resistance of sample 
#1. Sample #2 comprises a freely suspended graphene layer as sample #1. However, 
this layer is not further contacted by electron-beam-induced Pt deposition at the 
stripline electrodes. �e freely suspended graphene and the two electrodes of the 
stripline form a two-terminal circuit driven by a bias voltage Vsd (Fig. 1a). �e 
two-terminal resistance of the graphene devices is in the order of 1.7 kΩ at 300 K 
and 0.9 kΩ at 77 K.

Design of the stripline circuit. �e LT–GaAs is grown by molecular beam  
epitaxy on a GaAs substrate. In growth order, the layers are: 350 µm GaAs,  
400 nm Al0.3Ga0.7As, and 2 µm of LT–GaAs. A�er growth, the heterostructure  
is annealed at 600 °C within an O2-rich environment. 5/15/5 µm coplanar  
striplines are fabricated by optical lithography: the two Au electrodes of the strip-
line are 5-µm wide, 200-nm high, and they have a separation of 15 µm. Inductively 
coupled plasma reactive-ion etching is used to de�ne a 12-µm deep trench in 
between the two electrodes throughout the whole stripline, using 50 nm Ni as  
an etch mask.

Time-resolved photocurrent measurements. �e suspended graphene in the 
stripline circuit is optically excited by a pump-pulse with ~160-fs pulse length 
generated by a titanium:sapphire laser with a photon energy of Elaser = 1.59 eV. 
A�er excitation, an electromagnetic pulse starts to travel along the stripline17,18,21. 
A �eld probe senses the transient electric �eld of the travelling pulse (Fig. 1d). Here 
we utilize an Auston-switch based on the LT–GaAs substrate. �is Auston-switch 
at the �eld probe is short-circuit by the probe laser-pulse for the duration of the 
lifetime ≤1 ps of the photo-generated charge-carriers in the LT–GaAs. �e transient 
electric �eld located at the �eld probe during this time-period drives the current 
Isampling into the �eld probe. �e time-delay tdelay between the pump- and the 
probe pulse is controlled by a delay stage. Measuring the current Isampling at the 
�eld probe as a function of tdelay yields information on the optoelectronic response 
of the graphene with a picosecond time resolution18. �e time an electromagnetic 
pulse travels from the graphene to the �eld probe can be estimated via ttravel = d·ne� 
/c0 = 0.3 mm·(2.2 ± 0.1)/c0~(2.2 ± 0.3) ps (see Fig. 8c for ne�). �e striplines have 
a total length exceeding 48 mm. �us, re�ections at the end of the striplines are 
expected for tdelay ≥ 350 ps. �e amplitude of the re�ections is strongly reduced 
due to damping and radiation losses. �erefore, no re�ections overlap with the 
electromagnetic signal coming directly from the graphene in our data. �e position 
of the pump-spot y perpendicular to the stripline is set by a scanning mirror with 
a resulting spatial resolution of ~100 nm, while the position of the probe-spot is 
kept constant throughout the experiments. All room-temperature measurements 
of Isampling were carried out utilizing an optical chopper system, a current-volt-
age-converter connected to the �eld probe, and a lock-in ampli�er. �e measure-
ments at 77 K were carried out with a retrore�ector oscillating at 20 Hz and an 
oscilloscope, which averaged 128 times for each excitation position. �e spot size 
of the pump laser is (2.0 ± 0.2) µm. �e laser power of the pump (probe) pulse is 
chosen to be in the range of 100–800 µW (50–120 mW). �e presented results 
depend linearly on the laser power of the probe pulse. All data are taken in vacuum 
(~10 − 5 mbar) to prevent the e�ect of photodesorption of oxygen on the surface of 
the graphene. 

References
1. Geim, A. K. & Novoselov, K. S. �e rise of graphene. Nature Mater. 6, 183–191 

(2007).
2. Castro Neto, A. H., Guinea, F., Peres, N. M. R., Novoselov, K. S. & Geim, A. K. 

�e electronic properties of graphene. Rev. Mod. Phys. 81, 109–162 (2009).
3. Bonaccorso, F., Sun, Z., Hasan, T. & Ferrari, A. C. Graphene photonics and 

optoelectronics. Nature Photon. 4, 611–622 (2010).
4. Lee, E. J. H., Balasubramanian, K., Weitz, R. T., Burghard, M. & Kern, K. 

Contact and edge e�ects in graphene devices. Nature Nanotech. 3, 486–490 
(2008).

5. Xia, F. et al. Photocurrent imaging and e�cient photon detection in a graphene 
transistor. Nano Lett. 9, 1039–1044 (2009).

6. Xu, X., Gabor, N. M., Alden, J. S., van der Zande, A. M. & McEuen, P. L. Photo-
thermoelectric e�ect at a graphene interface junction. Nano Lett. 10, 562–566 
(2010).

7. Mueller, T., Xia, F. & Avouris, P. Graphene photodetectors for high-speed 
optical communications. Nature Photon. 4, 297–301 (2010).

8. Stampfer, C. et al. Energy gaps in etched graphene nanoribbons. Phys. Rev. Lett. 
102, 056403 (2009).

9. Bostwick, A. et al. Observation of plasmarons in quasi-freestanding doped 
graphene. Science 328, 999–1002 (2010).

10. Nair, R. R. et al. Fine structure constant de�nes visual transparency of 
graphene. Science 320, 1308 (2008).

11. Ci, L. et al. Atomic layers of hybridized boron nitride and graphene domains. 
Nature Mater. 9, 430–434 (2010).

12. Xia, F., Mueller, T., Lin, Y.-m., Valdes-Garcia, A. & Avouris, P. Ultrafast 
graphene photodetector. Nature Nanotech. 4, 839–843 (2009).

13. Son, Y. W. & Cohen, M. L. Louie S.G. Half-metallic graphene nanoribbons. 
Nature 444, 347–349 (2006).

14. Han, M. Y., Özyilmaz, B., Zhang, Y. B. & Kim, P. Energy band-gap engineering 
of graphene nanoribbons. Phys. Rev. Lett. 98, 206805 (2007).

15. Rana, F. Graphene terahertz plasmon oscillators. IEEE Trans. Nanotechnol. 7, 
91 (2008).

16. Ryzhii, V., Dubinov, A. A., Otsuji, T., Mitin, V. & Shur, M. S. Terahertz lasers 
based on optically pumped multiple graphene structures with slot-line and 
dielectric waveguides. J. Appl. Phys. 107, 054505 (2010).

17. Auston, D. H. Impulse response of photoconductors in transmission lines. IEEE 
J. Quantum Electron. 19, 639–648 (1983).

18. Prechtel, L. et al. Time-resolved picosecond photocurrents in contacted carbon 
nanotubes. Nano Lett. 11, 269–272 (2011).

19. Wei, P. et al. Anomalous thermoelectric transport of dirac particles in 
graphene. Phys. Rev. Lett. 102, 166808 (2009).

20. Srivastava, A. et al. Novel liquid precursor-based facile synthesis of large-area 
continuous, single, and few-layer graphene �lms. Chem. Mater. 22, 3457–3461 
(2010).

21. Prechtel, L., Manus, S., Schuh, D., Wegscheider, W. & Holleitner, A. W. Spatially 
resolved ultrafast transport current in GaAs photoswitches. Appl. Phys. Lett 96, 
261110 (2010).

22. Krökel, D., Grischkowsky, D. & Ketchen, M. B. Subpicosecond electrical pulse 
generation using photoconductive switches with long carrier lifetimes. Appl. 
Phys. Lett. 54, 1046 (1989).

23. Zhou, X. Numerical physics of subpicosecond electrical pulse generation 
by nonuniform gap illumination. IEEE J. Quantum Electron. 32, 1672–1679 
(1996).

24. Sprik, R., Duling III, I. N., Chi, C.- C. & Grischkowsky, D. Far infrared 
spectroscopy with subpicosecond electrical pulses on transmission lines. Appl. 
Phys. Lett. 51, 548–550 (1987).

25. Eesley, G. L. Generation of nonequilibrium electron and lattice temperatures in 
copper by picosecond laser pulses. Phys. Rev. B 33, 2144–2151 (1986).

26. Hwang, E. H., Rossi, E. & Das, Sarma S. �eory of thermopower in two-
dimensional graphene. Phys. Rev. B. 80, 2354145 (2009).

27. Oskooi, A. F. et al. MEEP: A �exible free-so�ware package for electromagnetic 
simulations by the FDTD method. Comput. Phys. Commun. 181, 687–702 
(2010).

28. Grischkowsky, D., Duling, I. N. & Chi, C.- C. Electromagnetic shock waves 
from transmission lines. Phys. Rev. Lett. 59, 1663–1666 (1987).

29. Park, S.- G. & Melloch, M. R. Analysis of terahertz waveforms measured by 
photoconductive and electrooptic sampling. IEEE J. Quantum Electron. 35, 810 
(1999).

30. Huang, L. et al. Ultrafast transient absorption microscopy studies of carrier 
dynamics in epitaxial graphene. Nano Lett. 10, 1308–1313 (2010).

31. Wang, H. et al. Ultrafast relaxation dynamics of hot optical phonons in 
graphene. Appl. Phys. Lett. 96, 081917 (2010).

32. George, P. A. et al. Ultrafast optical-pump terahertz-probe spectroscopy of the 
carrier relaxation and recombination dynamics in epitaxial graphene. Nano 
Lett. 8, 4248–4251 (2008).

33. Stöhr, R. J., Kolesov, R., P�aum, J. & Wrachtrup, . J. Fluorescence of  
laser-created electron-hole plasma in graphene. Phys. Rev. B. 82, 121408  
(2011).



ARTICLE   

�

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms1656

NATURE COMMUNICATIONS | 3:646 | DOI: 10.1038/ncomms1656 | www.nature.com/naturecommunications

© 2012 Macmillan Publishers Limited. All rights reserved.

34. Breusing, M. et al. Ultrafast nonequilibrium carrier dynamics in a single 
graphene layer. Phys. Rev. B 83, 153410 (2011).

35. Freitag, M., Chiu, H.- Y., Steiner, M., Perebeinos, V. & Avouris, P. �ermal 
infrared emission from biased graphene. Nature Nanotech. 5, 497–501  
(2010).

36. Glinka, Y. D., Maryenko, D. & Smet, J. H. �ickness-tunable terahertz plasma 
oscillations in a semiconductor slab excited by femtosecond optical pulses. 
Phys. Rev. B. 78, 035328 (2008).

37. Carbone, F., Kwon, O.- H. & Zewail, A. H. Dynamics of chemical bonding 
mapped by energy-resolved 4D electron microscopy. Science 325, 181–184 

(2009).

Acknowledgements
We thank I. Zardo, V. Dantona, S. Funk, S. Manus, J.P. Kotthaus and M.A. Mangold 
for fruitful discussion. We further acknowledge the DFG via project HO 3324/2, 
the Nanosystems Initiative Munich (NIM), and the Center of NanoScience (CeNS) 
in Munich for support. L.S. acknowledges support from Research Center for Exotic 
Nanocarbons in Shinshu University. W.W. acknowledges �nancial support from the  
Swiss Science Foundation.

Author contributions
L.P. and A.W.H. planned the project. L.P. conducted the experiments. L.P. and A.W.H. 
analysed the data. L.S., P.A., D.S. and W.W. provided the materials. L.S. and P.A. 
performed the Raman experiments. All authors discussed the results and participated in 
writing the manuscript.

Additional information
Supplementary information accompanies this paper at http://www.nature.com/
naturecommunications.

Competing �nancial interest: �e authors declare no competing �nancial interest.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/.

How to cite this article: Prechtel L. Time-resolved ultrafast photocurrents and terahertz 
generation in freely suspended graphene. Nat. Commun. 3:646 doi: 10.1038/ncomms1656 
(2012).

License: �is work is licensed under a Creative Commons Attribution-NonCommercial-
Share Alike 3.0 Unported License. To view a copy of this license, visit http://
creativecommons.org/licenses/by-nc-sa/3.0/


	Time-resolved ultrafast photocurrents and terahertz generation in freely suspended graphene
	Introduction
	Results
	Time-integrated and time-resolved photocurrent spectroscopy
	Built-in electric field and photo-thermoelectric effect
	Photocurrent oscillations in freely suspended graphene
	Numerical stripline investigations

	Discussion
	Methods
	Fabrication of the suspended graphene
	Design of the stripline circuit
	Time-resolved photocurrent measurements

	Additional information
	Acknowledgements
	References


