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Abstract: A novel terahertz plasma-wave photomixer that can improve the
conversion gain and terahertz radiation power is proposed and evaluated.
The photomixer is based on a high-electron mohility transistor and
incorporates doubly interdigitated grating strips for the gate electrodes that
periodically localize the 2D plasmons in 100-nm regions with a micron-
order interval. A vertical cavity structure isformed in between the top metal
grating and a terahertz mirror placed at the backside. The device features
electronic tuning of plasmon characteristic frequencies, providing
continuously-tunable operation below 1 THz to beyond 10 THz.
Frequency-dependent finite-differential time-domain analysis demonstrates
that the grating-bicoupled plasmonic structure acts as a broadband terahertz
photomixer and antenna and that the vertical cavity structure effectively
enhances the conversion gain and radiation power.
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1. Introduction

Specific features of two-dimensional (2D) plasmons in a submicron high-electron mobility
transistor (HEMT) promote resonant oscillations in the terahertz range, which is expected to
realize frequency-tunable oscillators/detectors as well as frequency multiplier functions for
terahertz electromagnetic waves [1,2]. When the carrier density becomes very high, the
electron system behaves as plasma fluid. The electron channel acts as a plasmon cavity; its
resonant frequency is determined by the gate length and the plasmon velocity. When one
assumes a 100-nm gate length and compound semiconductors like GaAs of InP based material
systems, the resonant frequency falls in the terahertz range. What is important is the plasmon
velocity is proportional to the square root of the electron density which is controlled by the
gate hias, giving rise to the tunability on resonant frequency. This results in a possibility of
injection-locked freguency-tunable oscillation, which is essential for the applications to the
synchronized operation of communications networks and/or measurement systems. So far,
various analytical [1-13] and experimental studies [14-30] on the plasma-wave resonance in
HEMT’s or similar field-effect transistors (FET's) have been reported. Plasmon resonances
and/or related electromagnetic emissions in the terahertz/sub-terahertz range have been
reported by several groups.

Laser two-photon irradiation can make plasmon resonant excitation at the difference
terahertz frequency so that the device can act as a terahertz photomixer [9,12]. So far, various
studies on the terahertz plasma-wave photomixers have been reported [9,11-13,21,24,27,29].
2D plasmon itself is a non-radiative mode so that a mean of mode conversion must be
accompanied to yield efficient terahertz eectromagnetic-wave emission. A metal-wired
grating structure is frequently utilized for that purpose [6,11,14-17,19,23,30], which is well
known as the Smith-Purcell effect [31]. Several unique structures including double-
heterostructures [23,30] or doubly-interdigitated gratings [16] as well as log-spiral antenna
with interdigital electrodes [11] have been reported to enhance the conversion gain. Those
proposals, however, would be insufficient to realizing room-temperature operation. In this
paper we propose a novel terahertz plasma-wave photomixer that effectively improves the
conversion gain and terahertz radiation power. Its nonlinear field emission properties against
structure-dependent characteristic parameters are numerically analyzed.

2. Device
2.1 Device Structure and Operation

Figure 1 illustrates the cross section of the newly proposed terahertz photomixer. The device
structure is based on a high-electron mobility transistor (HEMT) and incorporates (a) doubly
interdigitated grating gates (G1 and G2) that periodically localize the 2D plasmon in 100-nm
regions with a micron interval and (b) a vertical cavity structure in between the top grating
plane and a terahertz mirror at the backside. The terahertz mirror is a transparent metal like
indium titanium oxide (ITO) making the plasmon excitation by optical two-photon irradiation
from outside the back surface. (a) works as a terahertz antenna and (b) works as an amplifier.
The cladding guide with alow &isan option for better confinement of the vertical cavity.

When co-lineally polarized two CW laser beams having slightly different frequencies (fo
and fo + Af) are absorbed in the 2D electron channel, photoexcited carriers [12] and/or
phonon-polariton modes [9] can coherently excite the periodically localized 2D plasmon at
the difference frequency Af so that it makes a photomixing function. If the excitation
frequency matches to the standing wave condition of the localized 2D plasmon, the 2D
plasmon makes resonant oscillation. The plasma wave itself is a non-radiative mode. The
periodically localized 2D plasmon, 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 plasma waves to radiative electromagnetic waves. One unique feature is the mode
conversion gain produced by another grating coupler: the doubly interdigitated gate strips,
whose performance will be discussed in detail later.



e
wx‘

HEEE @
Source Drain

Carrier supplying layer
| | |

Periodic 2DES T

—

low ¢ low &

clad SI-GaAs (Zn+1)a/d clad

; |
Transparent THz mirror
il ) et
k. ko
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Ak: the wave vector of electromagnetic radiation. 2DES: two dimensional e ectron systems.

Once the terahertz electromagnetic waves are produced from the seed of plasma waves,
downward-propagating electromagnetic waves are reflected at the mirror back to the plasmon
region so that the reflected waves can directly excite the plasmon again via intersubband
transition process [18]. When the plasmon resonant frequency satisfies the standing-wave
condition of the vertical cavity, the terahertz electromagnetic radiation will reinforce the
plasmon resonance in a recursive manner according to the Drude-optical conductivity.
Therefore, the vertical cavity may work as an amplifier if the gain exceeds the cavity loss.

2.2 Characteristic Parameters

Field emission properties of the photomixer are characterized by the structure dependent key
parameters shown in Fig. 2. The primary parameter that initiates the plasmon resonance is @y,
which is the plasma frequency, i.e. plasmon characteristic frequency, of the periodically
confined gated plasmon cavities. Each cavity is connected by the connecting portion whose
carrier density must be controlled to be far apart from that in the plasmon cavity to make a
good plasmon confinement. Thus, this connecting portion has its characteristic frequency ws.
The grating gate has also its own plasma frequency ay;. Note that @, and ay; for the gated
plasmon cavities and connecting portions obey the linear dispersion law while a, for the
ungated gate gratings is proportional to the square-root of wave vector [1,2,6]. All the three
parameters are mainly determined by their cavity length: W, the distance between layers. d,

Grating gate strips: @, S b
o e e e s e e W i:i______f_’____fd

2-D Plasmon regions: @, ‘Connecting portions: @3

Vertical cavity: @;
Terahertz mirror l
]

Fig. 2. Characteristic frequencies.



and carrier density, and perturbed by their periodicity: a, or the filling parameter: f = W/a [6].
Thefinal parameter, denoted by @, correspondsto the vertical cavity resonance.

According to the operating frequency band, the grating geometry (single plasmon cavity
length and periodicity) is designed to be fixed and @y, @ys as well as o are optimally
designed. For an actual device operation, a; is a given parameter, which is first tuned by the
gate bias at a specific value to obtain a desired resonance frequency. As afundamental design
criterion to obtaining high quantum efficiency, e, and @ values are to be matched to @y,
value while ay; is far depart from them. Once the device dimensions and material systems are
designed, ay,: and @ become fixed parameters. ay; for the connecting portion, on the other

hand, is controllable (by Vg) so that one can set it at far higher or lower than @, by making
the connecting portion to be metallic or dielectric.

3. Analysis
3.1 FDTD simulation

Figure 3 depicts the simulation flowchart. Two-photon excitation P, (W) is the initial trigger
to excite the plasmon. Then the plasmon excitation U, is modeled as 73 P, Where 75 the
excitation efficiency. The plasma wave behavior of the 2D electron systems (2DES) is
described by the extended Dyakonov-Shur model [1,5]. Under the gradual channel
approximation, the local density n and velocity v of the plasma fluid are formulated by the
hydrodynamic equations:

ov _ M Y
me[gﬂv.ij_ VU -m.—, @
on oU
SV ==+ V(UY) =0, @

where m, the electron effective mass, e the electronic charge, U the gate-to-channel potential,

7 the plasmon relaxation time. Their time-evolved response to the terahertz excitation was
numerically analyzed using the finite differential time-domain (FDTD) method [32]. The

Two-photon
excitation

HeE

LZ;JB
¥

Hydrodynamic
equations

!

J=MspCE ol il
af

7] 4@})

Maxwell's
equations

| EM field I

Fig. 3. Simulation flowchart.
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plasma waves themselves are the coherent electronic polarization so that they should produce
local displacement AC current. Thus, it was input to the Maxwell’s FDTD simulator as a
current source to analyze the electromagnetic field dynamics.

According to the standard Yee algorithm [32], Maxwell’s equations are differentiated in
the time-space dimension. The Drude-optical conductivity and permittivity [ 34] were modeled
by a recursive convolution method [33]. The series of the FDTD simulation reveals the
temporal response of the photomixer, i.e. terahertz electromagnetic radiation from the 2D
plasmon excitation. It is noted that in the Maxwell’s simulation the damping factors of
plasmon-induced electromagnetic wave motions are expressed as the Drude conductivities of
the plasmon cavities (o») and the connecting portions (oz). Thus these two parameters as well
as 7in the hydrodynamic simulation are very important to numerically calculate the total field
emission efficiency, which will be discussed |ater.

The downward-propagating terahertz electromagnetic waves are reflected at the terahertz
mirror back to the plasmon cavity grating and excite the plasmon via inter-subband
absorption. Its plasmon excitation efficiency is denoted with 7,5 in Fig. 3. This plasmon re-
excitation process is a non-linear phenomenon so that it should be simulated by the
hydrodynamic simulator self-consistently (shown with a dashed arrow with an excitation Uyss
in Fig. 3). However, since its nonlinear effect is weak and the harmonic components only
affect the field dynamics as weak perturbation, the excitation was linearized as shown in Fig.
3 with asolid line. 7,5 and 77,55 are the key parameters to determine absolute radiation power
as well as mode conversion gain. Since those exact values depend on the material systems,
however, at first they are assumed to be 1.0 x 10™ from a simple estimation as the product of
the quantum efficiency and the absorption rate for relativistic discussion on field emission
spectra, and then quantitatively discussed in the topics of maximum available output power.

3.2 Device Modd

Figure 4 shows a virtual structure and typical parameters for simulation. InGaP/InGaAs
heterostructure material systems on a 8-um thick Sl-GaAs substrate and room-temperature
operation were assumed. The electron channel acting as a plasmonic cavity grating is formed
with a 50-nm thick InGaAs layer sandwiched with an upper 60-nm thick InGaP carrier
supplying layer and alower 500-nm thick GaAs buffer layer. Because of the limited memory
space, nine periods of grating structures were modeled. The density of 2DES was periodically
set as a pair of connecting and plasmon cavity region corresponding to the gate gratings G1
and G2, respectively. In the hydrodynamic simulation, 7 was set a 102 sec. The nominal
conditions of the density of electrons n, (ng) and conductivity o, (o) for the plasmon cavity
(connecting) region are 1.0 x 10" cm? (1.1 x 10° cm™) and 88,000 S/m (0.1 S/m),

? 2rd.grder Mur’s absorbing boundary

Air Gate QWs (n1=1.0x10" ecm?)

5.0mm 5. 0.9 um

| [~ G1:01pum
0lpm_———= e s P S i T i
= — Tr'— 0.2 pm %ﬂm
10um thick.
2D-plasmon region (n2 = 1.0x 102 cm?2))
8.0 ym Connecting portion (13 = 1.0 x10% cm?)
S|-Gals Cavity (n=1.0x10" cm?)
1.0 um Terahertz mirror {n=1.0x10% cm? ) .—-x
3.0 um

Fig. 4. Device model for numerical simulation. QW: quantum wire.



respectively. The length of the plasmon cavity and connecting portion are set at 200 nm and
1.0 um, respectively, which gives the fundamental plasma frequency a, of 3.4 THz under the
nominal n, condition. The doubly interdigitated gate strips are assumed to be quantum wires
[6] placed on top of the channel in a 100-nm distance whose nominal conductivity was set at a
dightly lower (n, = 4.0 x 10" cm™) level so as to roughly coincide the plasma frequency aiy
with ay,. Thethickness of the 2DES and the quantum wired gate gratings were assumed to be
the numerical lattice constant of 10 nm. The vertical cavity length was set at the quarter
wavelength of @y, sothat ey be 3.4 THz. For each simulation, n, value was appropriately set
so as to make ay, value coincide with the excitation frequency. The bottom surface was set
either as the perfect electric boundary condition or as the absorptive boundary condition
without the mirror (for comparison). All the other outer surfaces were treated as the second-
order Mur’s absorbing boundary.

3.3 Reaults

Figure 5 shows typical instantaneous cross-sectional distribution of the electric-field intensity
along the x direction under a constant sinusoidal plasmon excitation at () a tuned frequency
of 3.4 THz and (b) a detuned frequency of 5.1 THz. The characteristic frequencies wy, and e
were set at 3.4 THz. The primary parameter a,, were set at the excitation frequency (3.4 THz
for (@) and 5.1 THz for (b)). All the plasmon cavities were excited in phase. One can see the

standing wave oscillation inside the cavity and forward propagating quasi-transverse
electromagnetic (TEM) waves outside in air. Small diffractions are seen for electromagnetic

-
3 T W WA A W ,--U.—'
-8.5 -8,5
-1 -1
-1.5 -1,5
-2 -2

@ (b)

Fig. 5. Movies of simulated instantaneous electric field (E,) distributions under a constant
sinusoidal plasmon excitation (a) at 3.4 THz (732 KB) and (b) 5.1 THz (748 KB). Intensity
scaled on the indicator isin arbitrary unit.
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Fig. 6. Simulated e ectric field intensity (x component) vs. plasmon excitation frequency.



propagation near the source and drain side-edges, but an actual device having a large number
of gate fingers may reduce such disturbance. The white colored area shows very high intensity
of over the range. So the intensity is gaining time by time. The plasmon energy is
satisfactorily converted to the electromagnetic radiation along the z direction. One can see in
Fig. 5 (a) an inphase oscillation between outside air and inside the cavity since the vertica
cavity length is set at the quarter wavelength of the fundamental mode. Under a detuned
condition of 5.1-THz excitation, on the other hand, antiphase oscillation is seen asis expected.
The radiation power is almost remained at the level of that for the tuned condition.

According to the same manner, the field emission intensity was calculated for various
excitation frequencies to examine the frequency tunability of proposed photomixer. The
primary parameter ay,, were set at each excitation frequency. For comparison, we prepared
for artificial structures without double gate grating. Figure 6 shows the electric field intensity
[Ex| versus excitation frequency measured at the central two points (4 um beyond the gate
surface (outside the air) and 4um under the plasmon surface (inside the vertical cavity)). The
vertical cavity resonant condition gives the peak intensity at 3.4THz inside the cavity but is
less sensitive outside the air, resulting in a broadband radiation property. The result aso
indicates that the double grating coupler enhances the radiation power leading to the mode
conversion gain in arelatively wide frequency range.

In order to examine how the double gate grating and vertical cavity structures contribute to
the field emission properties, artificial structures without double gate grating and/or terahertz
mirror are prepared for, and compared their impulse responses to that of original structure by
using Maxwell’s FDTD simulator. All the characteristic parameters were fixed at the nominal
values (om= m= a.=3.4 THz). Each plasmon cavity was excited with an impulsive current
source simultaneously. Simulated temporal responses of the electric field (x component) at
the central two points (4 um beyond the gate surface and 4 um beneath the plasmon surface)
were Fourier transformed to obtain entire frequency spectra. Figure 7 plots the results. For
the structures without gate gratings, neither gated plasmon modes nor the Smith-Purcell effect
is produced resulting in no obvious field enhancement over the frequency range;, a small dip
below 1THz is an unphysical error caused in numerical process. The vertical cavity makes a
resonance property and weakly enhances the radiation in narrow bands around the
fundamental and second harmonic frequencies.

08 : : —— w/ mirror, gate
= Qutside air
E 0.5 ﬁ
=3
£ o4 |
s,
¥ 02 f —— w/ mirror, w/o gate
0.0 . ; .
00 20 40 60 80 100 ﬁ
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- Inside cavity wfo mirror, gate
E 06 /
g I
S 04y
3 02
= ®prs 342 THz
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00 20 40 60 80 100 el
Frequency [THz] ®: 3.42 THz

Fig. 7. Frequency responses for three different device structures to impulsive excitation at al the
plasmon cavities. Electric fields (x component) at two points (inside the cavity and outside air) were
calculated by using a Maxwell’s FDTD simulator and their temporal profiles were Fourier transformed.



Incorporating the double gate grating, on the contrary, produces extraordinary
electromagnetic transmission; the electric field intensity drastically enhances over a
broadband range. As a result, mode-conversion gain, from non-radiative plasmon mode to
radiative mode, of up to 14dB (afactor of 5) was successfully obtained in a wide frequency
range from 600 GHz to 4 THz corresponding to the fundamental plasmon resonance. One can
see the fundamental peak stays at around 1.8 THz outside the air, which is fairly lower than
the origina characteristic frequency of ax.. One possibility for this cause would be the
excitation of vertically coupled surface plasmon polaritons as is seen in the interfaces of
metallic gratings [35]. It is noted that the wavelength under consideration is by two orders of
magnitude larger than the feature size of the grating, which is thought to be a consequence of
excitation of complex plasmon modes produced in the grating-bicoupled unique structure.

3.4 Discussions

Asis mentioned in 3.1, the damping factors of plasmon-induced electromagnetic radiation are
expressed as the Drude conductivities of the plasmon cavities (o) and the connecting portions
(o3) in the Maxwell’s simulation. The sensitivity of the field emission intensity to o, and o3
(equivalent to n, and ny), therefore, should be considered. The Dyakonov-Shur model
indicates that the plasmon resonant frequency ax2 aswell asitsintensity isin proportion to the
square root of o, Moreover, the electromagnetic transmittance spectrum along through the
grating-bicoupled device structure is attributed to the complex coupled modes among o1, @h2s
a3, and . Since the total field emission properties are determined by the series connection
of these responses as shown in Fig. 3, extensive mismatching between them may act as an
excess honlinear damping. On the other hand, asis mentioned in 2.2, the parameter oz must be
far apart from o, to obtain better plasmon confinement, which may affect the boundary
condition at the plasmon cavity ends. Assuming a practical gate-bias modulation of the order
of 1V, however, fraction of oz and o, can easily be set at around two orders of magnitude,
which may be less sensitive to the damping. Further discussion in detail will be published
elsewhere in the near future.

Important questions are how broad the bandwidth is and how large the maximum available
output power is. In this discussion, we consider the case of plasmon excitation by injecting
real photoelectrons. First the bandwidth of photomixing is discussed. Since the plasmon
resonance is a nature of electronic polarization, its entire bandwidth is given by the dielectric
relaxation frequencies, and is well beyond 1 THz at a certain carrier density. In the sense of
photoexcitation of plasmon resonance of our interest, therefore, the transport properties of
photoexcited electrons injected to the 2D-plasmon cavity may limit the bandwidth.

When the incident optical electric field is V(t) o< (1+ mcosa)mt)e'Vt , Where m the
photomixing modulation index, ax, the modulation frequency, and v the optical frequency
(@, < v), the photo-injected current ip(t) is expressed as
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where P the optical incident power, e the eectronic charge, h the Plank constant, 75 the
photon-electron quantum efficiency (due to interband photoexcitation), and 7z the
photoelectron transit time. The second term is the ac component, where a7, = 2.8 gives the
-3-dB bandwidth. Assuming practical valuesfor d of 10 nm and a“hot” electron drift velocity

of 2x10” cm/s, 7 becomes 50 fs, resulting in a 3-dB bandwidth of 8.9 THz. If one will take

virtual carrier excitation like phonon-polariton modes, the modulation will be free from the
transit-time effect and the bandwidth exceeds well beyond 10 THz at the sacrifice of
excitation efficiency by orders of magnitude.



Next, the maximum available output power and its saturation are examined. In case of
plasmon excitation by means of injection of photoelectrons, the excitation efficiency is
defined by the plasmon modulation index Jy,: the ratio of the injected photoelectron density
over the 2D electron density [29]. Since generation of photoelectrons has its own saturation
property owing to the space-charge effect and the photovoltaic effect [36], the excitation
efficiency saturates a a certain level and strongly depends on bias conditions. According to
the photoresponse measurements for a standard HEMT device reported in [27, 29], &y, of up
to 10% would be practical for an appropriate 2D plasmon density of 10% cm?, resulting in a
saturation photoelectron density Ny, < of 10" cm?. Assuming a photoelectron life time %y, of
1 ps, the saturation incident power density Pi,.«: becomes
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Electrostatic calculation based on the drift-diffusion theory gives a drift velocity of the order
of 10" cmVs for injection of photoelectrons, giving rise to a plasmon-induced saturation current
density jp.ca :

The open-loop maximum-available electromagnetic radiation power Po.s (€Xcluding re-
excitation process showing as afeedback in Fig. 3) is estimated as

Pout_sat =G Zair * Ip_sar” = O[10 W/em?], 6)

where G the antenna gain factor (=1.5), Zy, the free-space impedance (=377 Q). As a

consequence, the total open-loop conversion efficiency becomes Py /Rt <107,

which is higher by two to three orders of magnitude than those for conventional integrated
photomixer devices such as UTC-PDs[37] and/or LT-GaAs photoconductors[38]. Assuming
a typical dimension for a single photomixer device having 25 fingers of 100-nm-by-20-um
plasmon cavities, maximum available output power would be 7 uW with an incident optical
power of 5 mW.

Moreover, the plasmon-amplitude stimulated-emission mechanism incorporated in the
vertical cavity structure is expected to improve the efficiency and saturation. When we
consider an actual 77,5 value corresponding to the feedback gain for non-radiative to radiative
mode conversion, it is noted that the free carrier absorption of the bulk substrate material, not
regarding in this work, may limit the conversion gain as well as broadband operation. We
should choose appropriate material systems and their carrier densities according to the desired
frequency range. Transferred substrate technique will be another option to cope with it.

4, Conclusions

We proposed a novel terahertz plasma-wave photomixer incorporating doubly interdigitated
grating gates and resonant-enhanced vertical cavity structure. Frequency-dependent finite-
differential time-domain analysis demonstrated that (i) grating-bicoupled plasmonic structure
acts as a broadband terahertz photomixer and antenna and (ii) the vertical cavity structure
effectively enhances the conversion gain and radiation power. The proposed device features
various characteristic parameters of plasma frequencies some of which are electronically
controllable so that it may provide broadband operation as well as design ease. The structure-
sensitive design methodology for the device will be discussed in other publications. We are
now evaluating the first test device, which will be aso reported in other publications.
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