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ABSTRACT 

This paper reviews recent advances in plasmonic active metamaterials working in the terahertz frequency band and their 

applications to functional devices including sources, detectors, intensity modulators, and frequency multipliers.  The 

proposed device incorporates doubly interdigitated grating gates with super sub-wavelength feature size into a high 

electron mobility transistor to form periodically confined two-dimensional plasmon (2DP) cavities in a metamaterial, 

succeeding in the first observation of stimulated emission of terahertz radiation at room temperature. Optoelectronic 

control of the 2DP dispersion will open a new aspect of ultra-broadband signal processing in the terahertz regime. 
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1. INTRODUCTION

“Metamaterial” is one of the emerging science and engineering fields where new paradigm of manipulating 

electromagnetic waves from microwaves to beyond optical waves in various extraordinary ways are just now being 

born[1-3]. “Terahertz” is an unexplored frequency band in the sense that there is no commercially available 

microelectronic device that can generate, detect, or manipulate electromagnetic waves over the entire terahertz frequency 

band[4].  Then, therefore, it is one of the hottest frequency bands to creating new metamaterial systems[5].  On such a 

backgraound, two dimensional (2D) plasmons in submicron transistors have attracted much attention due to their nature 

of promoting emission of electro-magnetic radiation in the terahertz range[6-8]. We have recently proposed and fabricated 

a highly efficient, broadband plasmon-resonant terahertz emitter/photomixer device[9-14]. The device incorporates doubly 

interdigitated grating gates and a vertical cavity into a semiconductor heterojunction metamaterial system, succeeding in 

the first observation of stimulated emission of terahertz radiation at room temperature.  This article reviews recent 

advances in terahertz electromagnetic metamaterials. In particular, the topics will be focused on plasmonic metamaterials 

where material- and structure-dependent highly dispersive systems are configured in submicron-to-nanometer scaled 

artificial dimensions to perform emission, detection, and moreover higher functional signal processing like intensity 

modulation as well as frequency multiplication in an exploring terahertz frequency region.  

2. PLASMON-RESONANT TERAHERTZ SOURCES 

2.1 Device structure and operation 

Figure 1 illustrates the cross section of the plasmon-resonant emitter. The device structure is based on a high electron 

mobility transistor (HEMT) and incorporates (i) doubly interdigitated grating gates (G1 and G2) that periodically 

localize the 2D plasmon in stripes on the order of 100 nm with a micron-to-submicron interval and (ii) a vertical cavity 

structure in between the top grating plane and a terahertz mirror at the backside. The structure (i) works as a terahertz 

antenna[15] and (ii) works as an amplifier. The terahertz mirror is to be a transparent metal like indium titanium oxide 

(ITO) when the device works in an optical excitation mode so as to excite the plasmons by optical two-photon irradiation 

from outside the back surface[9].

Suppose that the grating gates have geometry with 300-nm G1 fingers and 100-nm G2 fingers to be aligned alternately  
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Fig. 1.  Device cross section for typical GaAs-based heterostructure material systems. k: the wave vectors of irradiated 

photons, Ex: the electric field (linear polarization), kTHz: the wave vector of electromagnetic radiation.  

Fig. 2.  Electron density/velocity distributions in a unit of the 2D plasmon grating cavities. VDS = 50 mV/(grating period), 

VG1 = Vth + 2.2 V, VG2 = Vth + 0.2 V. (after Ref. 14.) 

Fig. 3.  Schematic band diagram and operation mechanism. (after Ref. 14.) 
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with a space of 100 nm and that an appropriately high 2D electronic charge (~1012cm-2) is induced in the plasmon 

cavities under G1 while the regions under G2 are weakly charged (1010~1011cm-2).  Figure 2 depicts a numerically 

simulated typical 2D electron desity/velocity distributions based on a self-consistent drift-diffusion Poisson equations.  A 

standard DC drain-to-source bias VDS of 50 mV/(grating period), and the gate biases VG1 and VG2 of Vth + 2.2 V and Vth + 

0.2 V are assumed where Vth is the threshold voltage. As is seen in Fig. 2, a strong electric field (1~10 kV/cm) arises at 

the plasmon cavity boundaries[14]. When the DC drain-to-source bias VDS is applied, 2D electrons are accelerated to 

produce a constant drain-to-source current IDS.  Due to such a distributed plasmonic cavity systems with periodic 2D 

electron-density modulation, the DC current flow may excite the plasma waves in each plasmon cavity.  As shown in Fig. 

3, asymmetric cavity boundaries make plasma-wave reflections as well as abrupt change in the density and the drift 

velocity of electrons, which may cause the current-driven plasmon instability[6], [16], [17] leading to excitation of coherent 

resonant plasmons.  Thermally excited hot electrons also may excite incoherent plasmons[18]-[22].  The grating gates act 

also as terahertz antenna that converts non-radiative longitudinal plasmon modes to radiative transverse electromagnetic 

modes[9].

When the device is photoexcited by laser irradiation, photoelectrons are predominantly generated in the weakly-charged 

regions with many unoccupied electronic states under G2 and then are injected to the plasmon cavities under G1. Thanks 

to a specific drain-to-source bias promoting a uniform slope along the source-to-drain direction on the energy band in the 

regions under G2, photoelectrons under G2 are unidirectionally injected to one side of the adjacent plasmon cavity.  This 

may also excite the plasmons under an asymmetric cavity boundary[7], [23].  It is noted that the laser irradiation may excite 

the plasmon not only in the regions under G1 but also in the regions under G2 if the cavity size and carrier density of the 

regions under G2 also satisfies the resonant conditions.  

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 according to the Drude optical conductivity and intersubband transition process[9]. 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. Therefore, the vertical cavity may work as an 

amplifier if the gain exceeds the cavity loss.  The quality factor of the vertical cavity is relatively low as is simulated in 

Refs. [9], [24] since the 2D plasmon grating plane of one side of the cavity boundary must have a certain transmittance 

for emission of radiation.   Thus, the cavity serves a broadband character. 

2.2 Characteristic parameters and design scheme 

Field emission properties of the dual-grating-gate plasmon-resonant emitters are characterized by the structure dependent 

key parameters shown in Fig. 4[9], [24]. The primary parameter that initiates the plasmon resonance is p2 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 p3. The 

grating gate has also its own plasma frequency p1. Note that p2 and p3 for the gated plasmon cavities and connecting 

portions obey the linear dispersion law while p1 for the ungated gate gratings is proportional to the square-root of wave 

vector[6], [9], [16].  All the three parameters are mainly determined by their cavity length: W, the distance between layers: d,
and carrier density, and perturbed by their periodicity: a, or the filling parameter: f = W/a [16]. The final parameter, 

denoted by L, corresponds to the vertical cavity resonance. 

Fig. 4. Characteristic frequencies. (after Ref. 9.) 
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According to the operating frequency band, the grating geometry (single plasmon cavity length and periodicity) is 

designed to be fixed and p1 p3 as well as L are optimally designed. For an actual device operation, p2 is a given 

parameter, which is first tuned by the gate bias at a specific value to obtain a desired resonance frequency. As a 

fundamental design criterion to obtaining high quantum efficiency, p1 and L values are to be matched to p2 value 

while p3 is far depart from them. Once the device dimensions and material systems are designed, p1 and L become 

fixed parameters. p3 for the connecting portion, on the other hand, is controllable (by Vg2) so that one can set it at far 

higher or lower than p2 by making the connecting portion to be metallic or dielectric.  When the grating gate is made 

with metals like standard HEMT’s, p1 becomes higher by orders of magnitude than p2, resulting in degratind the 

emission power/efficiency[9], [23].  To prevent it, a semiconducting material, in particular, 2DEG grating gate made from 

the upper deck of a double-decked HEMT is superior[14], [25], [26], which is demonstrated in Section 5. 

The plasma wave behavior of the 2D electron systems (2DES) is described by the extended Dyakonov-Shur model[6], [9].

Under the gradual channel approximation, the local electron density n and velocity v of the plasma fluid are formulated 

by the hydrodynamic equations: 

( )e em e U m
t

v v

v v  , (1) 

( ) ( ) 0
n U

n U
t t

v v  , (2) 

where me the electron effective mass, e the electronic charge, U the gate-to-channel potential,  the plasmon relaxation 

time.  Their time-evolved response to the terahertz excitation is numerically analyzed using the finite differential time-

domain (FDTD) method. The plasma waves themselves are the coherent electronic polarization so that they should 

produce local displacement AC current. Thus, it is input to the Maxwell’s FDTD simulator as a current source to analyze 

the electromagnetic field dynamics.  

Figure 5 shows typical instantaneous cross-sectional distribution of the electric-field intensity along the x (source to 

drain) direction under a constant sinusoidal plasmon excitation at (a) a tuned frequency of 3.4 THz and (b) a detuned 

frequency of 5.1 THz[9].  The device model is based on the HEMT shown in Fig. 1 accommodating nine periods of the 

dual grating gates. The gate finger lengths, LG1 and LG2, of 0.2 and 0.9 m with 0.1- m spacing are assumed. The 

characteristic frequencies p1 and L are set at 3.4 THz.  The primary parameter p2 are set at the excitation frequency 

(3.4 THz for (a) and 5.1 THz for (b)).  All the plasmon cavities are excited in phase.  One can see in Fig. 5 (a) an inphase 

oscillation between outside air (upper portion) and inside the cavity since the vertical cavity length is set at the quarter 

wavelength of the fundamental mode. The white colored area shows very high intensity of over the range.  Under a 

detuned condition of 5.1-THz excitation, on the other hand, antiphase oscillation is seen as is expected. The radiation 

power is almost remained at the level of that for the tuned condition.  For both cases, the periodic longitudinal 

polarization in the plasmon grating plane is satisfactorily converted to the transverse monotonic electric field in the 

outside the device (upper portion in Fig. 5).  The results clearly show the standing wave oscillation inside the cavity and 

forward propagating quasi-transverse electromagnetic (TEM) waves outside in air. 

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 

      
 (a) (b) 

Fig. 5. Simulated instantaneous electric field (Ex) distributions under a constant sinusoidal plasmon excitation (a) at 3.4 THz 

and (b) 5.1 THz. Intensity scaled on the indicator is in arbitrary unit. (after Ref. 9.) 
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Fig. 6. Simulated frequency responses for three different device structures to impulsive excitation at all the plasmon cavities.  

Electric fields (x component) at two points (inside the cavity and outside air) are calculated by using a Maxwell’s 

FDTD simulator and their temporal profiles were Fourier transformed. (after Ref. 9.) 

responses to that of original structure by using Maxwell’s FDTD simulator[9].  All the characteristic parameters were 

fixed at the nominal values ( p1= p2= L=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 m beyond 

the gate surface and 4 m beneath the plasmon surface) were Fourier transformed to obtain entire frequency spectra.  

Figure 6 plots the results[9].  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.  

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 (a factor 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 original characteristic frequency of p2.  One possibility for 

this cause would be the excitation of vertically coupled surface plasmon polaritons as is seen in the interfaces of metallic 

gratings[23].  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.  It is noted that the feature size of the grating is by two orders of magnitude smaller than the 

wavelength of terahertz electromagnetic waves under consideration. 

2.3 Device fabrication 

The device was fabricated with InGaP/InGaAs/GaAs material systems in two structures: a standard single-

heterostructure HEMT with metallic grating gates[10-14] and a double- decked (DD) HEMT with semiconducting two-

dimensional electron gas (2DEG) grating gates[25], [26].

The SEM (scanning electron microscopy) images for a typical metal-grating sample are shown in Fig.7(a). The 2D 

plasmon layer is formed with a quantum well at the heterointerface between a 15-nm thick undoped InGaAs channel 

layer and a 60-nm thick, Si-  doped InGaP carrier-supplying layer. The grating gate was formed with 65-nm thick 

Ti/Au/Ti by a standard lift-off process. To cover operating frequencies from 1 to 10 THz, the grating geometry was 

designed with 350-nm G1 fingers and 100-nm G2 fingers to be aligned alternately with a space of 70 nm.  The gate 

width is 75 m for both G1 and G2.  For comparison, another sample having a larger fraction in G1/G2 fingers (1800 

nm/100 nm) was also fabricated. The number of gate fingers G1/G2 is 61/60 (38/37) for the sample having 300-nm 

(1800-nm) G1 fingers.  
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Fig. 7.  SEM images of a fabricated metal grating-gate (a) and semiconducting grating-gate (b)  plasmon-resonant emitter. 

(after Ref. 26.) 

The device cross sectional view and its SEM image of a semiconducting grating-gate device are shown in Fig. 7(b)[25].

In this work, in order to produce the periodically-localized 2DEG, the double-decked HEMT structure is employed. The 

upper deck channel serves as the grating-gate antenna and is then periodically etched. Therefore more intensity in the 

emitted THz wave is expected.  The HEMT structure consists of the InGaP/InGaAs/GaAs heterostructure with a 

selective doping in the InGaP layer. For the source/drain ohmic contacts, AuGe/Ni was lifted off and annealed after the 

upper-deck HEMT was selectively etched. The intrinsic device area has a geometry of 30x75 m, where the grating 

pattern is replicated on the upper-deck HEMT layer. The grating consists of 80-nm lines and 350-nm lines aligned 

alternately with a spacing of 100 nm. The number of fingers is 60 (61) for the 80-nm (350-nm) grating. 

2.4 Experimental Results and Discussions 

Fourier-transformed far-infrared spectroscopic (FTIR) measurements were carried out for those samples[13], [14], [25], [26].

The samples were placed in the source position of the vacuum cavity of the FTIR. The radiation intensity was measured 

by Si bolometer having a responsivity of 2.84x105 V/W and a noise-equivalent power (NEP) 1.16x10-13 W/Hz1/2. The 

experimental procedure was following – first we measured the background spectra – the spectra without any current 

flowing through the sample. This spectra contained information of the 300K blackbody emission modified by the 

spectral functions of all the elements inside the spectrometer. Then we measured the spectra with current flowing 

through the sample, and then, normalized them to the background data.

FTIR measured emission spectra for metal-grating gate samples having Lg1/Lg2 = 70 nm/1850 nm and Lg1/Lg2 = 70 

nm/350 nm are shown in Fig. 8 (a) and (b), respectively[13], [14], [26]. One can see relatively broad spectra starting from 

about 0.5 THz with maxima around 2.5 THz for the first sample (S1) and around 3.0 THz for the second one (S2); the 

grating geometry reflects the spectral profile.  For both samples the emission dies off abruptly around 6.5 THz, which is 

thought to be due to the Reststrahlen band of optical phonon modes of the GaAs-based materials[13].

The emission intensity versus VDS is shown in Fig. 8(c). One can see that the emission intensity has a threshold property 

against VDS and has a super-linear (nearly quadratic) dependence on VDS. It is considered that the former property reflects 

on the coherent plasmons excited by the plasmon instability[6], [17], while the latter property is attributed to the emission 

caused by the thermally excited incoherent plasmons due to injection of drifting hot electrons into the plasmon 

cavities[13], [26-28].

FTIR measured spectra for semiconducting-grating gate samples having Lg1/Lg2 = 150 nm/1850 nm are shown in Fig. 

9[14], [26].  It is, an intense emission power of the order of 1 W for the DD-HEMT's at 300K (one order of magnitude  
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(c) 
Fig. 8.  FTIR measured emission spectra for metal-grating gate samples at room temperature. (a) Lg1/Lg2 = 70 nm/1850 nm, 

(b) Lg1/Lg2 = 70 nm/350 nm. The grating geometry reflects the emission spectra. (c) emission intensity at 2.5 THz vs. 

Vds for the sample with Lg1/Lg2 = 70 nm/1850 nm, showing threshold behavior and super-linear (near quadratic) 

dependence on Vds.  Two solid lines in (a) are calculated results for emissions from thermally excited plasmons at 

electronic temperatures of 310K and 320K. (after Refs. 26.) 

Fig. 9. FTIR measured emission spectra for a semiconducting grating-gate sample with Lg1/Lg2 = 150 nm/1850 nm at room 

temperature. (after Refs. 26.) 

higher than that for MGG-HEMT’s).  Dyakonov-Shur plasmon instability[6] and/or the Ryzhii-Satou-Shur transit-time 

instability[17] may take place at the cavity boundaries where the electron drift velocity (thus, 2DEG density) modulation 

predominantly occurs. Analytical calculation suggests that the instabilities are critically promoted near the drain side 

with low 2DEG densities when VDS exceeds the pinch off, resulting in the above-mentioned threshold property and 

enhancement of the emission at low frequency region around 2 THz . Since usually these coherent plasmons excitations 

Proc. of SPIE Vol. 7033  70331H-7



atJ3g gnitrng 
13 

gnivJ3rI 1qrnJ3a tt3g-gnitrng litrn i idI noit13ibimi 1a131 W3 1gnia i of anoqaiofor1q b1ua13M .01 .gi't 
oinofonorn gniworla TMH bl13bn13fa i i61 ai folq ft1 r1f ni ni1 bffoG mn OOI\mn OOf 3D\JD 1o ifrnog 

(.11 .15I 1f113) .at3id f13g ni aiioni rifiw a131ob 

thiw bottolq) aflid otl3g 0th 110 oonobnoqob thrioton 

fflolq ai ti1idsIani nofflaBIq 0th tiith teoggue Of bm 
ns lo IOcJfIIIJfI flofiM oIBw-BfflaBIq tuolfiwupo) aVno 
th bobnotxo fIB 110 boafic! botElufflia 5th ooriob lii 0 U 

3B[bB oth ot DHU bogififlo vb!now B ff1011 anoIt3oIo 
iilidi3taui bonoitnoffl-oIocJB OfIt tEnt 02 lOfifiEffi 3itaiI[ 

V 0.0=1 \1 V00= N voCT).. 
$/• 

I. 

7 / or 
vor 

___________ I OU 
0&- 0.C- 0.0 or- OS- 0E- 

:asidSO [V] 1N :asid ro [is]
40 0-0

OA

OA

-
OA

? Couqwou ! OP
GTJ qGGbj) CjJ1LG
4-qW' moq
)frnqo) cu
OGq JJjJGU GjGCII(

1 JLOJ(GU IWG !'
TJTTJ 1 !11IGi

p1CjLOf1TJq job
)TJTC bjmou LGO

born 1LOf1TJ
FJ1I bjmou LGO

yCCOLqTTJ o W
H qGbGuqGuCG F.
1CC GXjJTpTGq 1 TJJ

TJJGJJ L1JJTJ-

IJIGL bi piuq
1GTJC) O1 J3ô KI-
)JDLGthOUG IPG
1f1LG p) TJJOTJU(
TI ! TJJOqf1p1Gq f

O-Cp1TJTJGI GjGCLT(

GX!GTJCG oi q
WG GjGCLOU J
W bpoou GTJC

IILCG "P 1U 1JGI

o-mJJ piuq CPA

oi bjmou C1J
TJJf1 G TJJOLG COT

GuOq W1CWLG G
)TJG 1Of1 4.
II !uIG-b4o
J JJjJGLG OTJj) i
-1G TS1CWLG I

G 1uupf1Gq

BfflO1t3313 aoIqi3Hnq-taliI 

a 213 boniuaaii ai OlIJt3Inta 
201 HofHaBIq IBtflOfflBbflIJI 

brni om qnmc! bo3HuoHolq 
bE Oth Hi mt3oqa Hofflafilq 

I OlIJt3IJlta gflitfilg-olgflia B 
nollib lo aiogrnl Istoffi Ofit 

bgni 213W 03iIOb oth jxoM 
:ot fflOOl tE oafloqaolotoflq 

2i floitBxnBloq ofIT .boau 
0th 1113 fIl3flt iowol fI3IJffl 2i 

)lOtOfI 2ABD\2ABDHI 0th 
)0t30 fii 0113 aflolt3olootoflq 

01BW 13ffl2131q 0th HOfIW 
13ffl2131q oth lo aoifloqoiq 

0th lo aaNL tflofloqfflo3 
vjoai3olq 213W floitBibETil 

rob 213W flOitBibl3I xflofllnot 

)N oth iol athiaoi 1133iqT 
tflOIOIIib iol (ma 001\rim 

HO a?Il3oq cfn3fIa 10WtB101 

[aolotoflq oth V 0.1 = 
13 )Il3oq oafloqaolotoflq 21111 

Ignia oth V 0.E ot qu aaN 
I lowol tE qu awoig Ac3oq 

)Hi aaN HOfIW o3f1obf1oqob 
1 t13 aAl3oq olduob moI3 ot 

rlotolqlno3 0113 atliiaoi ofiT 

LOffi gHiwOfla 10113W OfflB2 

O .aIoSI Hi aHOltBgitaoIHi 
VO1XF bnuom lo ti3o1oI 

Li anoitibno3 boti3xootoflq 
otoflq lo Holt3ogli oth tEnt 

sd-iaEup B Hi boffnoThloq ai JJrn1pjG

q 3DEG (bjmo
[Gj[0] IPG LGf1jI
;L q)rnrniic f1TJGI
)U jJ1JG 1 JGT.? jJ

E! To(Y IIJ
G IJTJGL 11PT4C1IG

N"2 = 1.0 A
TJJJJCG 2!TI1I
0 A flPTIG IIJG

TJJJJCG PAUP !11CL

D1I01101-2P11L
OL N° qGbGuqGu(
rJJ.J(Gq bpoloLGtho
IG 1TJJbjG (V°\V

LL0ffl 0Q 10 :n ii
{• VI IIJG JJJJG j
JJU1I0U !U 7N'

)LTJ IIJG DC TJJC
)GC1f1G 01 IIJG TJ(

iiq
Gb 112b CGTJIGI2[

LG flGJJq) bpoloG
01 IIJG Tu2qTJ

L1G boJJGL 01 3 1

j1GL GJJJJ 10 ffl€

!I!G C1U pG 10LTJJ

JJbjGX combu.Gq j
bGUTJJGTJI1I bGcII

IH IPT TJJ1)
q ILf1CWLG thGcI

!11IG TJJGIJI L1ITI
J1 CJICf1I1IG p1

10 IIJGG !11IP!I!I

f (jJ1JGLGIJ 1LOth 4OL JIJqJLq HEY\LL P

LG1G 1LOffl 1.0 10 A "'J qofipj cpb ou IjJG
born 11 - .0 A couGthouqTu 10 IIJG 1jJTLq-jJJuHC

jG bGq GCOTJJG 1GGbGL rnq PiTJ nb 10 jJTjJGL N°
1 IIJG jOJJG1 11G P! ! TUIGLbLGIGq 1G 1j1TJ1TJJG1
bouG GxjJpT1Gq 1 cjGL !11IG bGiy 11 N° = -1.o A

N° qGbGuqGucG q "!1p poiq bGiy ou !1 i2
ND2 couqwou poJiu TU E! 10 [j] IPG qGI\

iuq N° qGbGuqGucG Oi IIJG bpo1oLGbouG O1 1

1GC1G H!u 1 43-J coo jq 2TITcou P0I0fflGIGL "!W
jocj(-Tu 1mbjTIjGq iuq G1GC1G 1 cpobbTu ijdr
LJJU bo1Gu1T1j iipicp ! cqjq PGLGk1GL JG bpc
uH!q[] IP G1PLG IIJG LGOTJJJJ1 !111G11!1 JJ1

LGOTJ1TJCG ! GxcT1Gq IIJG DC qLJJu-of1LcG bo1Gu

10 IjJG cpiuuj qflG 10 IIJG 1LOTJ 11G-i
)!u1GTtcG ' m11I1!-1Gb bLocGG f1G 10 IIJG

ff1 aisoq Iint3oqa bonoacJo ofit ao11JtBo1 IffIt3Oqa cf 

fifing 3iIIBtOffl Oth lo aHofflaBIq boti3xo 11Bffn0f1t I 
I bus VI .aIoSI Hi HOIJ botnodElo fI3BolqqB 3itoH 

IinI& 0th HI •](fi)3 .giI Hi aOHuI biloa thiw fiwOf! 

D biooa 0th bus xHT E bmiois tE aisoqq O3fISHO 

q flofla 0th Hi iobluofla vpHoupolI-fIgIrI 0th Hi xHT ? 

0?11JO3 lo HO1tao1Jp Hi OIIJi3IJ1ta gHltng-oIthJOb 1mM 

twa tH5IoIIib owt olqnfinq HI .vj1B3i-ioffrnH boloboffi 
.ouit3mta grntng-olthiob oth Hi thbiw tH 

?1 boxhs1oq-11BoHi1 thiw obiatfid oth ff1011 botfiil 

oa 102131 oldfimit busd ffm-O1 A "ominoqff1 
11131JrnA .Hoit3onb Iofm&13 oth ot Iollsisq Hi oct ot to 
)IowOH .fflotavy lEnotBifi airlt 10 2OiOHO qng busd 

JjJ, IJJ11UIJ IJ4UJIJJ U

GTJ!OTJ
JLG pGjTGJGq o jJ1JG IJJT

Proc. of SPIE Vol. 7033  70331H-8



Photoresponse

-3.0 -2.0 -1.0

VG1 [V]

VDS = 1.0 V

0.0

Bolometer
VDS = 1.0 V [au.]—

-3.1.i

:
-2.0 -1.0

VG1 [V]

S
ol

om
et

e.
 

rd
, 

Fig. 11.  (a) photoresponse and (b) 4K-cooled Si bolometer signal at VDS =1.0 V for a metal grating-gate sample having a 

grating gates geometry of LG1/LG2 = 300 nm/100 nm. (after Ref. 12.) 

Focused on a simplest case at VDS = 1.0 V, terahertz emission from the device was measured by using a 4-K cooled Si 

bolometer.  At the same time, the device photoresponse was also measured.  The measured results are plotted onto the 

VG1-VG2 space as shown in Fig. 11(a) and (b)[12]. The photoresponse in Fig. 11(a) exhibits local maxima at VG2  -2.0 V 

along with the VG1 axis. In such a region, the bolometer shows clear enhancement of the signal. The observed signal is 

low and noisy due to atmospheric vapor absorption between the sample and the bolometer.  According to well 

recognized responsivity on the order of 105 to 106 V/W for the Si composite bolometer used in this experiment (not 

calibrated) and atmospheric vapor absorption along with a 20-cm propagation from the device to the bolometer, the 

emission power is roughly estimated to be 0.1 W from a single device.  When VG1 = -3 V and VG2 = 0 V, on the 

contrary, the photoresponse shows an increase but the bolometer doesn’t detect the radiation. In this case, the 

photoresponse shows a non-resonant detection near to the threshold voltage. This phenomenon is well known as a space-

charge effect of photoconductivity[31], [32]. Analytical calculation[6], [7], [12] indicates that the emission at a frequency 

around 1.3 to 1.8 THz should occur when VG2  -2.5 V and VG1 = 0 V for this sample, supporting the measured results.  

The result of the bolometric measurement for a semiconducting grating-gate sample is shown in Fig. 12 as a function of 

VDS
[14], [25]. The VDS increases to the knee voltage from which the transistor is operated in the saturation region. The 

bolometer signal starts increasing at around 6 V and two clear peaks are observed at 8 and 11 V. These features were 

observed with good reproducibility as shown in Fig. 12. Compared with the results for metal grating-gate sample, 

remarkable enhancement in emission intensity by one order of magnitude was obtained. Note that the VDS range is larger 

than that for metal grating-gate samples because the double-decked HEMTs in this work suffer from large parasitic 

source and drain resistance.  Nevertheless the double-decked device exhibits more drastic change in the bolometer signal 

with increasing VDS. This result supports the idea of low-conductive gate stack to enhance the THz radiation efficiency[9], 

[24], and therefore indicates that the proposed double-decked HEMT structure is a promising candidate to realize solid-

state THz-wave emitters with high power and large efficiency. 

Fig. 12. Left: bolometer detection of emission from a semiconducting grating-gate sample with Lg1/Lg2 = 150 

nm/1850 nm at room temperature as a function of VDS. Measurement took place four times. Right: the result from a 

metal grating-gate sample with Lg1/Lg2 = 75 nm/350 nm for comparison. (after Ref. 25.) 
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Fig. 13. Field emission response to impulsive photoexcitation. Grating gates geometry: LG1/LG2 = 350 nm/70 nm. Left: 

temporal response, right: Fourier spectra. (after Ref. 12.) 

It is inferred, from such a phenomenological coincidence that the marked photoresponse of this work is attributed to the 

plasmon excitation due to the injection of photoelectrons accelerated by the strong electric field arisen at the plasmon 

cavity boundaries, leading to self-oscillation of emission of terahertz electromagnetic radiation. Significant improvement 

on the plasmon resonance is owing to the original metamaterial device structure.  

Electromagnetic response to impulsive photoexcitation was also measured at room temperature by using reflective 

electrooptic sampling[10], [12]. A 1550-nm, 1-mW, 70-fs laser pulse was used as pump and probe beams. When the sample 

was appropriately biased, as shown in Fig. 13(a), it emitted an impulsive radiation followed by monochromatic 

relaxation oscillation which was significantly enhanced by its vertical cavity structure. The Fourier spectrum exhibited 

resonant peaks at 0.8 THz and its harmonic frequencies of up to 3.2 THz as shown in Fig. 13(b). These results are 

attributed to the emission of coherent electromagnetic radiation stimulated by photo-induced plasmon instability.  

Estimated radiation power would exceed 0.1 W.  We confirmed that the emission spectrum traces the 2D plasmonic 

dispersion relation in terms of its 2D electron density and the cavity size[11], [12].

3. TERAHERTZ METAMATERIAL CIRCUITS BASED ON CONTROLLING 2D 

PLASMONIC DISPERSION 

One can consider the device structure as a gated functional element as shown in Fig. 14[33-35]. Suppose that the data signal 

is input to one gate grating so as to modulate the sheet electron density of the plasmonic cavity grating, and that a 

terahertz carrier wave is input to the device. If the intensity of the transmitted wave is sufficiently modulated by the gate 

bias, the data can be coded onto the terahertz carrier wave. Due to the high-speed nature of the HEMT structure, it is 

easy to perform the data coding at tens of Gbit/s onto the terahertz carrier[35].  Based on the above mentioned 2D-

plasmonic metamaterial structure, we numerically analyze the dispersive effect on the transmission spectrum for 

coherent terahertz electromagnetic (EM) waves, and demonstrate functionalities of terahertz frequency multipliers as 

Fig. 14. Double-grating plasmonic metamaterial configuring intensity modulator. 
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well as intensity modulators.   

Physical phenomena of 2D plasmons are described by the hydrodynamic equations. According to the Mikhailov’s theory 

[9], the conductivity of 2D plasmons is led to the following form[16], [35]:

2

( , )
1

( )( )d d

ne i
k

m
kv kv i

.  (3) 

where n the density of electrons, e the electronic charge, m the effective mass, vd the drift velocity,  the total momentum 

relaxation time,  the angular frequency, k the wave vector of the grating geometry.  This Mikhailov’s dispersive 

plasmonic conductivity is similar to the Drude-optical conductivity including n and , but is different and featured by 

two distinctive parameters having k and vd.  Based on Eq. (3), we can electronically control the dispersion by changing n

and vd due to the relation of the gate and drain bias voltages. We will implement the conductivity Eq. (3) into our in-

house Maxwell’s FDTD (Finite-Differential Time-Domain) simulator.   

Figure 15 shows typical spatial field distributions of the electric field intensity (Ex) on the device cross section at a time 

step[33], [34].  When n is set at a low value (2.2 x 109 cm-2), the electric field intensity distributes monotonically so that a 

radiative mode of transverse-electric (TE) waves is excited.  This is because, in this case, the fundamental mode of 

plasmons is dominantly excited to be coupled with the zeroth mode of TE waves. On the other hand, when n is set at a 

relatively high value (1.6 x 1012 cm-2), anti-parallel electric field is excited with respect to the center of the channel.  The 

electric filed intensity is cancelled out and non-radiative mode of TE waves is developed.  This is because, in this case, 

the second harmonic mode of plasmons is predominantly excited to be coupled with the first mode of the TE waves. 

These results imply that the radiative or non-radiative mode is directly reflected by the density of electrons in the 

plasmon cavities. 

Figure 16 summarizes the field emission spectra for various nsp conditions. In the frequency range from 0 to 4 THz, the 

field intensity decreases with increasing nsp
[34]. We speculate that transmission property for terahertz electromagnetic 

waves is markedly modulated by controlling nsp, thus, the gate bias voltage. We further investigate the frequency 

dependence of the modulation efficiency or extinction ratio of the device. Figure 17 shows the typical results[35]. The 

field intensity is modulated by nsp. With increasing the frequency of the EM wave, its intensity modulation can be 

performed in higher nsp region with higher modulation efficiency. The extinction ratio defined as the ratio of the 

maximum to the minimum intensity is 3% at 0.8 THz, 15% at 1.6 THz, 24% at 2.7THz and 49% at 3.6THz, respectively. 

Note that the result for 0.8 THz showing a flat-band response with less intensity is due to the surface plasmon resonance 

at the grating gates.  

Fig. 15. Simulated spatial distribution of electric field intensity Ex at nsp = 2.2 x 109 cm-2 (left) and nsp = 1.6 x 1012 cm-2

(right). (after Ref. 34.) 
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Figure 16 also suggests another important aspect.  For each spectrum, according to nsp, the fundamental and 2nd 

harmonic plasmon resonances stay around 2~4 THz and 4~8 THz, respectively. Thus, it is seen that with increasing nsp,

the fundamental mode is suppressed while the 2nd mode becomes dominant.  Therefore, the device can act as a terahertz 

frequency multiplier[33]. The above results demonstrate the electrically controllable dispersive effects on the transmission 

spectrum of a plasmon-resonant grating-gate HEMT device giving rise to potential functionality of a terahertz signal 

processing. 

4. CONCLUSION 

Recent advances in terahertz plasmonic metamaterials were reviewed. Material- and structure-dependent highly 

dispersive systems were configured with submicron-to-nanometer scaled 2D grating structures in a HEMT device. 

Analytical and Experimental studies revealed its various potential functionalities including emission, detection, intensity 

modulation, as well as frequency multiplication in the exploring terahertz frequency regime.  
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