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We present an ultrafast graphene-based detector, working in the THz range at room temperature. A
logarithmic-periodic antenna is coupled to a graphene flake that is produced by exfoliation on
SiO,. The detector was characterized with the free-electron laser FELBE for wavelengths from
8 um to 220 um. The detector rise time is 50 ps in the wavelength range from 30 um to 220 um.
Autocorrelation measurements exploiting the nonlinear photocurrent response at high intensities
reveal an intrinsic response time below 10 ps. This detector has a high potential for characterizing
temporal overlaps, e.g., in two-color pump-probe experiments. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4813621]

Since the first graphene flakes have been produced and
investigated by Novoselov ef al.,' the development of opto-
electronic graphene-based devices has been extremely fast.
The special band structure of graphene,” where conduction
and valence band touch each other in the Dirac point,
provides nearly constant photon absorption for the range
from the visible light down to far infrared (FIR) radiation.’
Combined with extremely high carrier mobility* and fast
carrier relaxation’ this enables one to realize ultrafast opto-
electronic devices for an extremely wide spectral range.
Detectors for near-infrared radiation (NIR), which can be
used for telecommunication purposes with frequencies of up
to 16 GHz, have been demonstrated.® In these devices, a pho-
tocurrent is induced by an asymmetry in the detector, which
is provided by two different metals serving as contacts to the
flake. Recently, detectors based on graphene field-effect
transistors have been developed for THz frequencies. On the
one hand, a high-speed bolometer working at helium temper-
ature has been demonstrated,” on the other hand, a rectifying
transistor operating at room temperature has been reported.®
For the latter only cw detection has been shown. The detec-
tor presented in this work combines room temperature opera-
tion with ultrafast response, including the potential to serve
as an ultra-broadband detector up to the visible range.

The active material of our device is a graphene flake
with a size of ~10um X 10 um, produced by mechanical
exfoliation of natural graphite onto a 300 nm thick layer of
SiO, on silicon. The single-layer behavior of the flake is
verified by Raman spectroscopy. Broadband THz response is
achieved by processing a logarithmic-periodic antenna’ onto
the graphene flake by means of electron-beam lithography.
The center of the antenna is structured into an interdigitated
comb (see Fig. 1), which provides the contact to the gra-
phene flake. The outer diameter of the antenna is 1 mm,
which limits the maximum wavelength of the detected radia-
tion. Wavelengths that are smaller than the shortest elements
of the antenna (~10um) cannot efficiently couple to the
antenna. Those wavelengths, however, can be focused to a
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spot of a size comparable to the graphene flake and thereby
couple to the flake directly. For contacting the antenna to a
coaxial cable (50 Q with SMA connector) two contact pads
with the size of 500 yum x 500 um are connected via 20 um
wide and 500 pum long strip lines to the outermost part of the
antenna.

Two different types of detectors were tested. A first set
of detectors was produced on substrates of undoped Si with a
resistivity of 10kQ cm underneath the SiO,. For this set, the
antenna metallization consists of 60nm Au on top of 5nm
Ti. The Si for the second set is heavily p-doped with a resis-
tivity of about 5mQ cm. In this case, two different metals
were used for the two arms of the antenna. One arm consists
of a 60 nm thick layer of Pd, the second one of a 20 nm thick
layer of Ti with 40nm Au on top. The intention to use two
different metals is to break the symmetry of the device and
thereby increase the photocurrent.® The combination of
graphene flakes with a logarithmic-periodic antenna results
in a device resistance in the range of several hundred Q, the
device on high-resistive substrate used for the measurements
had a resistance of 280 Q.

The devices were characterized using the free-electron
laser (FEL) at Dresden-Rossendorf (FELBE). It provides
infrared and THz pulses in the wavelength range from 5 ym to
250 um with a repetition rate of 13 MHz. The average power
for our experiments was between 1 mW and 1 W which corre-
sponds to pulse energies between 80 pJ and 80 nJ. The FEL
beam was focused on the devices by off-axis parabolic mirrors
with focal lengths of 50 mm to 100 mm. The rise time of the
devices was measured with a sampling oscilloscope with a
bandwidth of 30 GHz. A high frequency amplifier was used to
increase the amplitude of the signals and the signal-to-noise
ratio. Additionally, we performed measurements of the time-
integrated photocurrent with a lock-in amplifier. In this case,
the FEL beam was modulated by a mechanical chopper. This
technique allowed us to measure very small photocurrents to
investigate the linear regime of the detector. A bias voltage
could be applied to the detectors for all measurements using a
bias tee. The lock-in technique was furthermore used in auto-
correlation measurements. Each FEL pulse was split up into

© 2013 AIP Publishing LLC

Downloaded 12 Jul 2013 to 132.199.100.37. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.4813621
http://dx.doi.org/10.1063/1.4813621
mailto:M.Mittendorff@hzdr.de
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4813621&domain=pdf&date_stamp=2013-07-11

021113-2 Mittendorff et al.

Appl. Phys. Lett. 103, 021113 (2013)

60.0 nm

40.0

30.0 FIG. 1. a) Inner part of the antenna

20.0 with interdigitated structure; (b) AFM

1610 image of the interdigitated structure
with the graphene flake: The blue and

00 violet parts are the contacts, the gra-

-10.0 phene flake is diamond-shaped in

-20.0 yellow.

-30.0

-40.0

-50.0

two pulses and subsequently recombined collinearly by a pair
of Si wafers. The time delay between the pulses was varied by
a mechanical delay stage.

In Fig. 2(a), the fast electric response to an FEL pulse of
a detector fabricated on the high-resistive substrate is shown.
The rise-time of the signal is (50 = 10) ps. We assume the
second pulse to be caused by signal reflections at the contact
to the coaxial signal cable. By applying a bias voltage of
100mV, the amplitude of the measured signal could be
increased above 1 mV. Changing the substrate material from
high-resistive Si to low-resistive Si strongly decreases the
high speed performance of the device. For the low-resistive
Si, the rise time is in the range of 100 ps, while the signal
pulse length is increased to above 1ns (see Fig. 2(b)). The
amplitude of the signal is strongly decreased compared to
the signal of the device on high-resistive substrate, while the
area under the pulse stays roughly constant. This is consist-
ent with the observed time-integrated photocurrent, which is
similar in both cases. For both types of detectors, we could
not observe any fast signals at wavelengths below 20 um,
while the time-integrated photocurrent remained constant
(see Fig. 3(b)).

The saturation behavior of all devices (with different
substrates and metallizations) was determined by measuring
the photocurrent in dependence of the FEL pulse energy.
The measured data were fitted by the expression

E/Esa

1 +E/Egy M

I phot X

From the fit the saturation pulse energy E,,, was extracted'’
(see Figs. 3(a) and 3(c)). At this pulse energy, the

photocurrent 7, is suppressed by 50% compared to the fic-
titious photocurrent without saturation.

The saturation energy increases with decreasing wave-
length (cf. Fig. 3(c)), which is consistent with the increasing
density of states for higher energies. For the measurement at
a wavelength of 31 um (E,jps0, =40 meV), the error bar is
very large due to the nearly linear power dependence of the
photocurrent and the associated high tolerance of the fit
parameters. For even higher photon energies (75 meV and
149 meV) we could not observe any saturation and the pho-
tocurrent was increasing linearly with the FEL pulse energy.
The responsivity was in the range of S5nA/W for all wave-
lengths (cf. Fig. 3(b)). With the strong saturation at long
wavelengths, the devices can serve as nonlinear detectors in
autocorrelation setups.'' In this configuration, the temporal
resolution is not limited by the electronic circuit but by the
intrinsic mechanism resulting in the saturated photocurrent
response. In Fig. 3(d), the measured autocorrelation signal
obtained at a wavelength of 42 um (E,jt0, =30meV) as
well as calculated data are displayed. In the experiment, the
time delay was varied continuously resulting in an intensity-
autocorrelation trace without interference fringes. The auto-
correlation trace exhibits a dip at zero time delay due to the
saturated photocurrent response of the detector. The calcula-
tion was performed for a Gaussian FEL pulse (full width at
half maximum: 7 ps'?) with replicas, caused by the Si beam
splitter and combiner. The replicas were delayed by multi-
ples of 7 ps with respect to the initial pulse, i.e., the pulses
merge to one prolonged pulse. The autocorrelation signal
was calculated based on the nonlinear current described by
Eq. (1). The fit to the experimental data was performed with
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FIG. 2. a) Signal shapes measured with a device on high-resistive substrate at a wavelength of 68 um and an average FEL power of 72 mW. For this measure-
ment neither a bias voltage was applied, nor was the high speed amplifier used. (b) Signal shape measured with a device on low-resistive substrate. A bias volt-
age of 0.1V was applied, additionally the high frequency amplifier was employed, for a better comparison the voltage was divided by the gain (50) of the

amplifier.
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only one adjustable parameter for scaling of the absolute
pulse energy. The shapes of the dips of the experimental and
calculated curve agree well (cf. Fig. 3(d)), indicating that the
intrinsic response time of the detector is similar or shorter
than the duration of the FEL pulse. The intrinsic response
time of a few ps is consistent with results of pump-probe
experiments at room temperature.5

The coupling of the antenna to the graphene flake was
verified in measurements with different rotation angles
between the orientation of the antenna and the polarization
of the radiation. In Fig. 4, the results of these measurements
are plotted for two different wavelengths. At 151 um, the
angle of the maximum photocurrent is rotated by ~70° com-
pared to the maximum for 68 um. As radiation of different
wavelength couples to different parts of the antenna exhibit-
ing resonant dimensions, this proves the operation of the
antenna.

Finally, it was tested whether a pure antenna on the
Si/SiO, substrate without a graphene flake also produces
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FIG. 4. Polarization dependent photocurrent for two different wavelengths,
in the background the orientation of the antenna is depicted.

current signals under THz irradiation. No signals were found
with the sampling oscilloscope, hence all observed fast
signals of the previous measurements can clearly be attrib-
uted to the graphene flake. In contrast, small photocurrents
were observed with a lock-in amplifier for the sample with-
out graphene flake, which we assume to be caused by para-
sitic effects. These signals were about 10 times smaller than
the signals of the devices with graphene flake.

The detection mechanisms leading to a photocurrent in
graphene induced by a NIR laser have been discussed in
detail by Freitag et al.? They distinguish three main effects
contributing to the current, namely a photovoltaic effect, a
thermoelectric effect and a photo-induced bolometric effect.
The Fermi energy in the graphene layer determines the domi-
nating mechanism of photocurrent generation. Assuming the
Fermi energy in the range of 100 meV in our graphene flake,
the effect dominating in our devices might be the photo-
induced bolometric effect. As the band structure in graphene
is symmetric for electrons and holes, it does not matter
whether the Fermi energy is positive or negative. The ther-
modynamic properties of the two dimensional electron gas in
graphene have recently been investigated by Fong e al.'* A
heat capacity of the electron gas of was 2 x 102! J/(K um?)
at 5 K was determined by bolometric mixing. Because of this
small value graphene is a very promising material for ultra-
sensitive bolometers in the far infrared range at low tempera-
tures. Also McKitterick er al.'® predict the possibility of
single-photon detection at THz frequencies with graphene
bolometers.

Most important for the detection of THz radiation is the
capability to absorb photons with low energy. This is still
possible via interband absorption, because at room tempera-
ture the Fermi edge is smeared out and the low frequency
absorption is not blocked. More importantly, phonon assisted
intraband absorption dominates at low energies.5 For photo-
current generation an asymmetry of the detector is required.
The presence of a photocurrent at zero bias points towards
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an intrinsic asymmetry in the graphene flake. This might be
caused by local doping due to the substrate or the contacts.
We note that contacting the flake with different metals for
the two antenna arms did not result in an increase of the pho-
tocurrent. Apparently this provides only a negligible addi-
tional asymmetry as compared to the asymmetry provided by
the flake itself.

The experimental results suggest that the detector
response time is strongly affected by the substrate (cf. Figs.
2(a) and 2(b)). On the low-resistive substrate, the antenna
forms two capacitors connected in series with SiO, as dielec-
tric material. After charging during the FEL pulse, the
capacitors are discharged via the read-out electronics and the
graphene flake. The calculated capacitance of the antenna,
assuming perfectly conducting plates and 300 nm of SiO, as
dielectric material, is 11 pF. This results in an RC time con-
stant of 0.6 ns, considering a load of 50 Q. This RC time con-
stant is in good agreement with the experimentally observed
decay of the signal for the low-resistive substrate (cf. Fig.
2(b)). We suggest that the same mechanism may strongly
suppress the fast signal components of the detectors on the
high-resistive substrate for wavelengths below 20 ym. In this
case, the substrate resistivity may be decreased due to ther-
mally activated carriers caused by phonon absorption in Si.
At the high average power, needed to measure the pulses
with the oscilloscope, the devices strongly heat up. At a tem-
perature of 500K the electron density is increased to
10" em ™ which corresponds to a resistivity of 40 Q cm.
This resistance may contribute to a considerable RC time
constant. High-resistive substrates without absorption in the
desired wavelength range, like diamond or SiC, should cir-
cumvent this problem and enable one to develop ultra-
broadband detectors.

Finally, the performance of the graphene-based detector
is compared with other fast THz detectors working at room
temperature. The use of the bolometric response for fast
detectors at room temperature was reported by Dobrovolsky
et al.'® They presented a mercury-cadmium-telluride hot-
electron bolometer which is much more sensitive (6 mA/W'7)
but also much slower (response time 50ns) as compared
to our detector. Photon drag detectors'® also are more sensi-
tive (80 nA/W) and slower (1 ns) than the graphene detector.
Rectifying detectors such as intraminiband superlattice detec-
tors'® or nanosize field-effect transistors®® exhibit a strongly
decreased responsivity for frequencies exceeding a few
THz. Nevertheless, superlattice detectors offer an attractive
combination of responsivity and speed (e.g., at 6 THz:
responsivity: 50 uA/W, rise time: 20 ps). Recently, field-
effect transistors have been optimized for fast response times.
They achieve response times of 30 ps and responsivity values
of 30nA/W.?"*? In summary, the graphene detector is among
the fastest detectors for the mid infrared and THz range.
While its sensitivity is low, it is still suitable when applied to
intense sources. In contrast to many other detectors, the
graphene-based detector is easy to produce. Although we
used electron-beam lithography for our device, simpler meth-
ods such as contact lithography should also be sufficient.
Furthermore the spectral range of the detector is expected to

Appl. Phys. Lett. 103, 021113 (2013)

span from THz to the ultraviolet when non-absorbing sub-
strates are used.

In conclusion, we demonstrated a fast graphene-based
detector working in the THz range at room temperature. The
rise time of 50 ps enables the application for timing, e.g., in
two-color pump-probe experiments. The presented detectors
are very simple to produce, easy to handle, and very robust.
The saturation behavior enables one to perform autocorrela-
tion measurements for pulse-shape analysis on a ps time-
scale. In addition, we demonstrated the important role of the
substrate and the possibility to increase the wavelength range
of the detector by using different substrate materials like SiC
or diamond.
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