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Grating-coupler-induced collective intersubband transitions in a quasi-two-dimensional electron system are
investigated both experimentally and theoretically. Far-infrared transmission experiments are performed on
samples containing a quasi-two-dimensional electron gas quantum confined in a parabolic quantum well. For
rectangular-shaped grating couplers of different periods we observe a strong dependence of the transmission
line shape and peak height on the period of the grating, i.e., on the wave-vector transfer from the diffracted
beams to the collective intersubband resonance. It is shown that the line shape transforms with increasing
grating period from a Lorentzian into a strongly asymmetric line shape. Theoretically, we treat the problem by
using the transfer-matrix method of local optics and apply the modal-expansion method to calculate the
influence of the grating. The optically uniaxial quasi-two-dimensional electron gas is described in the longwavelength limit of the random-phase approximation by a local dielectric tensor, which includes size quantization effects. Our theory reproduces excellently the experimental line shapes. The deformation of the transmission line shapes we explain by the occurrence of both types of Wood’s anomalies.
@S0163-1829~97!05403-9#

I. INTRODUCTION

The optical and electronic properties of electron systems
with reduced dimensionality, such as quasi-two-dimensional
electron gases ~Q2DEG’s! formed at, e.g., a modulationdoped semiconductor heterojunction have been widely studied in the recent past. Especially the collective excitation
spectrum of such a system has attracted a lot of attention as
it represents one of the Q2DEG’s most fundamental
properties,1 but also because of potential device
applications.2–4 Here, both types of collective charge-density
excitations, intrasubband as well as intersubband plasmons
in the far-infrared ~FIR! regime, have been intensively studied for the last twenty years ~see, e.g., Ref. 5!.
It is known ~see, e.g., Ref. 6! that the intrasubband plasmons always exist for wave vectors qi larger than the wave
vector of the freely propagating light, q i . v /c, where
qi 5(q x ,q y ) is the in-plane wave vector (q i 5 u qi u ) of the
collective excitation @ c denotes the vacuum speed of light
and v is the ~angular! frequency#, assuming that interfaces of
the sample are parallel to the x-y plane. But differently, each
intersubband excitation is accompanied by two branches of
dispersion curves due to the polariton effect.7 One branch is
located to the left of the light line (q i , v /c) and thus is the
dispersion relation of a radiative virtual mode, and the second, appearing to the right of the light line q i . v /c, describes a nonradiative normal mode. Commonly, one calls
the Q2D radiative virtual intersubband modes the collective
intersubband resonances ~ISR’s!, collective intersubband
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transitions, or dimensional resonances and the nonradiative
normal modes the intersubband plasmons.
Unfortunately, the investigation of the mode dispersion of
the Q2D plasmons v Q2D
p (q i ) is not directly accessible in FIR
spectroscopy. In general, the Q2D plasmons are accompanied by different collective intrasubband and intersubband
transitions due to the intersubband coupling ~ISC!. In this
case, the resulting spectrum is of hybrid type. Only for weak
ISC nearly pure intrasubband and intersubband plasmons occur. In such a situation, intrasubband plasmons can only be
excited with fields polarized parallel to the heterointerfaces
and that have wave vectors q i . v /c, whereas ISR’s and intersubband plasmons can only be excited with electromagnetic fields having components polarized perpendicular to
the interfaces of the sample8,9 and that have wave vectors
q i , v /c and q i . v /c, respectively. To solve this problem,
usually the FIR radiation is coupled to the Q2DEG through a
metallic grating of period d above the electron system.9–11
This way, different discrete values of the probe wave vector
ki n 5(k xn ,k y ) of the diffracted electromagnetic field parallel
to
the
2D
plane,
k xn 5( v /c)sinQ01(2p/d)n;
n50,61,62, . . . (Q 0 is the ray angle of the incident light
measured from the z axis, which is assumed to be perpendicular to the interfaces of the sample!, can be excited. Assuming the incident light propagation in the x-z plane and
the stripes of the grating along the y axis, the incident light
couples at the discrete wave vectors q i 5k xn to the collective
excitations v Q2D
p (q i ) in the Q2DEG, provided the grating is
sufficiently close to the electron gas. Here, the grating cou2303
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pler serves as a special optical coupling arrangement: ~i! to
convert the in-plane electromagnetic field component
E x (x,z u v ) of the incident wave into the perpendicular component E z (x,z u v ) of the scattered waves and ~ii! to induce a
wave-vector transfer k x →k xn parallel to the interfaces of the
system. Moreover, grating couplers provide unique advantages over other techniques such as the use of prisms,12
Brewster angle orientation,13 or multiple internal reflection
~waveguide! geometry:14 normal incidence of the FIR radiation and a relatively large component of the electric field
along the direction of confinement can be easily achieved.
The aim of this paper is to investigate both experimentally
and theoretically the influence of the grating coupler on the
coupling efficiency and the resulting transmission line shape
of the Q2D ISR as a function of the grating coupler period.
Both intrasubband plasmons ~see, e.g., Refs. 9–11 for experiments and Refs. 15–19 for theory! and ISR’s ~see, e.g.,
Refs. 20–23 for earlier experiments and Refs. 24 and 25 for
theory! are intensively investigated. Here, we wish to focus
on the excitation of the ISR. Unfortunately, the theories developed up to now on the grating-coupler-induced excitation
of collective Q2D plasmon modes are restricted to strong
approximations, e.g., optically isotropic media, 2D gratings,
perfectly conducting gratings, simple half-space geometry,
etc., which are unsuitable to describe correctly the optical
response of the Q2DEG synthesized in multilayer systems
with grating. Moreover, as we will point out below, the influence of the grating coupler on the line shape is much more
pronounced for the ISR than for the intrasubband plasmon
and thus it needs to be considered carefully. Because the
perpendicular field component is zero for the zeroth-order
beam, the grating-coupler-induced ISR’s are nonvertical
transitions in k space, i.e., involve wave-vector transfers of
k xn ,n561,62, . . . . Experiments26,27 indicate that the
power absorbed at the ISR frequency is a function of the
ratio of the grating period d to the intersubband resonance
wavelength l sub . Our theoretical investigations are completely universal in the framework of local optics and can be
applied to any given optically uniaxial multilayered structure
with gratings of finite height.

tivity in vacuum, D is the energy height of the parabola from
its bottom to the edges, the electron charge is 2e and W is
the width of the grown PQW. Once such a structure is remotely doped, the donors release electrons into the well,
which in turn will screen the man-made parabolic potential
and form a wide and nearly homogeneous electron layer.
The collective response of such systems has been the subject of many different experiments and theoretical investigations over the last few years ~see, e.g., Ref. 29!. The most
surprising effect that has been observed in the early days of
the spectroscopy of PQW’s is that the electron system absorbs radiation independently from the electron density in
the PQW only at a single well-defined frequency, which can
be related to the shape of the bare confining potential alone.
Self-consistent effects such as the renormalization of the subband energies in the structures due to electron-electron interactions seem to turn out to be of no importance for the optical absorption. In a celebrated paper Brey, Johnson, and
Halperin30 and Yip31 generalized Kohn’s theorem,32 originally derived for the cyclotron resonance in 3D bulk semiconductor structures. They showed that for the case of a bare
perfectly parabolic confinement potential long-wavelength
radiation only couples to the center-of-mass ~CM! part of the
Hamiltonian, leaving the relative coordinates completely untouched. The reason for this unique phenomenon is that for a
bare harmonic confinement and only for this the Hamiltonian
can be separated into one part containing only CM coordinates and one part containing only relative coordinates. The
interaction Hamiltonian for the incident light can be shown
to couple only to the CM part. In other words, longwavelength radiation excites a mode in the electron system,
which is only connected with the CM motion. This collective
intersubband mode is sometimes referred to as Kohn’s mode
or more figurative ‘‘sloshing mode.’’ Per construction, it corresponds to the classical plasma oscillations of a bulk 3D
electron gas of density n 1 : v p 5 @ n 1 e 2 /(« 0 « s m e ) # , where
m e is the effective conduction-band-edge mass. If we use Eq.
~1! relating n 1 to the growth parameters it reads

II. EXPERIMENT

where V is the confining frequency of the bare parabolic
potential: V 0 (z)5 21 m e V 2 z 2 .
The many-particle picture of this phenomenon33,34 is that
the renormalization of the ~1-0! subband separation frequency DV 105V 10(0)2V 10(n 2DEG), where V 10(n 2DEG)
5(E1 2E0 )/\ is the subband separation frequency of the
PQW with the 2D electron density n 2DEG ~sheet carrier concentration!, cancels for q i 50 with the collective frequency
10
shift D 10
p 5 v p (q i 50)2V 10(n 2DEG) of the ~1-0! intersub33,34
that in such a situaband plasmon v 10
p (q i ). It is shown
10
tion this mode is pinned at v p (q i 50)5V 10(0)5V independently from the electron density. Whereas Kohn’s
theorem states that the absorption spectrum has only one
peak at v 5V, the mode spectrum of the freely oscillating
Q2DEG consists of all types of Q2D plasmons. It should be
noted that for q i Þ0 Kohn’s theorem is not valid.
For our experiments we use different samples that have
been cut from one single wafer. On top of these samples we
fabricate metal gratings of different period d and then com-

The experiments are performed on parabolic quantum
well’s ~PQW’s!.28 Here, the conduction-band edge of a
GaAs-Ga 12x Al x As quantum well is graded such that it turns
out to have a parabolic shape in the growth direction. This is
achieved by a proper variation of the percentage of one of
the ingredients ~namely the Al content x). An electron that is
experiencing this profile ‘‘sees’’ a potential that could also
result from a homogenous positive background such as a
doping layer. From Poisson’s equation and a back-of-theenvelope calculation the potential of this ~in the case of a
PQW fictitious! positive background with density n 1 can be
related to the growth parameters of the PQW by
n 15

« 0 « s d 2 E C « 0 « s 8D
5 2
.
e 2 dz 2
e W2

~1!

Here, « s denotes the mean static dielectric constant of
Ga 12x Al x As forming the PQW, « 0 is the dielectric permit-

v p 5V5

S D
8D
W 2m e

1/2

,

~2!

55

OPTICAL RESPONSE OF GRATING-COUPLER-INDUCED . . .

2305

FIG. 1. Schematic arrangement of the layer structure of the
sample containing the PQW used in the experiments.

pare their transmission spectra. Any differences in the spectra obtained for the different samples thus can be related to
the effect of the different grating couplers. The sample used
in our experiments is a standard PQW ~sample PB48 of Ref.
29!, schematically drawn in Fig. 1, in which the Al content
x was varied during growth between x50 in the center of
the well and x50.3 at its edges. To grade the structure, we
used the digital alloy technique as described elsewhere.28
This structure is grown on a semi-insulating GaAs substrate
and consists of the following layers: layer 1 is the 10-nmthick undoped GaAs cap layer (c 0 ), layer 2 is a 200-nmthick undoped Ga 0.7Al 0.3As layer (c 1 ), layer 3 is a 17-nmthick Si-doped (N d 5531017 cm 23 ) Ga 0.7Al 0.3As layer
(d 0 ), layer 4 is a 4-nm-thick Si-doped (N d 51.1131018
cm 23 ) Ga 0.7Al 0.3As layer (d 1 ), layer 5 is the 20-nm-thick
undoped Ga 0.7Al 0.3As spacer layer (s 1 ), layer 6 is the 130nm-thick Ga 12x Al x As PQW (L), layer 7 is the 20-nm-thick
undoped Ga 0.7Al 0.3As spacer layer (s 2 ), layer 8 is a 4-nmthick Si-doped (N d 51.1131018 cm 23 ) Ga 0.7Al 0.3As layer
(d 2 ), layer 9 is a 200-nm-thick undoped Ga 0.7Al 0.3As layer
(c 2 ), and layer 10 is the 500-nm-thick undoped GaAs buffer
layer (b). The substrate is a 500-m m-thick GaAs wafer.
From the growth parameters we calculate the density of the
fictitious charge of n 1 57.431016 cm 23 , which according to
Eq. ~2! corresponds to an expected resonance energy of
about \ v 10
p (q i 50)'11 meV. A semitransparent NiCr electrode on top of the sample serves as a gate to vary the carrier
density in the well and alloyed In pellets at its corners provide Ohmic contacts to the electron system. On top of the
NiCr gate a 50-nm-thick rectangular Ag grating with stripes
along the y axis of width a, spacing b between the stripes
and period d5a1b is deposited. For the different samples
investigated here, we used grating periods of d5 4, 6, 10,
20, 27, 40, and 80 m m, respectively. The metallization for all
gratings was chosen so that the mark-to-space ratio ~aspect
ratio! is close to t5a/b51 ~one also introduces the mark
fraction f 5a/d and the open space fraction r5b/d). For
comparison, also one sample without any grating coupler has
been fabricated. To avoid Fabry-Pérot-type interference effects, the sample substrate is wedged by a small angle of
approximately 3°.
Magnetotransport measurements revealed a typical sheet
carrier concentration of n 2DEG5231011 cm 22 for all
samples. To be able to directly compare the experimental

FIG. 2. Experimentally obtained relative transmission spectra
for the ISR in a PQW using grating couplers of different grating
periods. With increasing grating period first the height of the occurring peak becomes larger, then the lines become strongly asymmetric, and for large grating periods the relative transmission nearly
vanishes.

results for different samples we made sure that during the
actual measurement of the FIR transmission for all samples
n 2DEG was exactly the same by eventually applying a small
correction bias to the gate electrode.35
Our transmission experiments are performed at low temperatures (T52 K! with the sample mounted in the center of
a superconducting solenoid. Experimentally, we determine
the relative change in transmission 2DT/T5 @ T(0)
2T(n 2DEG) # /T(0). T~0! is the transmission of the sample
with the well being completely depleted, T(n 2DEG) the one at
finite carrier densities. The spectra have been taken with a
Fourier transform spectrometer and a Si composite bolometer was used to detect the transmitted radiation, which is
guided by a 10-in-long oversized brass waveguide between
the sample and the bolometer.
In Fig. 2 we depict the results of our experiments, where
we plot the relative transmission 2DT/T for seven samples,
investigated as a function of the frequency for zero magnetic
field. As expected from the dipole selection rules, there is no
detectable absorption at the frequency of the ISR for the
sample without grating. With increasing grating period a
peak develops at the expected resonance frequency of the
ISR. Its line shape and peak height, however, strongly depend on the grating used in the experiment. For small grating
periods d,l sub , where l sub52 p c/( A« s v ) is the wavelength of the FIR radiation at the ISR frequency in the GaAs
substrate with static dielectric constant « s , the peak has a
Lorentzian shape and its height increases with increasing period. For d5l sub , however, the line shape becomes totally
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layers of the quantum-well structure are described by two
(n)
different types of dielectric tensors: ~i! « ab
(x, v )
5« n ( v ) d ab in z n ,z,z n 21 , if the n th layer is filled by an
(n)
(n)
isotropic medium and ~ii! « ab
(x, v )5« ab
( v ) d ab is a diagonal tensor if this layer forms the QW and contains the
Q2DEG, which behaves optically uniaxial. This is true in the
absence of an external magnetic field, where we have
« (xxn ) 5« (yny) Þ0, « (zzn ) Þ0 but « (xyn ) 5« (yxn ) 5« (xzn ) 5« (zxn ) 5« (yzn )
5« (zyn ) 50. For the dielectric properties of the background of
the GaAs and Ga 12x Al x As layers we use the so-called « s
approximation: « n ( v )5« s n , i.e., we neglect the dynamical
properties of the optical phonons, but include their screening
by the static dielectric constant « s n . This is true because the
frequencies of the optical phonons are well above the frequency of the ISR in the studied PQW’s. That layer that
contains the Q2DEG we describe by a macroscopic local
dielectric tensor, which includes the size-quantization effects
on the electrons in the PQW. The dielectric tensor of the
Q2DEG ~nonlocal! is derived in the framework of the
random-phase approximation of the current-response scheme
in Ref. 6, wherefrom the nonvanishing components in the
optical limit (q i →0) follow in the form

S

FIG. 3. Schematic arrangement of the geometry of the
multilayer system with grating used in the theoretical calculations.

distorted, indicating some interference effect. For even larger
grating periods d.l sub the relative transmission rapidly decreases. For d540 mm, the resonance is barely detectable
and for a grating with period d580 mm, no detectable resonance is left. It is also interesting to note that the sign of the
resonant structure changes when the grating period crosses
the condition d5l sub . Whereas for d,l sub the maximum of
2DT/T is positive, for d.l sub the maximum change in
transmission becomes negative, i.e., it becomes a minimum.

« ~xxn ! ~ v ! 5« ~yny! ~ v ! 5« s n 12

S

« ~zzn ! ~ v ! 5« s n 12

D

v 20
,
v ~ v 1i/ t i !

v 20 f 10
v 2 2V 2101i v / t'

D

,

~3!

~4!

where
f 105

2m e V 10 2
z 10
\

~5!

with
III. THEORY

For the theoretical investigation of the FIR transmission
spectra of the PQW structure with grating coupler we use our
theory, developed in Ref. 36, which is based on the transfermatrix method of local optics for anisotropic media and apply the modal-expansion method to calculate the influence of
the grating. Any details of the theory may be found in this
paper. The combination of both methods results in a generally computationally efficient and stable formalism of the
optical response of multilayer systems with grating.36 As
shown in Fig. 3 the PQW under consideration is modeled by
a six-layer system n 51, . . . ,6. Each layer is, in general,
characterized by its dielectric tensor « a( n, )b (x, v ), where
a , b 5x,y,z, and by its thickness d n 5 u z n 2z n 21 u . The layer
z 1 ,z,z 0 contains the rectangular-groove grating of height
h[d 1 and periodicity d5a1b. In the grating region we
(1)
have for the filled stripes « ab
(x, v )5« j ( v ) d ab , where
j 5a if md,x,md1a and j 5b if md1a,x,(m11)d,
with m50,61,62, . . . . In the experiments samples with
metal gratings are used. In this case we use the local Drude
dielectric function « a ( v )512 v 2p / v ( v 1i g a ) for the mea
tallic stripes, where v p a is the plasma frequency and g a is
the phenomenological damping constant, and we assume for
the spacing between the stripes « b 51. The semiconductor

z 105

E

a 2DEG

0

dz w *
1 ~ z ! z w 0~ z ! .

~6!

Herein, w K (z), K50,1,2, . . . is the envelope wave function of the PQW and we have defined the plasma frequency
by v 0 5 @ n 2DEGe 2 /(m e « 0 « s n a 2DEG) # 1/2, where a 2DEG is the
effective layer thickness of the Q2DEG. Further, t i and t'
are the phenomenological longitudinal and transverse relaxation times, respectively, V 105V 10(n 2DEG)5(E1 2E0 )/\ is
the subband separation frequency of the two lowest electric
subbands of the effective confining potential ~non-parabolic!
of the PQW and f 10 is the oscillator strength of the transition
0→1. For the PQW under consideration the subband ~bottom! energies EK , the envelope wave functions w K (z), the
Fermi energy E F and the oscillator strengths f KK 8 are calculated self-consistently in the framework of the Hartree approximation using the method described in our recent
paper.34
Assuming monochromatic electric and magnetic fields,
E(x,t)5E(x, v )exp(2ivt) and H(x,t)5H(x, v )exp(2ivt),
respectively, these fields are given by the wave equations
¹@ ¹•E~ x, v !# 2 ~ ¹•¹! E~ x, v ! 5

v2
J
« ~ x, v ! E~ x, v ! , ~7!
c2

55

OPTICAL RESPONSE OF GRATING-COUPLER-INDUCED . . .

2307

tice vector. In the presence of the grating the reflected and
the transmitted beams are represented by Fourier series ~Rayleigh expansion37!:

and
¹@ ¹•H~ x, v !# 2 ~ ¹•¹! H~ x, v !
52i v « 0 ¹3 @ J
« ~ x, v ! E~ x, v !# .

~8!

We assume that the incident plane wave travels in the halfspace z.z 0 ( n 50), filled by vacuum, within the x-z plane
in the negative z direction with the wave vector
k(0) 5(k x ,0,2k (0)
having
the
components
kx
z ),
(0)
5( v /c)sinQ 0 and k z 5( v /c)cosQ 0 . In this case the here
considered p polarization ~TM waves! with
E~ x,z u v ! 5 @ E x ~ x,z u v ! ,0,E z ~ x,z u v !#

~9!

`

E~ x,z u v ! 5

(

n52`

exp~ ik xn x ! En ~ z, v ! ,
if z.z 0 and z,z 1 .

~11!

This ansatz has to fulfill the wave equation in each layer. In
the region z.z 0 we have
E~ 0 ! ~ x,z u v ! 5

and

Am H
«0

0

A ~p0 ! exp@ i ~ k x x2k ~z0 ! z !#~ k ~z0 ! ex 1k x ez !

`

H~ x,z u v ! 5 @ 0,H y ~ x,z u v ! ,0#

~10!

is independent from the s polarization ~TE waves!.
According to the Floquet-Bloch theorem we have in the
grating region E(1) (x1md,z u v )5exp(ikx md)E(1) (x,z u v ),
where the Bloch wave-vector component k x is defined in the
first Brillouin zone: 2 p /d,k x < p /d. Whereas in a
multilayer system of homogeneous layers ki 5(k x ,k y ) is a
conserved quantity of the whole system, the periodic structure of the grating coupler produces an infinite number of
propagating waves with ki n 5(k xn ,k y ), where k xn 5k x 1G n
and G n 5(2 p /d)n, n50,61,62, . . . is the reciprocal lat-

E~ n ! ~ x,z u v ! 5

Am

1

(

n52`

B ~pn0 ! exp@ i ~ k xn x1k ~zn0 ! z !#

J

3 ~ 2k ~zn0 ! ex 1k xn ez ! ,

~12!

(0)
where A (0)
p is the field amplitude of the incident wave, B pn is
the amplitude of the nth diffraction-order reflected wave, and
ea is the unit vector along the a axis. From the dispersion
(0)
relation in vacuum k (0)
n 5 u kn u 5 v /c it follows that
2 1/2
2 2
k (0)
zn 5 @ v /c 2k xn # . For a layer filled by an isotropic semiconductor we have

`

«0

1
exp~ ik xn x ! $ A ~pnn ! exp@ 2ik ~znn ! ~ z2z n 21 !#~ k ~znn ! ex 1k xn ez !
0 « n ~ v ! n52`

(

1B ~pnn ! exp@ ik ~znn ! ~ z2z n 21 !#~ 2k ~znn ! ex 1k xn ez ! % ,

~13!

where k (znn ) 5 @ « n ( v ) v 2 /c 2 2k 2xn # 1/2 is valid. A (pnn ) is the amplitude of the nth-order diffracted wave propagating downwards and
B (pnn ) of that propagating upwards in layer n . For the anisotropic layer contaning the Q2DEG it follows that
~n!

E ~ x,z u v ! 5

A

`

«0
1
exp~ ik xn x ! $ A ~pnn ! exp@ 2ik ~zn ! ~ z2z n 21 !#~ k ~znn ! ex 1k xn ez !
m 0 « ~xxn ! ~ v ! n52`

(

1B ~pnn ! exp@ ik ~znn ! ~ z2z n 21 !#~ 2k ~znn ! ex 1k xn ez ! %

~14!

k (znn ) 5 @ « (xxn ) ( v ) v 2 /c 2 2« (xxn ) k 2xn /« (zzn ) # 1/2.

with
In the grating region we represent the fields by the modal-expansion method,38,39 i.e., represent the electromagnetic fields
as a sum of the eigensolutions of the wave equation in the grating layer. One solves the wave equation in each stripe of the
grating and requires the boundary conditions v E z b 50 and v H y b 50, where v A b denotes the change of A evaluated at the
interface. This results in the dispersion relation of the modes
~ « ab b !21~ « bb a !2
sin~ b a a ! sin~ b b b ! 2cos~ b a a ! cos~ b b b ! 1cos~ k x d ! 50.
2« a « b b a b b

~15!

Equation ~15! determines for a given pair ( v ,k x ) a set of eigenvalues $ k (1)
zl % . The electromagnetic field in the grating layer is
the sum over all eigenfunctions:
E~ 1 ! ~ x,z u v ! 5

c
v

(l « j $ X 1l~ x ! k ~zl1 !@ A ~l 1 !e 2ik

where
X 6~ x ! 5

H

~1!
zl z

~1!

~1!

D al e i b al ~ x2md ! 6F al e 2i b al ~ x2md ! ,
D bl e

i b bl ~ x2md2a !

~1!

2B ~l 1 ! e ik zl z # ex 1X 2l ~ x ! b j l @ A ~l 1 ! e 2ik zl z 1B ~l 1 ! e ik zl z # ez % ,

6F bl e

2i b bl ~ x2md2a !

md,x,md1a
,

md1a,x, ~ m11 ! d

~16!

~17!
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2 1/2
and b j l 5 @ « j ( v ) v 2 /c 2 2(k (1)
zl ) # .
The electromagnetic fields, given by Eqs. ~12!–~14! and
~16! have to fulfill the electromagnetic boundary conditions
v E x b 50 and v H y b 50 at the interfaces between the different
layers of the multilayer system. The most profitable method
to represent the results is the transfer-matrix method. The
transfer matrix relates the field amplitudes in one layer to
that of a different layer. Without the grating coupler the electromagnetic field is characterized by two amplitudes in each
layer and hence, the transfer matrix is a 232 matrix. But in
the presence of the grating coupler the electromagnetic field
is represented in each layer by the Rayleigh expansion with
an infinite number of field amplitudes. It is therefore necessary for practical calculations to restrict on a finite number of
scattered modes: 2n max<n<n max . We arrange the field amplitudes of the different diffraction orders of the transmitted
and reflected waves in layer n in the form of column matrices @(2n max11)-dimensional vectors#:

n!
n!
A~pnn ! 5 ~ A ~p0n ! ,A ~p21
,A ~p1n ! , . . . ,A ~p2n
max

T ipnj

5

max

S

max

,A ~pnn ! ! , ~18!
max

@ T ipnj max# 11

55

n!
n!
,B ~p1n ! , . . . ,B ~p2n
B~pnn ! 5 ~ B ~p0n ! ,B ~p21
max

S DS
A~pnn !

max

B~pnn !
max

Ppn max~ n ! 5

S

~n!

0

P2pn

T 21
pn max

Tpn max~ n , n 11 ! 5

A

A
...

@ T ipnj max# ~ 2n max11 !~ 2n max11 !

~n!

max

D

,

~23!

where the elements of the submatrices read
@ P1pn max~ n !# nn 8 5exp~ ik ~znn ! d n ! d nn 8

and
P2pn ~ n ! 5 @ P1pn ~ n !# 21 .
max
max

~25!

T 22
pn max

DS D
A~pnn 11 !
max

B~pnn 11 !
max

,

~20!

S

T 11
pn
T 21
pn

max

T 12
pn

max

max

T 22
pn

max

D

~21!

.

D

~22!

,

Herein, we have arranged the elements of the submatrices in
1
1
the following form: P1115Pn50,n 8 50 ,P1125Pn50,n 8 521 ,
1
1
, ...,
P121 5 Pn 52 1,n 8 5 0 . . . ,P11 2n
1 1 5 Pn 5 0,n 8 5 n
nmax

1
P2n

1

11 5Pn5n

max11 2nmax

max ,n 8 5n max

max

. The dynamical matrix of

a homogeneous layer is calculated to be
Dpn max~ n ! 5

S

~n!

D12
pn

max

~n!

D22
pn

max

D11
pn

max

D21
pn

max

~n!
~n!

D

,

~26!

where the elements of the submatrices are given by
12
@ D11
pn max~ n !# nn 8 5 @ Dpn max~ n !# nn 8 5 d nn 8

~27!

k ~znn !
21
22
@ Dpn max~ n !# nn 8 52 @ Dpn max~ n !# nn 8 5 ~ n ! d nn 8 .
« xx

~28!

and

Equations ~23! – ~28! are valid for any optically uniaxial
medium. The corresponding expressions for isotropic media
follow if one replaces « (xxn ) ( v )5« (zzn ) ( v )5« n ( v ).
Defining the transfer matrix of the whole sample by
TGpn

~24!

max

The submatrices are given by

@ T ipnj max# ~ 2n max11 ! 1

0

max

T 12
pn

max

where the 2(2n max11)32(2n max11)-dimensional transfer
matrix is

Tpn max~ n , n 11 ! 5 @ Ppn max~ n !# 21 @ Dpn max~ n !# 21 Dpn max~ n 11 ! ,

P1pn

5

T 11
pn

@ T ipnj max# 1 ~ 2n max11 !

where Ppn max( n ) is the propagation matrix, which describes
the propagation of the diffracted waves in layer n , and
Dpn max( n ) is the dynamical matrix, which depends on the
polarization of the waves. The different matrices are derived
explicitly in Ref. 36, where the reader can find any details.
As shown in Ref. 36 the propagation matrix of a homogeneous layer is given by

,B ~pnn ! ! . ~19!
max

Note that the incident wave contains only the zeroth-order
(0)
A(0)
pn max5(A p0 ,0, . . . ,0). The resulting matrix equation,
which relates the field amplitudes in layer n with that in layer
n 11, is given by

...

where
i, j51,2.
These
submatrices
are
(2n max11)3(2n max11)-dimensional matrices, where we
have arranged the elements (n,n 8 50,21,1, . . . ,n max in the
following manner: @ T ipnj # 115@T ipnj # n50n 8 50 , @ T ipnj # 12
max
max
max
5 @ T ipnj # n50n 8 521 ,
@ T ipnj max# 215 @ T ipnj max# n521n 8 50 , . . .
max
@ T ipnj max# (2n max11)(2n max11) 5 @ T ipnj max# n5n maxn 8 5n max. The transfer matrix can be written as

max

~ 0, N11 !

max

5TGpn

~ 0,1! TG
pn max~ 1,2 ! Tpn max~ 2,3 ! •••Tpn max~ N,N11 ! ,
~29!

max

(0)
then field amplitudes (A(0)
pn max ,Bpn max) in the half-space
z.z 0 are related to that in the substrate z,z N by
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S D
A~pn0 !
B~pn0 !

max

S D
A~pnN11 !

max

max

5TGpn ~ 0,
max

N11 !

B~pnN11 !

.

~30!

TGpn (1,2)
max

und
reHerein, the transfer matrices
sult from the two interfaces of the grating with the homogeneous media. Further, the following is valid: The submatrices that result from the interface between two homogeneous
media are diagonal, whereas those resulting from the interfaces between the grating and homogeneous media are nondiagonal. Also the last one can be represented in the forms
TGpn (0,1)5 @ Ppn max(0) # 21 @ Dpn max(0) # 21 DGpn (1)
and
max
max
G
G
G
21
21
Tpn (1,2)5 @ Ppn (1) # @ Dpn (1) # Dpn max(2).
The
max
max
max
21
21
matrices @ Ppn max(0) # and @ Dpn max(0) # are the inverse of
the propagation matrix and of the dynamical matrix of the
half-space z.z 0 ( n 50) given by Eqs. ~23! and ~26!, respectively, and Dpn max(2) is the dynamical matrix of layer n 52
given by Eq. ~26!. In the grating region the propagation matrix PGpn (0) has the same form as given in Eqs. ~23! –
max
~25!. But the dynamical matrix in the grating region is different from that describing homogeneous layers. The dynamical matrix of the grating is given by
DGpn ~ n ! 5
max

S

DG,11
pn max~ n !

DG,12
pn max~ n !

DG,21
pn max~ n !

DG,22
pn max~ n !

D

~31!

,

with
1
G,12
@ DG,11
pn max~ n !# ln 5 @ Dpn max~ n !# ln 5G ln

~32!

2 ~n!
G,22
@ DG,21
pn max~ n !# ln 52 @ Dpn max~ n !# ln 5G ln k zl .

~33!

and

The different elements of these matrices are
1 d
G 1ln 5
dxexp~ 2ik xn x ! X 1l ~ x !
d 0

G 2ln 5

S

T p5

1
d

E

d

0

dxexp~ 2ik xn x !

~34!

X 1l ~ x !
«j

$ 12exp@ ia ~ b al 2k xn !# %
« a ~ b al 2k xn !

2iF al

$ 12exp@ 2ia ~ b al 1k xn !# %
« a ~ b al 1k xn !

1iD bl

$ 12exp@ ib ~ b bl 2k xn !# %
exp~ ik xn a ! « b ~ b bl 2k xn !

2iF bl

$ 12exp@ 2ib ~ b bl 1k xn !# %
.
exp~ ik xn a ! « b ~ b bl 1k xn !

~35!

Herein, the matrix elements G 1ln (n50,21,1, . . . ,n max ,
l51, . . . ,2n max11) are arranged in the form: G 111
1
1
1
1
5G l51,n50
,G 112 5G l51,n521
, G 121 5G l52,n50
. . . , G 12n
max11
1
1
1
5G l51,n5n
, . . . ,G 2n
,5G
l52n max11,n5n max.
max
max112n max11
In the absence of the grating the formalism presented here
reduces to the well-known 232 transfer-matrix method; i.e.,
each submatrix of the transfer matrix given in Eq. ~20! becomes a single complex function or number and the field
amplitudes, Eqs. ~18! and ~19!, reduce to only one ~that of
the zeroth order!, respectively:

S D
A ~p0n 11 !

B ~p0n ! 5Tp0 ~ n , n 11 ! B ~p0n 11 ! .

~36!

with

@ 12« ~xxn ! k ~zn 11 ! / ~ « ~xxn 11 ! k ~zn ! !# exp~ ik ~zn ! d n !

@ 11« ~xxn ! k ~zn 11 ! / ~ « ~xxn 11 ! k ~zn ! !# exp~ ik ~zn ! d n !

(

!,

$ 12exp@ 2ib ~ b bl 1k xn !# %
,
exp~ ik xn a !~ b bl 1k xn !

@ 12« ~xxn ! k ~zn 11 ! / ~ « ~xxn 11 ! k ~zn ! !# exp~ 2ik ~zn ! d n !

2« sN11 u A ~p00 ! u 2 k ~z00 ! n,n 8 52n max
~ N11 !

2iF bl

@ 11« ~xxn ! k ~zn 11 ! / ~ « ~xxn 11 ! k ~zn ! !# exp~ 2ik ~zn ! d n !

n max

3~ k ~znN11 ! * 1k zn 8

$ 12exp@ ib ~ b bl 2k xn !# %
exp~ ik xn a !~ b bl 2k xn !

S D

For a multilayer system with a grating coupler, however,
transmitted waves of the order n50,61,62, . . . 6n max occur. The quantity measured in the experiments is the timeaveraged power transmission coefficient, which is calculated
to be
1

1iD bl

A ~p0n !

$ 12exp@ ia ~ b al 2k xn !# %
b al 2k xn

1
Tp0 ~ n , n 11 ! 5
2

$ 12exp@ 2ia ~ b al 1k xn !# %
b al 1k xn

5iD al

E

5iD al

2iF al

max

TGpn (0,1)
max
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~ N11 ! i f nn ~ x,z !
8

A ~pnN11 ! * A pn 8

e

~38!

D

. ~37!

where the asterisk symbol * means complex conjugate and
!
f nn 8 ~ x,z ! 5x ~ k xn 8 2k xn ! 1 ~ z2z N !~ k ~znN11 ! * 2k ~znN11
! . ~39!
8

The transmission coefficient depends on both x and z because the grating produces a diffraction pattern along the x
direction. It is important to note that not all the orders of
diffracted waves can propagate through the sample and from
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the sample surface to the detector. Only those waves for
which k (0)
is real and positive, i.e., if v 2 /c 2
zn
. @ ( v /c)sinQ 0 1(2 p /d)n # 2 are propagating waves above
and below the sample. In the case that k (0)
zn is pure imaginary,
i.e., if v 2 /c 2 , @ ( v /c)sinQ 0 1(2 p /d)n # 2 the corresponding
wave is an evanescent wave with the decay length
L n 5(2 u Imk (0)
zn u ) and thus exists only in the near field of the
grating. Because in the experiment the distance between the
sample and the detector is usually much larger than the decay lengths of the evanescent waves, which cannot transport
energy in the negative z direction if the medium below the
sample is nonabsorbing, only the propagating waves are detected. But it is important that the evanescent waves couple
with the collective excitations of the Q2DEG inside the
PQW, which usually is in the near vicinity of the grating,
leading to a resonant decrease of the reflected and transmitted radiation. Hence, the measured transmission coefficient
contains, via the boundary conditions at the interfaces of the
grating with the homogeneous layers, which couple the different diffracted orders, all information about the evanescent
higher-order diffracted waves. In the typical situation only
the zero-order diffracted wave is propagating in the surrounding. If in this case the influence of the evanescent
waves below the sample on the transmission coefficient of
Eq. ~39! can be neglected then, the transmission coefficient
reads
T p5

u A ~p0N11 ! u 2 k ~z0N11 !

« sN11 u A ~p00 ! u 2 k ~z00 !

.

~40!

With increasing period d of the grating it becomes possible
that the first-order diffracted waves become propagating. In
the vacuum above and below the sample this takes place at
d5l 0 , where l 0 52 p /k (0) 52 p c/ v is the vacuum wavelength at the frequency of the ISR. If this becomes true the
transmission spectrum as well as the reflection spectrum
show the so-called Rayleigh anomaly.37,40–43 It consists of a
rapid variation in the amplitudes of the diffracted orders corresponding to the onset ~evanescent → propagating! or disappearance ~propagating → evanescent! of a particular diffracted order. This is true because with the appearance of a
new order of diffracted wave a rearrangement of the field
amplitudes of the other propagating diffracted waves is
caused. The wavelength where this takes place is called Rayleigh wavelength l R . But in general, two types of anomalous effects, called Wood’s anomalies,44 occur: ~i! the above
described Rayleigh wavelength type and ~ii! the resonancetype anomaly. The second type of Wood’s anomaly is connected with the excitation of a leaky surface wave propagating along the metallic grating.41,43,45
If 2n 1 11 waves are propagating below the sample ~zero
order plus forward and backward diffracted waves of higher
order!, valid if d>n 1 l 0 , it depends on the detector if the
diffraction pattern or the spatial average is measured. Usually the last one is realized and then the transmission coefficient, which only includes the action of the propagating
waves below the sample, reads
T p5

1

n5n 1

(

« sN11 u A ~p00 ! u 2 k ~z00 ! n52n 1

u A ~pnN11 ! u 2 k ~znN11 ! .

~41!
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The experimental and theoretical investigations performed in this work are focused on the question about the
coupling efficiency of the grating to excite the ISR of the
Q2DEG synthesized in the PQW with one occupied subband
for a given semiconductor heterostructure. It is known ~for
details see Ref. 36! that the coupling efficiency depends on
the one hand on the grating parameters ~period, height, markto-space ratio, material! but on the other hand on the properties of the multilayer system ~distance between grating and
Q2DEG and between the Q2DEG and the lower boundary of
the sample, material, etc.!. Here, we investigate in detail the
coupling efficiency of FIR transmission in dependence on
the grating period d and all the other parameters of the
sample remain fixed.
IV. NUMERICAL RESULTS AND DISCUSSION

The numerical calculations are done for the six-layer system depicted in Fig. 3 with the following material parameters: layer n 51 is a Ag grating layer with
v p a 55.6931015 s21 and g a 57.59631013 s21 of height
d 1 5h550 nm; layer n 52 is a GaAs layer of thickness
d 2 510 nm and « s2 512.87 and layer n 53 is a
Ga 12x Al x As (x50.25) layer with « s3 512.21 and of thickness d 3 5241 nm; the fourth layer contains the PQW with
the bare confining energy \V511 meV, in which the
Q2DEG is synthesized. For simplicity we assume for the
background dielectric constant of this layer a homogeneous
dielectric constant with the parameters of GaAs:
« s4 512.87 and n 2DEG5231011cm22 , t i 51310211 s,
t' 51310212 s, and d 4 5a 2DEG518.7 nm. Layer n 55 is
224 nm thick and consists of Ga 12x Al x As and the layer
n 56 is a 500 nm-thick GaAs layer. In the numerical calculations the substrate ~region n 57) is filled with GaAs and it
is assumed to be of infinite thickness, which is different from
the experimental situation. In the experimental sample the
substrate is wedged with a mean thickness of approximately
500 mm. In both theory and experiment this is done to avoid
the Fabry-Pérot resonances in the substrate.
The numerically calculated relative transmission coefficient 2DT/T is plotted in Fig. 4 for different periods d of
the grating and fixed mark-to-space ratio t51. The wave
vector transfer from the incident wave to the ISR is as follows, for d54 mm: k x 1 51.573104 cm21 , k x 2 53.143104
cm21 , etc.; d56 mm: k x 1 51.0473104 cm21 , k x 2 52.094
3104 cm21 , etc.; d510 mm: k x 1 56.2383103 cm21 , k x 2
51.2563104 cm21 , etc.; d520 mm: k x 1 53.143103
cm21 , k x 2 56.283103 cm21 , etc.; d530 mm: k x 1 52.094
3103 cm21 , k x 2 54.1883103 cm21 , etc.; and for d540
mm: k x 1 51.573103 cm21 , k x 2 53.143103 cm21 , etc. It becomes obvious from both experiment ~Fig. 2! and theory
~Fig. 4! that the efficiency to excite the ISR of a Q2DEG
inside a given multilayered-quantum-well system increases
with increasing period d of the grating coupler. This is true
for the given parameters up to d520 m m with excellent
agreement between theory and experiment. It is seen that
analogous to the experimental result, the theoretically calculated line shapes of the ISR peak show at smaller periods a
Lorentzian form, which becomes more and more asymmetric
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FIG. 5. Integrated relative transmission of the spectra shown in
Figs. 2 and 4. As long as the grating period d is smaller than the
wavelength l sub of the light corresponding to the intersubband transition, the integrated relative transmission increases. For d .l sub
the integrated relative transmission rapidly decreases.

FIG. 4. Relative transmission coefficient 2DT/T of the
multilayer system in the near vicinity of the ISR of the Q2DEG for
different periods d of the grating assuming the region n 57 to be
filled by GaAs.

with increasing grating period. For d520 mm we have the
largest magnitude of the maximum in 2DT/T, but with an
asymmetric shape. Increasing further the period transforms
the maximum to a minimum that vanishes for d→`. Please
note that in the case of the asymmetric line shape
T(n 2DEG).T(0) is valid; i.e., more light is transmitted
through the sample with the Q2DEG.
Because it is difficult to define something like the coupling efficiency for a strongly disturbed line shape, we
choose the integrated relative transmission of the detected
lines as a measure for it. The result is shown in Fig. 5, where
we plot the integrated relative transmission of the resonant
structures for the measured and calculated spectra as a function of the grating period. For d,l sub we observe a steady
increase of the integrated signal with increasing period d.
Beyond the vertical dashed line, which indicates the condition d5l sub , the integrated relative transmission decreases
very rapidly. It should be noted, however, that our experimental setup only integrates over a finite solid angle given
by the distance between the sample and the waveguide and
by the waveguides aperture. This fact might be important
especially for propagating higher-order waves as we point
out below.
In the case considered here for d,17.5 m m only the
zeroth-order diffracted wave is a propagating wave in
vacuum and in the GaAs substrate. But for a grating period
of d517.5 m m at v 5331013s21
( n̄ [ v /(2 p c)
5159.3 cm21 ) the first-order diffracted wave additionally
becomes propagating in the GaAs substrate and for

d562.83 m m this becomes also true in the region filled by
vacuum. In the framework of the « s approximation the onset
of the propagation of the first-order diffracted wave in the
GaAs substrate, which is effectively formed by the regions
n 56 and 7, is just at d5l sub , where l sub52 p c/( A« s6 v ) is
the wavelength of the FIR light in the substrate at the frequency of the ISR. In this case it follows from k (6)
z1 50 that
50
and
thus
the
electric
field
of
this
wave
is
polarized
E (6)
x1
pure perpendicular to the interfaces in the substrate and in all
the other layers filled with GaAs. The physical situation inside the PQW is very similar but becomes complicated due
to the resonance structure of the complex dielectric tensor,
which may vary strongly in the near vicinity of the frequency
of the ISR. The onset of the propagation of the first-order
diffracted wave in the substrate is seen in the calculated relative transmission coefficient. The calculated curves show for
d510 m m, d520 m m and d530 m m the Rayleigh
anomaly
at
v 55.331013 s21
( n̄ 5281.5 cm21 ),
13 21
21
v 52.6310 s ( n̄ 5138.1 cm ) and v 51.731013 s 21
( n̄ 590.3 cm21 ), respectively. It becomes obvious from the
theoretical and experimental 2DT/T curves that just under
these conditions the transmission peaks begin to deform. For
conditions below the onset of the Rayleigh anomaly one
measures only the zeroth-order beam. But the peak in the
relative transmission spectrum results from the evanescent
higher-order beams which couple with the nonradiative intersubband plasmons. This situation is changed above the
onset of the Rayleigh anomaly, where the first-order diffracted beam couples with the radiative ISR. Because the
collective intersubband excitations are nearly dispersionless
in the long-wavelength limit, the resulting ISR peak is a sum
of the action of all diffracted beams with k x1 ,k x2 ,k x3 , . . . .
Our detailed numerical analysis shows that for the infinitely
thick GaAs substrate only the Rayleigh-wavelength-type
anomaly is responsible for the deformation of the peak. The
asymmetric line shape is thus caused by the superimposition
of the ISR peak with the Rayleigh anomaly. For the chosen
system the resonance-type anomaly is absent in the plotted
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FIG. 6. Relative transmission coefficient 2DT/T of the multilayer system in the near vicinity of the ISR of the Q2DEG for different
periods d of the grating of height h510 nm, assuming the region n 57 to be filled by vacuum: ~a! d 6 54 m m and ~b! d 6 5500 nm.

frequency range; i.e., the comparison of the transmission
T(0) and T(n 2DEG) gives no indication for the excitation of a
leaky surface wave carried by the grating. It is noticeable
that the diffracted peaks resulting from the excitation of the
intrasubband plasmon v 00
p (q i ) at q i 5k x1 ,k x2 ,k x3 , . . . are
always symmetrically shaped.
If one would calculate 2DT/T for a sample with GaAs
substrate of finite thickness, at the above-mentioned frequencies the first-order diffracted wave becomes propagating in
the GaAs layers of the sample and slightly below these frequencies in the Ga 12x Al x As layers. Possible anomalies in
this case occurring in the optical spectra due the Rayleigh
wavelength effect we call internal Rayleigh anomalies. However, in this frequency range the first-order diffracted wave is
an evanescent wave in the vacuum below and above the
sample. To answer the question whether these internal Rayleigh anomalies are the cause of the asymmetry in the experimentally detected line shape or not, we investigated the
multilayer system of Fig. 3, but assumed the region n 57 to
be filled by vacuum. The relative transmission coefficient
2DT/T is plotted in Fig. 6 for two different thicknesses
d 6 , assuming here a height of the grating of h510 nm. It is
seen in Fig. 6 ~a! that for d 6 54 mm the Lorentzian shaped
maximum, which appears for d54 nm, deforms with increasing grating period; quite similar to that shown in Fig. 4,
it becomes asymmetrically shaped and for d540 m m the
maximum is transformed into a minimum. The spectra in

Fig. 6~a!, calculated for d520 m m and d530 mm, show
that the internal Rayleigh anomalies are absent and thus they
have no significant influence on 2DT/T. Here, the question
arises about the mechanism that is responsible for the pronounced asymmetric profiles. In Fig. 6~b! we plotted the corresponding relative transmission spectra for d 6 5500 nm. It
becomes obvious that in this case the best coupling efficiency is obtained for d56 m m. For larger grating periods
the peak height decreases but with a nearly stable line shape.
It should be noted that whereas the exponential function of
the first-order diffracted wave, appearing in the propagation
matrix of layer n 56, Eq. ~24!, is nearly one for small d 6 in
the plotted frequency range, it varies rapidly with the frequency for larger d 6 . Such a rapid variation may cause
Fabry-Pérot-like resonances of the first-order diffracted wave
in the multilayer system. Further, we have calculated the
total
power
absorption
A p (n 2DEG)512T p (n 2DEG)
2R p (n 2DEG) for the two configurations of Fig. 6 assuming a
grating period of d530 m m. From the comparison of
A p (n 2DEG) and A p (0) ~see Fig. 7! it becomes obvious that
the A p (0) spectrum shows for d 6 54 m m a maximum,
which we attribute to the excitation of a leaky surface wave
in the Ag grating. This resonance superimposes the ISR resonance to give the asymmetric line shape of the peak. For the
smaller layer thickness, d 6 5500 nm, the resonance associated with the surface wave is absent in the plotted frequency
range. Thus, we attribute the asymmetric line shape for the
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metric line shape is assumed to be caused by the superimposition of the ISR with a non-depolarization-shifted ISR. Our
rigorous grating-coupler theory, however, shows that the ISR
is always accompanied by a depolarization shift that cannot
be ‘‘screened’’ by the grating. Thus, it seems that also in this
early experiment Wood’s anomalies could be responsible for
the asymmetric line shape.
V. SUMMARY

In summary, we have measured and calculated the optical
response of the ISR of a quasi-two-dimensional electron system in a PQW with different grating couplers on top of this
structure. Using the transfer-matrix method of local optics
and the modal-expansions method to calculate the influence
of the lamellar grating on the electromagnetic fields, the calculated relative transmission describes very well the measured spectrum. It is shown that the coupling efficiency of
the grating coupler to excite the ISR increases with increasing period of the grating up to a certain value where the
absorption peak starts to deform from a Lorentzian shape to
an asymmetric shape. This asymmetric line shape is caused
by both types of Wood’s anomalies, i.e., due to the propagating higher-order diffracted waves in the sample beyond
the threshold of the Rayleigh anomaly and due the
resonance-type anomaly ~excitation of a leaky surface wave
in the grating region!. In this case one excites both radiative
and nonradiative collective intersubband excitations.
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finite width substrate due to the resonance-type Wood’s
anomaly. It should be noted that similar line shapes of the
ISR resonance were observed in Ref. 20 for metal-oxidesemiconductor structures of silicon. In this paper the asym-
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