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Polarization dependence analysis of back-gated graphene field-effect transistor terahertz responsivity
at frequencies ranging from 1.63 to 3.11 THz reveals two independent mechanisms of THz detection
by graphene transistor: plasmonic, associated with the transistor nonlinearity, and bolometric, caused
by graphene sheet temperature increase due to THz radiation absorption. In the bolometric regime,
electron and hole branches demonstrate a very different response to THz radiation, which we link to
the asymmetry of the current-voltage characteristics temperature dependence with respect to the
Dirac point. Obtained results are important for development of high-efficiency graphene THz
detectors. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4826139]

Graphene field effect transistors'™’ have emerged as
promising candidates for THz applications, including detec-
tion, mixing, and generation of THz radiation.*'> The dis-
cussed mechanisms of interaction between 2D electron gas
in graphene sheet and terahertz radiation have been tradition-
ally considered plasmonic, based of non-linear properties of
plasma waves excitations in 2D electron gas.*'* However,
experimental observations are not always in direct agreement
with the expected effects due to the contribution of other
mechanisms of terahertz detection, which are discussed in
this paper. In particular, non-plasmonic mechanism of detec-
tion by graphene devices, associated with bolometric heat-
ing, has been theoretically proposed in Ref. 15.

The idea of using field-effect transistors (FETs) for
detection of THz radiation was proposed in Ref. 16. The
mechanism of detection depends on the wgt product, where
wo=ms/2L, is the fundamental plasma frequency, s is the
plasma wave velocity, L, is the transistor (gate) length, and t
is the momentum relaxation time. In the regime when
wot>>1, the FET operates as a resonant detector. The regime
when wyt<1 corresponds to a non-resonant detection. The
amplitude of the non-resonant response depends on the de-
vice design and material, bias parameters, and frequency.'’
For low frequencies and long gate devices, a phenomenolog-
ical formula relates the expected detector signal with the
channel conductivity'®

ldo
A — 1
o (1)

where ¢ is the channel conductance and V, is the gate volt-
age. For a more general case, the expression for Au is given
by Ref. 19.

Equation (1) is in a good agreement with experimental
observations of non-resonant detection of graphene transistor
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at 0.3 THz.'! In this work, we study terahertz detection by a
bottom-gate graphene transistor at frequencies of 1.63, 2.55,
and 3.11 THz and show that the same device operates in two
different detection regimes: plasmonic and bolometric.

Single-layer and multi-layer graphene transistors were
fabricated using the standard approach of mechanical exfoli-
ation from bulk highly oriented pyrolytic graphite. The
p-type highly doped Si wafers with resistivity about 0.003 Q
cm covered with 300-nm thermally grown SiO, served as a
substrate and back-gate for exfoliated graphene. Graphene
flakes were identified using micro-Raman spectroscopy. The
10-nm Cr/100-nm Au source and drain contacts were depos-
ited on graphene by the electron beam evaporation. Fig. 1(a)
shows the configuration of the device with three drain-source
contacts, which form two independent transistors with the
distances between source and drain contacts L =1.9 um
and L, =7.9um. The room temperature mobility of the
charge carriers obtained from current-voltage characteristics
in both devices varied from 3000 to 10000 cm?/Vs for both
electrons and holes.””

The tested graphene device (Fig. 1(a)) was installed on a
probe station in the focal plane of a 2 in. 90° off-axis para-
bolic gold mirror. The mirror focused the radiation of the CW
optically pumped THz gas laser SIFIR-50 (Coherent, Inc.) on
the device so that the propagation direction of the incident
beam was normal to the device plane. The focused spot size
was close to the diffraction limit. The laser beam was modu-
lated by a chopper at 200 Hz, and the transistor response was
measured as a radiation induced change of the voltage drop
across a 10kQ load resistor in series with the source-drain
channel of the device. A wire grid polarizer controlled polar-
ization of the incident THz radiation. The angle fin Fig. 1(a)
is the angle between the electric field of the electromagnetic
wave and the orientation of the source electrode.

The device with the shorter channel Ly =1.9 um was
designed to have perpendicular orientations of the source
and drain contact leads, which worked as antennas for the

© 2013 AIP Publishing LLC
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FIG. 1. Top: Diagram of tested graphene device. The width of the graphene
channel is W =3.5-4 um, the distance between the contacts is L,; = 1.9 um
and L,>=7.9 um. The device with L,; = 1.9 um used in experiments is indi-
cated by brighter contact leads. 0 is the polarization angle of incident terahertz
radiation. Bottom: Polarization dependence of the graphene device response
with L,; = 1.9 um on THz radiation for three bias configurations: (a) V=0,
Ve =0; (b) Vg=28V (near Dirac point), Vsq=0; (c) Vo=0, Vig=100mV.
Laser line 2.55 THz, emitted laser power 130 mW. Absolute value of the
response was recalibrated as for total incident laser power, in order of taking
into account the reduction of incident intensity at polarizer rotation.

incident THz radiation. The length of these contact leads,
shown in Fig. 1(a), was comparable to typical waist of
focused THz beam at the frequencies used in the experiment.
Based on the lead orientation, we conclude that the THz ex-
citation was primarily induced between the source and gate
for polarization angle O~ 0° and between the drain and gate
for polarization angle 0~ 90°. Due to the reflection from a
highly doped substrate, THz field strength in the active plane
of the devise was suppressed, which, however, should not
affect the overall pattern of the THz response, including
polarization dependences (We estimate the skin depth of
THz penetration inside the substrate as several microns.).

Fig. 1(b) shows measured polarization dependence of
the device THz response as a function of the polarization
angle 0. The sign of the response in the case of applying bias
current through the device corresponds to the decrease of the
sample conductivity.

Without drain current (curve “a”) the measured respon-
sivity demonstrates well pronounced cosine-like polarization
dependence with positive maximum at 0 =90° and negative
absolute value maximum at 6 =0° (Fig. 1(b)), in accordance
with alignment of incident THz radiation polarization along
either source or drain gold current lead. The response is
changing sign at 0 ~45°, which corresponds to symmetrical
polarization orientation with respect to the source and drain
current leads. In contrast to the dipole-like polarization dia-
gram observed in Ref. 11, this dependence has quadrupole
pattern. Curve “b” represents the same dependence at
V,=28V, demonstrating absence of the THz response in
Dirac point.
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FIG. 2. (a) Responsivity of the device with Ly; =1.9 um on 2.55 THz radia-
tion at V¢g =100 mV bias and polarization angle 6 = 23° (left); the absolute
value of the responsivity was recalibrated for configuration with constant
current (infinite load resistor) in order to compensate distortion of the de-
pendence caused by the change of channel impedance with V,. Transfer
current-voltage characteristics of the device measured at Vgg=100mV
(right). (b) Responsivity at Vg =0; dashed line shows theoretical response
dependence.

In the presence of the drain current (curve “c”) the
response acquires an additional component, which does not
depend on polarization. This fact suggests the existence of
two independent mechanisms of the device response, which
we analyze below.

Fig. 2 compares the measured unbiased and biased
responses with the device transfer current-voltage characteris-
tics. The measurement has been performed for the laser fre-
quency 2.55 THz and polarization angle 0~23°. The
observed unbiased responsivity dependence (Fig. 2(b), solid
line) is in good agreement with normalized dependence of the
expected response (dashed line), which has been calculated
using Eq. (1) by differentiating the experimental current volt-
age characteristics shown in Fig. 2(a) (see also Ref. 21). As
seen, the change of the response sign occurs at the gate volt-
age close to the charge neutrality (Dirac) point where the de-
rivative do/dV,=0. In the presence of the drain current
(biased, Fig. 2(a)) both the response symmetry in respect to
Dirac point for V,, as well as the polarization dependence
symmetry, are lost.

The same measurements were repeated on the same
sample for two other frequencies: 1.63 THz and 3.11 THz
(Fig. 3), which generally show similar behavior, except for
abnormal dependence of the response observed without cur-
rent at 3.11 THz. Different sign of the 3.11 THz response de-
pendence in the vicinity of the Dirac point is explained by
almost orthogonal polarization of incident radiation used for
3.11 THz laser line in accordance with Fig. 1(b). However,
behavior of the dependence at high gate biases in the respect
to Dirac point is unusual and is not described in terms of Eq.
(1), which is a subject for future study.

The absolute values of the measured responsivity pre-
sented in Figs. 2 and 3 used direct reference to laser emitted
power without adjustments associated with the factor of cou-
pling efficiency. The observed responsivity levels were
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FIG. 3. Transfer current-voltage characteristics (a) of the device with
Ly =1.9 um (Vyq=100mV) and device responsivity at 1.63 THz and 3.11
THz for unbiased (b) and biased (c) cases, analogous to shown in Fig. 2. The
absolute value of the responsivity was recalibrated the same way as in Fig.
2. Polarization angle of incident radiation was 0 =23° for 1.63 THz laser
line and 0=95° for 3.11 THz laser line. Dashed line shows theoretical
response dependence. Note that the device Dirac point here has been shifted
towards higher gate voltages in respect to the data in Fig. 2 possibly due to
recharging of long-living impurity centers. The inset in Fig. 3(a) shows
transfer IV characteristics of similar graphene FET from the same series,
measured at different substrate temperatures.

comparable for 1.63 THz and 3.11 THz in the presence of
the DC drain-to-source current (Fig. 2(a)), while at zero cur-
rent the response at 3.11 THz was about an order of magni-
tude weaker.

This strong frequency dependence of the response in the
unbiased case and very well pronounced polarization de-
pendence are evidence of the plasma wave mechanism of the
THz detection similar to observed in traditional field effect
transistors. Possible thermoelectric effects on graphene-
metal interfaces, which may result in similar response pat-
tern due to different heating of the source and drain electro-
des by the THz radiation, in our case must be negligible
because of high thermal conductivity of graphene sheet. In
contrast, the device response appearing in the presence of the
DC drain-to-source current is not polarization dependent and
has weak frequency dependence, which we associate with
bolometric mechanism of detection, caused by absorption of
the THz radiation in the conductive substrate and graphene
sheet itself, and the resulting change of the sample conduc-
tivity due to the temperature induced shift of Dirac point.
Since both orthogonal polarizations lead to the same sign of
the response for the bolometric mechanism, the dependence
on polarization vanishes. The comparison with independ-
ently measured temperature dependences of the sample

Appl. Phys. Lett. 103, 181114 (2013)

conductivity gives the estimate of graphene sheet tempera-
ture change due to THz radiation to be on the order of 50
mK. The measured differential thermal resistivity of this gra-
phene device in the electron branch of transfer IV character-
istics has an order of 5 Q/K, rather close to typical values for
GaN heterostructure microbolometers.”” The observed asym-
metry of the bolometric response in respect to Dirac point is
explained by the asymmetry of the transfer current-voltage
characteristics temperature dependence, which is shown in
the inset to Fig. 3(a). This kind of electron-hole asymmetry
has been seen before by multiple authors (for example, see
Ref. 23) and is associated with long-living impurity centers.

In conclusion, we observed two different patterns of tera-
hertz detection by a graphene bottom-gate field-effect transis-
tor. The first one features pronounced frequency dependence,
quadrupole polarization diagram, and anti-symmetry in
respect to Dirac point, which we associate with the plasma-
wave rectification mechanism, based on nonlinearities of the
electron transport in field effect transistors. The second mech-
anism is polarization independent, weakly dependent on fre-
quency bolometric effect which we associate with the change
of graphene sheet temperature due to direct absorption of the
incident THz radiation. The bolometric response is not sym-
metric for electrons and holes due to simultaneous decrease
of carrier mobility and a shift of the Dirac point with temper-
ature, which is in agreement with temperature dependence of
the device transverse current-voltage characteristics.
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