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Abstract

Plasmonic interferometry is a rapidly growing
area of research with a huge potential for ap-
plications in the terahertz frequency range. In
this Letter, we explore a plasmonic interferom-
eter based on graphene Field Effect Transistor
connected to specially designed antennas. As
a key result, we observe helicity- and phase-
sensitive conversion of circularly-polarized ra-
diation into dc photovoltage caused by the
plasmon-interference mechanism: two plasma
waves, excited at the source and drain part
of the transistor interfere inside the channel.
The helicity sensitive phase shift between these
waves is achieved by using an asymmetric an-
tenna configuration. The dc signal changes
sign with inversion of the helicity. A sug-
gested plasmonic interferometer is capable of
measuring the phase difference between two ar-
bitrary phase-shifted optical signals. The ob-
served effect opens a wide avenue for phase-
sensitive probing of plasma wave excitations in

two-dimensional materials.

Keywords

plasmonic interferometer, terahertz radiation,
radiation helicity, graphene

Introduction

Interference is in heart of quantum physics
and classical optics, where wave superposition
plays a key role.1–3 Besides fundamental signif-
icance, interference has very important applied
aspects. Optical and electronic interferometers
are actively used in modern electronics, and
the range of applications is extremely wide and
continuously expanding. In addition to stan-
dard applications in optics and electronics,1–3

exciting examples include multiphoton entan-
glement,4 nonperturbative multiphonon inter-
ference,5,6 atomic and molecular interferome-
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try7–9 with recent results in cold-atoms-based
precision interferometry,10 neutron interferom-
etry,11 interferometers for medical purposes,12

interference analysis of turbulent states,13 qubit
interferometry14 with a recent analysis of the
Majorana qubits,15 numerous amazing applica-
tions in the astronomy,16–19 such as interferom-
eters for measuring of gravitational waves17,18

and antimatter wave interferometry,19 etc.
Recently, a new direction, plasmonic inter-

ferometry,20–32 has started to actively develop.
The plasma wave velocity in 2D materials is
normally an order of magnitude larger than
the electron drift velocity and is much smaller
than the speed of light. Hence, the plasmonic
submicron-sized interferometers based on 2D
materials are expected to operate efficiently in
the terahertz (THz) frequency range.33,34 In
particular, it has been predicted theoretically
that a field-effect transistor (FET) can serve
as a simple device for studying plasmonic in-
terference effects.35–38 Specifically, it was sug-
gested that a FET with two antennas attached
to the drain and source shows a dc current
response to circularly polarized THz radiation
which is partially driven by the interference of
plasma waves and by helicity of incoming radi-
ation. The first experimental hint on the exis-
tence of such an interference contribution was
reported in Ref. [ 35] for an industrial FET,
where helicity-driven effects were obtained due
to unintentional peculiarities of contact pads.
Despite the first successes, creation of effective
plasmonic interferometers is still a challeng-
ing task although in many aspects plasmonic-
related THz phenomena are sufficiently well
studied39–52 with some commercial applications
already in the market. The appearance of
graphene opened rout for a novel class of ac-
tive plasmonic structures53 promising for plas-
monic interferometry due to non-parabolic dis-
persion of charge carriers and support of weakly
decaying plasmonic excitations.54 Plasmonic ef-
fects in graphene were already used for the cre-
ation of on-chip terahertz spectrometer.55 Fur-
thermore, the long-standing problem of current-
induced THz emission actively discussed start-
ing from Ref. [ 39] is more likely to be solved
by using graphene structures (see discussion in

Ref. [56]).
In this Letter, we explore an all-electric tun-

able — by the gate voltage — plasmonic inter-
ferometer based on graphene FET connected
to specially designed antennas. Our interfer-
ometer demonstrates the helicity-driven conver-
sion of incoming circularly-polarized radiation
into phase- and helicity-sensitive dc photovolt-
age signal. The effect is detected at room-
and liquid helium-temperatures for radiation
frequencies 0.69 and 2.54 THz. All our re-
sults show the plasmonic nature of the effect.
Specifically, the rectification of the interfering
plasma waves leads to dc response, which is
controlled by the gate voltage and encodes in-
formation about helicity of the radiation and
phase difference between the plasmonic signals.
A remarkable feature of this plasmonic inter-
ferometer is that there is no need to create an
optical delay line, which has to be compara-
ble with the quite large wavelength of the THz
signal. By contrast, in this setup, the phase
shift between the plasma waves excited at the
source and drain electrodes of the FET is main-
tained by a combination of the antenna geom-
etry and the radiation helicity. It remains fi-
nite even in the limit of infinite wavelength and
changes sign with inversion of the radiation he-
licity. The plasmonic interferometer concept
realized in our work opens a wide avenue for
phase-sensitive probing of plasma wave excita-
tions in two-dimensional materials.

Devices and measurements

The single-layer graphene (SLG), acting as the
conducting channel of a FET, was synthe-
sized in a home-made cold-wall chemical va-
por deposition reactor by chemical vapor de-
position (CVD) on a copper foil with a thick-
ness of 25 µm.57 SLG was transferred onto an
oxidized silicon wafer.58 The antenna sleeves
were attached to the source and drain elec-
trodes. To realize the helicity sensitive ter-
ahertz plasmonic interferometer, the antenna
sleeves were bent by 45◦ as shown in Fig. 1b.
The sleeves were made using photolithographic
methods and metallization sputtering (Ti/Au,
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Figure 1: Devices configuration and characterization. (a) Optical image illustrating the device
layout with source and drain electrodes connected to sleeves of a bent bow-tie antenna. (b) Struc-
tures cross-section showing relative location of the source, drain and top gate electrodes as well as
thickness of the dielectric layers. (c,d) Transfer characteristics of devices 1 and 2, respectively. For
different directions of the gate voltage sweep as well as the sample cooldowns, the charge neutrality
point (CNP) can occur at different gate voltages Ug. Therefore, throughout the paper we indicate
range of Ug corresponding to the CNP instead of providing its exact value. Using the Drude for-
mula, we estimate scattering times of the order of 10-20 fs for, e.g., device 1 at room temperature.
The curves are measured at a bias voltage of 10 mV. The data are presented for two directions of
the gate voltage sweeps, which yield different positions of the CNP. Insets show zoomed images of
the devices.
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5/100 nm). The resulting structure is sketched
in the Figure 1a. Two devices with channel
lengths 2 µm (device 1) and 1 µm (device 2)
were fabricated with transport characteristics
shown in the Figs. 1c and 1d (see Suppl. Mate-
rial). Zoomed images of the channel parts are
shown in insets in Figs. 1c and 1d. Note that
for both devices the gates are deposited asym-
metrically in respect to the channel. They cover
about 75% (device 1) and 50% (device 2) of the
channels and the gate stripes are located closer
to the drain contact pads.

The experiments have been performed apply-
ing a continuous wave methanol laser operat-
ing at frequencies f1 = 2.54 THz (wavelength
λ1 = 118 µm) with a power of P ≈ 20 mW
and f2 = 0.69 THz (wavelength λ2 = 432 µm)
with P ≈ 2 mW.59,60 The laser spot with a di-
ameter of about 1-3 mm is substantially larger
than the sample size ensuring uniform illumina-
tion of both antennas. The radiation polariza-
tion state was controlled by lambda-half plate
that rotated the polarization direction of lin-
ear polarized radiation and by lambda-quarter
plate that transformed linearly polarized radi-
ation into elliptically polarized one.

The helicity of the radiation is then controlled
via changing the angle φ between the laser po-
larization and the main axes of the lambda-
quarter plate, so that for φ = 45◦ the radia-
tion is right circularly polarized (σ+) and for
φ = 135◦ — left circularly polarized (σ−). The
functional behavior of the Stokes parameters
upon rotation of the waveplates is summarized
in the Suppl. Material, see also Ref. [61].

Results

The principal observation made in our exper-
iment is that for all investigated devices the
response to circularly polarized radiation cru-
cially depends on its helicity. Fig. 2 displays the
response voltage U normalized by the radiation
intensity as a function of the angle φ obtained
under different conditions. We emphasize the
significant difference in the signal for φ = 45◦

and 135◦, corresponding to opposite helicities
of circularly polarized light, in particular, the

sign inversion observed under some conditions,
see e.g. Fig. 2d. The effect is observed for ra-
diation with frequencies 2.54 and 0.69 THz in
a wide temperature range from 4.2 K to 300 K.
The overall dependence of the signal on an an-
gle φ is more complex and is well described by

U(φ) = UC sin(2φ) + UL1 sin(4φ)/2 (1)

+ UL2[cos(4φ) + 1]/2 + U0,

where UC, UL1 , UL2, and U0 are fit parame-
ters depending on gate voltage, temperature,
and radiation frequency. Note that trigono-
metric functions used for the fit are the radia-
tion Stokes parameters describing the degree of
the circular and linear polarization (see Suppl.
Material).61–63 While three last terms are in-
sensitive to the radiation helicity the first term
is π-periodic and describes helicity-sensitive re-
sponse: it reverses the sign upon switching from
right- (σ+) to left- (σ−) handed circular polar-
ization. Figure 2 reveals that this term gives a
substantial contribution to the total signal. As
we show below the π-periodic term is related to
the plasma interference in the graphene-based
FET channel. Measurements at room and low
T demonstrate that cooling the device increases
the amplitude of the circular photoresponse by
more than ten times, see Figs. 2a and 2b as well
as 2d and 2e. The signal increase is also ob-
served by the reduction of radiation frequency,
see Figs. 2b and 2c as well as 2e and 2f.

Having experimentally proved the applicabil-
ity of Eq. (1) and substantial contribution of the
helicity driven signal we now concentrate on the
dependence of the parameter UC on the gate
voltage that controls the type and concentra-
tion of the charge carriers in the FET channel.
We use the following procedure: we obtain the
gate voltage dependence of the response voltage
normalized to the radiation power P for two po-
sitions of the λ/4 plate φ = 45◦ and 135◦, corre-
sponding to opposite helicities of circularly po-
larized light (σ+ and σ−). The half-difference
between these two curves directly gives gate
voltage dependence of the helicity sensitive pho-
toresponse UC = (Uσ+ − Uσ−)/2 . [see Eq. (1)]
The results of these measurements, shown in
Fig. 3, reveal that UC is more pronounced at
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Figure 2: Helicity dependence of the photovoltage U(φ) normalized by the radiation power P . Pho-
toresponse was measured as the voltage drop U directly over the sample applying lock-in technique
at a modulation frequency of 75 Hz. Upper panels (a–c) show the results obtained in device 1 and
lower panels (d–f) those in device 2. The data are shown for two radiation frequencies (f = 2.54
and 0.69 THz), two temperatures (room temperature and T = 20 K) and different gate voltages Ug.
Dashed lines show fits according to Eq. (1). The values of the fitting parameters UC, UL1, UL2, and
U0 are given in the Suppl. Material. Note that there are two fundamentally different contributions
to the response, which are caused by different physical reasons. Regarding the Eqs. (1) and (4),
only one term is helicity-sensitive and π-periodic. The helicity-sensitive contribution arises only if
the device has the phase asymmetry (even in the absence of asymmetry of amplitudes) while the
helicity-insensitive response is caused by asymmetry of the signal amplitudes. These contributions
have fundamentally different dependences on light frequency, temperature, and gate voltage. The
phase-sensitive contribution dominates in the response when the amplitudes of the waves incident
on the drain and source are approximately the same, see Ref. [38]. The ellipses on top illustrate
the polarization states at different angles φ. The inset sketches the experimental geometry.
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Figure 3: Gate voltage dependencies of the photoresponse of the devices 1 (panel a) and 2 (panel b).
Red and blue curves show responses to right- (Uσ+) and left- (Uσ−) handed circularly polarized
radiation, respectively. Magenta curve shows the amplitude of the helicity driven response UC =
(Uσ+ −Uσ−)/2. Shadowed areas show the range of CNP obtained by transport measurements with
different sweeps of the gate voltage Ug, see Figs. 1c and d.
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positive gate voltage, where the channel is elec-
trostatically doped with electrons, and changes
the sign close to the CNP. The variation of the
CNP from measurement to measurement does
not allow us to allocate the exact position of
the CNP for the gate voltage sweeps during the
photoresponse measurements. Note that for de-
vice 1, having the gate length twice larger as
that of device 2, at large negative gate voltages
the second sign inversion of the photocurrent is
present. Figure 3a indicates that in device 1
for the whole range of gate voltages photore-
sponse for σ+- and σ−- radiation has consis-
tently opposite sign indicating a negligible con-
tribution of the polarization-independent back-
ground. In device 2, however, the background
is of the same order as the helicity sensitive re-
sponse UC, see Fig. 3b.

Finally, we present additional data on the
contributions proportional to fit parameters
UL1, UL2 and U0 which are not connected to
the radiation helicity and describe the degrees
of linear polarization (terms ∝ UL1 and ∝ UL2)
and radiation intensity (term ∝ U0). In ex-
periments applying linearly polarized radiation
with a rotation of λ/2 plate by angle α, the
polarization dependence, Eq. (1), takes a form:

U(α) = UL1 sin(2α) + UL2 cos(2α) + U0. (2)

An example of the photoresponse variation
upon change of α is shown in Fig. 4a. The data
reflects the specific antenna pattern of our de-
vices with tilted sleeves. Figure 4b shows the
gate voltage dependence of the photoresponse
obtained in device 1 for α = 0. Comparing
these plots with the results for circular pho-
toresponse shows that they behave similarly:
in both cases signal changes the sign close to
CNP and the response for positive gate volt-
age, Ug , is larger than that for a negative
Ug. Transport measurements carried out par-
allel to photoresponse measurements show that
the photosignal behaves similarly to the nor-
malized first derivative of the conductance G
over Ug: (dG/dUg)/G, see Fig. 4a. Note that
this behavior is well known for non-coherent,
phase-insensitive plasmonic detectors.50

Theory and discussion

Conversion of THz radiation into dc voltage can
be obtained due to several phenomena including
photothermoelectric (PTE) effects,64–66 rectifi-
cation on the inhomogeneity of carrier doping
in gated structures,58,66,67 photogalvanic and
photon-drag effects68–70 as well as rectification
of electromagnetic waves in a FET channel sup-
porting plasma waves.40 However, in our exper-
iment only plasmonic mechanism can yield the
dc voltage whose polarity changes upon switch-
ing the radiation helicity. Indeed, the PTE ef-
fects and rectification due to the gradient of
carrier doping in gated structures are based
on inhomogeneities of either radiation heat-
ing or radiation absorption, which are helicity-
insensitive. While the circular photocurrents
due to the photon drag and photogalvanic ef-
fects in the bulk of graphene have been observed
previously (see Ref. [70] for review), for present
experimental geometry applying normal inci-
dent radiation, they are forbidden by symmetry
arguments, which allow the circular photocur-
rents for oblique incidence only.68–70

Below, we show that the helicity-sensitive
plasmonic response originates from the interfer-
ence of plasmonic signals excited by the source
and drain antenna sleeves. The source and
drain potentials with respect to the top gate
are given by

UA,B(t) = UA,B cos(ωt− ϕA,B), (3)

where ω is the radiation frequency. Due to hy-
drodynamic non-linearity of plasma waves39,40

DC voltage across the channel appears

U = F1(U
2
A−U2

B)+F2UAUB ·sin(ϕA−ϕB), (4)

where F1 and F2 are gate-controlled coefficients
which represent, respectively, non-coherent40

and interference35–38 contributions to the re-
sponse [see Eq. (8) below]. They do not depend
on signal phases and amplitudes, while all in-
formation about coupling with antennas is en-
coded in factors (U2

A −U2
B) and UAUB sin(ϕA −

ϕB). The amplitudes UA,B and the phase shift
between signals, ϕA − ϕB, depend on the radi-
ation polarization and antennas geometry. De-
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sign of our devices, see Fig. 5a, ensures asym-
metric coupling of radiation to the source and
drain electrodes so that both amplitudes and
phases of source and drain potentials are differ-
ent. When such a bent bow-tie antenna is illu-
minated by circularly polarized radiation, the
source- and drain-related antenna sleeves are
polarized with a time delay because of the ro-
tation of the electric field vector.

We use a simplified model, which captures
the basic physics of the problem: we replace
two antennas shown in Fig. 5a with long thin
metallic rods described by vectors RA,B rotated
with respect to the x-axis by geometrical angles
of antenna sleeves θA,B. Assuming that anten-
nas are perfect conductors and neglecting small
mutual capacitances, one can write the poten-
tials applied to source and drain as UA,B(t) =
E(t)RA,B/2, where E(t) = E0 Re(e e−iωt) is the
time-dependent electric field of impinging wave
characterized by amplitude E0 and polariza-
tion vector e. For circularly polarized wave, the
phase shift changes sign with changing the he-
licity of the radiation: ϕA−ϕB = −(θA−θB), for
ω > 0 (positive helicity) and ϕA−ϕB = θA−θB,
for ω < 0 (negative helicity). Below, we assume
that ω > 0. In order to get equation for U2

A−U2
B

and UAUB sin(ϕA − ϕB) for arbitrary polariza-
tion we use standard presentation of squared
components of the polarization vector eαeβ via
the Stokes parameters, PL1 = sin(4φ)/2, PL2 =
[1 + cos(4φ)]/2, and PC = sin(2φ), which are
controlled by the orientation of the λ/4 plate,

defined by the phase angle φ (see Suppl. Mate-
rial). Simple calculation yields

U2
A − U2

B = E2
0 (a0 + aL1PL1 + aL2PL2) /2, (5)

UAUB sin(ϕA − ϕB) = E2
0aCPC/2, (6)

where

a0 = R2
A−R2

B, aL2+iaL1 =R2
Ae

2iθA−R2
Be

2iθB ,

aC = −RARB sin(θA − θB),

are geometrical gate- and frequency- indepen-
dent coefficients, which can be considered as
fitting parameters for a more realistic model of
antennas. The photoresponse reads

U(φ) =
F1E

2
0

2

[
a0+aL1

sin(4φ)

2
+aL2

1+cos(4φ)

2

]
+
F2E

2
0

2
aC sin(2φ). (7)

where37,38

F1,2 =
ω α1,2

4Ug |sin(kL)|2
√
ω2 + γ2

(8)

are gate- and frequency-dependent factors, k =√
ω(ω + γ)/s is the plasma wave vector, s ∝

|Ug|1/4 is the plasma wave velosity, and L is the
length of the gated region. The factor sin(kL)
in denominator is responsible for plasmonic res-
onances, and the most general form of coeffi-
cients α1,2

37,38 is cumbersome and is presented
in the Suppl. Material.
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Figure 5: Panels (a) and (b) illustrate the physics behind the circular photoresponse caused by the
plasmonic interference. (a) Bent bow-tie antenna characterized with two vectors RA and RB, (see
also Fig. 2 in the Suppl. Material) along with the hodograph of the electric filed in case of circularly
polarized for positive (left, red arrow) and negative (right, blue arrow) helicities. Due to opposite
rotation direction, the phase differences between the source and drain potentials have opposite signs
for opposite helicities. (b) Illustration of plasma waves excited at the source and drain electrodes.
(c) Calculated gate dependence of the interference part of the response for different parameters.
The vertical dashed line corresponds to CNP.

Comparing Eq. (7) with empirical Eq. (1) we
conclude that the data shown in the Fig. 2 are
fully consistent with theory. The coefficients in
the empirical formula can be written as follows:
UC = F2E

2
0aC/2, and Uα = F1E

2
0aα/2 for α =

0,L1,L2. In particular, the interference-induced
helicity-sensitive contribution, ∝ F2, is clearly
observed in the experiment, see Fig. 2. This
contribution can be easily extracted from the
response

UC = −F2
E2

0RARB

2
sin(θA − θB). (9)

Physically, the interference contribution ap-
pears when source and drain electrodes “talk”
to each other via exchange of plasma wave
phase-shifted excitations. To clarify this point,
we consider the non-resonant regime, s/L �
γ, ω � γ, which corresponds to our experimen-
tal situation. From the experimental conduc-
tance curves the scattering rate γ is estimated
to be about 50 THz, which is much larger than
the radiation frequency 2.54 THz used in our
work. In this case, plasma waves decay from
the source and drain part of the channel within
the length L∗ = s

√
2/
√
ωγ, and the parameters

F1,2 in Eq. (7) are given by

F1 =
1

4Ug

, F2 =
4ω

γ

sin (L/L∗) e
−L/L∗

Ug

. (10)

Hence, the characteristic length of plasma wave
decay L∗ should not be too small as compared
to L, so that plasmons excited near the source
and drain electrodes could efficiently interfere
within the channel, see the Fig. 5b. As the
gate voltage controls the type and concentra-
tion of the charge carriers it also controls s
and L∗. As a result, F2 and, consequently, the
helicity-sensitive part of the response oscillates
as a function of the gate voltage. In our ex-
periment L∗ was essentially smaller than: L∗ ∼
(0.1÷0.3)L. However, the interference helicity-
dependent part of the response was clearly seen
in the experiment. The result of the calcula-
tions are presented in Fig. 5c. We obtain a
qualitative agreement of the calculations and
results of the experiments presented in Fig. 3a:

� the circular photoresponse at high posi-
tive gate voltages and for moderate nega-
tive Ug have an opposite sign;

� with an increase of the negative gate volt-
ages value the response changes its sign;

� in the vicinity of the Dirac point, circular
response oscillates.

The last statement needs clarification. While
the oscillations are not visible in UC (magenta
curve of Fig. 3a), in individual curves obtained
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for left- (blue curve) and right- (red curve) po-
larizations they are clearly present. This dif-
ference is caused by the fact that the Uσ+ and
Uσ− curves represent the results of two different
experiments, namely, measurements for σ+ and
σ− radiation. At the same time, UC is obtained
as a result of subtraction of these two curves,
corresponding to different Ug sweeps. Due to
the hysteresis of the Rxx discussed above in Sec.
2, the sample parameters were slightly different
for these two measurements and the oscillations
present in one curve are superimposed with a
larger featureless signal from the other. Fig. 3b
shows the presence of the oscillations in pho-
toresponse to circularly polarized radiation for
the second device too.

Now we estimate the period of the oscilla-
tions. The dependence on the gate voltage is
mostly encoded in L∗ ∝ Ug

1/4. The oscillations
period can be estimated from the condition
δ(L/L∗) ∼ 1, which gives (L/L∗)δUg/4Ug ∼ 1.
For Ug ≈ 2 V and L∗/L ≈ 0.1, we find
δUg ≈ 0.8 V in a good agreement with the
experiment. We also note that the experi-
mentally observed oscillations (see the blue
curve for the device 1) decay at the same scale
as an oscillation period in an excellent agree-
ment with the behavior of the function F2,
see Eq. (10). Importantly, the key parameter
L∗/L = s

√
2/L
√
ωγ depends on plasma veloc-

ity, mobility, and frequency. High mobility of
graphene makes it one of the best candidates
for THz interferometer as compared to Si, Al-
GaN/GaN, ALGaN/InGaAs, and p-diamond.71

We emphasize that the presence of oscilla-
tions is the hallmark of the interference part
of the response. The response to the linearly
polarized radiation does not show any oscilla-
tions in the vicinity of the CNP, see Fig. 4b.
By contrast, it just follows to (dG/dUg)/G —
a well-known behavior for Dyakonov-Shur non-
coherent plasmonic detectors,50 see expression
for F1 in Eq. (10).

Summary

To summarize, we demonstrated that specially
designed graphene-based FET can be used to

study plasma wave interference effects. Our ap-
proaches can be extrapolated to other 2D mate-
rials and used as a tool to characterize optically-
induced plasmonic excitations. The conversion
of the interfering plasma waves into dc response
is controlled by the gate voltage and encodes
information about helicity of the radiation and
phase difference between the plasmonic signals.
Our work shows that CVD graphene with mod-
erate mobility, which is compatible with most
standard technological routes can be used as
a material for active plasmonic devices. We
suggest a broad-band helicity-sensitive interfer-
ometer capable of analyzing both polarization
of THz radiation and geometrical phase shift
caused by antennas asymmetry. Such a device
can be tuned to detect individual Stokes pa-
rameters. Hence, our work paves a novel way of
developing the all-electric detectors of the ter-
ahertz radiation polarization state.
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Bose–Einstein condensation in a plas-
monic lattice. Nat. Phys. 2018, 14,
739–744.

(31) Dennis, B. S.; Haftel, M. I.;
Czaplewski, D. A.; Lopez, D.; Blum-
berg, G.; Aksyuk, V. A. Compact
nanomechanical plasmonic phase modula-
tors. Nat. Photonics 2015, 9, 267–273.

(32) Haffner, C. et al. All-plasmonic
Mach–Zehnder modulator enabling
optical high-speed communication at
the microscale. Nat. Photonics 2015, 9,
525–528.

(33) Mittleman, D. Sensing with Terahertz Ra-
diation; Springer Series in Optical Sci-
ences: Berlin, 2010.

(34) Dhillon, S. S. et al. The 2017 terahertz
science and technology roadmap. J. Phys.
D: Appl. Phys. 2017, 50, 043001.

(35) Drexler, C.; Dyakonova, N.; Olbrich, P.;
Karch, J.; Schafberger, M.; Karpierz, K.;
Mityagin, Y.; Lifshits, M. B.; Teppe, F.;
Klimenko, O.; Meziani, Y. M.; Knap, W.;
Ganichev, S. D. Helicity sensitive tera-
hertz radiation detection by field effect
transistors. J. Appl. Phys. 2012, 111,
124504.

(36) Romanov, K. S.; Dyakonov, M. I. The-
ory of helicity-sensitive terahertz radiation
detection by field effect transistors. Appl.
Phys. Lett. 2013, 102, 153502.

(37) Gorbenko, I. V.; Kachorovskii, V. Y.;
Shur, M. S. Plasmonic Helicity-Driven De-
tector of Terahertz Radiation. Phys. Sta-
tus Solidi RRL 2018, 1800464.

11

Page 11 of 15

ACS Paragon Plus Environment

Nano Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



(38) Gorbenko, I. V.; Kachorovskii, V. Y.;
Shur, M. Terahertz plasmonic detector
controlled by phase asymmetry. Opt. Ex-
press 2019, 27, 4004–4013.

(39) Dyakonov, M.; Shur, M. Shallow water
analogy for a ballistic field effect transis-
tor: New mechanism of plasma wave gen-
eration by dc current. Phys. Rev. Lett.
1993, 71, 2465–2468.

(40) Dyakonov, M.; Shur, M. Detection, mix-
ing, and frequency multiplication of ter-
ahertz radiation by two-dimensional elec-
tronic fluid. IEEE Trans. Electron Devices
1996, 43, 380–387.

(41) Knap, W.; Dyakonov, M.; Coquillat, D.;
Teppe, F.; Dyakonova, N.;  Lusakowski, J.;
Karpierz, K.; Sakowicz, M.; Valusis, G.;
Seliuta, D.; Kasalynas, I.; Fatimy, A.;
Meziani, Y. M.; Otsuji, T. Field Ef-
fect Transistors for Terahertz Detection:
Physics and First Imaging Applications. J.
Infrared Millim. Terahertz Waves 2009,
30, 1319–1337.

(42) Tauk, R.; Teppe, F.; Boubanga, S.; Co-
quillat, D.; Knap, W.; Meziani, Y. M.;
Gallon, C.; Boeuf, F.; Skotnicki, T.;
Fenouillet-Beranger, C.; Maude, D. K.;
Rumyantsev, S.; Shur, M. S. Plasma wave
detection of terahertz radiation by silicon
field effects transistors: Responsivity and
noise equivalent power. Appl. Phys. Lett.
2006, 89, 253511.

(43) Sakowicz, M.;  Lusakowski, J.;
Karpierz, K.; Grynberg, M.; Knap, W.;
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