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Abstract—We propose and analyze the resonant plasmonic
terahertz detectors based on the split-gate field-effect transistors
with electrically induced p-n junctions and graphene and perfo-
rated graphene channels. The perforation of the p-n junction
depletion region leads to the tunneling suppression and the
substantial reinforcement of the detector resonant response.

I. INTRODUCTION

The nonlinearity of the current-voltage characteristics of the
lateral p-n-junctions [1], [2], [3], [4] in graphene layers (GLs)
can be used for detection of terahertz (THz) radiation using the
effect of the current rectification The gated regions of p- and n-
types form the plasmonic cavities [5], so that the excitation of
the plasmonic oscillations by THz radiation can substantially
enhance the detector characteristics due to the plasmonic
resonances even at room temperature (for example, [6]). Due
to the specific features of the electron properties of GLs, GBL,
and GNR structures [5], first of all high carrier mobility at
room temperature(about 110,000 cm?/V s in the epitaxially
grown GLs on SIC substrate), these structures can be the
building blocks for room temperature plasmonic detectors of
THz radiation with the enhanced performance [7].

In this paper, we propose and analyze the resonant THz de-
tector based on split-gate GL-FET and split-gate FET with the
GL perforated between the gates (PGL-FET). This perforated
region can be considered as an array of the nanoconstrictions
or GNRs similar to the GNR channels of FETs [8], [9].

In these GL- and PGL-FETs the GL channel is partitioned
into the p- and n-type sections (see also [10]). The operation
of such detectors is enabled by the nonlinearity of the p-n-
junction and the excitation of coupled plasmonic oscillations
in the gated channel sections. The perforation of the GL
portion corresponding to the p-n-junction depletion region
leads to the formation of an array of nanocostrictions, which,

in turn, create the potential barrier substantially suppressing
the interband tunneling in the p-n junction. This results in
dramatic enhancement of the detector resonant responsivity.

II. MAIN EQUATIONS

We consider the split-gate GL-FET and PGL-FET with the
structures schown schematically in Fig. 1. It is assumed that
the gate voltages V), and V;, have different signs, so that under
gates the two-dimensional hole system (2DHS) and the two-
dimensional electron system (2DES) are formed.

The developed device models for the GL-FET and PGL-
FET detectors are based on the hydrodynamic equations gov-
erning the carrier transport in the 2DHS and 2DES in the gated
regions and the Poisson equation for the self-consistent electric
potential. They also describe the current-voltage characteristics
of the lateral p-n junctions with uniform and perforated GLs
determined by the thermionic carrier transport above and the
tunneling transport under the barrier. The models include also
equations which relate the ac voltages at the side contacts (and,
hence, the rectified voltage component) and the intensity of the
incident THz radiation.

In the framework of our model, the spatial distributions of
6%i (z) in the GL plane (along the axis x) are governed by
the following system equations:
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Here v is the collision frequency of holes and electrons in their
4e2 Wgsp

channel sections, s > T X Z(l)/ % is the characteristic
plasma-wave velocity in the gated GL structures, e is the
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Fig. 1. Side and top views of GL-FET, (a) and (b), and PGL-FET, (a) and (c), and their band daigrams (d) and (e), respectively (at unbiased p-n junction).

electron charge, e is the hole and electron Fermi energy in
the gated sections, W, and « are the thickness and dielectric
constant of the gate layer. The boundary conditions for Egs. (1)
and (2) given at the gate edges are as follows:

oV, oV,
St o= = ——2, deltap, |,=r. = —=, (3)
2 2
ddpt dop;
e el I AT S A O
dr |,.__, dr |,_,

where L ~ L, is the length of the p- and n- sections of the
channel, L, is the gate length, 2/ is the spacing between the
gates [see Fig. 1(a)], 75" is the net ac current density in the
p-n junction, which includes the displacement, tunneling, and
thermionic components (determined by the geometrical capac-
itance, cP™), of the p-n junction and its differential conductivity
gP™ (calculated in [11]) and proportional to the ac voltage
drop across the p-n junction). In Egs. (1) and (2), we have
omitted the nonlinear terms associated with the nonlinearity of
the 2DES and 2DHS dynamics (in particular, the nonlinearity
of the hydrodynamic equations for the 2DHS and 2DES),
This is because, we focus on the GL-FET PGL-FET operation
associated with another and stronger nonlinearity (nonlinearity
of the p-n-junction current-voltage characteristics).

Equations (1) and (2) with boundary conditions (3) and (4)
yield the following formulas for the spatial distributions of ac
potentials dp:

Spt = :F(S% {cos[aew(x + L))

&osin(ee, Lg) — cos(eewLy)
& cos(aeyLy) + sin(ee,Ly)
for the range —L < x < —[ for 5@3, and [ < z < L for

0, . Here the wavenumber &, and the characteristic plasma
frequency for the gated 2DES and 2DHS €, are given by

sinfae,, (z £ L)]} )
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The parameter £, = oy,,/[2¢P"(1 — iwT)], where o, is
the channel section dynamic conductivity and 7 = ¢P"/gP"
is the p-n junction recharging time, characterizes the ratio of
the channel and p-n junction conductivities. The frequency
dependence of &, is given by

W §
b =1 w+iv (1 —iwt)’ @)

where ¢ is a function of the structural parameters (¢ is different
for GL-FETS and GBL-FETS).

The voltage detector responsivity, 12, to the incoming THz
radiation with the frequency w is defined as

R, = AV/SL.. ®)

Here AV is the rectified dc voltage between the side contacts
induced by the received signals, which is somewhat smaller
than the rectified voltage component across the p-n junction
TVpn, hence, in the photovoltaic regime, V[, = AV. The
quantities S = \2G/4m, I, and \,, = 27 c/w are the antenna
aperture, the intensity of the incident THz radiation, and its
wavelength, respectively, where c is the speed of light in
vacuum and G is the antenna gain (we disregard its frequency
dependence and put G ~ 1.5. The quantities (§V,,)? and
I, are related to each other as (6V,)? = 4A\21,/mc. The
THz radiation coupling could be significantly improved using
antennas optimized for such graphene structures.

The quantity AV is proportional to |§V}" |2, which, in turn,
is determined by the spatial distributions of the ac potentials
Sy = 0 ().

As follows from the our device models, the detector re-
sponsivity of both GL-FETs and PGL-FETs can be presented
as:
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Fig. 2. Spectral dependences of the plasmonic factor PwG L and the GL-FET

responsivity RSL/E(?L for v = 1.0 x 1012 s~ and Ly = 325 nm. Other
parameters are as follows: ! = 25 nm, Wy/k = 1 nm, and Qg/27 =
0.86 THz- solid lines and ! = 10 nm, Wy/k = 2.5 nm, and Qg/27 =
1.17 THz - dashed lines.
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Here R, and R, are the characteristic low-frequency
responsivities and

L,PGL 2
gnre

GL,PGL _
ko sin(ee,, Lg) + gghFer 1o
are the plasmonic factors, where 2, is the plasmonic oscilla-
tions wavenumber. The parameters {5 and ¢£¢L characterize
the ratio of the effective ac conductivity of the gated portions
of the channel and the admittance of the p-n junction. Due
to relatively low conductance of the PGL-FET p-n junction
associated with the energy barrier in the constrictions leading

to the tunneling transfer suppression, [€57| < [¢DCGL|.

cos(ee,Lyg)

III. RESULTS

Using the developed PGL-FET device model, we calculated
the spatial distributions of the potential, the ac and rectified
currents, the dc voltage induced by the THz radiation between
the side contacts, and the detector voltage responsivity RE“E
as functions of the signal frequency w, the gate voltages V,, and
Vi, the geometrical parameters Wy, L, [, and d [see Fig. 1(a)],
the hole and electron collision frequency v, and the dielectric
constant of the gate isolating layer x.

Since the plasmonic factors PSY and PTGL exhibit oscil-
latory behavior as function of the frequency of incident THz
radiation with the pronounced maxima at w = (2n — 1)Q,,
where (1, is the plasmonic frequency and n = 1,2, 3, ... is the
plasmonic resonance index, the detector responsivities RGT
and RCGL can also exhibit a pronounced resonant maxima.

Figures 2—4 show examples the spectral characteristics of
the plasmonic factor PS? and the GL-FET and PGL-FET
detector resonsivities RGT and RGE calculated using the
above equations for different parameters at room temperature.
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Fig. 3. Normalized PGL-FET resonsivity REGL /Ef S Versus frequency
w for different hole and electron Fermi energies er (Ay = 200 meV, v =
1.5 x 1012 s71, Ly = 325 nm, Wy = 4 nm, and x = 4).

50+ —
§ = .
go 40+ —
~
S i T
&30 v=1x10"%" .
) L i
>
G 201 .
S | i
a
3 10 .
o
|
00 1 2 3 4

Frequency, o/2n (THz)

Fig. 4. The same as in Fig. 3 but for different v and fixed .

One can see that the PGL-FETSs exhibit much stronger resonant
response due to substantially lower p-n junction conductance.
Since the hole and electron Fermi energy e increases with
increasing gate voltages, a marked shift of the resonant peaks
implies the possibility of the effective voltage control of
the detector spectral characteristics. As seen from Fig. 4, an
increase in the carrier collision frequency in the gated regions
v leads to s substantial drop of the plasmonic resonant peaks
height, so that the GLs with a sufficiently high carrier mobility
should be used, although the quality of the nanoconstrictions
in the perforated region is less crucial.

IV. CONCLUSIONS

In summary, we proposed and evaluated resonant THz
detectors (PGL-FET detectors) based on FETs with the split
gates and electrically induced the lateral p-n junction. The
gated regions of the GL- and PGL-FETs serve as the plas-
monic resonant cavities. The p-n junction depletion PGL
region provides the nonlinearity of the current-voltage char-
acteristics. Using the developed device model, we calculated
the spatial distributions of the ac and rectified components
of electric potential and the thermionic and tunneling currents
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induces by the incident THz radiation as well as the PGL-FET
responsivity in the photovoltaic mode of operation. We showed
that the responsivity can exhibit sharp maxima associated
with the resonant excitation of plasmonic oscillations. The
shape of the responsivity peaks, in particular their height, is
dictated by the hole and electron collisions in the channel
section and by the p-n junction depletion region conductance.
Since due a suppression of the tunneling current in the PGL-
FETs, the latter value in the PGL-FETSs is much lower than
in similar devices without the nanoconstrictions, the introduc-
tion of the latter result in a substantial improvement of the
detector performance. The proposed PGL-FET devices can be
effective resonant plasmonic THz detectors operating at room
temperature.
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