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Introduction

The radiation of the terahertz, or, as it is also called, the submillimeter range
occupies the region between infrared and radio waves in the electromagnetic
spectrum (Fig. 1). Terahertz waves are called waves lying in the interval: 0.03 - 3
mm (0.1 - 10 THz). This region of the spectrum has attracted close attention of
scientists in the last few decades [1]. Terahertz radiation has a low quantum energy
(0.4 - 40 meV), is non-ionizing, easily passes through most dielectrics (wood,
plastic, ceramics, paper, fabric), while it is reflected from conductive materials and
is strongly absorbed by water. This set of properties makes terahertz radiation

promising for various applications, in tasks:

spectroscopy [2-6];

e spatial scanning and imaging (for example, in security systems or in the food
industry) [7,8];

e cllipsometry [9,10];

e research of astronomical objects [11-15];

e telecommunications [16-18];

lTerahertz radiation
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Figure 1 — Place of terahertz radiation in the electromagnetic spectrum.

Problem statement
To build devices operating in the terahertz range, efficient radiation sources
and detectors are required. There are various ways to implement a terahertz

detector, each of which has its own advantages and disadvantages.



For example, Golay cells (and other pyroelectric detectors) can measure
radiation power, but are slow. Superconducting bolometers (HEB - hot electron
bolometers) have a record high sensitivity and speed, but are able to operate
exclusively at liquid helium temperatures, which makes these devices expensive
and difficult to operate. Schottky diodes also have high detectivity and speed, but
require cooling to liquid nitrogen temperatures (77 K), and most importantly, the
detection efficiency in them drops exponentially at frequencies above 1 THz. High
electron mobility transistors (HEMTs) are the most versatile devices: they also
have high sensitivity and speed, but are also capable of operating at room
temperatures and provide effective detection in a wide frequency range: from 100

GHz to 10 THz.

Any electromagnetic wave has four main characteristics: frequency
(wavelength), amplitude, phase and polarization. Most research on terahertz
detectors is aimed at improving the efficiency of detecting precisely the wave
amplitude, although characteristics such as phase and polarization also carry
information that can be used for applied purposes, for example, in holography and

imaging, ellipsometry, spectroscopy and telecommunications.

Thus, the present work is aimed at studying the possibility of creating
detectors, in the configuration of field-effect transistors, for polarization-sensitive
detection of terahertz radiation. One of the promising ways to create such devices

1s the use of new low-dimensional materials.

The unique properties of low-dimensional materials make them attractive,
including for the development of terahertz devices. In particular, it is promising to
use graphene and carbon nanotubes to create sensitive, fast, low-noise and
broadband terahertz radiation detectors, which has been demonstrated in a number
of works. Terahertz radiation detectors based on graphene and carbon nanotubes
can be created using various physical principles and radiation detection
mechanisms: photovoltaic, bolometric, thermoelectric, barrier rectification,

resistive self-mixing [19]. There is another mechanism, the so-called Dyakonov-
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Shur straightening. This mechanism is based on the fact that the electromagnetic
radiation incident on the detector is compressed into ultrashort plasma waves,
which are then rectified by the nonlinearity in the device channel. This mechanism
can be implemented in any systems with 2DEG (two-dimensional electron gas)
and was studied in a series of works both theoretically [20, 21] and experimentally
[22, 23]. It is very promising, since it provides a high efficiency of converting the
electromagnetic energy incident on the detector into a useful signal and allows
detection in the resonance mode. The functioning of the detectors studied in this

work is described by expanding the Dyakonov-Shur hydrodynamic model [24].

Despite a large number of studies devoted to the interaction of terahertz
radiation with detectors based on graphene and carbon nanotubes, the dependence
of the photoresponse on the direction and type of polarization has hardly been
studied. Except for a few works [25, 26], where the dependence of the
photoresponse on different orientations of the linear polarization of radiation
relative to THz antennas was studied. The interaction of a two-dimensional
electron gas with radiation of elliptical and circular polarization was studied in [27]
and showed a rather nontrivial result: a circular effect was observed - the sign of
the constant photovoltage changed depending on the direction of circular
polarization. However, the authors failed to give a clear theoretical explanation of
this effect. After that, a theoretical concept of a detector was proposed, which is
sensitive to different directions of circular and elliptical polarization [28]. In this
paper, it is assumed that a two-dimensional electron gas should act as the sensitive
part of the detector. However, to date, such detectors have not been implemented

in practice.

Summing up all of the above, the development of terahertz technologies is
one of the most advanced tasks facing modern science. One of the promising
directions in the development of terahertz technology is the use of nanomaterials
and low-dimensional structures for the development of terahertz devices. In

particular, terahertz field-effect transistors (TeraFET) based on graphene and
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carbon nanotubes have already shown themselves well as sensitive, fast, and low-
noise terahertz detectors. However, to date, there are no terahertz detectors based
on nanocarbon materials sensitive to the polarization and phase of the incident
radiation. Such detectors can be extremely useful in solving various applied
problems discussed above: terahertz spectroscopy, ellipsometry and holography;

telecommunications, security, imaging, and so on.

Thus, the creation and experimental study of terahertz detectors based on
graphene and carbon nanotubes for polarization-sensitive detection of THz

radiation is of current interest.

State of the art

The first mention of experiments on polarization-sensitive detection of
terahertz radiation dates back to 1998 [29]. The authors experimentally observed
the dependence of the photocurrent on the linear polarization of radiation in dipole
receivers based on silicon implanted with oxygen ions on a sapphire substrate. The
main result in this work is the fact that the photocurrent in response to radiation
polarized perpendicular to the antenna arms exceeded the photocurrent in response
to radiation polarized parallel to the antenna arms by a factor of 3—4 (Fig. 2(a, b)).
The effect is explained by the different spatial distribution of photoexcited carriers

in the semiconductor in response to radiation of different polarizations.
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Figure 2 — (a) Schematic diagram of the construction of a dipole terahertz

silicon receiver on a sapphire substrate. (b) Dependence of the receiver



photocurrent on the angle of the field of view at a voltage of 28 V, under the

influence of voltage, on the value of different voltage power [29].

A similar THz receiver design was proposed in 2005 [30] and then
developed in 2007 [31]. Enrique Kstro-Camus et al. used an indium phosphide
(InP) substrate doped with iron ions Fe+ by ion implantation. The authors
proposed to use a three-contact configuration, in which one common electrode
participates in radiation matching with two other, independent electrodes. The
proposed receiver made it possible to obtain complete information about both the

amplitude and the polarization of the incident radiation (see Fig. 3).
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Figure 3 — Optical photograph of a THz receiver based on InP and scheme of

the experimental setup [31].

The devices discussed above have demonstrated the ability to distinguish the
states of linear polarization of terahertz radiation. However, they had a significant
drawback. All of them were made in a dipole configuration, without the possibility
of electrical adjustment of the detector operation, which significantly narrowed the
possibilities of applied applications of such devices. The first steps to solve this
problem were taken in 2008. In several works [32—34], it was proposed to use the
so-called field-effect transistors with high electron mobility based on
heterostructures. A significant advantage of such devices is the possibility of

electrostatic adjustment, using a voltage applied to the gate electrode. This voltage



allows you to control the concentration of charge carriers in the channel of the

device, and, as a consequence, its conductivity (impedance).

This makes it possible to maximize the magnitude of the photoresponse and
to perform tuning between different operating modes of the device. In [32], a
commercial HEMT FUJITSU FHX45X based on a GaAs/AlGaAs heterostructure
was studied (Figure 4(a)). The photoresponse of a transistor to radiation from a
Hahn diode with a frequency of 100 GHz at room temperature was studied. The
dependence of the photovoltage on the angle between the linear polarization of the
radiation and the axis of symmetry of the device was measured (Figure 4(b)). The
authors assumed that the main mechanism of the response is the straightening of
the electron plasma wave, which arises under the action of radiation, on the
nonlinearities in the channel. The radiation was coordinated with the device using
aluminum wires that connected the transistor terminals with contact pads on the

ceramic case, where the test chip was attached.
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Figure 4 — (a) Schematic representation of HEMT FUJITSU FHX45X based
on GaAs/AlGaAs heterostructure. (b) Map of the polarization-dependent part of

the photoresponse versus gate voltage and angle a [32].

The authors managed to establish that the dependence of the photoresponse
on the linear polarization of radiation is II-periodic and is described by a simple
phenomenological formula in which the photovoltage S is proportional to cos
2(x), where a - is the angle between the axis of symmetry of the device and the

direction of polarization.



In the work [34] the authors independently fabricated a MESFET based on
the GaAs/AlGaAs/GaAs heterostructure. Also, as in the previous publication, the
photoresponse of the device to linearly polarized terahertz radiation at room
temperature was studied, but in a wider range of radiation frequencies: 0.14 - 1
THz. In addition, the authors obtained estimates of the noise equivalent power of
the detector (NEP - noise equivalent power) for radiation with a frequency 1 THz:
10~° W/Hz'"?; and relaxation time 10 ns. To describe the physical mechanism of DC
photocurrent generation, we used the model of bulk plasma wave rectification. It
was shown that the dependence of the photoresponse on linear polarization is II-

periodic, as in the work [32].

Field-effect transistors based on heterostructures have shown themselves
well as a tool for detecting linearly polarized radiation. However, in these works,
the detection of radiation with circular and elliptical polarizations was not
considered at all. The first attempt to fill this gap in experimental studies was made
in 2012. Drexler et al. studied a 2D electron gas heterostructure based on
GaAs/AlGaAs [27]. They used a commercial HEMT just like the one at work [32].
The wires connecting the transistor on the chip with contact pads on the holder
acted as antennas that matched the radiation with the device channel (Fig. 5(a)). In
this work, for the first time, the effect of a reversal of the sign of the DC
photovoltage depending on the chirality of circularly polarized radiation was
observed (Fig. 5(b)). The result was explained in terms of the generalized
Dyakonov-Schur hydrodynamic model, in which the photovoltage arises as a result
of the conversion of radiation into two alternating currents interfering with each
other, shifted in phase relative to each other, and rectified by the nonlinearity in the
device channel. The currents propagated in the transistor channel, one from the

source to the drain, and the other from the drain to the source.
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Figure 5 — (a) Transistor characteristic of the device. Top inset: schematic
diagram of the device and experiment. On the inset below: a diagram of the side
cut of the device. (b) Photovoltage as a function of radiation chirality measured at a
frequency of 0.8 THz at room temperature. The dashed and dash-dotted lines show
the individual contributions proportional to the parameters U4 and U respectively.
The ellipses above illustrate the polarization states for various ¢ - phase plate
rotation angles A/4. The inset shows the photosignal pulses measured for o*** and

—{

o~ * radiation polarization states [27].

The result was obtained for the radiation frequency f = 0.8 THz, at room
temperature, various states of elliptical and circular polarization were achieved by

rotating the phase plate A/4 in the optical path of the experiment.

The experimental data were approximated using the phenomenological
formula:

U(¢)=UL(U,.f)sin(2¢)+Ug(U,,f)-cos’(2¢+0)+Uc) (1)

where ¢ — is the angle of rotation of the phase plate A/4; Uas, Uc and O — these
are adjustment parameters. It follows from this formula that the chiral
photoresponse is IT/2-periodic. In contrast to the response to linearly polarized

radiation, which is IT-periodic.
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Figure 6 — Schematic representation of the model: antennas are presented
in the form of high-frequency alternating current sources [35].

In 2013, Romanov and Dyakonov published an article [35], in which a
theoretical model was proposed that describes the experimental results obtained a
year earlier in the work of Drexler et al. [27]. The article presented the calculated
dependences of the chiral-sensitive part of the photoresponse on such experimental
parameters as: antenna impedance, gate electrode length, and gate voltage. The
charge carriers in the transistor channel were described using the continuity

equation and Ohm's law in differential form:

0p,0j_
3t Tax 0 (2)
e ,0U
jlxl==05 3)

where p and j — specific charge density and current in the channel,
respectively, o=pp — two-dimensional conductivity, I — charge carrier mobility,

u=v,-V, - gate voltage swing, V, — gate voltage, V., — threshold voltage.

And the boundary conditions of the problem assumed that the drain and
source are sources of alternating current, with the same amplitude, but different

phase (see Fig. 6):
U, cos|lwt|—jZ=U,, for x=0 (4)
U, cos|wt+0|+jZ=U,, for x=L (5)

where Z — antenna’s impedance.
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As a result, the solution of equations with given boundary conditions is the

following formula for the DC photovoltage:

AU:%FO-

Uﬁ—U§)+%F1Uan-sin (6) (6)

The formula includes two terms: the first is proportional to the difference in
the squares of the voltages at different ends of the channel, and the second is the
product of these voltages by the sine of the phase difference between them. The
second term is responsible for the effect of the DC photoresponse sign reversal and

current interference within the framework of the proposed model.

In 2015, another implementation of chirally sensitive detection of terahertz
radiation was proposed using a high electron mobility transistor (HEMT) based on
a heterostructure: InAlAs/InGaAs/InAlAs/InP [36]. The transistor had two gate
electrodes G; and G,, made in the form of two periodic lattice-combs inserted one
into the other (see Fig. 7(a,b)). This design made it possible to provide a non-
uniform periodic distribution of charge carriers in a two-dimensional channel. The
sign of the photocurrent in response to radiation of circular polarization changed
depending on the distribution of the periodic potential in the structure (see Fig.
7(c,d)). A feature of the work is that the mechanism of chiral-sensitive detection
differs from what was considered earlier. Chirally sensitive detection in such a
device cannot be described in terms of the Dyakonov-Schur hydrodynamic model.
The main mechanism for detecting radiation in such a structure, the authors of the
work call the ratchet effect, which is caused by a periodic potential distribution in

the channel [37].
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Figure 7 — (a) Sketch of a HEMT with two arrays. The cross section of the
structure shows the sequence of layers, the width between the fingers and the width
of the fingers. We used THz radiation at a frequency of 2.54 THz at normal
incidence. (b) Drain-source current as a function of the gate voltage Ug,, at Ug, =0
V. The inset shows a photograph of the structure (c, d) Normalized photocurrent
induced by terahertz radiation Jj,/I as a function of the angle ¢, which determines
the helicity of the radiation. Current is measured at different voltages applied to the

first and second gates [36].

From 2018 to 2020, the theory of chirally sensitive photoresponse in field-
effect transistors with a two-dimensional electron gas was actively developed in a
series of works by Gorbenko, Kacharovsky and Schur [24, 28, 38]. As a result, the
authors calculated and proposed various materials and operating modes for
TeraFET with 2DEG. The developed theory is an extension of the Dyakonov-

Schur model for the case of an asymmetric detector antenna design.

However, the devices described in the works [24, 28, 38] was not created.
This work is devoted to the manufacture of such devices and the demonstration of
their effective application for polarization- and phase-sensitive detection of THz

radiation.
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Based on this, the object of study is selected: polarization-sensitive
detectors based on graphene and carbon nanotubes. And the goal and main

objectives of the study, presented in the introduction, are set.

Goal of the study

Study of the possibilities of creating asymmetric field-effect transistors
based on graphene and carbon nanotubes. Study of the physical mechanisms of the
polarization-sensitive photoresponse that occurs in such structures under the action

of terahertz radiation.

Research objectives

1. Produce several batches of field-effect transistors of different geometry and

configuration based on graphene and carbon nanotubes.

2. Experimentally investigate the interaction of circularly polarized terahertz
radiation with asymmetric field-effect transistors based on graphene and carbon

nanotubes.

3. Confirm experimentally that the DC voltage signal arising in devices under the
action of terahertz radiation has a different value for right and left circular

polarization at different temperatures and radiation frequencies.

4. Investigate electron transport at low temperatures in transistors with contact

asymmetry.

5. Experimentally demonstrate that the tunnel contact can be used for spectroscopy

of single-particle states and measurement of the band gap in carbon nanotubes.

Basic research methods

Carbon nanotubes synthesis methods

The substrate, on which the catalytic particles are preliminarily deposited, is
placed in a chemical reactor. There, in the flow of reacting and buffer gases, a film

of the required substance is formed on the surface of the substrate as a reaction
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product of the reacting gas and catalytic particles. The gaseous reaction products
are carried out of the reactor chamber in the gas stream. In the framework of this
work, a three-component suspension was used as a catalyst Fe(N0s); — M 00O, —
AL O; in isopropyl alcohol, in the ratio: 10 — 1 — 2, with concentration Cy,o, = 1.5

ug/ml. Methane was used as the carbonaceous gas (CH,), and hydrogen as a buffer
gas (H,). The reactor was cleaned before synthesis and the substrate was cooled
after synthesis in an argon flow (A4r). The scheme of the experiment on the
CVD-—synthesis of carbon nanotubes is shown in Figure 8. Catalytic metal particles
sorb and dissolve carbon-containing gas molecules under the action of high
temperature. After that, carbon atoms diffuse into the catalytic particle, reach
supersaturation and deposit on the surface of the nanoparticle, forming the walls of
the carbon nanotube. An important step in the synthesis process is the preparation
and application of catalytic particles. The catalyst suspension was subjected to
ultrasonication for 4-6 hours before being applied to the substrate to destroy large
particle agglomerations and uniform mixing. Using a microdoser, 60 pul of the
suspension was applied to the substrate. After that, the suspension was evenly
distributed over the surface by centrifugation at a speed of 3000 rpm for 60
seconds. The specific parameters of all stages of synthesis: the concentration of the
suspension and the ratio of components in it, the temperature of synthesis, the time
of synthesis and cooling, the ratio of gas concentrations, etc., were selected
experimentally, taking into account the results of previous works that used the
same technological process [39,40]. A table with the exact parameters of all stages
of the synthesis is presented in the appendix. The main disadvantage of the method
is that it is impossible to predict in advance exactly where carbon nanotubes will
end up on the substrate. This fact complicates the process of manufacturing devices

from such randomly arranged tubes.
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nanotubes.

Graphene synthesis methods

The method is based on the fact that heated metal (Ni, Cu, IT) surface
absorbs carbon-containing gas molecules (CH,, CO,). At the same time, carbon
atoms remain on the surface, while other atoms that make up the gas molecules
pass into a vapor state. With the right selection of process parameters, a graphene
film is formed on the metal surface. The choice of this method is justified by the
fact that, on the one hand, it makes it possible to obtain sufficiently high-quality
films with mobility up to 10000 cm’/V+s at room temperature, on the other hand, it
is quite technologically advanced and makes it possible to relatively quickly and
cheaply obtain homogeneous graphene films with an area of several square

centimeters [41].

The synthesis process took place in several stages in a chemical reactor (Fig.
9(a)). First, copper foil was annealed in a gas mixture Ar : H, =4 : 1 at a pressure
of 500 mbar. The annealing process was carried out at a temperature 840 °C within

20 minutes. Then the camera was fed CH, portion of 7 mbar. The synthesis of the

graphene film continued for 20 minutes. After that, the copper foil was very
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quickly cooled to room temperature, within 10 seconds. The most important
synthesis parameter is the relative percentage of methane and the rate of its supply.
Methane was pumped into the chamber at a flow rate 280 cm’/min within 6
seconds. A change in methane consumption leads to the formation of graphene
films of different thicknesses containing different amounts of defects [42]. The
synthesis process i1s shown schematically in Figure 2.5(b). After synthesis,
graphene from copper foil was transferred to a substrate Si/Si0, the so-called
"wet" method. A diagram of the transfer process is shown in Figure 9(c). Graphene
was coated with polymethyl methacrylate (PMMA) using the centrifugation

method, after which copper was etched in sodium presulfate.

(@) b)) ..

"“ " “‘ > I
¢ C Ty g . .
= CH, « & “u* 9 H, @ Active site
1000 °C 4 S \*\ “s 29 e T2
CH,/H, - [Cgn" M < 39 7
U *L: . 2 2. ° !
oo e o * o Jo1.5,°
LY o @
s e ® ® 0 ®
(c) .
Spin coating Removing
Polymer polymer
 — f—
Graphene/Cu Target substrate

Etching copper

Figure 9 — Synthesis and transfer of graphene. (a) Diagram of a chemical reactor.
(b) Mlustration of graphene film growth. (c) Scheme of graphene transfer from

copper foil to the substrate [43].

Then, the PMMA-coated graphene was transferred to the substrate, and the
resist was removed from the graphene surface with acetone. As a result of
synthesis, both individual grains of single-layer graphene and a continuous film

covering the entire surface of the substrate can be obtained.

Field effect transistors creation methods

Field-effect transistors based on both graphene and carbon nanotubes were
fabricated on oxidized silicon substrates Si/SiO, grade KDB-12 (100) with a

resistivity of 10 Ohm cm at room temperature. The choice of this silicon is due to
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the fact that, due to its low conductivity, it is partially transparent to THz radiation.
The thickness of Si was 480 um, and the thickness SiO, - 500 nm. At the first
stage of the technological route, small areas of graphene, blanks of future transistor
channels, were etched using electron lithography through a 950PMMA A4 electron
resist mask in oxygen plasma (Fig. 10(1-3)). At the next step, contact interfaces
were made to small pieces of graphene: electron lithography was carried out on a
two-layer resist (MMA EL6 and 950PMMA A4), after which gold was deposited -
25 nm (Fig. 10(4-6)). Further, also through a mask of a two-layer resist, electron-
beam deposition of aluminum oxide was carried out. AL O; - 100 nm (Fig. 10(7-9)),
thus the graphene channel was encapsulated in a dielectric, which protected it from
subsequent contamination arising during the technological process. The main
function of aluminum oxide is that it acts as a gate dielectric. In addition,
aluminum oxide on the surface of graphene reduces the level of its chemical
doping to almost zero [44]. This point requires a separate explanation. Graphene
free lying on the substrate is strongly oxidized, becomes p-doped, and because of
this, it is necessary to apply high values of the gate voltage in order to bring the
position of the Fermi level close to the electrical neutrality point of graphene.
Aluminum oxide helps to avoid this problem. At the next stage, the upper gate
electrode was made using electron lithography and electron beam deposition of Ti-
Au 5-200 nm (Fig. 10(10-11)). Then, all excess graphene was etched from the
substrate in oxygen plasma (Fig. 10(12)). At the last stage, using laser lithography
and thermal vacuum evaporation of Ti-Au 5 100 nm, bow-tie antenna sleeves and
large contact pads were fabricated (Fig. 10(13-15)), to match graphene with

radiation and connect it to contacts on case.
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based on graphene.

Photoresponse measurement

Experiments on the interaction of the samples studied in the work with
terahertz radiation were carried out on an experimental stand, the scheme of which
is shown in Fig. 11. A constant methanol vapor laser could operate at two radiation
frequencies with two different powers. Immediately after the exit from the laser, an
optomechanical beam chopper was installed, which was connected to the reference
input of the synchronous detector (Lock-In SR830). An optomechanical chopper
modulated the radiation at a low frequency of 77 Hz. Then, the polarization of the
radiation was transformed using phase plates A/2 (in the experiment with the
rotation of linear polarization) and A/4 (in the experiment with the transformation
of linear polarization into elliptical). After that, the optical path of radiation was
divided into two, using a beam splitter. Half of the radiation went to a pyroelectric
detector, which measured the radiation power. And the other half, reflected from
two parabolic mirrors, was wound up in the window of an optical cryostat. The

sample was installed in a cryostat on a special mechanical holder at the end of a
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long insert. The cryostat insert was equipped with a resistive oven and a
temperature sensor. Cooling was carried out by continuously pumping helium
vapor through the volume of the cryostat. Regulation of the intensity of the helium
flow and the heating power of the stove made it possible to work at any point in
temperature in the range from 4.2 to 300K. In the experiment, we measured the
constant voltage that appeared between the drain and source electrodes of the
sample under the influence of terahertz radiation. This voltage was measured with
the A-channel of a synchronous detector at a reference modulation frequency of 77
Hz. The dependence of the photovoltage on the gate voltage was measured at a
fixed polarization and temperature, or the dependence of the photovoltage on the
angle of rotation of the phase plate, at a fixed value of the gate voltage and
temperature. Similar sets of measurements were carried out at different

temperatures.

Methanol Laser Chopper ’/7 Beam splitter

!

2.5 THz

77 Hz Quarter-wave

plate

Ref in =[4.2; 300] K

Optical
cryostat

Pyroelectric
Lock-In SR830 detector

A

Figure 11 — Scheme of the experimental setup for experiments on

synchronous detection of THz radiation.

Tunneling spectroscopy

Tunneling spectroscopy is a method for studying the electronic structure and
energy levels of materials based on electron tunneling through a potential barrier. It
is based on the phenomenon of quantum tunneling, in which electrons can
penetrate a potential barrier that has insufficient energy for their direct penetration.

Tunneling spectroscopy uses tunnel contacts, which are structures consisting of
20



two conductors separated by a thin insulator or vacuum. In the presence of a
potential difference between the conductors, electrons from one conductor can
"tunnel" through the insulator and enter the other conductor. The dependence of
current on voltage between conductors is called the tunnel characteristic.
Tunneling spectroscopy makes it possible to study the energy levels of materials
and their electronic structure. By measuring the tunneling characteristic at different
stress values, it is possible to obtain a spectrum of energy states, that is,
information about the allowed energy levels and the density of states of the
material. Tunneling characteristics were measured using Stanford Research 570
commercial current amplifier. Drain-source voltage (V' sd) and source-gate (V g)
applied from the analog outputs of the National Instruments (NI) data acquisition
card. The current was also measured using the NI data acquisition card (Figure 12).
The differential conductivity was obtained by numerical differentiation of the
current-voltage characteristics. Measurements at low temperatures and high

magnetic fields were performed in a CFMS-16 cryogenic system.

____________________________________________________

ey
i Cryostat: T=4.2K CNT

Tunneling Ohmic

contact Magnetic field contact

Si0z — 500 Hm
Si p++

Figure 12 — (a) Schematic diagram of the experiment. (b) Photograph of a

cryostat insert with sample mounted on a ceramic holder.
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Main results

In the course of performing the tasks set in the work, three types of field-

effect transistors based on graphene and carbon nanotubes were manufactured

(Figure 13):
* (1) Geometrically asymmetric graphene-based transistors (devices D1, D2);

* (i1) Transistors based on carbon nanotubes with geometric asymmetries

(device D3);

* (i11) Transistors based on carbon nanotubes with contact asymmetries (D4

devices);

(i) (ii) (iii)

(©)

\ Source Drain
\
.,‘\‘
\ d Ohm?2
I’ un2| Tun
(b) Gate (d) (f) Carbon nanotube
Carbon nanotube
Source Source Drain Ghnal. Qhrie ne  Tund
) m m Au Au

m) m)

Si (Back Gate) (Back Gate)

Graphene

Figure 13 — Diagrams and images of the three types of transistors studied in

the work.

Types (i) and (ii) devices were characterized by drain-gate measurements
(see Figure 14). Depending on the direction of the gate voltage deployment, a
hysteresis typical for such devices was observed. The conductivity minimum

corresponds to the point of electrical neutrality in graphene.
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From measurements of conductivity versus gate voltage for sample D1, the
dissipation time and mobility were estimated based on the Drude model (see

Figure 15). The conductivity of graphene is determined by the expression:
G=ii (7)

where Er is the Fermi energy, 1 is the carrier scattering time in the Drude
model, which depends on the energy. The Fermi energy depends on the

concentration of charge carriers:

Ep=g-vi 7m 8)

and the concentration of charge carriers in channel n is controlled by the gate

voltage:

:eVg
4 e

(9)

n
where V, is the gate voltage, which is measured from the Dirac point in
graphene, € 1s the permittivity of the gate dielectric material, d is its thickness.
The mobility curve shown in Figure 15(c) was obtained using the formula:

_1dG _1 dG dV,
H edn edV, dn

(10)

The attenuation length of the plasma wave was estimated from the formula:

_sV2
L _@111)

where y=1/1, and o is the frequency of the radiation incident on the sample,

s 1s the velocity of the plasma wave, which was estimated by the formula:

1/4

2 3 2
l6ne dvyV, (11)

Ss=
2
ch

23



a)1.0 b
(a) (b) -
2 2 .

= 08} = ol

8 8 .

= c

8 =

¢ :

9 06 °

- c

=] 5]

(¥) (%]

Device D1 Device D2
04f
-4 2 0 2 4 4 2 0 2 4
Gate Voltage (V) Gate Voltage (V)

Figure 14 — Dependence of conductivity on gate voltage for graphene-

based field-effect transistors with geometric asymmetry.

Estimates of characteristic values based on formulas (7) - (11) for samples

D1 and D3 are presented in Table 1.

Table 1. Estimates of the scattering time, mobility, and decay length of a plasma

wave for a field-effect transistor based on graphene and a carbon nanotube.

Sample # T,fs u,em’/V-s L*,nm
Dl 20 1500 100
D3 100 10000 200

The main results of experiments on the polarization-sensitive detection of
terahertz radiation by graphene-based transistors are shown in Figure 16. The
scheme of the experimental setup for measuring the photoresponse is presented in
the section "Measuring the photoresponse"”, in Figure 11. Figure 16 shows the
dependence of the photoresponse on the angle of rotation of the phase plate A/4 in
the plane perpendicular to the radiation. These are the dependences of the
photoresponse on the polarization of the radiation: the polarization states
corresponding to the angles of rotation of the phase plate are plotted in the upper

part of the graphs.
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Figure 15 — Analysis of transport properties for device D1 in gate voltage.
(a) Conductivity at different temperatures. (b) Scattering time at room temperature.

(c) Mobility at room temperature.

The main experimental result for graphene-based samples is the fact that the
magnitude of the photoresponse for two different chirality’s of circular polarization
(6" - radiation is twisted clockwise when viewed from the source, o * -
counterclockwise) differs by no less than twice. We can say that this is a frequent
case of circular dichroism, which is observed due to a combination of two factors:

the geometric asymmetry of the antenna, and the use of graphene (2DEG) as a

device channel.
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Figure 16 — Dependence of the photoresponse on the angle of rotation of the
phase plate A/4 with respect to the linearly polarized radiation emerging from the
laser for two radiation frequencies of 2.54 and 0.69 THz, and two temperatures of

20 and 280 K. Above is the scale of correspondence between polarization
directions, and rotation angle values plotted along the x-axis. (a, b, c¢) top row,
results for sample D1, with a channel length of 1 um. (d, e, f) bottom row, results

for sample D2, with a channel length of 1.5 um.

The most important results for samples of type (ii1) presented in Figure 17
were obtained using the technique described in the "Tunneling Spectroscopy”
section. Figure 17(b) shows the dependence of the differential conductivity on the
drain-to-source voltage measured at 5 K on a carbon nanotube through a tunnel and
ohmic contact in the presence of a magnetic field and without it. The main
experimental result is the splitting of the density peak in a magnetic field of 16 T
(the splitting value is 2.5 mV/T). This effect is associated with the removal of
valley degeneracy in a strong magnetic field and was observed for a single carbon

nanotube for the first time.
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Figure 17 — Device D4. (a) I-V characteristics measured between the ohmic and
tunnel contacts in the presence of a magnetic field directed along the tube axis and
without it: blue curve (B = 16T) and purple curve (B = 0T). Inset: SEM image of
the device with a simple experimental setup. (b) The blue and purple dots represent
the I-V curves in Fig. 17(a), numerically differentiated and divided by I/V. The
blue and purple lines correspond to the Lorentz function. In a magnetic field B =
16 T, the DOS peak splits into two peaks. The difference in V junits between these
peaks is 40 mV. (c) Transistor characteristic of the device: conductance (G) versus
gate voltage shows us that the tube is semiconductor (after V, > 4V the
conductance is zero). (d) IV measured modulo between two pairs of contacts:
Ohm1-Ohm2 and Tunl-Tun2 at room temperature using a probe station. (¢) Height
profile across the nanotube obtained with AFM. Insert: AFM image of the central
part of the device between the contacts Tun2 and Ohm2. The white arrow points to

the white line from which the height profile is derived.
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Scientific novelty
1. For the first time, the interference of plasma waves in the channel of a field-
effect transistor with geometric asymmetry based on graphene and a single carbon

nanotube was experimentally observed.

2. Circular effect: different magnitude of photoresponse to circularly polarized
radiation twisted clockwise and counterclockwise was first observed in field-effect

transistors based on graphene and single carbon nanotubes.

3. It was experimentally shown for the first time that a tunnel contact can be used
for spectroscopy of single-particle states and determination of the band gap of

single carbon nanotubes.

4. The splitting of the peaks of the density of states of a single carbon nanotube in

a magnetic field was experimentally demonstrated.
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Basic provisions for defense
1. As a result of rectification of terahertz radiation in the channel of a field-effect
transistor with asymmetric geometry, a constant voltage signal is observed, which

differs in magnitude by at least two times for right and left circular polarization.

2. The measurement of conductivity versus gate voltage in a field-effect transistor
with asymmetric geometry demonstrates a minimum corresponding to the electro
neutrality point of graphene and allows us to state that the plasmon attenuation
length L* is 100 nm in graphene and 200 nm in carbon nanotube and is
comparable to the transistor channel length L = 1 pum, which is a necessary

condition for interference.

3. Measurement of the tunneling current, depending on the applied voltage in
devices with contact asymmetry, makes it possible to reconstruct the electronic
spectrum of single-particle states of a single carbon nanotube and determine its

band gap.

4. A magnetic field applied along the axis of a single carbon nanotube in a field-
effect transistor with a tunnel contact causes splitting of the peaks in the density of
states in its electronic spectrum. This is due to the removal of valley degeneracy

under the action of a magnetic field. The splitting value is 2.5 mV/T
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Author personal contribution

The author independently obtained all the experimental results presented in this

paper, namely:

* performed CVD synthesis of nanocarbon materials: graphene and carbon

nanotubes

* characterized, using atomic force and electron microscopy, the synthesized

materials

» made field-effect transistors based on these materials using planar technology
methods (electronic and photolithography, thin film deposition, plasma-chemical

etching, etc.)

 carried out electrical characterization of manufactured devices: measured volt-

ampere and gate characteristics

» experimentally measured the photoresponse of finished devices to terahertz

radiation and carried out transport measurements at low temperatures

* processed the experimental results
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Main conclusions

The main results of the work are as follows.

1. Based on the analysis of the literature, the object of study was proposed

and the purpose and objectives of this work were formulated.
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2. To accomplish the tasks set, technological routes for creating field-effect

transistors based on graphene with geometric and contact asymmetry.

3. In the course of the work, the synthesis of nanocarbon materials was

carried out: graphene and carbon nanotubes, by chemical vapor deposition.

4. Based on the synthesized materials, 3 experimental batches of field-effect

transistors were made:
» based on graphene with geometric asymmetry;
* based on single carbon nanotubes with geometric asymmetry;
* based on single carbon nanotubes with contact asymmetry;

5. It was experimentally shown that transistors with geometric asymmetry
make it possible to distinguish the chirality of circularly polarized terahertz
radiation from the dependences of the volt-watt sensitivity on the radiation

polarization.

6. The chirally sensitive photoresponse was described in terms of the
generalized hydrodynamic model of Dyakonov-Schur charge carrier transport.
Based on the proposed model, the circular effect in transistors with geometric
asymmetry is a consequence of the interference of plasma waves excited in the

transistor channel under the action of terahertz radiation.

7. It has been experimentally demonstrated that the tunnel contact in
transistors with contact asymmetry is an effective tool for direct measurement of

the band gap and density of electronic states of single carbon nanotubes.

The results presented in this paper open up new prospects for the
development of terahertz detectors based on nanocarbon materials and plasmon
terahertz interferometers sensitive to radiation polarization. Such devices can be in
demand in many applied fields. Further research in this direction should be aimed
at improving the methods for synthesizing nanocarbon materials and improving the

design of detectors.
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