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Resonant intersubband transitions in electron inversion layers on the three principal surfaces of Si
have been studied with efficient grating couplers. For Si(111) and Si(110) both directly parallel ex-
cited and grating-coupler-induced depolarization-shifted resonances are observed and their depen-
dence on the surface electric and depletion fields studied. For Si(100) intersubband resonances are
investigated up to charge densities N, =1.2 10'* cm~2 At high densities transitions in the primed
subband system are observed. Also for Si(100), there is evidence for parallel excited resonance tran-
sitions, which are strictly forbidden for vertical transitions (Ak=0), but become allowed for
grating-coupler-induced nonvertical transitions (Ak=0). On all three surfaces a strong interaction
of the intersubband resonances with optical phonons in the adjacent SiO, layer is found.

I. INTRODUCTION

In metal-oxide-semiconductor (MOS) structures of sil-
icon, electrons can be confined in a very narrow potential
well at the Si-SiO, interface. The one-particle energy
spectrum of the electrons,

E;(k,,k,)=E, ks ﬁZkyz
Pty ‘+2mx+2my ’

consists of a set of subbands (index i) that arises from the
quantized motion perpendicular to the surface (z direc-
tion) and the continuous dispersion parallel to the surface
(x-y plane).! A powerful tool for the investigation of the
subband structure is the excitation of resonant intersub-
band transitions with far-infrared (FIR) radiation (e.g.,
Refs. 2 and 3).

The excitation of intersubband resonances characterizes
the oscillatory motion of the electrons normal to the inter-
face. Thus on the highly symmetric Si(100) surface a per-
pendicular component E, of the exciting FIR field is
necessary to induce intersubband resonances.® For Si(110)
and Si(111) excitation is also possible with parallel field
components*® due to the tilted ellipsoidal energy con-
tours® which couple the components of the surface current
Jz with the parallel components j, and jj,.

Investigation of intersubband resonances on Si(110) and
Si(111) has become of recent interest both experimental-
ly’~1° and theoretically.>!! One of the points of interest
there is that the resonance energies differ from the sub-
band separation due to exciton and depolarization effects,
of which the latter acts differently for parallel and per-
pendicular excitations.**7—°

Excitation with perpendicular polarization needs special
experimental arrangements to induce a z component of
the FIR field, E,. Transmission lines® and prism arrange-
ments'? have been used. This has limited experimental
investigations of perpendicularly excited intersubband
resonances on Si so far to resonance energies below
250 cm~! with correspondingly low electron densities
(N, <2% 10" cm™2).

A different technique to excite intersubband resonances
uses grating couplers.!>!* In this case the gate of the
MOS sample consists of periodic metal stripes of low and
high conductivity (see Fig. 1). Normally, incident FIR ra-
diation induces in the near field of the grating z com-
ponents of the electric field, E,, which make perpendicu-
lar excitation of intersubband resonances passible. The
grating-coupler-induced x and z components of the in-
cident radiation are spatially modulated with a periodicity
a. Thus the grating coupler induces nonvertical transi-
tions (Ak =2wn/a, n=+1,%2,...). These nonvertical
transitions have some interesting properties which are ob-
served in our experiments here and will be discussed
below. Grating-coupler-induced intersubband resonances
have recently been treated theoretically, too.!>!6

In the following we will report on extensive experimen-
tal studies of grating-coupler-induced intersubband reso-
nances on two-dimensional (2D) electron space-charge
layers at the three principal surfaces of Si. Efficient grat-
ing couplers and rapid-scan Fourier-transform spectros-
copy make it possible to investigate perpendicularly excit-
ed intersubband resonances up to charge densities of
1.2x 10" cm 2.

For Si(100) three transitions from the ground-state sub-
band Ej, 0—1,0—2,0—3, are observed. At high charge
densities transitions 0'—1’ in a second subband system!
are studied. In substrate-bias experiments a strong influ-
ence of the depletion field is investigated.

For Si(111) and Si(110) the spectra contain resonant
transitions from both directly induced parallel excitation
and grating-coupler-induced perpendicular excitation.
Here we can study the strength of the depolarization shift
in its dependence on the charge density N;, the depletion
field Fg4ep, and for different transitions (0—1, 0—2).

A unique feature of grating-coupler-induced intersub-
band resonances is that for Si(100) excitation of non-
depolarization-shifted transitions is possible. Parallel ex-
cited vertical transitions are strictly forbidden for the
symmetry of Si(100), but they become allowed for the
grating-coupler-induced nonvertical transitions.

Also characteristic for our grating-coupler experiments
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is that they induce a strong interaction of intersubband
excitation with optical phonons in the adjacent SiO, layer.

II. THEORETICAL REMARKS

A. Subband structure and intersubband resonances

The potential well at the SiO,-Si interface of a MOS
system depends in a self-consistent way on (a) the charge-
density profile of mobile carriers which is induced via the
gate voltage and the related surface electric field, and (b)
the depletion field, which exists in the depletion layer of
ionized acceptors and which can be varied by a substrate-
bias voltage.® First calculations of energy eigenvalues and
electron wave functions in this potential well have been
carried out by Stern and Howard.® Within their
effective-mass approximation the projection of the six
volume-energy ellipsoids of Si onto the surface determines
via the parallel masses m, and m, the parallel motion of
the electrons. The z component of the effective-mass ten-
sor governs the subband energies. In the triangular-well
approximation the subband energies E; are proportional
to m,;~'/3. Thus for Si(100) two subband systems exist.
The energetically lower subband system (E;) has a valley
degeneracy g, =2 with an isotropic parallel mass of
m,=m,=0.19m, and a perpendicular mass m,
=0.91m,. A second subband system, denoted by primes
(E{), with g,=4, m,=0.916m,, m,=0.19m;, and
m,=0.19my, is occupied for high charge densities.!”!®
For both subband systems the corresponding volume ellip-
soids have their principal axis parallel or perpendicular to
the surface.

The lowest subband system for Si(110) arises from the
projection of four ellipsoids which are tilted with respect
to the surface in the [ 110] direction (g, =4, m, =0.19m,,
m,=0.55m,, and m,=0.31m,). The second subband
system (g,=2, m,=0.19m,, m,=0.916my, and m,
=0.19m,) is related to volume ellipsoids with their
principal axes parallel to the surface. For Si(111)
six equivalent valleys are occupied arising from the
projection of all six volume ellipsoids, all tilted with
respect to the surface (g, =6, m, =0.19mg, m, =0.6Tm,
and m,=0.26m,).

More sophisticated calculations solve wave functions
and energy eigenvalues self-consistently and include
many-body corrections and the image potential (e.g., Refs.
19—23, 1, 4, 5 and 11). We like to draw attention to the
image potential,’

€c—€ox e 2

Vi(z)= ,
! €sc+€ox 4€sc

which arises because of the difference in the dielectric
functions of the semiconductor, €, and the insulator, €.
Normally, the static values of € are used. SiO, is an opti-
cally active material with the lowest-energy optical pho-
nons at about 480 cm~!. As pointed out in Ref. 1, the
dispersion of €,, will lead to a renormalization of the sub-
band energy if the polaron radius is comparable with the
width of the electron wave functions, which is the case
here. However, so far there exists no quantitative treat-
ment of this effect. In our experiment this effect will be
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even more important since we will face the situation
where intersubband resonance energies coincide with the
optical-phonon frequencies of the SiO,, so a resonance
enhancement of this effect can be expected. We will dis-
cuss this point in more detail in Sec. IVF.

The resonance energy fiw,, that is measured in an in-
tersubband experiment is not the separation 7w,
=E,, —E, of the two subbands n and m, respectively, but
is shifted due to two different mechanism. The first, the
so-called depolarization effect or resonant screening ef-
fect, arises from the polarization of the electron gas in the
finite potential well by the exciting field**? and increases
the resonance energy with respect to fiw,,,. The second
effect arises from final-state interactions (exciton ef-
fect),’?® which, in general, lowers the resonance energy.
The exciton effect is effective for both parallel and per-
pendicularly excited intersubband resonances. The depo-
larization shift is fully effective for perpendicular polari-
zation, and it is canceled for parallel excitation on Si(111)
and Si(110) if all valleys are occupied symmetrically in ac-
cordance with the effective-mass approximation.>”® In
the following we denote exciton-shifted resonance transi-
tions n—m by E,p, =#Dum and both depolarization- and
exciton-shifted resonances by E,,, =#@,,. The effect of
the depolarization shift is usually characterized by an ef-
fective plasma frequency @,,, which is defined by

2 _ =2 =2
Oxnm =D nm — O pm -

In the approximation of a two-level model where only
interactions of the two directly involved subands is taken
into account, the resonance energies can be written as

EOn :%OH =ﬁa’On( 1+ag, -‘BOn)l/2
and
EOn :%On =ﬁ500n( 1 "‘BOn )‘/2 ’

where o, and f3;, are positive parameters which charac-
terize, respectively, the depolarization and exciton effect.
In more accurate calculations the depolarization and exci-
ton shift of a certain transition, and thus also the effective
plasma frequency, depend via rather complicated integrals
on the shape and overlap of all wave functions.?*?

There has been an extensive discussion in the literature
on the value of the valley degeneracy g, for Si(111) and
Si(110), particularly since in some Shubnikov—de Hass ex-
periments g,=2 has been measured in contrast to the
effective-mass approximation (see discussion, e.g., in Refs.
1, 7, and 8). Both depolarization and exciton effects de-
pend on g,.!'"? As discussed in great detail in Ref. 8 and
also was found in Ref. 10, we see in our present experi-
ment no evidence for deviations of the valley degeneracy
from what one would expect from the effective-mass ap-
proximation, so we will not discuss the question of the
valley degeneracy any further.

B. Grating couplers

The grating-coupler arrangement is shown schematical-
ly in Fig. 1. The gate of the MOS capacitor consists of
periodic metal stripes with high and low conductivity,
respectively. The width of the high-conductivity stripes is
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FIG. 1. Schematic MOS capacitor with a gate that consists
of periodic metal stripes with high conductivity (in the regime ?)
and low conductivity (for the rest of the period a). For normal-
ly incident FIR radiation z components of the electric field, E,,
are induced, which make possible a perpendicular excitation of
intersubband resonances. The grating-coupling-induced inter-
subband transitions are nonvertical, panel (b).

t, the periodicity is a. We assume that a is much smaller
than the wavelengths A of the normally incident FIR radi-
ation. The x component of the FIR radiation, E,, is zero
in the highly conductive regime z. Thus the FIR field is
spatially modulated in the near field of the grating and
has there z components (E,) that can induce perpendicu-
lar excitation of intersubband resonances (radiation polar-
ized parallel to the grating stripes is reflected and cannot
be observed in far-field transmission). The strength of the
spatially modulated z component E, can be calculated
within the same approximation that has been used to cal-
culate the spatially modulated x component (E, ) for the
excitation of two-dimensional (2D) plasmons.?®?’ It de-
pends on the ratio ¢/a and decreases approximately ex-
ponentially with the distance from the gate. We will not
perform this calculation here, since the absorbed power
depends, apart from the grating efficiency, on the inter-
subband transition matrix elements, which can only be
calculated numerically.

An interesting feature of grating-coupler-induced inter-
subband resonances is pointed out in Refs. 13 and 14.
Due to the spatial modulation of the exciting electric
field, nonvertical intersubband resonances are induced (see
Fig. 1). In particular, the quasimomenta of the electron
wave functions for the excited (f) and ground (i) state
differ by Ak =k;—k;=2mn/a (n=1,2,...). We will
find in Sec. IV C that this has important consequences for
the selection rules. In calculations of grating-coupler-
induced intersubband resonances, it has also been found
that broadening and shifts of the intersubband resonance

line profile are expected if Ak approaches the Fermi wave
vector kg.'® In our experiments here we always have
Ak <<k and therefore do not describe this effect further.

In intersubband resonance experiments on InSb, perpen-
dicularly excited intersubband resonances have been ob-
served. The excitation is attributed to a random spatial
variation of the incident field due to imperfections of the
interface and of the insulating lacquer layer.?

III. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUES

The experiments are performed on MOS capacitors
with gates typically 5 mm in diameter. We use p-type Si
substrates with substrate doping ranging from N, —Np
=(4—10)" cm~>. The grating structure shown in Fig. 1
is produced by first evaporating a thin NiCr gate of 5 nm
thickness on the SiO, insulator. Periodic photoresist
stripes are fabricated with two-beam laser interferometry
on top of the NiCr film. These stripes serve as a mask for
a shadowing process with 30 nm Al. In a lift-off tech-
nique the photoresist is removed and leaves periodic
stripes of highly conducting Al. Grating periodicities for
the samples used here range from 2000 to 500 nm, typical
oxide thicknesses are d,, =50 nm.

The experimental techniques are similar to those of
Ref. 10. The excitation of intersubband resonances is ob-
served in the relative change of transmission,

AT/T =[T(Vy)—T(V)1/T(V,) « —Rea(w)

for FIR radiation transmitted normally through the sam-
ple at gate voltage V, and at the conductivity threshold
V:, respectively. In the small-signal approximation,
—AT /T is proportional to the real part of the dynamic
2D conductivity o(w).! The backside of the samples is
wedged to avoid interference effects (wedge angle about
2°).

The experiments are performed in a rapid-scan
Fourier-transform spectrometer. We measure alternating-
ly interferograms I of the transmitted radiation at gate
voltage V, and at threshold voltage V,. The digitized in-
terferograms I(V,) and I(V,) are co-added in different
files and are Fourier-transformed at the end of the mea-
surement. Thus very weak relative changes of the
transmission can be measured with high signal-to-noise
ratio and without problems from long-time drift of the ex-
perimental setup.

Spectra are measured in p-type samples at different de-
pletion fields. Quasiaccumulation of electrons (depletion
charge Ny, =0) is induced by illuminating the substrate
with band-gap radiation. The photoexcited carriers
prevent the formation of a depletion layer. Inversion or
substrate-bias conditions can be established in our MOS
capacitors, which do not have drain and source contacts,
in the following way. Synchronously with the mirror
scans of the Fourier-transform spectrometer, the band-
gap-illuminated MOS capacitor is charged at a certain
voltage V,. This voltage defines, via the capacitance, the
charge density N;=€(Vy—V,)/ed,,. Before the sam-
pling of the interferogram starts, the band-gap illumina-
tion is switched off and an additional substrate-bias volt-
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age Vsp is added to V,. Without illumination a depletion
layer is formed. The delay (¢~0.1 s) between switching
off the illumination and starting the sampling of the inter-
ferogram is chosen to be large enough to charge the de-
pletion layer. The charge density N4 of the depletion
layer is calculated from the substrate doping and
substrate-bias voltage with the formula’

172

2€,
Nyep= T¢depl(NA —Np)

’

where ¢gyep is the sum of the conduction-band bending
(1.1 eV) and the substrate-bias potential eVsg. The sub-
strate doping has been checked by C-V measurements and
four-point resistivity measurements. We estimate the ac-
curacy of determining N, to about 20%.

A more detailed description of the experimental setup
and techniques is given in Ref. 29. All experiments are
performed at 10 K with the spectral resolution of the
spectrometer set to 2 cm ™"

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. General aspects

In Fig. 2 we show original spectra measured on a
Si(100) sample. The periodicity of the grating coupler is
a =1.88 um, the oxide thickness is d,, =45 nm. The
charge density N, is 5.7x 1072 cm™2. The spectra in-
clude different contributions to the high-frequency con-
ductivity. The Drude-type intrasubband absorption back-
ground decreases continuously with increasing wave num-

T T T T
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FIG. 2. Original spectra of the relative change in transmis-
sion AT /T versus wave numbers for electron inversion on a
Si(100) sample with a grating coupler of periodicity a = 1880
nm. The charge density N, and depletion charge N, are indi-
cated. At high wave numbers the spectrum is also shown on an
expanded scale (right-hand scale). Resonances w, at low wave
numbers are 2D plasmon resonances. The resonance Em is the
grating-coupler-induced intersubband resonance.
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ber. Resonances at low wave numbers are 2D plasmons of
wave vector g, =2mn/a (n =1,2,3) which are excited via
the spatially modulated x component E, that is induced
by the grating coupler. 2D plasmons have been studied
extensively?®?730:3L13 and will not be treated here. At
high wave numbers a sharp resonance is excited, which is
smaller in amplitude than the plasmon excitation for
n =1 but can clearly be characterized in position and
shape on the expanded scale. This resonance is the
grating-coupler-induced 0—1 intersubband resonance.
This type of excitation is the subject of this paper.

At a first glance it is surprising that in the wave num-
ber range above 100 cm™! the signal AT /T is positive,
which means that more light is transmitted through the
sample with electrons in the channel. The electrons act in
a way similar to an optical coating. In the linear approxi-
mation?%27-3%:3! electronic excitations absorb radiation and
decrease the transmission. The complex optical behavior
that is observed here is found to be typical for efficient
grating couplers (see, e.g., Refs. 32 and 33). In particular,
for the sample configuration used in Refs. 32 and 33 (an
oxide-thickness-modulated MOS configuration) both po-
larization parallel and perpendicular to the grating stripes
can be investigated, and it is found that only for FIR radi-
ation polarized perpendicular to the grating stripes is the
“positive” background signal observed. We will find in
the following that the frequency dependence of the posi-
tive signal in AT /T is related to the frequency depen-
dence of the dielectric function of SiO,, and we will re-
turn to this point in Sec. IVF.

In spite of this complex behavior for the background,
we can clearly extract from the experimental spectra the
position and line shape of the intersubband resonance.
The amplitudes of the grating-coupler-induced intersub-
band resonances vary for different samples depending on
both the ratio ¢ /a and the ratio d, /a.

B. Si(100)

In Fig. 3 we show measurements on a Si(100) sample
similar to Fig. 2 (a =1.88 um, d,,=45 nm). The de-
pletion charge is fixed (Ngep=2.2X10'"" cm~?) and the
surface electric field with corresponding charge density
N; is varied. At low N, two resonances can be observed
which can be identified as the 0—1 and the 0—2 transi-
tions. Both resonances shift with increasing N; to higher
wave numbers.

In the wave-number regime 475—495 cm™! there is a
characteristic structure in all spectra. This is the frequen-
cy regime for optical phonons of Si0,.>*** Our measure-
ments show that there is a strong interaction of the opti-
cally active phonons in SiO, with the intersubband reso-
nances. With increasing N, the 0—1 transition is cou-
pled to the optical-phonon frequency of SiO,. This transi-
tion cannot be observed above the phonon frequency (at
least up to frequencies of 700 cm ™! measured here); only
the 0—2 transition is observed with decreased amplitudes
above the phonon frequency. The background of the
spectra jumps above the phonon frequency from negative
values of —AT /T to nearly zero. This again suggests
that the complex optical behavior discussed in Sec. IVA
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is related to the oxide layer. We will discuss the interac-
tion with the optical phonons of SiO, in more detail in
Sec. IVF after we have shown results for the other surface
orientations.

At the charge density Ng~7.5X 102 cm~2 an addi-
tional resonance is observed which shifts with increasing
N, to higher wave numbers. This resonance is identified
as a 0'—1' transition in the second subband system
(g,=4) that exists on Si(100). The corresponding
volume-energy ellipsoids are not tilted, and thus the grat-
ing coupler is needed to excite these resonances. For
Ngepi =2 10" cm =2 it has been found'® that the occupa-
tion of the E{ subband starts at N;o=7.5X10'? cm~2, in
agreement with our observation of the corresponding
0'— 1’ transition.

We will discuss these 0'— 1’ transitions in more detail
below and the asymmetry of the 0— 1 transition, which is
observed in Fig. 3, in Sec. IV C.

The resonances shown in Fig. 3 are excited via the
grating-coupler-induced z component (E,) of the FIR
field and thus represent depolarization- and exciton-
shifted resonances E,,. In Fig. 4 we have depicted ex-
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FIG. 3. Grating-coupler-induced intersubband resonances for
Si(100) at different charge densities N,. (Note the offset of the
spectra for different N;.) Ngegp=2.2X10" cm~? is fixed. Res-
onances Eo; and Eg, in the lower subband system and E §, in
the second subband system are observed. In the regime of the
optical-phonon frequency of SiO, (about 480 cm™!), a resonant
structure is measured, which is not fully shown here for clarity.
This structure will be discussed in Sec. IVF and in the caption
of Fig. 17.
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FIG. 4. Experimental intersubband resonance energies for
Si(100) at Ny =0.9% 10" cm~2 The resonance energies are
compared with calculated intersubband resonance positions Eo;
from Ando (Ref. 23) and Vinter (Ref. 22), with the subband
separation Ej, according to Vinter (Ref. 22) and with experi-
mental data at low densities from Ref. 3. Data in Refs. 3, 22,
and 23 are for Ngegp=1Xx10" cm™2.
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FIG. 5. Experimental intersubband resonance energies for
Si(100) at different Ng.,. Dashed lines are guides for the eye.
The experimental resonance position from samples with dif-
ferent grating-coupler efficiency differ slightly near the SiO,
phonon frequency of 480 cm~!, and are identical within the ex-
perimental accuracy below 400 cm~'. (V,¥, O, O, sample 1;
other symbols, sample 2. Sample 1 is also shown in Fig. 3, sam-
ple 2 in Fig. 4.) “ + ” denotes experimental subband separations
from tunneling experiments (Ref. 38).
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perimental resonance positions for inversion conditions
(Ngep=0.9X 10'' cm~2). Three transitions, Eq;, Eo,
and E;, are present. For inversion we are not able to ob-
serve intersubband resonances above the phonon frequen-
cy of SiO, (spectra are measured up to 700 cm~!). Our
resonance positions extrapolate well to experimental re-
sults which have been measured so far only at low densi-
ties (e.g., Ref. 3). Theoretical intersubband resonance en-
ergies, including depolarization and exciton shifts, are
available up to densities of N;=3.0Xx10'> cm~2.2>23 The
resonance energies calculated there are slightly higher in
energy than those found in our experiment. For the whole
charge density regime covered in our experiment, only the
subband separation E,,, without depolarization and exci-
ton shift, has been calculated so far.> The data nearly
coincide with our resonance energies E,;. This shows
that subband calculations explain the general trend of the
N, dependence very well, but slight improvements of the
theory are necessary to reproduce the experimental reso-
nance positions, including depolarization and exciton
shifts, correctly.

In Fig. 5 we have summarized experimental resonance
positions for Ngg=2.2x10" and 3.6x10" cm~2
respectively. The resonance energies shift with increasing
depletion field to higher energies. There are no theoretical
data available for these depletion charges. Also included
are resonance positions in the primed subband system,
which can be observed for N g, =2.2X 10" cm~? start-
ing at Njo=7.5X10"> cm~? and for Ngey=3.6x10"
cm™2 at N;p=9Xx 10" cm~2 These N, values are in
good agreement with data that have been found for the
substrate-bias dependence of the second subband occupa-
tion (7.8 10'2 and 8.6 10'? cm 2, respectively) in Ref.
18.

Intersubband resonances in the primed subband system
have been observed so far only at low densities where the
E|, subband has been occupied due to an increased tem-
perature®® or due to uniaxial stress.’’ Interestingly, we
find that in contrast to the low-density, high-temperature
results of Ref. 36 (N,=1.4x10"" cm~2, T =28 K) for
our experiments at high N, >7X 102 cm~2, the E, tran-
sition energy is smaller than the E, transition energy.
This can be explained in the following way. At a fixed
depletion field the energy E, of the lowest subband, mea-
sured with respect to the Fermi energy, decreases signifi-
cantly with increasing charge density N;. The energies of
the higher subbands E,, E;, Ej, etc. are not so strongly
effected by a variation of Ny, due to the screening of the
electrons in the E, subband. Thus the Ey =E,—E,
transition energy increases strongly with N; (due to Ey),
where as Ey; increases only slowly with N;. Thus Eg,
can be smaller at low N, and larger at high N; if com-
pared with the slowly varying Eg,. This explanation is
confirmed by measurements of the subband energies E;
and E; with tunneling spectroscopy.®

In Fig. 5 we also compare our experimental data with
subband separations that have been found experimentally
from tunneling spectroscopy on MOS samples with thin
tunneling oxides at the same depletion charges.’® Both
the 0—1 and 0'— 1’ separations of Ref. 38 are smaller in
energy, which can be well explained by the additional

depolarization shift of the intersubband resonance data.
The depolarization shift for the 0—2 transition is smaller
than for the 0—1, so the E, resonance energy is nearly
the subband separation.”> Here we find excellent agree-
ment between intersubband resonance energy and subband
separation from tunneling experiments.>?

C. The line shape of resonances for Si(100)

The E; resonances observed in our spectra have a pro-
nounced asymmetric profile. We find that on samples
with different grating-coupler efficiency the peak position
of the resonance is the same, but that with increasing
grating-coupler efficiency an additional contribution on
the low-energy slope of the resonance appears. Figure 6
shows measurements where this effect is very pronounced.
The Eg resonance, on the other hand, is rather sym-
metric. This leads us to the conclusion that the asym-
metry of the E,, transition is not caused by a deformation
of the resonance profile that might be caused by the same
mechanism that produces the positive background.

We believe that the shape of the resonance arises from
intersubband transitions which are superimposed on the
low-energy shoulder of the main resonance and which are
not shifted due to a depolarization. Parallel excitation is
strictly forbidden on samples without a grating coupler.
Here the grating coupler induces spatially modulated x
components of the FIR field. These spatially modulated
x components induce nonvertical transitions Ak =27n /a,
so the selection rules for Ak =0 parallel excitation are no
longer valid, and parallel excitation is possible. In Refs.
15 and 16 it has been calculated that for conditions simi-

] I
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FIG. 6. Grating-coupler-induced intersubband resonance pro-
file for Si(100), N,=2.9X10" cm™?, Ngp=3.6X10" cm~2
The asymmetric profile is approximated by the superposition of
two Lorentzian profiles. The lower resonance is attributed to
possible intersubband transitions which are not affected by the
depolarization shift.
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lar to ours the nonvertical parallel excitation is smaller—
by a factor of 10°—than perpendicular excitation. In Fig.
6 we have superimposed two Loretnzian profiles to fit ex-
perimental resonance profile. We find that, if there is one
low-energy resonance Eg, it has a considerable amplitude
of at least 10% of the depolarization-shifted amplitude
EOI .

We suggest for the unexpected excitation of the Eg,
resonance the following explanation: The grating coupler
induces electromagnetic waves with both wave vectors
+k, and —k,. Both waves have a fixed phase correla-
tion and produce standing-wave-type electric field distri-
bution, as shown for a fixed moment in time in Fig. 1. It
is possible that this standing-wave-type electric field de-
creases the macroscopic polarization that is responsible
for the depolarization shift. The exact excitation mecha-
nism can only be explained by a rigorous grating-coupler
theory. _

The resonance profile for the Eg, transition (e.g., Fig.
3) is much more symmetrical than for the E,; resonance.
This is consistent with our explanation since the depolari-
zation shift is much smaller for the E, transition than
for the E,, transition [see Ref. 23 and our experimental
observations for Si(111) in Sec. IVD]. Thus, if there is a
resonance E,, it cannot be resolved from E,.

In Fig. 7 we have plotted E,; and the resonance posi-
tions that we have attributed to Eo;. Within the relatively
low accuracy of determining the position of the resonance
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FIG. 7. Experimental resonance positions for Si(100) at dif-
ferent Nye. Eo is the depolarization-shifted intersubband res-
onance. Ej, is the resonance position that is attributed to tran-
sitions which are not affected by depolarization and which are
derived from fits similar to those shown in Fig. 6. The experi-
mental data are connected by dashed lines for clarity. fiweo; is
the effective plasma frequency that causes the depolarization
shift. It is extracted from our experimental values of E,, and

Eol'

depolarization-shifted resonances and the unshifted reso-
nances,

~2 =2 2
@ 0] — @01 =Wx01 »

an effective plasma frequency, which gives, e.g., for
N,=3X10? cm™? and Ngu=0.9x10"" cm™?
@401=110 cm™!. This is comparable to effective plasma
frequencies that we will find for Si(111) and Si(110) in
Sec. IV. Calculations in Ref. 23 give, for Ngep=1x10"!
cm~2 on Si(100), @40, =150 cm .

In Ref. 16 it has been calculated that there is a drastic
change in the intersubband resonance line profile of non-
vertical transitions if Ak is comparable or larger than
kpy0,=(2m,w01/ﬁ)l/2 (m,=0.19m, is the transverse
mass). For our grating couplers Ak =2/a is less than
10% of k. 0; thus these effects cannot be observed in our
experiment, as has been calculated explicitly in Fig. 13 of
Ref. 16.

We like to note that we have also tried to observe
directly parallel excited intersubband resonances on
Si(100) samples with continuous semitransparent gates
without a grating coupler. Within our experimental sensi-
tivity (AT /T <0.1%) we cannot find any evidence for the
intersubband resonance excitation. This means that the
interface and the oxides have very small irregularities
which could, in principle, induce intersubband resonances
as observed on InSb samples in Ref. 28. One aspect of
these investigations was also to search for evidence of
nonparabolicity for the inversion electron subband struc-
ture of Si.° As a possible explanation for an enhance-
ment of the plasmon mass, which is observed for Si(100)
at large charge densities N, an enhanced nonparabolicity
of the 2D band structure has been discussed.'**’ In sys-
tems with a nonparabolic band structure, direct parallel
excitation of intersubband resonances is possible (see dis-
cussions in Refs. 1, 15, 16, and 28). However, the excita-
tion of intersubband resonances via nonparabolicity is
very weak, and thus the failure of observing intersubband
resonances in parallel excitation without a grating coupler
on Si(100) is not a very sensitive test, whether there is
nonparabolicity or not.

D. Si(111)

The surface band structure of Si(111) arises from the
projection of all six volume ellipsoids leading to a sixfold
valley degeneracy. The ellipsoids are tilted with respect to
the surface, and thus parallel excitation of intersubband
resonances is possible and has been investigated in de-
tail.”* !0 Perpendicular excitation has been studied at low
densities in Refs. 7 and 9.

In Fig. 8 we show grating-coupler-induced intersubband
resonance excitation on a Si(111) sample. The periodicity
of the grating coupler is @ =750 nm, the oxide thickness
is dy=45 nm. In Fig. 8(a) experiments for
N, =3.3%10"> cm~2 and different depletion fields are de-
picted. For quasiaccumulation (Ng,=0) one asym-
metric resonance is observed, which is very similar in
shape to parallel excited intersubband resonances on sam-
ples without grating couplers'® and which can be identi-
fied as E,, transitions unaffected by depolarization. In
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the very shallow well of the accumulation potential, E,
and higher subbands are smeared out and transitions to
these subbands give rise to the continuous asymmetric line
shape.?

For inversion (Ngep=0.7x10" cm™?) several reso-
nances are observed in the spectra which are identified in
the following as directly excited, Eo;, Eop, and Eg;, tran-
sitions and _grating-coupler-induced, depolarization-
shifted, Eq,, Eq;, and Eg;, resonances. This is the first
time that the difference in frequency for the E, and E,
transitions is observed. It is significantly smaller than for
the 0—1 transition, as has been calculated, e.g., in Ref.
23. We will discuss details of the depolarization shifts
below. With increasing depletion charges the resonance
energies shift to higher energies. This is caused by the
larger subband separation in the steeper potential well for
increasing depletion fields.

In Fig. 8(b) we have depicted grating-coupler-induced
intersubband resonance spectra at different N4, for a
larger value of N;=7.7X10'2 cm~2. In Fig. 9 we show
for the fixed depletion charge Ngep=2.9%x10" cm™2
spectra at different charge densities N,. The resonances
shift with increasing N; to higher energies. In Figs. 8
and 9 we notie an interaction of the intersubband reso-
nances with the optical phonons in SiO, at frequencies
around 480 cm:’. The directly parallel excited reso-
nances E,; and E,, are less affected, whereas the perpen-
dicularly excited resonances are strongly decreased in am-
plitude above the phonon frequency. We will discuss this
behavior in more detail in Sec. IVF.

For the excitation strengths of grating-coupler-induced
intersubband resonances, we make characteristic observa-
tions.

(a) Using similar grating couplers the excitation
strength is significantly stronger on Si(111) and Si(110)
than on Si(100). The grating-coupler efficiency is charac-
terized by the ratios t/a (see Fig. 1) and d,,/a. For ex-
ample, a grating coupler with a =750 nm and d =45
nm induces, at Si(111), intersubband resonances of ampli-
tudes shown in Figs. 8 and 9. For Si(100), with a grating
coupler of the same geometry, very slight excitation of in-
tersubband resonances is observed. Grating couplers with
larger periodicities, a =2 pum, with corresponding smaller
values of d,/a, are needed to excite intersubband reso-
nances with amplitudes that are comparable to Si(111).

(b) For Si(111) in Fig. 8 we observe that the resonance
amplitudes increase with increasing N.p. This can be ex-
plained by a better overlap of the final and initial wave
functions in the steeper potential well for larger depletion
fields, which results in an increase of the oscillator
strengths. We notice further that the amplitudes of the
grating-coupler-induced and depolarization-shifted reso-
nances E, increase with increasing Ng., significantly
stronger than the parallel excited amplitudes. (For accu-
mulation, e.g., Nge, =0, no perpendicularly excited reso-
nance can be observed.) It seems that this effect is even
more pronounced for higher transitions. For example, for
Ngepr =0.7X 10" cm~2in Fig. 8(a) the E(, resonance am-
plitude is smaller than the E,; amplitude, whereas it is
the opposite for the Ey, and E,, resonance amplitudes.
This indicates that there is a characteristic difference, for,
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FIG. 8. Excitation of intersubband resonances on a Si(111)
sample with a grating coupler for different Ny, and (a)
N:=3.3%X10"2 cm~2 and (b) N,=7.7Xx 10" cm™?, respectively.
Directly parallel excited E(; resonances and grating-coupler-
induced depolarization-shifted E; resonances are present. The
structure at the phonon resonance near 480 cm~! is not fully
shown (see Fig. 17).
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on one hand, the parallel oscillator strength, and, on the
other hand, the perpendicular oscillator strength, in their
dependence on Ng4, and N;, on the subband index, and
also on the surface orientation.

In Fig. 10 we discuss experimental resonance frequen-
cies for accumulation (Ngp=0) and inversion
(Ngep=0.7x 10" cm~2). The parallel excited intersub-
band resonance positions agree excellently with experi-
mental results from Ref. 10 and, up to
N, =6X%10'* cm 2, with the accumulation data from Ref.
9 which have been measured without a grating coupler.
At higher densities, the data of Ref. 9 are lower in energy.
We have carefully checked by varying the intensity of the
band-gap illumination that real accumulation conditions
are established in our measurements. Perhaps the differ-
ence arises from the difference in the experimental tech-
nique, an N, sweep in Ref. 9, and a frequency sweep here.
If we extrapolated our resonance positions to N, and
N, used in Ref. 7, we find reasonable agreement with
low-density data in Ref. 7 (sample 4, chip 1, Fig. 10 of
Ref. 7).

As discussed above and shown in Fig. 8, we cannot ob-
serve the depolarization-shifted resonance for Nge,=0.
For inversion in Fig. 10, the depolarization shift for the
0—1 transition is well pronounced. It is significantly
smaller for the 0—2 transition and cannot be resolved for
0-—-3.

Theoretical data for Si(111) are available for accumula-
tion at low densities?> and are about 30 cm~! above our
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FIG. 9. Excitation of intersubband resonances on a Si(111)
sample with a grating coupler for different N, and fixed
Naep=2.9% 10" cm~2. For further comments, see caption of
Fig. 8.
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FIG. 10. Experimental intersubband resonance positions for
electron accumulation and electron inversion on Si(111). Experi-
mental data are connected by dashed lines for clarity. Theoreti-
cal E, resonance energies from Ando (Ref. 23) for
Nept=0.6X 10" cm~? are shown. For inversion the effective
plasma frequency #wso; is extracted from the experimental
values of Eq and Eg. Above 480 cm~'—the SiO, phonon
frequency—we cannot decide unambiguously whether the reso-
nances are Eq, or Eq, transitions.
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Fig. 10.
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experimental resonance positions (theoretical data from
Ref. 5 are much too high in energy; this is caused, as is
stated in this reference, by the approximate variational
method used there).

In Fig. 11 we have plotted experimental resonance
positions from substrate-bias experiments (N g
=2.9% 10" cm™2). Theoretical data are so far not avail-
able. For all spectra the interaction with optical phonons
in SiO, is present.

In Fig. 12 we have extracted from our experimental
data the dependence of the resonance position on N at
two fixed charge densities. Both the transition energy and
the depolarization shift increase with Ng.p.

The observation of both the parallel excited and
depolarization-shifted perpendicularly excited intersub-
band resonances in our spectra offers the unique possibili-
ty of characterizing the depolarization shift in detail.
From the difference @2, —@® 2m =®2nm, We can evaluate
the effective plasma frequency. It is extracted from our
data and included in Figs. 10—12. For example, for in-
version in Fig. 10, w,q is 105 cm~! at N,=1.5x10"
cm~2 and increases to 195 cm~! at N, =8x10'2 cm~2
The effective plasma frequency for the 0— 2 transition is,
as expected from theory,?® smaller (e.g., at N, =4Xx 10"
cm™2, it is wep;=110 cm™!, whereas wqo; =160 cm™}).
The increase of the effective plasma frequency with Ny
is shown in Fig. 12. There are so far no calculations of
depolarization shifts and exciton shifts available for the
charge density and depletion charge regime covered here.

Whereas for Si(100) the exciton effect is important and,
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FIG. 12. Dependence of the experimental intersubband reso-
nance energies and of the extracted effective plasma frequencies
on the depletion charge Ny for Si(111) at two different N;.
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at low densities, nearly cancels the depolarization shift, it
is of less importance for Si(111) and Si(110) due to the
smaller m,. If we use the two-level approximation (see
Sec. ITA) and if we neglect By, at large N, we can ap-
proximately extract the depolarization-shift coefficient
ag;. For Si(111) we find, at N,=8.0x10? cm™2,
ag;=0.22 for Ngep=1.0x10" cm~?, and a,=0.36 for
Ngep =3.0X 10" cm 2,

E. Si(110)

The lowest subband system for Si(110) arises from the
projection of four ellipsoids which are tilted with respect
to the surface in the [110] direction (g, =4, m, =0.19m,,
my,=0.53mg, and m,=0.315m,). This surface is aniso-
tropic. Direct parallel excitation of intersubband reso-
nances is possible only with electric field components in
the [110] direction.®!° The second subband system
(g, =2, m,=0.916m,, and m,=m,=0.19m,) can only
be excited via E,.

Many properties of Si(110) are qualitatively similar to
Si(100) and Si(111). We will treat this surface briefly and
concentrate here on (a) the anisotropy and (b) the question
of the occupation of the second subband system E’.

In Fig. 13 we compare measurements on two Si(110)
samples with different polarization directions of the grat-
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FIG. 13. Intersubband resonance excitation on Si(110) sam-
ples with grating couplers that polarize the exciting electric field
E (a) parallel to the [001] direction and (b) parallel to the [110]
direction, respectively. For E||[001] only a weak excitation of
E,, is observed, whereas for E||[T10], the tilt direction of the
ellipsoids, both Ey; and E’o, transitions are excited with signifi-
cant strength. Note the difference in the scales for (a) and (b).
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ing. The grating couplers have periodicities a ~500 nm
and an oxide thickness d,, =45 nm. For a grating that
polarized the FIR radiation in the [001] direction, we ob-
serve a resonance E(;. This resonance is excited via the
grating coupler (it cannot be observed without a grating
coupler in parallel excitation'®) and thus represents the
depolarization-shifted resonance.

The line shape of the intersubband resonances for the
[001] direction of Si(110) is asymmetric. So, as has been
discussed for Si(100) in Sec. IV C, parallel excited transi-
tion Eg; seem to be present at energies below Ey,.

For the [110] direction in Fig. 13 both directly parallel
excited and grating-coupler-induced perpendicularly excit-
ed resonances are observed. The dependence of the spec-
tra on the depletion charge is shown for two charge densi-
ties in Fig. 14. The resonances shift with both N4, and
N, to higher energies. Resonances for accumulation are
broader than for parallel excitation on similar samples
without a grating coupler.!® Thus one can expect that the
resonances for accumulation in Fig. 14 include both E,
and E, resonances, which cannot be resolved separately.

For the excitation strength and its dependence on N
and Ngep, we find for the [110] direction similar results
as for Si(111). For the [001] direction the excitation
strength for comparable grating couplers is weaker than
for the [110] direction [see scales in Fig. 13(a) and (b)]
and for Si(111), but it is stronger than for Si(100).

In Fig. 14 we notice—at frequencies around 200
cm~!—a resonant structure that is superimposed on the
decreasing background. This structure is relatively weak
and cannot be subtracted with high accuracy from the
background of the spectra, but we shall point out that
there are some arguments that this structure perhaps
arises from 0'—1’ resonances in the g,=2 subband sys-
tem, which can only be excited via E,. The position de-
pends on Ny, as expected from an intersubband reso-
nance. It does not depend significantly on the surface
electric field and on N;. However, for Si(110) it is quite
possible that the subband energy of the primed subband
system is pinned near the unprimed system. The density
of states for the primed system is lower than for the
unprimed system, and more electrons are in the unprimed
system. A variation in N; mainly changes the lower part
of the potential V(z) for small z. Subband energies for
the primed system depend on the potential V'(z) at large
values of z. It can be influenced significantly only by the
depletion field. The surface electric field is predominant-
ly screened by the electrons in the lower subband system.

From our experiments we conclude that the primed
subband system is already occupied at relatively low den-
sities. We cannot extract from our measurements an ex-
act onset of the occupation, but resonances can be ob-
served at least at N, >1.0x 10> cm~2. Calculations of
the Si(110) subband structure, including both subband sys-
tems, are rare and so far unclear concerning the second
subband. According to Ref. 19 all electrons are in the
lowest subband at T=0 and N, < 10'> cm~2. In Ref. 41
it is stated that occupation of the primed subband should
occur below N,=5X%10"> cm~2 To our knowledge so
far, occupation of the primed subband system has not
been observed in Shubnikov—de Haas (SdH) measure-
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ments.*>*3 However, if our interpretation of a strong pin-
ning for the primed subband system, and thus nearly con-
stant values for the density N, in the primed system is
right, then occupation of E{ cannot be detected in N;-
sweep SdH experiments.

Evidence for the occupation of the primed subband sys-
tem also comes from plasmon resonance measurements.*
There one finds that the plasmon mass in the [110] direc-
tion is smaller and the plasmon mass in the [001] direc-
tion is larger than expected for the g, =4 system. This is
exactly the case if both subband systems are occupied,
since the (reciprocal) plasmon mass in a multivalley sys-
tem 4los the averaged reciprocal mass of all occupied val-
leys.
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FIG. 15. Experimental intersubband resonance positions. (a)
quasiaccumulation and inversion on Si(110) measured for
E||[T10]; (b) substrate-bias conditions (N gep =2.0X 102 cm™2).
Within the experimental accuracy there is no difference for the
Ey, transition measured for E||[T10] and E||[001], respective-
ly. fiweo is the effective plasma frequency extracted from the
experimental resonance positions Eo; and Eo,.
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As stated above, the structures that we attribute to the
primed subband transitions are weak, and experiments
with grating couplers of higher efficiency are necessary to
confirm our explanation unambiguously. Also, it would
be helpful to have self-consistent calculations for the com-
plex subband structure of Si(110).

In Fig. 15 we have depicted experimental resonance po-
sitions for accumulation and inversion. The accumulation
data, where we cannot separate Eo; and E,, transitions,
are slightly higher than E,; data for parallel excited reso-
nance positions (without a grating coupler) in Refs. 8 and
10. At low densities theoretical data are available*>* and
are slightly higher than our experimental data. We like to
note that, within the experimental accuracy, we cannot
resolve a difference in the resonance positions for the E,
resonances measured in the [110] or in the [001] direction
[Fig. 15(b)].

The depolarization shifts Aw that we measure on
Si(110) are similar to those from measurements on Si(111).
For example, for N,=2.1x10'2 cm~? and inversion
(Ngep =0.9% 10" cm~2), we find, for Si(111), Aw=22
cm~!, and for Si(110), 18 cm™! (Fig. 16). Experimental
data from Ref. 8 on Si(110) give for accumulation much
higher values (Aw=>58 cm™"'), whereas experimental data
for accumulation® on Si(111) are similar to ours (22
cm™!). In Refs. 8 and 9 transmission line experiments at
low densities and parallel excitation are compared. From
the low-density data in Ref. 7 (Ngep ~1Xx10' cm™?) on
Si(110), we extrapolate a depolarization shift Aw=26
cm™! for N,=2.0x10"? cm~2, which is comparable to
our data (Aw=18 cm ™' for Ngep =0.9%x10'" cm™?). We
like to note that in the arrangements of Refs. 7—9 the
samples need a semitransparent gate to measure Ej and a
highly conducting gate to determine E,. Thus the depo-
larization shift is extracted from data measured in dif-
ferent spectra with slightly different sample geometry. In
our measurements, Eq, and E,, and thus the depolariza-
tion shift, are measured simultaneously in one spectrum,
and thus have the same sample geometry.

E50 Sih0) By v 400
(meV) n-inv. v
b s v a (em™)
21x102¢ni 2 a EO! —300
guciiol
30 v
x a 200
hU*O‘
20
—{100
10 ‘
1 1 1 i
5 1 2 3 0
Ngepi (10" 'cm2)

FIG. 16. Dependence of the experimental intersubband reso-
nance positions and the extracted effective plasma frequency
fiw ») on the depletion charge Ng.p, for Si(110).
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F. Interaction of optical phonons in SiO,
with intersubband resonances

In the experimental spectra shown above, we observe
for the first time a strong interaction of the intersubband
resonance with optical phonons in SiO,. The TO and LO
modes of SiO, are, according to Ref. 35, 455 and 494
cm™!, respectively, but in amorphous SiO, the
reststrahlen band is smeared out and data for the phonon
frequencies, damping, and oscillator strength differ in the
literature (e.g., Refs. 34 and 35). The peak position for
the plhonon effect in our experiments (e.g., Fig. 10) is 478
cm” .

There are two aspects of the interaction with phonons
in Si0,. The first, the polaron aspect, concerns the sub-
band energies and intersubband resonances in a 2D system
with an adjacent dispersive polar media. In Ref. 1 it was
discussed that the dispersion of SiO, leads to a renormali-
zation of the image potential and thus the subband ener-
gies, if the polaron radius 7, =(#%/m,w; )1/2 (w; is the pho-
non frequency) is comparable with the thickness of the in-
version layer. For Si(111), with m,=0.26m,, r, is about
2 nm. Typical inversion layer thicknesses, e.g., at
N,=5X 102 ¢cm—2, are about 3 nm. Thus the renormali-
zation is effective here.

As it has been stated in Ref. 1, there are no calculations
of this polaron effect available so far. (In Ref. 21 the re-
normalization of the effective parallel mass due to the
SiO, dispersion has been calculated.) For our dynamical
intersubband resonance experiments this effect can be
even more important, since one can well expect that, if the
intersubband resonance approaches g, a resonant interac-
tion can occur, similar to what has been observed for
resonant polaron effects on the cyclotron mass of 2D in-
version electrons near the reststrahlen band of polar semi-
conductors (e.g., Ref. 45). Such resonant behavior can
cause a pinning of the intersubband resonances at the pho-
non frequency.

The second aspect of phonon interactions in SiO, con-
cerns the excitation process via the grating coupler with a
dispersive dielectric material between grating and inver-
sion layer. The dielectric function €,(w) of the SiO,
films shows, in the regime of the phonon frequencies, the
well-known behavior of a phonon oscillator; in particular,
€.x(w) approaches O at the LO frequency.

Let us denote the directly excited parallel x component,
E,, of the electric field that is induced by the incident
FIR radiation in the plane of the inversion layer (z =d;)
as E,o=E,(w,q=0,z=d;) and the spatially modulated
field component E, that is induced by the grating coupler
in the inversion layer by E,=E,(0,q=27/a,z=d;).
We assume that the grating-coupler efficiency is such that
both amplitudes E,o and E,, are about the same at z =d;
for frequencies far below wto, where €,,(w) has nearly the
static value. One can then calculate from the Fresnel
coefficients for our system in Fig. 1 that the grating-
coupler-induced perpendicular fields E,, with large
values of ¢ >>w/c, are more affected if e(w) approaches
zero (w—wp o) than the parallel field E,, with wave vec-
tor ¢ =0. Expressed in a different way, we can say that
the SiO, layer represents a thin slab that can be polarized

better with a perpendicular field than with a parallel field.
For small €, the ratio of the amplitudes E,,/E,, de-
creases approximately in proportion with (eox)l%. This is
one of the reasons why the grating-coupler-induced inter-
subband resonance is observed with less intensity above
oo, Where €,(w) is still smaller than below wrto, and
why the parallel excited resonances, e.g., in Figs. 8(b) and
9, are less affected by the phonons in SiO,.

In Fig. 17 we have plotted spectra for electron inversion
in Si(100). Here we show fully the resonant positive sig-
nals in AT /T at frequencies of about 480 cm ™! that have
been suppressed in the preceding figures for a clear repre-
sentation of the intersubband resonances in their depen-
dence on N; or N4 . The strength of this resonant signal
increases with N;,. We explain this resonance in the fol-
lowing way. In a polar material a polariton-type excita-
tion exists below wyo.*® If there are no electrons in the
channel (Vy=V,), then the incident radiation is coupled
via the grating coupler to these polaritons, giving rise to a
resonant absorption in the spectra To(w). With mobile
electrons in the channel (¥, > V;), the excitation of these
polaritons and the absorption is suppressed. Thus more
FIR radiation is transmitted through the sample and
yields a positive value of AT /T.

T T T T T
Si(100) N (102cri2)

AT n-inv
T Ngepi=22x10cnt
(%)
- 0 5 —

| | 1 1 |
200 300 400 500 600

wave number (cm'1)

FIG. 17. Relative change of transmission for a Si(100) sam-
ple with a grating coupler. In addition to intersubband reso-
nance excitations, a structure at the SiO, optical-phonon fre-
quency (about 480 cm™!) is observed. This structure indicates
that for N;=0 there is a resonant excitation of polaritons via
the grating in the SiO, layer. With increasing N; this excitation
is suppressed, giving rise to a positive relative change of the
transmission, AT /T.
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Polaritons are (resonant) electrodynamic excitations
with wave vectors ¢ =2m7n/a >w/c and with fields that
decay exponentially outside the oxide layer. Similarly,
(nonresonant) evanescent electrodynamic waves are in-
duced via the grating coupler also in the frequency range
outside the polariton regime. The influence of a space-
charge layer on these waves will affect indirectly and in a
complex way the transmission of FIR radiation through
the sample, in addition to the direct coupling (Drude ab-
sorption). Since the evanescent waves are concentrated to
a large extent in the SiO, layer, the effect will be related
to the frequency dependence of the dielectric function of
the oxide as observed in the experiment (e.g., Fig. 17).
This indirect grating-coupler-induced interaction can ex-
plain the “positive” background. The increase of
transmission with electrons in the channel may be caused
by a suppression of the evanescent waves, resulting in a
decrease of absorption and reflection. A quantitative ex-
planation, however, can only be given by a rigorous
grating-coupling theory.

Thus the complex behavior of the intersubband reso-
nance in the regime of the SiO, phonon frequencies arises
from two effects: (a) the resonant renormalization of the
intersubband resonance frequencies (polaron effects) near
w;, and (b) the frequency- and g-dependent coupling effi-
ciency of the grating, including polariton effects. For a
quantitative explanation, both an intersubband resonance
excitation theory including polaron effects and an exact,
frequency- and g-dependent grating-coupler theory for the
excitation are necessary. From the fact that the parallel
excited resonances are only slightly affected by the pho-
nons in Si0,, one can conclude that the polaron effect is
small. However, for perpendicular excitation the question
is how a resonant polaron is defined in a system that is
strongly coupled to polariton excitation. The situation in
our experiment is similar to the observation of intersub-
band resonances in polar semiconductors.*’

We would like to note there that for parallel excitation
on samples without a grating coupler a resonant interac-
tion with optical phonons in Si at frequencies around 520

cm~! has been observed.*® For hole space-charge layers
this interaction is relatively strong and can be attributed
to a deformation-type electron—optical-phonon interac-
tion. For electron space-charge layers the interaction with
optical phonons in Si is found to be very weak. Perhaps
the fine structure of the intersubband resonance profile
for the Eq; resonance at N, =7.7x 102 cm~2 in Fig. 9 is
caused by an interaction with optical phonons of Si.

V. CONCLUSIONS

Efficient grating couplers have been used to investigate
the subband structure and intersubband resonance transi-
tions in electron space-charge layers for the principle sur-
faces of Si.

For Si(100) perpendicularly excited intersubband reso-
nances have been investigated up to charge densities of
N,=1.2x10"® cm™2. At high N;, transitions in the
primed subband system are observed. For Si(111) and for
the [110] direction of Si(110), both directly excited paral-
lel resonances and perpendicularly excited depolarization-
shifted resonances are observed, and the depolarization
shift is studied in detail in its dependence on the surface
electric and depletion fields and on the subband index.
There is a characteristic dependence of the excitation
strength of intersubband resonances on the surface orien-
tation, on the polarization, on N, on Ngep, and on the
subband index.

For Si(100) there is evidence of parallel excited reso-
nances which are not affected by depolarization and
which arise from grating-coupler-induced nonvertical
transitions. On all surfaces there is a strong interaction of
the intersubband resonances with optical phonons in SiO,.
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