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Abstract. We report on detection of sub-THz radiation (129-430 GHz) using graphene based
asymmetric field-effect transistor (FET) structures with different channel geometry: monolayer
graphene, graphene nanoribbons. In all devices types we observed the similar trends of
response on sub-THz radiation. The response fell with increasing frequency at room
temperature, but increased with increasing frequency at 77 K. Our calculations show that the
change in the trend of the frequency dependence at 77 K is associated with the appearance of
plasma waves in the graphene channel. Unusual properties of p-n junctions in graphene are
highlighted using devices of special geometry.

Introduction

In recent decades there has been an active growth of interest in devices capable of working in the
terahertz region of the electromagnetic wave spectrum. This is due, on the one hand, to the
development of experimental equipment, and, on the other hand, to a wide variety of possible
applications for terahertz devices (medicine, security and communication systems, space exploration,
etc.) [1]. A separate important area is the development of high-efficiency terahertz detectors. Carbon
nanomaterials like graphene and carbon nanotubes, thanks to its unique optoelectronic properties [2,3],
are excellent candidates for the role of a sensitive part of such detectors [4-10]. In this paper, we
experimentally compare the response of the detectors with asymmetric contacts (one is the Schottky
contact and one — the Ohmic contact) based on monolayer graphene (MLG) and graphene nanoribbons
(GNR) to sub-THz radiation. Detection of the radiation in such devices takes place through
rectification: due to the asymmetry of the current-voltage (I-V) curve mean current under a
harmonically changing non-zero voltage. The latter can be attributed to the unusual properties of the
Schottky barrier on graphene-vanadium interface. To study these unusual properties of the barrier,
we’ve made devices with asymmetric contacts based on graphene angled-nanoribbons (GANR:
graphene nanoribbons which are at an angle to the metal contacts).

Device fabrication and characterization

The graphene, acting as the conducting channel of a field-effect transistor (FET), was put on top of an
oxidized silicon wafer. This silicon substrate was a 480 um thick silicon wafer covered with a 500 nm
thick thermally grown SiO, layer. The doped silicon (with the room temperature resistivity of 10
Q-cm) formes a gate electrode transparent for the sub-THz and THz radiation. Graphene was
synthesized using home-made cold-wall CVD-reactor [11]. The growth procedure was adjusted to
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always give single layer graphene. We made two types of detectors with different channel geometry
were further defined using e-beam lithography and etching in oxygen plasma (Figure 1(a,b)) [6].

Figure 1(a,b,c). SEM-images of the devices channels made of: (a) Graphene monolayer; (b)
Graphene nanoribbons; (¢) Logarithmic spiral antenna SEM-image.

The structures of the first type use graphene channel with a width of 1.4 mcm. In the GNR-FETs,
graphene was partitioned to form an array of the parallel ribbons connecting the source and drain
perpendicular to the electrodes. Width of the ribbons is about 100 nm. The devices (Figure 1(a,b)) are
coupled to the radiation with a logarithmic spiral antenna which also serves for DC contacts
(Figure 2). The channel of GANR devices is formed by array with the parallel GNRs connecting the
source and drain at 45° to the electrodes. The source and drain electrodes are made of metals with
different work function: vanadium and gold.

The source and drain contacts are connected to a spiral antenna (see Figure 1(a,b)) to ensure a
sufficiently broad band device response. We have chosen the log-spiral antenna defined in polar
coordinates as R = R - e®/# with following parameters: the inner radius of the spiral R, equals 5.5
um, outer radius R,,,, = 68 pum the parameter determining the rate of spiral § = 3.2. Further details
of the antenna parameters and its characteristics are presented in Ref. [12]. Importantly we have
extensive experience in the manufacture and operation of such antennas (Figure 1(c)).

Experimental setup and results

The fabricated device chip was fixed on flat surface of silicon lens for better radiation coupling
(Figure 2). Then lens with chip was put inside optical cryostat. The THz radiation was generated by
two backward wave oscillators (BWO) in the frequency range 129-450 GHz. The total losses in the
silicon lens and the cryostat optical window do not exceed 5—6 dB.

Graphene

Figure 2. Experimental setup.
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As the device is exposed to the radiation the IV curves shifts so that non-zero voltage corresponds to
zero current. Figure 3 illustrates the response of the devices to sub-THz radiation at frequency 129
GHz. Comparing the absolute values of the non-zero voltage at zero current for MLG and GNR, it is
clearly seen that for GNR this effect is much weaker.
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Figure 3(a,b). IV curves of the devices measured with and without sub-THz radiation. (a) —
monolayer graphene: V, = 2 mV; (b) — graphene nanoribbon: Vi = 0.75 mV.

The MLG-FET detector exhibit the room-temperature responsivity from R = 14 V/W at f = 129 GHz
to R =3 V/W at =450 GHz (Figure 4). The GNR-FET detector exhibits markedly lower responsivity
at this frequency range at 300 K.

The most important feature observed in our experiments is the qualitative change of the frequency
dependence of the device responsivity upon a decrease of the temperature from 300 K to 77 K
(Figure 4(a)). As the temperature is lowered, the character of the dependence of the responsivity on
frequency changes from a decreasing to an increasing one.
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Figure 4(a,b). Responsivity of the graphene monolayer devices as a function of the radiation
frequency. (a) — experimental results; (b) - theoretical calculation with equation (1).

Discussion
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In our previous work [6] we have shown that the elastic scattering rate in the CVD-grown graphene
used in our experiments does not change in the temperature range between 77K and 300K. We thus
can rule out the simple plasmon resonance model of detector response discussed in [13]. Further
development of this model accounting for the Schottky barriers capacitance brings to the following
formula for the frequency dependence of detector response

-2
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In Eq. (1):
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£ is the plasma frequency characteristic for the gated channel [14], n is the electron density in the
quasi-neutral section of the channel with the length close to the net channel length L, W is the gate
layer thickness, v, = 108 cm/s is the characteristic electron velocity in graphene, k is the effective
dielectric constant (depending on the dielectric constants above and beneath the graphene (or for the
graphene nanoribbon), y = =1 + £(2m/A)? [15] is the plasma oscillations decay rate, T~1 is the
frequency of electron collisions with impurities, phonons, and edges (in graphene), ¢ is the electron
velocity, A = 4L is the plasma wavelength, 8, low frequency responsivity, T, = 15 - Cs and - C, are the
Schottky junction recharging time (through the Schottky junction) and capacitance, respectively, and
b = L/oyrs = 1opgs/Ts, s = (dJs/dV) ™1 is the Schottky junction differential resistance, where J4(¥)
is the junction current-voltage characteristics, and rypgs is the dc resistance of the quasi-neutral
channel section. The AC conductivity of the 2DES channel is equal to o, = 0ot~ 1/(t”! — iw),
where g is the DC conductivity.

Based on the temperature evolution of the DC transport, we argue that the only temperature-dependent
parameter in the above equations is the Schottky junction recharging time, which is proportional to the
barrier resistance. Figure 4(b), show the frequency evolution of the parameter S, /f,, for two values
of 7;. We see that the responsivity is a rising function of frequency for large enough values of 7, and
decreasing otherwise. Other parameters input into the calculations are provided in the figure caption.
In order to explain why a Schottky barrier is formed at the graphene/metal interface we note that the
transport of carriers through the p-n junction in graphene depends on the angle between the normal to
the junction and the carrier momentum. For normally incident electrons, there is no energy barrier and
they shunt the nonlinear transport. At the same time, the current of non-normally incident electrons is
a non-linear function of the applied voltage [16,17].

This scenario is confirmed in our case with much smaller signal obtained in the case of the GNR
devices. In the case of the nanoribbons, a smaller channel width should lead to a more collimated
motion of the charge carriers, so that the fraction of normally incident carriers is larger, causing
smaller response value.

To verify these conclusions, we fabricated GANR devices (Figure 5(a)) In order to fabricate these
devices we used the same fabrication route as in the case of GNR FETs. The only difference is that the
metal edge is not normal to the ribbons. The designed angle is 45 degrees. Such a design ensures that
the overall current in the ribbons is directed at an angle of 45 degrees to the p-n junction at the
vanadium interface. Following the previous discussion, we argue that in this case larger fraction of
carriers encounter an energy barrier at the GANR/V interface and their impact on the device
conductance is larger than that in the case of plane graphene. In such case stronger temperature
dependence is expected. This prediction is confirmed by the transport measurements reported in the
Figure 5(b,c), where conductance of GNR and GANR as a function of gate voltage is shown. We see a
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30% drop of conductance in case of GANR as temperature is decreased from 300 to 77 K compared to
~ 15% drop in case of GNR.
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Figure 5(a,b,c). (a) SEM-image of graphene-angled nanoribbons; (b) Transfer characteristic of the
GANR at 300 K and 77 K; (¢) Transfer characteristic of the GNR at 300 K and 77 K.

A stronger drop in conductivity at 77K in GANR-devices (30%) than in GNR devices (15%) indirectly
suggests the hypothesis that the main detection mechanism is rectification at the Schottky barrier.
Investigation of THz radiation detection in GANR asymmetric structures will be subject of our further
studies.

Conclusion

Difference between the transport characteristics of the GNR and GANR devices confirms that the
properties of the Schottky barrier for the charge carriers in graphene at a p-n junction depends on the
angle between the carrier drift velocity and the junction. We have shown that plasma waves can affect
the frequency dependence of the response of a graphene lateral Schottky diode even in the graphene
devices with rather modest electron mobilities far from the first plasmon resonance, which should be
observed at 4.9 THz for our channel geometry and carrier concentration. A strong enhancement of the
response is observed at moderately low temperatures when the frequency is increased towards the
plasma resonance frequency.
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