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The recently observed helicity-sensitive response, occurring in graphene based field-effect transistors (FETs) is
interpreted as a result of the intrinsic phase asymmetry of these devices and interference of plasmons in the FET
channel. The graphene-based plasmonic interferometers presented in this work enable the room temperature
detection of THz radiation as well as allows us to distinguish between the rotation direction of circular polarized
waves. To illustrate the broadband nurture of the observed effects, similar measurements were carried out

at both THz and mid-infrared frequencies. The precise control of the carriers type and their concentration
throughout the channel length allows us to demonstrate the helicity-sensitive response over a wide range of the
gate potentials (from negative to positive values). We experimentally show that the formation of p—n junction
inside the graphene channel leads to additional scattering of excited plasma waves, resulting in the suppression
of their interference and consequent reduction of the helicity-sensitive contribution.

Introduction

Plasmonic interferometry in two dimensional materials is a rapidly
developing area of both fundamental and applied research [1,2]. Sev-
eral features facilitate use and observation of plasmonic phenomena in
this class of materials. Firstly, the velocity of plasma waves in 2D ma-
terials is approximately two orders of magnitude smaller that the speed
of light [3]. Hence, the energy of electromagnetic radiation can be con-
fined in a structure much smaller than its wavelength in vacuum or a
refractive medium. This property makes surface plasmon interferome-
ters more sensitive to the device geometry and surrounding dielectric
media [4]. Secondly, the plasmon phase velocity strongly depends on
free carrier concentration and thus can be easily tuned by applying a
gate voltage [3].

Graphene is one of the most extensively exploited 2D materials,
whose remarkable properties such as high mobility at room tempera-
ture [5], thermal conductivity [6], ultra-fast broadband optical response
[7,8] and strong mechanical strength open a new area in contemporary
solid-state physics and material science [9,10]. Since, the frequency of
plasma waves propagated in graphene falls in the THz frequency range,
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graphene can be used as a “playground” for plasmonic THz applica-
tions [11,12]. Furthermore, the slow electron-to-lattice relaxation (1-2
ps) and fast electron-electron scattering (10-100 fs) make graphene a
promising material for engineering high-speed optoelectronic THz de-
vices [13-15].

Various methods have been developed for obtaining graphene, in-
cluding mechanical exfoliation of graphite, decomposition of single-
crystal silicon carbide, reduction of graphene oxide, and chemical vapor
deposition (CVD) [16]. Despite the high quality of exfoliated graphene,
its practical application is limited in terms of sample size and yield,
making it unsuitable for the commercial realization of graphene-based
devices. In this context, CVD is considered as a promising alternative
method to overcome these limitations [17]. However, due to struc-
tural defects and chemical contamination introduced during transfer,
CVD graphene shows significantly lower carrier mobility than exfoli-
ated graphene, resulting in weakly expressed effects based on graphene
plasmonic properties in the CVD-grown structure [18].

Recent results [19-22] indicate that CVD grown graphene trans-
ferred onto dielectric surface supports plasmons contributing to
graphene interaction with terahertz range radiation. One of the most
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unambiguous demonstrations of plasmon interference in CVD graphene
was reported in our previous work [21]. In particular, we showed that
the plasma wave interference effect defines the mechanism of THz radi-
ation rectification in graphene-based field-effect transistors (FET) with
phase asymmetry. Furthermore, our experimental results demonstrated
that the photoresponse of such simple graphene-based devices is sensi-
tive to the radiation helicity suggesting its potential application for the
future development of broadband, helicity-sensitive THz detectors and
integrated interferometers.

The goal of this work is to investigate the influence of uniformly dop-
ing of the graphene channel on the helicity sensitivity of the simple THz
devices (graphene-based FET) considered in our previous work. Specif-
ically, within the presented study, similar devices with both single and
double gate architectures were fabricated, and their electromagnetic re-
sponse was investigated in both the THz and mid IR frequency ranges.
The double-gated configuration allows us to create non-uniformity at
the center of the graphene channel (p—n junction), with properties that
are easily controllable. We find that the formation of a p—n junction
leads to the mitigation of the circular effect in contrast to the photo-
voltaic response induced by mechanisms unrelated to plasmon interfer-
ence in the graphene channel.

1. Device fabrication and measurements

In our work, the single layer graphene, using as a conducting chan-
nel of field-effect transistor (see Fig. 1a and f), was synthesized on
Cu foil in a standard tube furnace system. Initially, a copper substrate
(25 um, 99.8%, Alfa-Aesar) was electropolished in 85% concentrated
phosphoric acid for 90 s at room temperature (for more details see
ref. [23]) and placed in the furnace chamber. The furnace was pumped
down, and high purity hydrogen was introduced (the system total pres-
sure was 100 mBar). The Cu foil was annealed at 1000 °C in hydrogen
atmosphere for 2 h. After annealing, the chamber was evacuated to 10
mBar and C H, was injected to grow graphene. The typical growth time
was 2 min. Then, the furnace was cooled down to room temperature.

To transfer the graphene grown from Cu foil to a SiO,/Si wafer with
500 nm thermal oxide layer and high-resistive Si substrate, polymethyl-
methacrylate (PMMA) film was spin-coated on surface of the graphene
layer. Since the graphene was grown on both sides of the copper sub-
strate, the backside of foil was etched by reactive oxygen plasma (100
W, 15 min). The Cu substrate was dissolved in ammonium persulfate
solution for 24 h. The resulting graphene/PMMA structure was rinsed
with distilled water, transferred onto a clean SiO,/Si substrate and
dried at 80 °C for 5 min. In order to remove the PMMA layer, the sam-
ple was immersed into acetone for 20 min, washed with distilled water
and annealed in vacuum at 300 °C for 1 h.

The final device configuration was fabricated using e-beam lithogra-
phy with PMMA A4 as a resist and oxygen plasma etching. At the first
lithography step, two contact pads to graphene were formed using pure
Au with a thickness of 30 nm, without an adhesion sub layer (such as
titan or chrome). After metal deposition, the graphene channel was pat-
terned using e-beam lithography and reactive ion etching in an oxygen
plasma. A typical SEM image of the fabricated graphene-based channel
is presented in Fig. 1h. Subsequently, 100 nm thick Al,Oj; layer, act-
ing as a gate insulator, was deposited via electron beam sputtering. It
is worth noting that the Al,O; layer reduces contribution of the ma-
jor mechanism responsible for the suppression of electron conduction
in graphene, namely an oxygen water redox couple-induced electron
transfer reaction between graphene and ambient [24], thereby improv-
ing the device characteristics. Afterwards, we patterned and formed the
top gate electrodes (Ti/Au, 150 nm) using standard sputtering and lift-
off techniques. Finally, the tilted bowtie antenna, maintaining phase-
asymmetric boundary conditions, was fabricated by optical lithography
(see Supporting Information Fig.S2). The choice of the antenna config-
uration is defined by both its simplicity in fabrication and broadband
characteristics.
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Within this work, two devices with similar geometry but with differ-
ent gate configurations were investigated. Device type A (a single-gated
device) has a single gate electrode slightly wider than the channel
length, ensuring the uniform doping of the graphene. The device config-
uration is schematically presented in Fig. 1a. Device type B (a double-
gated device, Fig. 1f) was fabricated with two split-gates (left and right
gate), defining two regions in the graphene channel whose carrier den-
sity and type can be controlled by applying voltages. For both fabricated
devices, the channel width was 1 pm. The channel length of device type
A and device type B were 2.5 and 3 pm, respectively. Optical images
of fabricated devices and SEM image of channel area of double-gated
device are provided in Supporting Information (Fig.S1).

Before photoresponse measurements, the transport properties of our
devices were analyzed at room temperature under a constant source-
drain bias of 10 mV. The measured details are explained in the Sup-
porting Information. The two-terminal resistance as a function of the
top gate voltage for device type A is presented in Fig. 1c. A full fate
sweep consists of both growing and falling sweeps, i.e. from a negative
value of V, — V¢ v to a positive value of V, — V¢ 7 and sweeping back.
One can see that the both curves overlap, indicating a good quality of
graphene channel and low charge-trapping in 7'i/Au/Al,Os/graphene
capacitor [25]. Note that throughout the paper we indicate range of V,
corresponding to the CNP instead of providing its exact value.

The fitting of measured two-terminal resistance data (Fig. 1¢) using a
simple model recently proposed by Kim et al. [26] allows us to estimate
the field-effect carrier mobility u. Thus, the obtained samples of CVD
graphene, after being transferred onto a dielectric substrate, demon-
strate a relatively high carrier mobility in range 1000 cm? - V=1 . s~1.
3000 cm?- V1. 571 which is typical for CVD graphene at room temper-
ature [20,27]. It should be noted that measured two-terminal resistance
curve is asymmetric at two sides of the CNP point. The origin of this
asymmetry can be explained by the difference in the scattering cross-
section of holes and electrons or may be associated with imbalanced
electron-hole injection from graphene electrodes, caused by misalign-
ment of the electrode and channel neutrality point [28].

Fig. 1d plots the resistance map of the double-gated device (Type B)
as a function of V;; and Vs (the measurement details are presented
in Supporting Information). Four quadrants, corresponding to the four
doping constellations in the graphene channel for different combina-
tions of gate voltages, can be identified. When the sign is the same,
no p—n junction is present in the graphene channel, and only electrons
or holes are accumulated in this area (see Fig. 1e). On the other side,
when V;; and Vs have the opposite signs, a p—n junction, whose size
is approximately corresponding to the gap between the two split-gates
(gap width ~ 180 nm) [13], is formed at the center of the graphene
channel. One can see the borders of the different areas (dash lines) are
not parallel to the V; ; and Vg axis due to the cross-talk between two
gates [29].

To demonstrate the broadband THz performance of our graphene-
based devices, in the context of helicity-sensitivity, the photoresponse
was measured at several frequencies. The first experiments were done in
the mid-infrared range using a continuous wave quantum cascade laser
(QCL) operating at frequency 35 THz (wavelength A = 8.6 um) with
an approximate power of 20 mW. The photovoltage was measured us-
ing Lock-In SR865 at the modulation frequency, following the standard
technique (see Supporting Information for more details). It is worth not-
ing that the beam spot diameter in this setup was about 30 um. Due to
the beam size being significantly smaller than the lateral size of our
devices, precise control of the device position relative to the incident
beam was necessary before each measurement. A Gunn diode was used
as a source with a maximum operating power of 10 mW to measure
the photoresponse at 0.14 THz (wavelength A = 2.14 mm). Because the
beam cross-section (1-3 mm) was larger than the lateral size of our de-
vices, we can assume that both antennas were uniformly illuminated
in this configuration. To study the detector response upon variation
of the radiation polarization state, A/4-plate of x-cut crystalline quartz
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Fig. 1. (a) Single-gated device cross-section scheme. (b) 3D representation of one-gated device. (c) Resistance versus gate voltage of one-gated device. Different
colors shows different directions of gate voltage sweeping. (d) Resistance map of double-gated device. Four regions are labeled according to carrier doping in both
parts of channel, p-type or n-type, under the left- and right- gated regions, respectively. Filled black line represents the same values of right and left gate. Along
this black line both gates acts as one. Inset: resistance color bar in kQ. (e) Resistance versus gate voltage of double-gated device. Red line obtained when the same
voltage was applied to both gates. Black squared dots are extracted from (d) resistance map. Insets: Dirac cones shows how type of quasi particles in graphene
channel changes from dots to electrons when Fermi-level cross CNP under gate voltage exposure. (f) Double-gated device cross-section scheme. (g) 3D representation
of double-gated device. (h) SEM image of the graphene channel of a double-gated device was obtained during fabrication process.

was used. Both linear and circular polarized light experiments were car-
ried out. In particular, to obtain circular or elliptically polarized beam
the quarter-wave plate was rotated by the angle ¢, between the ini-
tial polarization plane and the optical axis of the plate. All experiments
were performed at room temperature and for normal incident of polar-
ized THz beam. Different orientations of linearly polarized incident THz
beam were obtained by rotation of the additional metal wire polarizer
placed between our detector and the quarter-wave plate.

2. Results and discussion
2.1. Single-gated device (Type A)

Figs. 2a and 2c show the photoresponse of the single-gate device
(type A) measured at 0.14 and 35 THz, respectively, as a function of
the rotation angle of 1/4-plate and the top gate voltage (V, — Vo p).
All presented data were normalized by the incident radiation power
collected at the sample position. The comparison of Fig. 2a and Fig. 2b
allows us to conclude that the obtained electromagnetic response at
different frequencies demonstrates a similar z-periodic angle depen-
dence for almost all values of gate voltage. For clarity, the line cut
at the location of the dashed line in Fig. 2a is presented in panel d.
Moreover, for right- (6+) and left-handed (6—) polarizations, i.e., for
¢ =45°(225°) and 135°(315°), respectively, the photoresponse has op-
posite signs without depending on the top gate voltage.

Several different physical principles explaining the electromagnetic
response of graphene-based FETs have been reported in recent years
[12,15,13,30]. These include the photovoltaic, bolometric, photo ther-
moelectric, and the plasma-assisted or Dyakonov-Shur effects. However,
because the thermoelectric and bolometric effects are caused by heating
the graphene electrons, the photoresponse associated with such mech-
anisms should be insensitive to the local field direction [30] and, in
general, cannot explain the helicity-sensitive results considered above.

As it was already demonstrated in ref. [21,31], the observed pho-
toresponse can be well described in the frame of the general model of
the interference of two-dimensional plasma waves excited by the source
and drain terminals in the transistor channel. Recently, Dyakonov et al.
[32-34] shown that the behavior of the electrons in the channel can be
well described by the nonlinear hydrodynamic equations:

dv dv e oU

o o =-== 1
Jat +de trv m 0x )
oU  d(Uv)

— 4+ =0 2
ot ax 2

where v is the velocity of the electric fluid, y is the electron scattering
rate, U is the local value of the gate-to-channel voltage, e and m is the
electron charge and effective mass, respectively.

According to our device configuration, the incidence circular polar-
izer THz radiation couples into the graphene channel by tilted bowtie
antenna, whose sleeves are blended by 45°. Due to antenna asymmetry
with respect to the direction of the induced current, the boundary con-
ditions for the electron fluid in such transistor channel can be written
as follows [35]:

Ug=-Vs+ U, cos(wt), 3)

€]

where, U, and Up are the incidence signal amplitudes near the source
and drain terminals, respectively,  is the round frequency of the inci-
dence THz radiation, V, is gate-to-channel potential defining the elec-
tron concentration in the FET channel. Note, the phase shift between
the source and drain potentials (v, ) depends on the radiation polar-
ization and antenna geometry.

The solution of nonlinear hydrodynamics equations with boundary
conditions given by Eq. (3) and (4) allows us to write the general ex-
pression for the rectified term Vpp:

Up=-—Vg+Upg-cos(wt+v,p)+Vpr
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Fig. 2. (a, c) Color map of photoresponse of single-gated device as function of the gate voltage and the rotation angle ¢ of 1/4-plate measured at 0.14 and 35 THz,
respectively. All presented data were normalized by the incident radiation power collected at the sample position. (b) Line cut at the location of the dashed line in
panel a, illustrating z-periodicity of photoresponse. The solid line shows the fit of our experimental data by Eq. (1). The following fitting parameters were used:
Us=38pv,U;, =-02 pnv, Uy, =0.018 uv and U, = 0.304 pV. (d, e). Photoresponse as a function of gate voltage, measured for the right (c+) and left (6—)
circularly polarized radiation with frequency 0.14 THz and 35 THz, respectively (horizontal dash-dotted lines in panels a and c).

Vpr=a<(Us = Up)*>+ f(<U%> — <U3>) + 6<Ug - Up> 5)

Here the angular brackets denote the time averaging over the period
2z /w. a, f and 6 are the parameters determined by dimensionless gate
length L, antenna geometry, and channel properties (please see ref.
[33]). Note that the last term in Eq. (5) represents the rectification of
the incident THz radiation by the plasma wave interference mechanism.

Finally, the dependence of the signal on the rotation angle ¢ of 1/4-
plate can be well-described by the following equation:

Vpr = Ucsin2d) + Uy sin(4p) /2 + U, [cos(4p) + 11/2 + U, ®)

with U, Uy, U, and U, as the fitting parameters, depending on gate
voltage, temperature and frequency. Detailed process of obtaining this
equation is contained in our previous work (see equations S7-S18 in ref.
[21]). Eq. (6) shows that the total photoresponse is a superposition of
(i) the signal proportional to the degree of circular polarization (first
term) and (ii) the signal determined by the linear polarization (second
and third terms). In other words, the magnitude of the U, term charac-
terizes the helicity-sensitive response. Fig. 2b shows the fitting results
of our experimental data by Eq. (6).

According to Eq. (5) and (6), experimentally, the helicity-sensitive
contribution U can be estimated by comparing the electromagnetic
response measured with right-handed (UH+) and left-handed (U, ) cir-
- U5_> /2). Figs. 2d and 2e il-
lustrate the results of such measurements for the single-gated device at
frequencies 0.14 THz and 35 THz, respectively. The data show that the
obtained photoresponse is symmetrical up to sign relative to the CNP.
Similar results have been demonstrated in ref. [21]. However, due to
additional inhomogeneities in the graphene channel associated with the
presented undoping graphene areas (see Fig.1b in reference [21]), the

cularly polarized radiation U, = (U

O+

U was more pronounced at the positive gate voltage (see Fig.3 in refer-
ence [21]), where the channel is electrostatically doped with electrons.
One of the principal observations here is that choosing a gate configu-
ration slightly wider than the channel length allows us to demonstrate
the helicity-sensitive response for both carrier types. Furthermore, as
seen from the experimental data, the interference mechanism domi-
nates at gate voltage close to CNP regardless of the frequency. Such
frequency-independent behavior can be explained by the linear disper-
sion of plasma waves in the graphene channel [36].

2.2. Double-gated devices (Type B)

As mentioned above, the double-gated configuration allows us to
create non-uniformity in the graphene channel, whose properties can
be controlled by changing V;; and Vy. Similar to device type A, the
photoresponse as a function of 1/4-plate rotation angle and both gate
voltages, V;; and Vg, respectively, was measured at 0.14 THz and
35 THz, and the helicity-sensitive term (U.) was evaluated based on
the experimental data as described above. The main results obtained
for such device type are illustrated in Fig. 3.

The results clearly indicate that at both frequencies, the rela-
tively strong helicity-sensitive contribution is observed when both
parts of graphene channel are n-doped (~ 0.4mV /W at 0.14 THz
and ~ 9.1mV /W at 35 THz). However, this contribution is notably
lower when both parts are p-doped (~ 0.1mV /W at 0.14 THz and
~23mV /W at 35 THz). The observed asymmetry in the electromag-
netic response of devise type B can be attributed to a small ungated area
with a width of around 180 nm located between the two gate electrodes.
This finding is in agreement with the results obtained for single-gated
device (device type A) and supports one of the conclusions of our pre-
vious work [21]. When the V;; and Vs have opposite signs (marked
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Fig. 3. Color map of the helicity-sensitive response (U, = (P,+ — P,-)/2) of the double-gated device as a function of V;; and V5, measured at 0.14 and 35 THz,
respectively. All presented data were normalized by the incident radiation power collected at the sample position. The dashed lines indicate the CNP position for V;
and V. Let us note that panel (a) illustrates the photoresponse obtained for the device with channel length of 2 um and channel width of 5.5 pm, the resistance

map of which is presented in Supporting Information (see Fig.4S).

as n-p and p-—n in Fig. 3) the helicity response is weak which can be
explained by plasma waves scattering on the obtained n—p or p—n junc-
tion.

Thus, the proper choice between the values of the V;; and Vi
potentials allows one to completely suppress or enhance the helicity-
sensitive contribution to the total photoresponse of such THz devices.
The development of a theoretical model describing the scattering plas-
mon waves on the p-n junction inside the FET channel is outside the
scope of this study and we will address this task in our future research.

3. Conclusions

We have demonstrated the broadband nature of the helicity-
sensitive response of our graphene-based devices operating at room
temperature. The contribution of helicity-dependent detection was in-
terpreted within the framework of the general model of interference of
plasma waves propagating in the graphene channel. By comparing the
photoresponse of both single-gated and double-gated devices, we ex-
perimentally show that the gate design controls the efficiency of such
interference effects. We expect that the obtained results are substan-
tial for the future development of novel graphene-based THz devices
capable of analyzing both the amplitude and polarization state of THz
radiation.
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