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Abstract—Using a rigorous electrodynamic approach, the spectra of the terahertz response of periodically
ordered arrays of field-effect transistors with two-dimensional electron channel were calculated. It was shown
that the higher-order plasmon resonances can be excited in such structures at frequencies above 10 THz.
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It is known that plasma oscillations excited in two-
dimensional (2D) electron channels of field-effect het-
erotransistors (FEHTSs) significantly affect the terahertz
(THz) response of such devices. This phenomenon can
be applied to detection, frequency conversion and gen-
eration of THz radiation [1-4]. From the viewpoint of
applications, the most attractive modes of plasma oscil-
lations are those excited in the gated region of the elec-
tron channel, since the frequency of gated plasma oscil-
lations can be efficiently tuned by changing the gate
voltage. However, gated plasmons in FEHTs with sin-
gle electron channel are weakly coupled to THz radia-
tion [5], since they are strongly screened by the gate
electrode. Moreover, the total dipole moment of the
gated plasmon mode is vanishingly small due to the
acoustic nature of this mode, which also significantly
lowers the efficiency of the interaction of gated plas-
mons with THz radiation. In practical FEHTs, the dis-
tance between the gate and 2D electron channel is much
smaller than the gate electrode length. In this case, fre-
quencies of gate plasmon modes are well approximated
by the simple formula (see [1])

e(U,-U,)
© = k, [,

where U, is the gate voltage, Uy, is the threshold deple-
tion voltage of the 2D electron channel, ¢ and m* are
the charge and effective mass of electron, respectively.
Under symmetric boundary conditions at the gate elec-
trode ends, only gated plasmon modes with wave vec-
tors

(1)

k, = (2n—1)£ (n=1,2,3..), )
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are coupted to THz radiation, where w is the gate elec-
trode length. Estimations by formula (1) for actual
FEHT parameters yield frequencies of the fundamental
plasmon mode (n = 1) on the order of 5 THz at the gate
electrode length of 100 nm. A further increase in the
plasmon resonance frequency is limited by technologi-
cal difficulties of ultrashort gate electrode fabrication.
The higher-order plasmon modes (7> 1) in FEHTs with
single electron channel have extremely low excitation
efficiency [6] and cannot be used to increase the oper-
ating frequency of devices.

In [5], it was noted that the efficiency of the interac-
tion of gated plasmons with THz radiation can be sig-
nificantly increased due to their interaction with
unscreened (intercontact) regions of the 2D electron
channel. In this study, the THz absorption spectrum of
the grating-gated FEHT with common electron channel
(Fig. 1) was calculated. It was shown that the efficiency
of plasma resonance excitation in such a structure
increases by several orders of magnitude due to excita-
tion of plasma oscillations in unscreened regions of the
2D electron channel. In this case, the higher-order plas-
mon resonances, with n < 7, are efficiently excited at
frequencies up to 10 THz in FEHTs with narrow-slit
grating gate. A THz absorption spectrum of a one-
dimensional periodic array of FEHTs with separate 2D
electron channels was also calculated. It was shown
that the higher-order plasmon resonances in such a
structure can be excited at frequencies of 15 THz and
above.

Terahertz spectra of plasmon absorption in the
structures under study were calculated using a rigorous
electrodynamic approach [7] based on the integral
equation method. This approach includes the following
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Fig. 1. Schematic image of a field-effect grating-gated tran-
sistor.
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Fig. 2. Absorption spectra of a grating-gated FEHT with a
common electron channel, based on the AlIGaN/GaN struc-
ture with a grating-gate electrode strip width of 1 um for
three various widths of grating slits: (/) 0.1, (2) 0.3, and

(3) 0.5 um. The electron relaxation time T=2.27 X 1073 s cor-
responding to room temperature was used in the calculations.

main stages: (i) Maxwell’s equation is written in the
Fourier representation, (ii) the amplitudes of the Fou-
rier harmonics of the surface density of electric current
in the both 2D electron channel and the grating gate
planes are expressed in terms of the corresponding
amplitudes of the Fourier harmonics of the lateral elec-
tric field in these planes, (iii) using Ohm’s law, integral
equations for the lateral electric field on metal contacts
and in various regions (screened and unscreened) of the
2D electron channel are formed, (iv) the obtained set of
integral equations is numerically solved using the
Galerkin method by projecting the integral equations
onto the orthogonal basis of Legendre polynomials in a
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corresponding interval. The terahertz response of the
2D electron channel is described by local surface con-
ductivity in the Drude model as

e’N 12T
°l0) = S 0w’

where T is the characteristic time of electronic relax-
ation and N, and N, are the equilibrium electron densi-
ties in the screened and unscreened regions of the 2D
electron channel. The equilibrium electron density
under gate electrode strips was calculated in the paral-
lel-plate capacitor model N, = egy(U, — U,,)/ed, where €
is the barrier-layer permittivity, €, is the permittivity of
free space, d is the barrier-layer thickness (the distance
from the 2D electron channel to the gate). Characteris-
tic parameters of FEHTs based on the AlGaN/GaN
structure were used in calculations: € =9, U, = -3V,
and d = 8 nm. The surface conductivity of the metal
strips of the gate electrode was set equal to 2.5 Q!
(gold). The calculated results show that plasmon
absorption spectra of FEHTs remain almost unchanged
in the typical range of direct current variation in the
transistor channel (neglecting the effect of transistor
channel shortening with the bias current). Below we
present the results of numerical calculation in the absence
of direct current in the transistor channel. We note that a
change in the transistor channel length with the bias cur-
rent can be easily taken into account by a corresponding
variation of the channel length w in formula (1).

The calculated THz absorption spectra of the FEHT
based on the AlGaN/GaN structure with common elec-
tron channel and grating gate with a micrometer period
(see Fig. 2) show a series of plasmon resonances. At
narrow slits of the grating gate, the higher-order plas-
mon resonances are excited at high THz frequencies up
to the 7th resonance at a frequency near 10 THz (not
shown in Fig. 2). The radiative linewidth of the higher-
order plasmon resonances in FEHTs with narrow-slit
gate becomes comparable to the dissipative linewidth
of the resonance, which makes excitation of the higher-
order plasmon resonances highly efficient. The maxi-
mum absorbance of 0.25 at the plasmon resonance fre-
quency is achieved when radiative and dissipative
widths of the resonance are equal [7]. We note that the
plasmon resonance frequencies are multiples of 2m/L
(L is the grating period) at narrow slits of the grating
gate, in contrast to the dependence given by formulas (1)
and (2) for a single transistor channel; therefore, reso-
nances shift upward in frequency as L decreases. The
calculated results show that all plasmon resonances
become more than two orders of magnitude weaker
when the electron density in unscreened channel
regions becomes zero. This demonstrates the funda-
mental role of unscreened (intercontact) regions of the
2D electron channel in plasmon resonance excitation.
Unscreened regions of the common 2D electron chan-
nel play the role of electric vibrators efficiently exciting
gated plasmons.
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Fig. 3. The same as in Fig. 2 at a frequency of 6.86 THz as
a function of the gate voltage for two various widths of grat-
ing gate electrode slits: 0.1 um (solid line) and 0.2 um
(dashed line). Numerals indicate the resonances of corre-
sponding plasmon modes.
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Fig. 4. Absorption spectra of a one-dimensional periodic
array of FEHTs with separate electron channels, based on
the AIGaN/GaN structure with an array period of 1.2 um for
two various gate electrode widths: (/) 0.8 um and (2) 0.5 pm.
The electron relaxation time T=2.27 x 10~ ~ corresponding
to room temperature was used in the calculations. For com-
parison, the calculated plasmon absorption spectrum of a
FEHT with a common electron channel with the same grat-
ing gate period and a strip width of 0.8 um is also shown
(curve 3).
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Figure 3 shows the THz absorption spectrum of
the FEHT with narrow-slit gate as a function of the
gate voltage. A remarkable result is that the excita-
tion intensity for the higher-order plasmon reso-
nances, up to the 9th resonance inclusive, signifi-
cantly increases at more negative (close to the
threshold) gate voltages.

This phenomenon results from the fact that the radi-
ative activity of the higher-order plasmon modes
increases with lateral modulation of the electron den-
sity in the transistor channel [7]. We also note that
plasma resonances excited at more negative U, are
narrower. This fact can be easily explained by differ-
entiating formula (1),

_ 2w [m*(U,-Uy)
AU, = Gn Tz 5 (Aw,),

where A, is the width of the nth plasma resonance in
the frequency domain. It is clear that Aw, tends to zero
at a specified value of AU,, when the gate voltage
approaches the threshold value.

Figure 4 shows the plasmon absorption spectrum of
a one-dimensional periodic array of field-effect transis-
tors with separate 2D electron channels (electron chan-
nel regions with concentration N, in Fig. 1 are replaced
by lateral metal contacts). One can see that the higher-
order plasmon resonances up to a frequency of 15 THz
are efficiently excited in such a structure. In this case,
there is no need for narrow lateral spacings, which
reduces the technological requirements for fabrication
of the structure in comparison to the previously con-
sidered structure with a common channel and grating
gate. This positive effect occurs because the electron
liquid in lateral metal contacts is much more “rigid” in
comparison with 2D electron gas in the transistor
channel. Therefore, side metal contacts are more effi-
cient electric vibrators, exciting gated plasmon
modes, in comparison to unscreened regions in the
grating-gated FEHT with common 2D electron chan-
nel.

Thus, it was shown that the higher-order plasmon
resonances are efficiently excited by external THz
radiation in periodically ordered arrays of FEHTs
with 2D electron channels. This presents an opportu-
nity to significantly increase the operating frequency
of plasmon devices based on FEHTs up to 15 THz
and higher.
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