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Structure-Sensitive Design for Wider Tunable Operation of
Terahertz Plasmon-Resonant Photomixer

Mitsuhiro HANABE'*®, Takuya NISHIMURA ', Student Members, Masaki MIYAMOTO", Nonmember,

SUMMARY  We performed numerical analyses on structure sensitive
field emission properties of our proposing plasmon resonant photomixer
{PRX) in the terahertz range. The photomixer incorporates doubly interdig-
itated grating strips for gate electrodes and a vestical resonator structure for
realizing highly efficient terahertz emission even at room temperature. We
investigated the dependence of total field emission properties of PRX’s on
their material and dimension parameters. Introduction of low-conductive
gate electrodes and ac-coupled 2D periodic plasmon gratings with depleted
connecting portions are effective for expanding its lower cutoff frequency.
The cutoff frequency, which is around 1.0 THz in standard metal-gates con-
figuration, is expanded to less than 500 GHz. The output intensity could
also be amplified more than double. On the other hand, a shorter vertical
cavity is effective for expanding its upper cutoff frequency, which is ex-
panded close to vertical resonant frequency, while maintaining the lower
cutoff frequency. The combination of these design rules can realize much
broader bandwidth operation.
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1. Introductuion

Recently, terahertz (THz) coherent electromagnetic waves
are expected to open the new way for many technological
applications such as imaging, spectroscopy, as well as fu-
ture ubiquitous communication networks [1}-[6]. In 1993,
Dyakonov and Shur demonstrated that two-dimensional
(2D2) electrons in the traveling channel of a submicron high-
electron mobility transistor (HEMT) can make plasma res-
onant oscillation in the terahertz range [7]. Since that the
plasma resonant effect has an important advantage; the res-
onant frequency is tunable by means of external gate bias
voltage. This offers the possibility of a new frequency-
tunable coherent terahertz wave source. So far, various
analytical [6]-[15] and experimental studies [16]-[32] on
the terahertz plasma-wave resonance have been emerging.
Some studies demonstrated that the resonance can be ex-
cited by means of difference frequency generation (DFG)
[12]-[15], [28], [30].
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Recently, we have proposed a device structure of
highly efficient plasmon-resonant photomixer (PRX) {33].
The PRX is a compact solid-state source that photomixes
two continuous wave {(CW) laser inpuis to generate a ter-
ahertz differential frequency. H is based on a normal
HEMT device and incorporates two unique structures en-
abling highly eflicient terahertz emission even at room tem-
perature. The field emission properties of the PRX deeply
depends on these device structures. In this paper, we numer-
ically analyse its structure-sensitive field emission proper-
ties by using finite difference time domain (FDTD) method,
and discuss a systematic procedure for optimizing of design
parameters.

2. Plasmon Resonant Photomixer
2.1 Plasmon Resonance

When highly dense conduction electrons are transversely
well confined in a field effect transistor (FET) channel, they
behave as 2D electron fluid [7], [8]. Once two-photon were
irradiated into the channel, the 2D electron fluid can make
resonant oscillation under the standing wave conditions of
the fundamental and odd harmonic modes for a common-
source and open-drain configuration (see Fig. 1). The res-
onant condition is given by A = 4L./(2{ — 1} ({: integer)
where 1 the plasma-wave length, L., the channel length.
The resonant frequency f; is determined by

(21 -y,
e T 1
T (m
where v, the plasma wave velocity given by
e*nd
Up = , (2)
n€

¢ the electronic charge, n the density of electrons, d the dis-
tance between the gate electrode and the gated 2D channel,
m, the electron effective mass, ¢ the permittivity. Since v,
is a function of n induced by the gate bias voltage V; (de-
fined as an offset from the threshold voltage of the FET), f,
can be controlled by V,,. In addition, in today’s state-of-
the-art sub-0.1-um gate FET, the resonant frequency falls in
the terahertz range. It is noted that the quality of resonant
oscillation is evaluated by using a quality factor of v,7/Le
where T the plasma relaxation time. This factor should be
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Fig.1 Basic principle of the plasma-wave resonance in submicron chan-
nel of FET’s. Under laser irradiation, highly dense conduction electrons
can make resonant oscillation in the terahertz range.
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Fig.2  Device cross section of the proposed 2D plasmon-resonant pho-
tomixer. Periodic plasmon regions and vertical resonator are introduced.

more than 1 for practical operation [8]. In such case, this
resonant oscillation offers the possibility of FET-based tun-
able coherent terahertz oscillators.

2.2 Device Structure and Operation

Figure 2 shows the cross section of our proposing terahertz
plasmon resonant photomixer [33]. The device structure is
based on a HEMT and incorporates two unique features.
One is doubly interdigitated grating strips for the gate elec-
trodes that periodically localize the 2D electron systems
(2DES) in sub 0.1-um regions with a micron-order interval.
This works as a terahertz antenna using a phenomenon like
the well-known Smith-Purcell effect [34]. Another is a ver-
tical cavity structure in between the top grating plane and a
terahertz mirror at the back side. This works as an ampli-
fier. The bottom terahertz mirror is a transparent metal like
indium titanium oxide (ITO) making the plasmon excitation
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Fig.3  Characteristic frequencies in the photomixer. wp, wpz and w3
are determined by their grating materials and dimensions, and wy is deter-
mined by a length of the vertical cavity.

by optical two-photon irradiation from outside the back sur-
face. The cladding guide with a low € is an option for better
confinement of the vertical cavity.

When co-linearly polarized two CW laser beams hav-
ing slightly different frequencies (fy and fy + Af) are ab-
sorbed in the 2D electron channel, photoexcited carriers
and/or phonon-polariton modes can coherently excite the
periodically locarized 2D plasmons, then they make reso-
nant oscillation at the frequency of Af. The plasmon waves
themselves are non-radiative mode. The periodically local-
ized 2D plasmons, however, can be coupled with those in
neighbor regions and make in-phase resonant oscillation so
that the 2D-plasmon grating can convert the non-radiative
plasmon waves to radiative electromagnetic waves. This is
attributed to the phenomena that the motion of a fast elec-
tron beam across a periodic metal structure results in the
radiation of electromagnetic waves [34].

Once the terahertz electromagnetic waves are produced
from the seed of plasmon waves, downward-propagating
electromagnetic waves are reflected at the mirror back to the
plasmon region so that the reflected waves can directly ex-
cite the plasmon again via inter-subband transition process.
When the plasmon resonant frequency satisfies the standing
wave condition of the vertical cavity, the terahertz electro-
magnetic radiation will reinforce the plasmon resonance in
a recursive manner according to the Drude-optical conduc-
tivity [35]. Therefore, the vertical cavity may work as an
amplifier if the gain exceeds the cavity loss.

2.3 Characteristic Frequencies

The field emission properties of the PRX are characterized
by the structure dependent key parameters shown in Fig. 3.
Each grating structure has its own characteristic frequency
which affects the highest mode conversion gain and emis-
sion power [9]. These frequencies are determined by their
material parameters and dimension parameters. At least our
proposing PRX has three characteristic frequencies: (i} wp
of the gate electrodes, (ii) w2 of the 2D plasmon regions,
and (iii} wp3 of their connecting portions. According to
Mikhailov [9], each characteristic frequency is given as

@

2 2
=w?|1 - ,
@p = @p 24~ 960

(3)

where «, the plasma frequency, f the filling parameter

r';m
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which is defined by the ratio of the single width of the ma-
terial W to the periodic cycle a. For so-called ungated perni-
odic structures, corrsponding to w1, w;, is given as [9]

o = 16e2n @
P N meW’

On the other hand, for so-called gated periodic structures,
corresponding to w2 and w3, wy, 1s given as [7]

, e’nd
W), = 1’me€W2. %)

According to the operating frequency band, the grat-
ing geometry (single plasmon cavity length and periodicity)
is designed to be fixed w;, and wpz as well as w; are op-
timally designed. For an actual device operation, w,; is a
given parameter, which is first tuned by the gate bias at the
excitation frequency. As a fundamental design criterion to
obtaining high quantum efficiency, w, and w, values are to
be matched to wp; value while w,; is far depart trom them
for a good plasmon resonance confinement. Once the device
dimensions and material systems are designed, w1 and wy
become fixed parameters. w3 for the connecting portion,
on the other hand, is controllable so that one can set it at far
higher or lower than w; by making the connecting portion
to be metallic or dielectric.

3. Numerical Analysis
3.1 Device Model

Figure 4 shows a virtual structure and typical parameters for
our simulation. InGaP/InGaAs heterostructure material sys-
tems on a SI-GaAs substrate were assumed. The electron
channel acting as a plasmonic cavity grating is formed with
a .05-ym thick InGaAs buffer layer. Because of the lim-
ited memory space, nine periods of grating structures were
modeled. The density of 2DES was penodically set as a

2nd-order Mur's absorhing boundary

G2 G1
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Fig.4  Artificial device model for numarical simulation. The analytic
space is closed by the perfect electrical conductor surface (bottom) and the
2nd-order Mur’s absorbing boundary (others), QW: quantum wire,
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pair of connecting and plasmonic cavity region correspond-
ing to the gate gratings G1 and G2, respectively. The nom-
inal conditions of the density of electrons n; and #n3 for the
plasmonic cavity and connecting region are 1.0 x 10'2 cm™2
and 1.0 x 10'*cm™2, respectively. The width of the plas-
monic cavity W; and the connecting region W; were set at
0.1 pm and 1.9 pm, respectively, which gives the fundamen-
tal plasma frequency 2 of 3.4 THz for the plasmonic cav-
ity region. The parameters for plasmonic regions give the
condition of v,7/W> > 1 at typical r value of 0.1 ps for the
InGaP/InGaAs HEMT channel in 300 K. This design offers
room temperature operation. The doubly interdigitated gate
strips, G1 and G2, are assumed to be quauntum wires [33]
placed on top of the channel in a distance d of 0.1 ym. The
width of G1 and G2, W; and W[, were set at 0.05 um and
1.85 um, respectively. It is noted that w,; has two values
corresponding to G1 and G2. In this case, we set the nom-
inal conditions of the density of electrons n; for the elec-
trodes at 7.2 x 10" cm™ so as to coincide w, (for G1) with
wpz. Then wy(for G2) cannot fall in the terahertz range of
our interest due to the longer width of G2 itself, so we re-
gard only wp, (for G1) as w,, to simplify the analysis in this
paper. The thickness of the 2DES and the quantum wired
gate gratings were set to be the minimum calculation lattice
size of 0.01 um. The vertical cavity length L, was set at the
quarter wavelength of wy;. The bottom surface was set ei-
ther as the perfect electric boundary condition. The outer
space is filled with air and all the outside boundary was set
as the Mur’s second-order absorbing boundary condition.

3.2 Simulation

The plasma wave behavior of the 2DES is described by the
extended Dyakonov-Shur model! [7],[10]. Under the grad-
ual channel approximation, the local density # and velocity
v, of the plasma fluid are formulated by the following hydro-
dynamic equations as time- and space-dependent variables:

ou v
m[a—: + (v, - V)UP] = —eVVy — m?” (6)
on V.
= Vino,) = a—f +V(V,0,) =0, (7}

where V. the gate-to-channel potential. The transfer func-
tion for the plasma-wave excitation process is obtained from
(6) and (7).

On the other hand, the transfer function for the THz
field emission process from the plasma wave is obtained
by Maxwell’s equations. The electromagnetic component,
parallel to the channel direction, is absorbed into the 2D
layer. This leads to intersubband transition of 2D elec-
trons and coherent plasmon excitation. The recursive pro-
cess through the plasmon excitation to the electromagnetic
emission/absorption can reinforce the total terahertz emis-
sion. This emission intensity is saturated depending on bal-
ance between the mode-conversion (non-radiative mode to
radiative mode) efficiency of plasmons and the propagation
losses inside the vertical cavity. Such a stimulated emission
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process leads to a mode-conversion gain [33].

The total emission property is actually determined by
the close relation between the hydrodynamic equations and
Maxwell’s equations. If the interaction between these equa-
tions, however, is not so strong, total emission properties can
be simply described as a product of the two transfer func-
tions.

In our PRX, photons are absorbed only at the plasmon
layer so that the plasmon resonance is excited at the limited
area. The former transfer function of plasmon resonance can
be simply characterized by the two distinct parameters: the
resonant frequency w,, and the damping factor T according
to Dyakonov-Shur’s formula [8]. The latter THz field emis-
sion process of PRX is numerically analyzed in Sect. 3.3 by
using Maxwell’s FDTD simaulator. After that, we will dis-
cuss the total device response in Sect. 3.4,

3.3 Results

In order to obtain the field emission properties of PRX,
the impulse response simulation was conducted by using
Maxwell’s FDTD simulator. Impulsive current source paral-
lel to the channel direction (x direction) was artificially put
into each 2D plasmon region simultaneously. Since plas-
mons oscillate in x direction, our device outputs transverse
electromagnetic (TEM) waves in which the x component
of electric field E, is dominant. Temporal response of E,
at the central point 4,0-u#m above the gate electrode sur-
face was Fourier transformed to show field emission spec-
tra. (Through all results of this section, obtained spectrum
distributions did not change except for intensity even if the
monitoring point had been further separated from surface of
the device.) In this simulation, wp1, wp3 and wy were varied
independently to discriminate each effect on the total field
emission property of PRX.

Figure 5 shows the dependence of the field emission
spectrum on the density n; of the gate clectrodes. n; was
set at five different levels from 2.1 x 10'2cm™ (as high
as general metal electrodes) down to 2.5 x 10 em™ (be-
low the density nz of the 2D plasmon regions). The nomi-

2.0 F - R — S
ny=25%10"0—
2.3%10" —
7.2x10" —
18 ¢ 1.3%10" —
21210
[em ]
1.0

wfo gate strips

05

Electric field: |Ex| [arb. Unit]

0.0 2.0 4.0 6.0 8.0 10.0
Frequency [THz]

Fig.5 The dependence of the field-emission spectrurm on the electron
density # of the grating gate electrodes.
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nal condition of wp; = 3.4 THz corresponds to the line for
n = 7.2 x 10" cm™2. Spectral peaks at just below 3.4
and 6.8 THz correspond to the fundamental and second har-
monic mode of the vertical cavity resonance, respectively.
With decreasing n;, the peak intensity for the fundamen-
tal resonance was amplified, and the peak frequency shifted
downward. This amplification mainly comes from decrease
in the conductivity of the gate grating plane {depending on
n;) which determines wave-attenuation rate. The variation
of peak frequency must reflect n, dependence of w,;. For
verification, as shown in Fig. 6, we plotted peak frequencies
versus 7| as a parameter with w;, and compared them to wp
which is calculated from (3} and (4). The simulated funda-
mental peak frequencies fairly trace wp; in relatively low
ny region. On the other hand, in highly dense region above
1.0 x 102 ¢m™?, the peak frequency deviates from wp; and
saturates to wy.

As recognized in this result, the emission property is
given as aresult of interaction between the characteristic fre-
quencies, The final emission spectrum is strongly affected
by wpi, wp3 andfor w;, while plasmon resonant frequency is
mainly governed by wp:. Structure-sensitive emission spec-
trum should be broaden so as to cover whole tunable range
of wy;. This can be realized by utilizing the spectrum de-
pendences on wpy, wp3 and wy.

Figure 7 shows the dependence of the field emission
spectrum on electron density #; of the connecting portions
between the 2D plasmon regions. As mentioned before, 73
must be far apart from the electron density of the plasmon
regions 713 (= 1.0x 10'2 ¢cm 2 in the nominal condition), thus
there are two options: metallic and dielectric. The emission
intensity at lower frequency regions was markedly improved
for dielectric conditiocns with low ny values. It is consid-
ered to be due to the extreme downshift of wy3. Dielectric
connecting portions can be realized by setting the gate bias
voltage for G2 (in Fig. 4) to a sufficiently low level,

Figure 8 shows the dependence of the field emission
spectrum on vertical resonant frequency w;. By shorten-
ing the vertical cavity length L., w; was detuned from the
nominal value (3.4 THz) to 4.5 and 5.4 THz. As shown in

6.0 -

5.0

4.0

3.0

2.0

Peak frequency [THZz]

0.0 i
1.0x10"° 1.0x10" 1.0x10" 1.0x10"

Electrons density of gate electrodes: » [em™]

Fig.6  Obtained peak frequencies vs. wp which is calculated from
Mikhailov's model (see (3) and (4)).
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Fig.7 The dependence of the field-emission spectrum on the electron
density n3 of the connecting portions.
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Fig.8 The depencence of the field-emission spectrum on wy . The dotted
lines show the selected «w;, values.

Fig. 8, the higher cutoff frequency of the fundamental mode
was shifted upward with increasing c,. at the sacrifice of
peak intensity, while maintaining the lower cutoff frequen-
cies. Note that the higher cutoff frequencies are close to the
given wy, values.

3.4 Discussion

The total field emission response is approximately calcu-
lated as a product of the transfer function calculated in
Sect. 3.3 and the transfer function of plasmon resonance
excitation. We calculated the total emission properties of
two focused regions: around 1.0THz for the lower cut-
off frequency and 3.6 THz for the higher cutoff frequency.
In respective cases, n; was set at 3.5 x 109em~? and
3.1 x 10" cm™? so as to tune w,; to the plasmon excitation
frequency.

Al first, we set wps at 1.0THz. Figure 9 shows ny de-
pendence of the total field emission spectra E,. The inset
shows the property of plasmon resonance excitation. In the
lower »; condition, the emission intensity was markedly im-
proved. Figure 10 shows 13 dependence of E,. Two curves
corespond to the typical condition of connecting portions:
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Fig.9 The total field emission vs. n) for wpy (excitation frequency) =
1.0 THz.
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Fig. 10  The total field emission vs. n3 for wp2 (excitation frequency) =
1.0 THz.

metallic and dielectric, respectively. In the dielectric condi-
tion, the emission was amplified almost double. These re-
sults mean that low-conductive gate electrodes and depleted
(dielectric) connecting portions are surely effective at lower
frequency operation.

Next, we set wy; at 3.6 THz. Figure 11 shows wy, de-
pendence of E,. The inset shows the property of plasmon
resonant excitation. The total emission intensity was im-
proved by tuning w; to the higher frequency. This results
mean that detuning of w; from wpy are exactly effective at
higher frequency operation.

Considering obtained results, we propose following
structure-sensitive design procedures. (i) In terms of the
enhancement of field emission intensity, low-n; conditions
are preferable where the peak frequency is designable by
the characteristic frequency wpi. The density of electrons
deeply relates to the conductivity. A material for gate
electrodes must be less conductive than 2D plasmon re-
gions. Quantum wiring technology can realize the laying
of anti-metal and low-conductive gate electrodes for that
purpose. For example, a double heterostructure using an
InGaP/InGaAs quantum well as gate electrodes is a con-
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siderable potential candidate. (ii) Connecting portions be-
tween 2D plasmon regions must be kept in depleted condi-
tion. This is realized also by setting the gate bias voltage
for here to a sufficiently low level. (iii) A vertical cavity
length should be detuned to the higher cutoff frequency of
operation. The combination of these design rules can realize
much broader bandwidth operation of our proposing PRX.

4. Conclusion

We performed numerical analyses on field emission prop-
erties of our proposing plasmon resonant photomixer in the
terahertz range. Finite difference time domain simulation
demonstrated that low-conductive gate electrodes and ac-
coupled 2D periodic plasmon gratings with depleted con-
necting portions are effective for expanding its lower cutoff
frequency. Tn addition, the higher cutoff frequency could
be expanded by detuning the vertical resonant frequency to
be higher than the characteristic frequency of plasmon re-
gions. The combination of these design rules will realize
much broader bandwidth operation,
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