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Abstract

We investigate terahertz plasmon-polariton (PPyrrasces
for  hetero-structures  (AlGaN/GaN, SiGe/Si/SiGe,
AlGaAs/GaAs and InAIN/GaN) with grating coupler in
order to find the overall optimal structure showitie
strongest absorption for terahertz detection (TM&.show
by a parametric study (influence of geometric digiens,
electron concentration, temperature...) that refirst
intense resonances can be obtained at specificidney.
GaN based heterostructures present the higher
resonances at room temperature. The roles of thite fi
thicknesses of lossy metal grating and two dimerasigas
(2DEG) layer on observed absorption are also iinyasd.
Absorption spectra for three kinds of heterogenethasge
density profiles (piecewise, linear and parabolitPDEG
was investigated and compared for an AlGaAs/GaAs
structure because some physical parameters sudheas
Fermi Level pinning at the interface semiconduciiorare
well established only for this heterostructure. Stiew that
the PP resonance (amplitude and frequency positi®n)
modulated by the charge concentration but also Hey t
metallisation biasing.

1.

Two dimensional electron gas (2DEG) presents a igmgpw
interest in the Terahertz (THz) frequency range tioe

Introduction

typical heterostructures, AlGaAs/GaAs has smalédtice
mismatch, while the modulation doping is essential
achieve high electron density. SiGe/Si materiahim V-1V
group, compatible with silicon technology, owns ft&in
advantages over the IlI-V group materials: siliégercheap,
ans it can be used in mature and high manufacturing

technology for integrated circuits [6]. High elexir
concentration and mobilty have been obtained
experimentally in modulation doped SiGe/Si

PIJweterostructures [7]. Recently, GaN based strustattact

more attention in grating gated field effect tratmis (FET)
[8-10] due to the large electron density induced by
polarizations without doping.

Many numerical and analytical methods have been
developed to study such corrugated heterostrucfdlen et

al. [11] initially solved the problem of grating w@oled
transmission of light through 2D plasmon in silicoretal-
oxide-semiconductor FET (MOSFET) by an analytical
perturbative method. Zheng et al. [12] generalizad
improved the theory in regimes of high electronttecang
time by a numerical non perturbative approach. €aring
complicated stratified system with perfect gratwigfinite
thickness, Ager and Hughes [13] described a cortipu&
scattering matrix technique. This method was adplie
study 2D plasmon in AlGaAs/GaAs system [14-15]. By
considering the radiation capabilities of 2D plasnttarough

development of compact, tunable, room temperaturegrating, Matov et al. [16] have calculated numeljcthe

operating and low cost detectors and sources [i§. Aigh
electron concentration, large electron mobility andinly

complex plasmon frequency in a heterostructure,reviige
grating was treated as planar perfect strips. lstex paper,

the complex dispersion relation of plasmons are thePopov et al. [17] extended the EM theory with ®nit

principle advantages of 2DEG confined in a quantuetl
(QW) based on heterostructures. From the aspedevte
optimization, it is critical to study the propesief plasmon-
polariton (PP), or the coupling between the twoeatisional
(2D) plasmon and the electromagnetic (EM) field.daR be
excited through metal grating deposited on top
heterostructures. Electron concentration below thetal
fingers in the QW varies from that between metasaise
of the different barrier height in the two regiods a bias
voltage is applied on metals, the electron density be
controlled to achieve the tunability of PP resomsnc
forming the modulated 2DEG.

Band diagrams and electron transport propertieSiotGe,
SiGe, GaAs and GaN quantum well have been extdgsive
studied in our group [2-5]. Simulations of PP iisthrticle
are based on the known material parameters. Ambag t

conductivity metal for THz emission and amplifigati in
FET arrays. Muravjov et al. [8] demonstrated théstl
approach for THz detection in a AlGaN/GaN HEMT.
However, all of these works ignored the thicknesthe QW
and the ohmic loss in the grating of finite thickeeWendler

of et al. [18-19] analyzed the spectrum of quasi 2&siplon in

AlGaAs/GaAs with lossy 3D grating by means of the
transfer matrix method. The periodic grating issuas
solved by the equivalent coupled wave method (CVekt
modal expansion method (MEM). For the purpose of
resonance tunability, Matov et al. [20] observedipole like
resonant peak in a strongly modulated 2DEG systetm w
semi-transparent NiCr grating.

Until now, direct comparisons of dispersion andaapson
properties of quasi 2D plasmon in different stroesu
coupled by the three dimensional (3D) lossy gratinger



the same numerical method have not yet been reporte 2

- _ ) N,(X)e’r
In this work, we compares and synthesizes the aumpl UQD(X|W):m
effect between incident EM wave and 2D plasmoniim ) ) Z_DE?(_ - jen) )
typical heterostructures  (AIGaN/GaN, SiGe/Si/SiGe, Whereg is the relative permittivity of QW layeg, is the
AlGaAs/GaAs and InAIN/GaN) based on reported real perm_lt'uwty of vacuum, I§(?<) is the sheet elegtron density in
structure parameters in order to find out the beterial for ~ function of the position x in 2DEG layeradis is the default

. ~ e :
technical realization for THz detection. We used @\ior \évllgé?ror?fscgttvg ’rinT_L:izr%EeGm fe r:* ;23 epgfgc;g;err]:g%?l'ifal
homogeneous and inhomogeneous 2DEG systems. or thi 9 2bEG Y:

latter case, the CWM was slightly modified. We desteate ;Tt}ﬁ tt“r:(; l;naa:f'fari(sdazglg ngrr%?e(g lzneerlse;trr:r;, olsgg o
for the first time, that the commercial code ANSOHRFSS ' u Y upp

[21] based on finite element method (FEM) can sdhe be lossless by letting the imaginary part of thenpivity

sophisticated problem of periodic gated heterostres. ull
Section 2 focuses on the optimization of THz abonpin o
homogeneous 2DEG system through a parametric study L W E Polarization
(grating period, metal width, electron density, rkear |‘—’|‘—’|

thickness and temperature) in the frequency dorf@ib]
THz. The roles of the finite thicknesses of lossytah
grating and 2DEG layer on observed absorption #se a
considered. Our quantitative results by both metha in z
good agreement with the ones of previous paperd$122] Y
using scattering matrix and Galerkin‘s methods, atiter
commercial software like Sentaurus [10].

Section 3 mainly concentrates on the tunability R® In this part we model the homogeneous 2DEG. Thug)Ns
resonances as a function of the polarizability madulated — _ g = N= N,, where N and N are the electron densities
2DEG system (inhomogeneous) by using the slightly heioy and between metal fingers, respectively. Be t
modified CWM code. Section 4 gives the general gielectric function is constant with position xafrequency

)

THz incident wavel

\: GaAs —‘\
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Fig. 1 Calculation model for AIGaAs/GaAs nominalsture

conclusions and perspectives of this work. ® (Ex(X|0)= Ex(o)) according to (1) and (2).
2. Homogeneous 2DEG Tab. 1 Parameters of the four nominal structuref (0.75)
2.1.Modeling of homogeneous 2DEG Material  m/mo (,’:% (ul;n) (n?n) Ok Gk

. _ (m?Vs)  (m?Vs)
Th_e mod_elmg of_ t_h_e 2DEG can be addressed through B CaN/GaN 555 1f 33 55 52 10
anisotropic permittivity of the QW layer [19] orrthugh a !
y . INAIN/GaN 022 12x1§ 155 10 0.11 0.33
sheet Drude conductivity as in [8]. Both approachese , o )
compared and provide the same results only if the@  SiGe/SiSiGe 019  5x<1¢f 13 25 03 32
thickness is well below the plasmon wavelengthoridier to ~ AlGaAs/GaAs ~ 0.063  16° 10 25 0.8 5
couple the normally incident EM wave, periodic nliata
grating is deposited at a distanceddfom the 2DEG layer,  Besides AlGaAs/GaAs, other three heterostructuriéisber
as shown in Figl for a typical heterostructure gydied for resonant THz detection at room and geyic
AlGaAs/GaAs. The substrate GaAs is assumed to - S€ omperatures namely SiGe/SilSiGe, AlGaAs/GaAs and
infinite. Electric field is polarlze_d along the ><x|_a_(TM INAIN/GaN. The parameters of the standard strusture
)[/;/]ave)l, and the évhotl_e structure tls assumed to galtm?nl including a 12 nm thick 2DEG layer are reportedrab.1.
€ plane x-y. frating parameters are. perio (h:ta Most of the material parameters of Tab.1 refer tistang
width (W), thickness (f) and DC conductivitycoip). The publications [2-7, 24-28]. For the structure SiGSKe
influences oft on the transmission spectrum become the 12 nm thick QW layer (Si) is located betwee iarrier

important whert is comparable to L [23].With the grating, . S ) .
the in-plane wave vector is modulated atk2n/L, where layer Sl_Ge and the-seml-mflnlte su.bstrate SiGefabiitate
comparisons, the first resonance is fixed at 1 Vidzthe

n is the order of scattered wave. : : ; ) .
Electrons in the QW can move freely in x-y planeilwh 9rating period for epilayer stack chosen. L incesawiith

their wavevector is quantified along the growthsaxi Its ~ €lectron density Mwhen the barrier thicknessis fixed.
anisotropic permittivity component,, (g,) is modeled Two numerical methods are available for the catauaof

through the 3D Drude conductivitssp, while €, is kept as ~ SPeCtrum (Transmission, Reflection and Absorptionjhe
the static permittivity of the background materiahere ~ Multilayered structure with periodic metal grating:

2DEG lies: » Commercial code ANSOFT HFSS based on FEM
; * Indigenous program based on CWM [18]
— —_ Ja-:m (X | C()) — 1 . . . .
e, (X|w)=¢, (X|w)=¢, +—2——¢ =¢, (1) InHFSS modeling, one period of 3D strained stmectunit
o ) cell) combined with periodic boundary conditions is
and 3D conductivity: modeled to simulate the infinite extension in xigne. The



spectra are calculated by the scattering parameifdrs
transmitted (T) and reflected (R) signals are ndized by
the intensity of incident wave, and accordinglysaiption
spectrum is obtained by A = 1-T-R. The roles plaggdhe
grating, dielectrics and 2DEG must be carefullyasefed to
extract the intrinsic contribution of PP absorption the
absorption spectrum. Comparisons of the two apemc
(CWM and FEM) on homogeneous 2DEG will be given.

Before turning to parametric sweep, we emphasiz th

influences of togop and @peg ON the absorption spectra.

jot)) as in [8]) and quasi-2D plasmorpfds=12 nm) in our
simulation. The absorption amplitude is nearly affécted
by the thin 2DEG layer, however, the resonant posstfor
quasi-2D plasmon move to higher frequencies
particularly for higher orders of the scattered da>1).
Consequently, in the following simulations, the djol
thickness and the gold conductivity are fixed t@G8& nm
andogoLp=4.1%10 S/m respectively.

in

2.2.0ptimal absorption spectrum for homogenous

Fig.2 shows the absorptions of nominal AlGaN/GaN 2DEG

structure calculated by CWM at different valuesnoétal
and 2DEG thicknesses. Fig.2 (a) plots only the ootidn
losses without 2DEG (H0). As metal thickness t increases
from 0.2 to 1 um, the absorption grows accordirdjg to
larger ohmic losses in the metal. If t is compagabl L, the
contribution of the conductor attenuation to thealto
absorption is no longer negligible, particularly high
frequency. In this condition, 3D grating with fiait
conductivity should be used in the modeling.
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Fig. 2 Absorptions of nominal AlGaN/GaN structuadoulated by
CWM at 300 K, where L=2.2um, W/L=0.75 ang=N.2x1G"m™.
(a) Conduction losses in gratingdo p=4.1x10 and 5x18 S/m)
at different t. No 2DEG exists. Perfect grating plotted for
reference.(b) Original absorptions at different,gte. Grating
parameters: t=200 NMgoLp=4.1%x10 S/m

Of course, small metal conductivity (5¥18/m) causes the
increase of conduction losses at high frequencyhvhiay
become a dominant factor in absorption. Fig.2 (iowss the
original absorptions (including contributions ofating and
2DEG) for exact 2D plasmon £sc=0, 620(®)=N’t/(m*(1-

In this part, we try to find the optimal structusich has
the maximum PP absorption among the four nominal
materials at different temperatures by a parameticly
(Ns, d, W/L and L) on PP resonances conducted byl,FE
where the electron concentration is uniform asab.T.

To reach strong PP excitation at a certain temperatve
should have high Ns, large W/L (0.25 to 0.9 in the
modeling), and relatively smalbgks. A large dpeg leads to

a fast decrease of the evanescent wave intensitidbe
vicinity of the grating. However, an extremely shidypheg
reduces the coupling efficiency due to the strormgening
effect of metals. PP resonant frequency increases
monotonically with the growth of Ns and,ids but it
decreases with the reduction of W when L is fix@ohilar
results were reported for AlGaAs/GaAs ignoring tBnQwW
width [14-15, 22]. Fig.3 (a) and (b) present the PP
absorptions at 300 K and 77 K. The first peak i$;at 1
THz while the other resonances can shift slightbnf 2, 3

or 4 THz. The resonances become intense and naluew
to the improvement of the low field electron mailypes

at 77 K and also due to the increased quality facto

The PP dispersion frequency is proportional to sheare
root of the in-plane wave vectog,for 2D plasmon without
surface metallization [29], and is proportionalkig for 2D
plasmon overlaid by continuous metals [30]. Fightwgs
the first resonant frequency Versus the grating period L,
where the relationf, [k , [(J1/L holds [8, 31] because

WI/L approaches 1 and the long wavelength approximat
k..d <<1 is valid. The resonant frequencies of higtteced
wave orders (n = 2, 3 and 4) in Fig.3 shift comgaethe
predicted totally screened 2D plasmon frequende8 @nd

4 THz). This is linked to the fact that <<1 is no longer
valid and W/L does not equal to 1 (plasmon is péyti
screened by grating). Fig.4 clearly demonstrated the
frequency can be tuned between 0.5 and 3 THz thrthey
grating period ranging from 0.5 to 5 pum.

Obviously, at 300 K, InAIN/GaN and AlGaN/GaN presen
the optimal PP resonances both in amplitude anéllin
width at half maximum (FWHM) at 1 THz. However, the
structures AlGaAs/GaAs and SiGe/Si/SiGe also show
equivalent resonant amplitudes at 77 K as thos&aifl
based materials (Tab.1).
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Fig. 3 Absorption spectra for the four nominal miate at (a) 300
K and (b) 77 K with W/L=0.75.
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Fig. 4 Tunability of grating period on the firstsmant peak
position for the four nominal materials at 300 KieTratio W/L is
0.75

Until now, we have considered the THz absorptiornhia

homogeneous 2DEG system. After the sample is faexc

a bias voltage could also be applied on the me#aitin to

tune the PP resonances. At this condition, thetrelec
distribution becomes inhomogeneous in x directiod this

is what we will discuss in the next section.

3. Inhomogeneous 2DEG

A modulated 2DEG has been investigated without 3]
with [20, 33-34] grating on AlGaAs/GaAs. In most
publications dealing with the PP absorption witlatong

coupler at zero bias, the electron distributiomssumed to
be constant in x direction.

However, the electron densitysNaries within one period
because the barrier height below the metallizatiod the
Fermi levels pinning at the interface air/semicatduleads
to differences in Nin the QW, as illustrated in Fig.1. In the
case of highly modulated 2DEG, a distinct absomppeak
can be observed, and its position can not be dtyrec
predicted by a dipole like formula without the smmig of
metal [20, 35]. The screening effect of gold gratin
contributes to the decrease of resonant frequeray.
theoretical modeling, the electron density distiiitiru can be
assumed piecewise constant or sinusoidal [33].

For the two heterostructures based on group {tide
materials owing large bandgaps, a minor differdmetsveen
barrier height and Fermi levels pinning does ntarajreatly
the electron density in the two regions, @hd N in Fig.1),
so the approximation of the homogeneous 2DEG is
reasonable. Concerning the surface Fermi level at
SiGe/oxide interface, as far as we know, no expemnial
data are available. Consequently, only AlGaAs/Gafsl
AlGaN/GaN will be considered in the modeling of
inhomogeneous 2DEG.

3.1.Modeling of inhomogeneous 2DEG

The electron density in 2DEG layer with and withmatals
on top of the structure can be calculated numdyidal a
self consistent one dimensional (1D) Poisson-Sdhgéu
solver in the frame of envelope function approxiora@and
effective mass approximation [36]. In the simulatidor
example for AIGaAs, in a 2 nm thick AG&, -As, separated
by a 3 nm non intentionally doped (NID)AGa -As layer
from the NID GaAs surface the doping level isN2x10°
cmi®. The total thickness of AlGaAs is 25 nm as in igece.
The Au/Ti barrier height on the AlGaAs layer is D.8V
[37] while the surface potential is chosen to b&0eV in
the region of free semiconductor surface.
L w

o > .
< Ll | »

Gold

r 4 t t

A
y
A
A 4
A
r

A

N, -2
Ny '

-
X

Fig. 5 Parabolic (solid), linear (dotted) and pieise (broken) one
dimensional distribution profiles of electron contration in
2DEG layer

In modulated AlGaAs/GaAs structure, three kind2DEG
concentration profiles (piecewise, linear and paliap have
been used to calculate the absorption spectrums{igith
CWM [18, 38] slightly modified to treat the issus
periodic 2DEG permittivity in QW layer. The 2DEG
permittivity €,, will become position-dependent within a
period L, whileg,, is still a constant with x. The Fourier
transform paik,, and €, in the QW layer are then expressed
as:



e.(xl@)= 3 & @exp( 2T x)

n=-co

€

1% . 2mm

£,(@) L!em(xm)exp( =X
The z-components of the wavevector in the 2DEGrlaye
found numerically as in the grating layer. Thengpectrum
can be obtained from the same procedures discussie
homogeneous 2DEG. For piecewise function, the mlect
densities below and between grating are constatitaae
assigned as Nand N respectively. Explicite, can be
calculated through (3), while for linear and patabo
functions, the integration in (3) should be solved
numerically to finde,. It should be noted that the present
modeling approach remains local and further ingasibns
require a non local 2DEG model based on Green ifumt
Absorption spectra were calculated for all the ¢hcharge
distribution profiles. The spatial extension of tinansition
zone has been calculateg=20 nm (Fig.5), connecting the
two adjacent regions with constant 2DEG concemnati
Calculations show that the three models presentstme
spectrum, becausegis much smaller than the gap widthaW
=L -W (250 nm in minimum). Hence, the piecewised®l
has enough accuracy and it was also chosen fotrapec
calculations in the structure AlIGaAs/GaAs.

3.2.Absorption spectra for
without bias voltage

inhomogeneous 2DEG

The absorption spectra were calculated by FEM awaviC
for AIGaN/GaN and AlGaAs/GaAs. Only the resultstiogé
nominal structure are presented in Fig.6. The edact
density N is varied around N (1.2x1G° m?). The two
methods provide results which are in good agreeffoerihe
two heterostructures.
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i; 0-2 N.=2 10" m?
& 2
X
o 0.15]
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Fig. 6 Comparisons of the two numerical methods:ofbisons of
nominal AlGaN/GaN structure with different ,Nat 300 K,
W/L=0.75 and N=1.2x13"m (solid: FEM, dashed: CWM).

Larger N vyields stronger PP resonant frequency, larger
absorption, and more observed resonances. Thisrepds
qualitatively consistent with the one obtained
homogeneous 2DEG.

In

3.3.Absorption  spectra  for modulated

inhomogeneous 2DEG

voltage

In this section, we present numerical results omutated
AlGaAs/GaAs system using solely CWM. Now, we tuon t
the influence of “gate” biasing on the absorptigecrum.
N, is kept constant while Nis modulated between 0.12 x
10 m? and 1.65x1% m? The influence of N on the
absorption spectrum of the AlGaAs/GaAs structurghiswn
in Fig.7 at W/L=0.75.

When applying a biasing voltage;\0n the grating, N(see
Fig.1) below metal fingers will be modified. Atg¥0.2 V,
homogeneous 2DEG (NN,) is formed and the voltages
around 0.2 V will change slightly NLarge negative ¥ can
greatly reduce N Details on \ induced variation of Nare

in the index of Fig.7. Thus, the tunability of P&onance
frequency in the absorption spectrum can be rehlizg
varying Ve. Two main observations can be made:

(1) In comparison with the homogeneous 2DEG=M,),

a slightly large (small) Nwill shift the resonance to high
(low) frequency. This is because the screened mlasm
frequency increases monotonically with electron sitgn
The piecewise constant 2DEG is not equivalent to a
homogeneous 2DEG with an average concentratigg N
N;W/L + N,W¢/L. Indeed, the screened and unscreened
plasmons follow different dispersions [39] and apsion
mechanisms [34].

0.14, TUNEL7216°m (V= 0.4 V)

0.12 #TN=16516°m? (V= 02V)

#~N=1.2810°m?(V =0V)
W 1 G
0.14

_____

N,=0.71 10 m? (v =-05V)

—N, =0.12 16°m? (V_= -0.8 V)|
0.08 c

1
N,=1.65 10°m™
0.06, f

0.044

Original Absorption 300 K (a.u.)

0.021

_1(TH)
4

Fig. 7 Absorption spectrum of the AlGaAs/GaAs stiue with
modulated N at 300 K. The piecewise constant model is useld wit
N,=1.65x16°m?, L=1um and W=0.75um

0

0 1 2 3 5

(2) The absorption is reduced by decreasing At
N;=0.12x16° m? (N, << N,), the amplitude (at 0.4 THz)
becomes not discernible due to the extremely sihalAnd

a new resonance with substantial amplitude occmc a
dominates at a higher frequency (2.3 THz). Thisgests
that the unscreened plasmon in the regign(¥-W) plays

a most important role in the absorption. The refees [20]
and [35] showed there is a dipole like mode inrdgme of
strong modulation. Using the wavevector knANg, the
calculated dipole oscillation frequency is 3.08 Thdhich
differs from the observed 2.3 THz. This differersteould
be due to an unscreened effect which can be oldtaine
experimentally with a semitransparent NiCr grati2@].
Hence, it is equivalent to the case of modulatede@D
without grating (open surface) as in [40]. Indeede



simulated dominant peak without grating is locadt®.18 6.
THz (not shown here). This value is close to thes on

calculated at 3.08 THz if an error less than 5%uithorized 7.
[20]. We conclude that the metal grating with high g
conductivity can also strongly screen the plasmorthe
open surface region, even if the electron densdiow
metals is nearly zero. The dominant peak shifta tow

10
frequency due to this screening. Moreover, itasaed that 1
the dominant peak at 2.3 THz is not equivalent He t
unscreened plasmon frequency (3.87 THz with &/\&/)
as discussed in [34]. 12
4. Conclusions 13
In conclusion, the effectiveness of the couplingwaen 14

normally incident THz wave and quasi 2D plasmotioiar
heterostructures (AlGaN/GaN, InAIN/GaN, SiGe/Si/8|G 5
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THz pulse.
References 34.

1. W.Knap et al., J. Infrared Milli Terahz Waves, 3319-1337 35.

(2009). 36.
2. F.Aniel et al., Journal de physique IV, 6, 145-14996).
3. F.Aniel et al., IEEE Trans. Elec. Dev., 47, 147B342000). 37.
4. Soline Richard, Frédéric Aniel, and Guy Fishman, dtda} 38.

Review B, 70, 235204 (2004). 30,
5. Soline Richard et al., Proceeding of ESSDERC, Frasg®; 40.

366(2005).

16.
7.

18.

21.

22.
been compared by CWM for the structure AlGaAs/GaAs. 23.

24.

1322-1326 (1992).

0O.R.Matov, O.V.Polischuk, and V.V.Popov, Int. J.réwéd
Milli Waves, 14, 1455-1470 (1993).

V.V.Popov, G.M.Tsymbalov and M.S.Shur, J.
Condens. Matter, 20, 384208 (2008).

L.Wendler, N.Finger and E.Gornik,
Technology, 46, 291-307 (2005).

L. Wendler, T. Kraft, Physica B, 271, 33-98 (1999).

0O.R.Matov, O.V.Polischuk, and V.V.Popov, J. Exp. dhe
Phys., 95, 505-510 (2002).

http://www.ansys.com/
S.A.Mikhailov, Physical Review B, 58, 1517-1532 (1298

Lian Zheng, and W.L.Schaich, Phys. Rev. B, 43, 48534
(1991).
M.A.di Forte-Poisson et al., Phys.Stat.Sol.(a), ,2035-193
(2006).
M.-A.di Forte Poisson et al., Phys.Stat.Sol.(c)1317-1324
(2010).

Hidemi Takakuwa et al., IEEE Trans. Elec. Dev., E5)-595-
600 (1986).

Phys.:

Infrared Physi&s

. R.Fischer et al., Electronics Letters, 20, 945-9884).

S.F.Nelson et al., Appl.Phys.Lett., 63, 367-36DR)9

Noriyuki Okisu et al., Appl. Phys. Lett. , 48, N2.(1986).
Adolfo Eguiluz, et al., Phys. Rev. B, 11, 4989-4993705).
K.Hirakawa et al., Appl. Phys. Lett., 67, 2326-232995).

0.R.Matov, O.F.Meshkov, and V.V.Popov, J. of Expetital
and Theoretical Physics, 86, 538-544 (1988).

C.D.Ager, and H.P.Hughes, Sol. State CommunicatiBAs,
627-633 (1992)

D.V.Fateev, V.V.Popov, and M.S.Shur, Semiconductdds
1406-1413(2010).

V.V.Popov et al, J. Appl. Phys., 94, 3556-3562 @00

G.L.Snider, I.-H.Tan, and E.L.Hu, J. Appl. Phys8, @849-
2853 (1990).

D.H.Zhang, Mat. Sci. Eng., B60, 189-193 (1999).
Lifeng Li, J.Opt.Soc.Am.A, 13, 1870-1876 (1996).
M. Nakayama, J. Phys. Soc. Jpn., 36, 393-398 (1974)
U.Mackens et al. Phys. Rev. Lett., 53, 1485-14884)9



