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Parallel excitation of hole and electron intersubband resonances
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Intersubband resonances are investigated in hole space-charge layers on Si(111), Si(100),- and
Si(110), and in electron space-charge layers on Si(110) and Si(111). The resonances are excited by
far-infrared radiation with the electric field vector polarized parallel to the interface. We report on
frequency domain studies covering a wide range of frequencies (50—1000 cm ) and charge densities

[(1—14)X 10' cm ].We have investigated resonance positions, line shapes, excitation strengths, po-
larization dependence, and the influence of depletion fields. Results are compared with available
theories on hole and electron subband systems.

I. INTRODUCTION

Holes or electrons, which are confined by a surface
electric field in a narrow potential well at the interface of
a metal-oxide-silicon (MOS) device, are free to move
parallel to the interface, but the motion perpendicular to
the surface (z direction) is quantized. ' The energy spec-
trum of this quasi-two-dimensional (2D) system thus con-
sists of a set of subbands (index i ) with energy dispersion
E;(k„,kz ). A detailed knowledge of subband energies and
dispersions is of fundamental interest for 2D systems. A
powerful tool for the investigation of the subband separa-
tions is the spectroscopic study of resonant intersubband
transitions (e.g. , Ref. 2). For electron inversion and accu-
mulation layers a great body of theoretical (e.g., Refs. 1

and 3—5) and experimental work (e.g., Refs. 6 and 7) ex-
ists, most of which concentrates on the (100) surface of Si
at low charge densities N, (3g 10' cm

Considerably less information has been published for
subband energies in hole space-charge layers of Si. The
valence bands of bulk Si are complex and hole subband
energies can only be calculated by taking the mixing of
the three highest valence bands into account. Self-
consistent Hartree calculations have been carried out in-
dependently by Bangert et al. and Ohkawa and Uemu-
ra. ' In contrast to electron subbands, only little experi-
mental data for hole space-charge layers exist; these data
have been extracted from laser measurements "and are
limited to low energies and charge densities. Currently,
there is an increasing interest in more detailed studies of
hole intersubband resonances using Raman' ' and
Fourier-transform spectroscopy. '

The excitation of intersubband resonances characterizes
the oscillatory motion of charge carriers perpendicular to
the surface. In highly symmetrical systems, e.g., electrons
on Si(100), excitation of intersubband resonance is only
possible for radiation with an electric field component E,
normal to the surface. To induce a sufficiently large E,
component, special experimental configurations such as
prism arrangements, transmission lines, or grating
couplers' are necessary. These arrangements, however,

reduce sensitivity and make an absolute determination of
intersubband-resonance strengths difficult or impossible.

On semiconductors with ellipsoidal constant-energy
contours and surfaces tilted with respect to the principal
axis of these ellipsoids, ' ' and on semiconductors with
warped —-or nonparabolic —band structure, the motion of
charge carriers perpendicular and parallel to the surface is
coupled. In this case an excitation of intersubband reso-
nances with a parallel component of the electric field be-
comes possible and the excitation of intersubband reso-
nances can be observed directly in the transmission of nor-
mally incident radiation. This allows very simple and
sensitive experimental arrangements and facilitates a
straightforward determination of the strength of intersub-
band excitations.

Here we present an extensive experimental investigation
of intersubband resonances on Si in parallel excitation.
We cover both a large frequency (50—1000 cm ') and
charge-density regime (N, =l)&10' to 14X10' cm ).
For intersubband resonances of holes on Si(100), Si(110),
and Si(111) we report new transitions, polarization-
dependent measurements, and substrate-bias experiments.
Resonance positions are compared with available calcula-
tions. ' We also present experimental data for intersub-
band transitions of electrons on Si(110) and Si(111). Our
experiments are performed using Fourier-transform spec-
troscopy. These frequency-domain studies allow a de-
tailed analysis of resonance positions, line shapes, and ex-
citation strengths in absolute units.

II. SAMPLE CHARACTERIZATION
AND EXPERIMENTAL TECHNIQUES

The experiments are performed on MOS capacitors
with semitransparent gates typically 3—5 mm in diameter
and with a gate impedance of 1000 II/CI. The thickness
of the thermally grown oxide ranges from 45 to 200 nm.
The resistivity of most substrates ranges from 10 to 20
0 cm, and some samples have a. resistivity of 1000 Q cm.
Both p- and n-type substrates have been investigated. Ex-
periments are carried out for accumulation of the charge
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carriers, for quasiaccumulation, which is induced by il-
luminating the sample with band-gap radiation, for inver-
sion, and with depletion fields, which are induced by a
substrate-bias voltage. Temperatures in all experiments
were about 20 K unless stated otherwise.

The excitation of intersubband transitions is observed in
the relative change of transmission,

5T/T = [T( VG )—T( VT )]/T( Vr ),
for far-infrared radiation transmitted normally through
the MOS sample with a semitransparent metal gate.
T( VG) and T( VT) are the transmission through the sam-

ple at gate voltage VG and at the conductivity-threshold
voltage VT, respectively. In the small-signal limit,

AT/T—is proportional to the real part of the high-
frequency conductivity of the space-charge layer (e.g.,
Refs. 1, 19, and 20). The backside of the sample is
wedged to avoid interference effects. The experiments are
performed using rapid-scan Fourier-transform spectros-
copy. This method makes special spectroscopic tech-
niques possible. Alternatingly, we measure interferograms
I of the transmitted radiation at gate voltage VG and
threshold voltage VT. The digitized interferograms I( VG)
and I( VT ) are co-added in different files and are Fourier-
transformed separately at the end of the measurement. In
this way the effective delay between measuring the spec-
trum T( VG) and the reference T( VT ) is small (typically 1

to 10 s), and long-time drifts of the experimental setup are
eliminated. Thus very weak relative changes of the
transmission can be measured with a sufficient signal-to-
noise'ratio. A detailed description of the spectroscopy is
given in Ref. 20. The quantity hT/T is measured in ab-
solute units and can be compared directly with theoretical
excitation strengths. Extensive measurements have been
performed on different samples of each orientation and
substrate doping in the frequency regime 50 to 380 cm
During the later course of our investigations we also made
measurements above 380 cm ' using a Ge:Cu photocon-
ductive eleinent instead of a Ge bolometer. In all mea-

surements made here the resolution was set to 4 cm

III. INTERSUBBAND RESONANCE OF HOLES

A. Experimental results

l. Si(ill)

The spectra for different surface orientations have
many common features which will be discussed for the
Si(111) surface. Special properties for Si(100) and Si(110)
are described, below. Original experimental spectra for ac-
cumulation of holes on Si(111) at different charge densi-
ties X, are shown in Fig. 1. These spectra, which
represent the real part of the high-frequency conductivity,
consist of two contributions: intrasubband and intersub-
band transitions. The intrasubband contribution is Drude
type and decreases approximately in proportion to (cur)
with frequency, if cov ) 1, as is the case here. ~ is the in-
traband scattering time. In the following we will refer to
this intraband contribution as the "Drude background. "
The intersubband contribution in Fig. 1 is comparatively
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FIG. 1. Original experimental spectra of the relative change
in transmission —AT/T caused by an accumulation layer of
holes with different charge densities X, on Si(111). Spectra are
measured for normally transmitted far-infrared radiation, i.e.,
with the electric field vector parallel to the- surface ("parallel ex-
citation"). The intersubband-resonance transitions are marked

by arrows.

strong and consists of a broad resonance and a small,
sharper resonance at low frequencies which is well pro-
nounced, especially at low densities. Both resonances
shift with increasing charge density to higher wave num-
bers. A third resonance is observed in the frequency re-
gime 500 to 600 cm, which is not shown in Fig. 1.
Spectra measured with linearly polarized radiation are,
within the experimental accuracy, identical for different
directions of the electric field vector in the surface, as ex-
pected for an optically isotropic surface. It is characteris-
tic for the hole intersubband resonances of all surface
orientations that the half-width of the resonance hE is
much broader than an energy half-width 2A'/r deduced
from the Drude scattering time ~, which is measured for
the same sample and charge density. The resonance line
shape is significantly asymmetric, being broader on the
high-frequency side. This can be clearly extracted from
these frequency sweeps by substracting the 2D Drude
background, at least at low densities. Within the accuracy
of substracting this background, the weak, low-energy
transitions in Fig. 1 seem to have a smaller width and a
more symmetric profile. Asymmetry has also been de-
duced from X, sweeps and Raman spectroscopy. ' The
widths of the resonance and asymmetry have been inter-
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preted as being caused by the nonparabolicity of the hole
subbands. This interpretation seems to be supported by
the fact that the line shape is not significantly affected by
depletion fields, as discussed below.

2. Inversion and substrate-bias experiments

We have investigated hole intersubband resonances in
both accumulation layers on p-type samples and band-
gap-radiation —induced quasiaccumulation layers on n-

type substrates, without measuring a significant difference
in the resonance position and line shape. On n-type sam-
ples, which are illuminated with band-gap radiation, the
photoexcited carriers prevent the formation of a depletion
layer. Using a method described in more detail in Ref. 20,
we are able to measure at inversion conditions and with
substrate-bias voltages on MOS capacitors without
source-drain contacts. In essence, synchronously with the
mirror scans of the Fourier-transform spectrometer, the
band-gap illuminated MOS capacitor is charged at a cer-
tain voltage Vc. Before the sampling of the interfero-
gram starts, the illumination is switched off and an addi-
tional substrate-bias voltage is added to Vc. Without il-
lumination, a depletion layer is formed and the electric
field in the depletion layer can be varied by the substrate-
bias voltage. The charge density Nd, p&

of the depletion
layer can be calculated from the substrate doping and
substrate-bias voltage. '

In Fig. 2 we show experimental spectra for accumula-
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tion, inversion, and different depletion fields with corre-
sponding depletion charges for Si(111). The positions of
the main resonance and low-energy shoulder shift with in-
creasing depletion field to higher frequencies, as is expect-
ed from the narrowing of the surface potential well. The
low-energy shoulder decreases in intensity with increasing
depletion field. The sample shown in Fig. 2 has a rela-
tively low substrate doping (

i
N~ ND—

~

=10' cm
resistivity 1000 Oem). On samples with higher substrate
doping (20 0 cm), higher depletion fields can be achieved
and show, correspondingly, a more pronounced shift of
the resonance. On both types of samples we find that for
Si(111) the resonance profile and width are little affected

by a depletion field, in contrast to experiments in electron
space-charge layers. Thus for Si(111)we have no evidence
that the half-width of the hole intersubband resonance is
caused by several overlapping transitions due to accumu-
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FIG. 2. Original experimental spectra —hT/T versus wave
number on Si(111) for quasiaccumulation, inversion, and dif-
ferent depletion fields, which are induced by a substrate-bias
voltage. The corresponding depletion charge Nd~~ is entered.
Intersubband-resonance positions are marked by arrows.
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FIG. 3. Dependence of the intersubband-resonance positions
for Si(111)on (a) the depletion charge Nd, ~~ for fixed N„and (b)
on the charge density X, for fixed Xd p].
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lation conditions. This suggests nonparabolicity as the
main broadening effect.

In Fig. 3 we show the influence of the depletion field on
the position of the main resonance. As expected, we find
the influence of the depletion charge to be smaller for
larger inversion carrier densities N, . Quantitative calcula-
tions for the influenc of depletion fields on the hole sub-
band structure are not available. Experimental data pub-
lished for low densities on Si(100) show no difference be-
tween accumulation and inversion. For low densities on
Si(110), a difference in the resonance position has been
found upon comparing accumulation and inversion. "
The difference is comparable with an extrapolation of our
results for Si(111)to lower densities.

We have also performed some experiments at different
temperatures. At 80 K there is a shift of the resonance
position of about 5 meV to higher energies. Although the
resonance half-width is not significantly affected, the res-
onance amplitude decreases by about 20%. At room tera-
perature, intersubband transitions give a weak and broad
contribution which can hardly be separated from the
Drude background.

3. Si(100)

Experimental spectra for the accumulation of holes on
Si(100) are shown in Fig. 4. To increase the visibility of
small features in the traces for the different N„p rati c-u

larly at the shoulder of the resonance, we have smoothed
the original curves where necessary. The noise level is in-
dicated in the caption. The spectra are similar to those of
the Si(111) surface in Fig. 1 with relatively broad reso-
nances. The low-energy resonance structure at the
shoulder is more separated from the main resonance in
Si(100) than in Si(111). At the same density, resonance

1 I I I

positions for Si(100) are about 50 em ' higher in energy
compared with Si(111),and the excitation strength is sig-
nificantly lower by about a factor of 2.

4. Si(110)

Experimental spectra for a typical Si(110) sample are
shown in Fig. 5. In contrast to Si(100) and Si(ill), the
spectra on this surface depend strongly on the polariza-
tion of the incident radiation. This anisotropy reflects the
twofold rotational symmetry of the (110) surface. The
difference in the Drude absorption for linear polarization
in [ 110] and [001] directions is due mainly to the differ-
ence in the optical mass of both directions. Figure 5
also indicates that, for both directions of polarization, the
excitation strength of the intersubband resonance is dif-
ferent and also does not scale with the Drude background.
The resonance position is nearly the same for both direc-
tions of polarization, but, for all samples measured, there
is a tendency that the peak position for the [001]direction
is shifted by about 10 cm ' to higher wave numbers with
respect to the peak position of the [110]direction. On
the Si(110) surface it is also possible to detect very weakly
excited intersubband resonances at low energies. In the
direct spectra AT/T these resonances can hardly be
separated from the frequency-dependent Drude back-
ground. If one divides the spectra for both directions of
polarization, the Drude-type intraband transitions should
essentially reflect the frequency-independent reciprocal
mass ratio. However, due to the different excitation
strength of the intersubband transitions, this second reso-
nance is clearly resolved in the divided spectra and the
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FIG. 4. Experimental spectra —hT/T versus wave number
for accumulation layers of holes on Si(100). The intersubband-
resonance positions for the different densities N, are marked by
arrows. Peak-to-peak noise level for hT/T is, e.g., for
200 cm ' and N, =3.1)&10 cm, 0.04%.
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FIG. 5. Experimental spectra —hT/T versus wave number

for accumulation layers of holes on Si(110). Spectra are mea-

sured with linearly polarized light. The direction of the electric

field vector iri the surface is indicated. Intersubband-resonance

positions are marked by arrows. Typical peak-to-peak noise lev-

els are 0.05 /o.
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positions agree with laser-spectroscopic measurements on
the same sample.

For inversion and substrate-bias conditions on Si(110)
the asymmetry for different polarizations becomes more
pronounced. Additionally, fine structures can be observed
within the main resonance, which indicates that this reso-
nance consists of different, partly overlapping transitions.

5. Absoltgte excitation strength of hole
intersubband resonances

From our measurements we can extract the change in
transmission hT/T in absolute units, and thus determine
the real part of the high-frequency conductivity Re[a(co)]
by inserting the gate impedance and dielectric function of
Si (see formulas in Refs. 19 and 20). In the low-signal ap-
proximation and for typical gate impedances of 500—1000
Q, as in our experiments, hT/T—has to be divided by
150 to give the real part of cr(co} in units of Q '. To
characterize the excitation strength of the intersubband
resonance, here we will discuss the peak amplitude of the
main resonance. The Drude background is subtracted. It
is not possible to give the integrated intensity of the reso-
nance profile, since, especially at high densities, the entire
profile is not within the spectral range of the detector
used in this experiment. On the other hand, the half-
width is similar for all surfaces.

We find that for densities N, &2X10' cm the peak
amplitude increases roughly (within +20% ) in proportion
with X„with a tendency to saturation at higher X,.
Within the same accuracy, measurements on different
samples from different batches, substrate doping, and
manufacturers give identical results. Typical mean values
for the peak amplitude of b, T/T at a d—ensity of
N, =5 X 10' cm are 0.8% for Si(111), 0.35% for
Si(100), and 0.35%%uo and 0.65% for Si(110) and polariza-
tion parallel to [001]and [ 110],respectively.

These values are measured on samples with intraband
scattering times r of typically (1—3)X 10 ' s. For these
values of v, the excitation strengths on different samples
of a given surface orientation are identical within 20%.
Thus we cannot conclude from our experiments that an
increase of r yields a higher excitation strength. The
low-energy structures on the shoulder of the main reso-
nance observed on Si(111)and Si(100) surfaces are slightly
differently pronounced in the spectra of different samples,
but we cannot find any correlation of this with r

B. Resonance positions in comparison with theory
and other experiments

Before we discuss the details of the hole intersubband
dispersion, we briefly recall the present theoretical under-
standing of the 2D hole subband system of Si. Self-
consistent Hartree calculations of hole subband energies
have been performed independently by Bangert et al. and
by Ohkawa et al. Many-body corrections, which are not
included in Refs. 8 and 9, are treated in a rough approxi-
mation for low densities on Si(100).' The main features
of these results are the following. The three valence bands
of the bulk mix under the influence of the surface electric
field and form a system of subbands. We follow the nota-

tion of Bangert et al. and characterize the subbands as
heavy (index h), light (1), and spin-orbit-split-off bands
(s.o.). If no clear assignment is possible, the bands are la-
beled "not identified" (n.i.}. On all three surfaces the
lowest subband is a heavy-hole subband (ho), followed by
a light-hole subband (lo), and another heavy-hole subband
(hi). It is characteristic for hole subband systems that,
starting at relatively low charge densities [N, =(2—3)
X10' cm ], the second subband lo will be occupied,
even at T=O. Each band splits for k~~&0. At a given

k~~&0, the wave functions of the two corresponding
eigenstates are composed from different combinations of
the spin orientation with respect to the orbital motion.
We refer to these eigenstates as "quasispin states. " The
lifting of the quasispin degeneracy is an inherent feature
of systems without inversion symmetry. It is caused by
the influence of an asymmetric potential on the spin-orbit
interaction. Such lifting has recently been observed in
heterostructures. ' The subbands are strongly nonpara-
bolic with different dispersions and curvatures for dif-
ferent subband indices and quasispin states. The energy
contours in the k„-kz plane are warped. Both calcula-
tions ' use essentially the same formalism, but they differ
slightly in the choice of the trial functions. They give
similar results for the cyclotron mass; however, subband
energies and subband separations of both calculations
differ significantly (see Figs. 6—8).

For a comparison of experimental intersubband energies
with these calculations, one must bear in mind the follow-
ing limitations. (1) Calculations ' do not include many-
body corrections, which, however, might not be ixnportant
at high densities. (2) The image potential is not included,
except for the case of the Si(111)surface discussed in Ref.
9. (3) Calculations are performed for inversion
(Nd, ~i

——1.2X 10" cm ). We will discuss accumulation
data, but, as shown in Fig. 3, the difference between inver-
sion and accumulation is small, with inversion data being
less than 2 meV above accumulation data for
N, &2X10' cm . (4) A very important and probably
very crucial point is that calculated subband separations
are only available for k = 0. For an exact comparison one

must integrate subband transitions from all occupied k
states. Furthermore, the density of states and the k
dependence of the matrix elements must be taken into ac-
count to describe the resonance position and line shape
correctly. (5) Intersubband-resonance positions differ
from subband separations due to depolarization effects
and final-state interactions (e.g. , Refs. 1 and 2). Because
of the symmetry of the hole energy contours, depolariza-
tion shifts are not expected for our data in parallel excita-
tion. The interesting question of the effectiveness of
depolarization effects for perpendicular excitation in the
strongly nonparabolic hole subband system will not be
treated in our paper. Final-state interactions should be
present in our experixnental data, but as yet, no theoretical
treatment of final-state effects in nonparabolic subband
systems with many closely separated bands exists.

We expect that the most pronounced resonances, start-
ing at low densities, should correspond to transitions from
the lowest subband, the ho band. Transitions from the lo
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band should not be present below a certain density N,~,
where the lp band is not occupied. On the other hand,
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Our experimental hole intersubband-resonance positions
for Si(111) are summarized in Fig. 6. Different symbols
indicate measurements on samples from different wafers.
Vfe have measured intersubband resonances on both n-

and p-type samples and for substrate doping ranging from
10' to SX10' cm, without any significant difference
in resonance position. The main resonances are about 10
meV below the hoch i subband separation of Ref. 8, and
the high-energy transition is about 10 meV above the

hp —+h2 separation. Good coincidence of the low-energy
shoulder with the lp~hI separation exists. Comparison
with theoretical data of Ref. 9 shows rather good agree-

inent of the main resonance with the ho~h i separation,
but the low-energy shoulder has to be compared with a
Ap ~lp separation.

For Si(100) in Fig. 7 both the main resonance and the
low-energy shoulder are at low densities about 10 meV
below the ho~hi and the lo~h& separations of Ref. 8,
respectively. Better coincidence exists at low densities
with the ho~hi and lo~hi separations of Ref. 9. For
densities above 3X10' cm, however, the experimental
main resonance shows a much slower increase than the
theoretical N, dependence.
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For Si(110) in Fig. 8 the main resonance position is
about 1S meV below the ho —+hi separation of Ref. 8, but
perhaps this resonance also includes hollo and lo~s. o.
transitions, which are very closely separated according to
Ref. 8. This is also suggested from inversion experiments,
where additional structures are found within the main res-
onance. Rather good coincidence exists for the main reso-
nance and the ho~hi separation of Ref. 9. The low-

energy transition, however, agrees well with the lo~hi
separation of Ref. 8, whereas no identification with data
from Ref. 9 is possible.

An important quantity in subband systems is the onset
of the occupation of higher subbands with increasing
charge density. For Si(110), Ohkawa et al. calculated the

FIG. 7. Experimental hole intersubband-resonance positions
for accumulation layers on Si(100). For further explanation, see

Fig. 6. Pluses (+'s) mark experimental data points from Ref. 6
measured by far-infrared laser spectroscopy. Crosses (&('s)
mark experimental resonance positions from Raman experi-

ments (Ref. 12).
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FIG. 6. Experimental hole intersubband-resonance positions
for accumulation layers on Si{111).Different symbols indicate
measurements on samples from different wafers (see text).
Theoretical subband separations are indicated by solid {Ref. 8)
and dotted lines (Ref. 9) and are labeled with the corresponding
transition. Dashed parts of the lines {Ref. 8) indicate the
charge-density regime where transitions from the lp subband are
not possible since this band is not occupied at low densities.
Pluses (+'s) mark experimental data points from Ref. 11.
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FIG. 8. Experimental hole intersubband-resonance positions
for accumulation layers on Si(110). For further explanation, see

Fig. 6. The low-energy resonances are extracted from laser
spectroscopy (o) and from divided Fourier-transform spectra
(A; see text). Pluses (+'s) mark experimental data from Ref.
11.
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occupation of the lo subband to start at X, =2.4
)&10' cm, while Bangert et al. found 3.7&(10' cm
From Shubnikov —de Haas (SdH) experiments, values of
2.8)&10' (Ref. 26) and 2.2)&10' cm ' (Ref. 27) have
been deduced. From our samples, in SdH experiments we
find a value of 2.6&(10' cm . At this density, in an E,
sweep we also observe a structure in the Drude conduc-
tivity, indicating a change in mobility at the onset of the
occupation of the lo subband.

We can draw the following conclusions froin this com-
parison of theory and experiment. The theories ' describe
the qualitative features, e.g., nonparabolicity and closely
separated bands, of the very coinplex hole subband system
rather well. However, with the limitation of the currently
available theoretical data in mind, which do not include
many-body corrections, image potential, k dispersion, the
k dependence of matrix elements, density of states, and
final-state interactions, it is not possible to say how well
the presently available theories describe the subband struc-
ture of holes quantitatively. It would be highly desirable
if additional calculations were performed, particularly in-

cluding the effects of k dispersion and the k dependence
of the matrix elements, to explain the details of the great
amount of experimental data now available, i.e., resonance
positions, line shape, and excitation strength. This is not
only applicable to intersubband transitions in Si, but is
also of general interest. Depolarization effects in nonpar-
abolic systems and final-state interactions in structures
with closely separated bands are of further interest.
Whether the lifting of the quasispin degeneracy is reflect-
ed in the experimental spectra and can thus be extracted
from experiments is also worth studying. One might
speculate whether the small and sharp low-energy reso-
nance for Si(111)and Si(100) in Figs. 1 and 4 are perhaps
caused by the lifting of the quasispin degeneracy. Avail-
able theoretical data show that for one spin state the ho
and h i subbands have relatively identical separations in k
space, whereas for the other spin state both subbands have
different dispersion curvatures, which would lead to a
much broader resonance than for the first spin state.

We will now compare our resonance positions with ex-
perimental data from other workers. Far-infrared-
absorption data are only available at low densities. For
Si(100) we find that extrapolation of our main resonance
positions to lower densities in Fig. 7 gives good agreement
with experimental data from Ref. 6. For Si(111}(Fig. 6)
and Si(110}(Fig. 8), good agreement with data from Ref.
11 can also be extrapolated. Comparison with experimen-
tal data from Raman spectroscopy' ' shows no general
agreement. For certain surface orientations and density
regimes there are significant differences in resonance posi-
tions. For Si(111},resonance positions in Ref. 1. which
are measured up to 3X10' cm —agree with our main
resonance. In addition, another transition is observed in a
Raman experiment' about 12 meV above our main reso-
nance, but no low-energy transitions corresponding to our
Ip ~h ] data in Fig. 6 are observed in Ref. 14. For
Si(100), Raman resonances' ' are about 10 to 15 meV
above our main resonance positions (see Fig. 7). For
Si(110), Raman resonance positions' start at
1&10' cm with the same energy as in our experiment

For electron subbands on Si, considerably more infor-
mation exists than for holes. For the Si(100) surface,
many-body corrections, depolarization, and final-state in-
teractions are relatively well understood both theoretically
and experimentally (e.g., Ref. 1). Owing to the symmetry,
intersubband transitions cannot be excited in parallel exci-
tation on Si(100), but for Si(110) and Si(111) the ellip-
soidal energy contours of the bulk are tilted with respect
to the surface and therefore the motion of subband elec-
trons parallel and normal to the surface is coupled (e.g.,
Refs. 17 and 18). So far, subband spectroscopy on these

bT
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I

Si(110 = 1.8 x1O11crn2

0.4

WAVE NUMBERS (cm ')

FIG. 9. Experimental spectra —b T/T versus wave number
for accumulation, inversion, and different depletion fields (indi-
cated by the depletion charge Xd,») of electrons on Si(110). For
normally incident radiation, the intersubband resonance can
only be excited with polarization of the electric field vector
parallel [110]. For polarization parallel to the direction [001]
(dashed line) the spectrum is Drude type without intersubband
contributions. The typical peak-to-peak noise level is 0.03%.

(Fig. 8), but show a much steeper dispersion for increasing
N, than our experiments. Low-energy resonances'" are
about 10 meV above values in our spectra. Although the
ratio of intersubband-resonance amplitude to background
is in most cases much lower in Raman experiments, we do
not think that differences in evaluating the resonance po-
sitions explain these significant differences. One reason
might be that the k dependence of the excitation strength
for Raman experiments, which include a spin-flip process,
and for far-infrared excitation, is different, which implies
that the resulting resonance positions of the transitions be-

tween nonparabolic bands of all k vectors are different.
Furthermore, it is not clear whether the rather strong il-
lumination of the sample in Raman spectroscopy might
be the origin of a different behavior.

IV. PARALLEL EXCITATION OF INTERSUBBAND
RESONANCES IN ELECTRON SPACE-CHARGE

LAYERS
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surfaces has been limited to low densities and energies
(e.g., Refs. 28—30), except for recent experiments that
have been carried out parallel to ours. ' The purpose
of this section is to give a survey of our frequency-domain
study of electron intersubband resonances in parallel exci-
tation for a large frequency and charge-density regime,
hand with special emphasis on the differences in the
behavior for accumulation, inversion, or substrate-bias
conditions, respectively.

A. Si(110)

Experimental spectra for accumulation, inversion, and
some substrate-bias voltages in electron space-charge
layers on Si(110) are shown in Fig. 9. A significant
feature is the strong anisotropy for different polarizations
of the electric field vector in the surface. The anisotropy
of the Drude background is proportional to the reciprocal
optical mass of the corresponding directions, as has also
been found in plasmon-resonance experiments. Inter-
subband resonances are only observed for polarization of
the electric field vector parallel to [ 110] since the energy
ellipsoids are tilted in this direction. The intersubband
resonance for accumulation conditions in Fig. 9 is rather
broad and asymmetric. This is caused by transitions from
the ground subband Ec to a continuum of higher sub-
bands E; (i & 0) and reflects the relative shallow accumu-
lation potential. For inversion conditions the line shape
changes drastically (in contrast to hole intersubband reso-
nances; see Fig. 2). The line profile becomes symmetric
and a second Ep~E2 transition is well separated. The
peak and integrated excitation strength is increased and
the energetic half-width b.E=6 meV corresponds, within
about 20%, with the value of 2A/r, where v is the in-
trasubband scattering time, determined from a Drude fit
to the background of the spectra on the same sample and
the same density. With increasing substrate-bias voltage
and corresponding depletion field, the Eo~E, and the
EO~E2 transitions shift to higher wave numbers, the res-
onance half-width decreases slightly, and the peak ampli-
tude increases. We have checked carefully, using different
methods (measuring the charging. current, investigation of

, the Drude background, and changing the time between re-
charging the sample ), that the charge density N,
remains constant during the time that the substrate-bias
voltage is applied. Thus, the resonance shift and ampli-
tude enhancement in Fig. 9 is not caused by an increase of
N, . The increase of the resonance energy with increasing
substrate-bias voltage is caused by the narrowing of the
surface potential well with an additional depletion field,
which leads to a larger subband separation. We interpret
the increase of the excitation strengths for higher de-
pletion fields by a stronger overlapping of the electron
wave functions. In particular, the depletion field causes a
narrowing of the extension for the wave functions of the
higher subbands, while the ground subband is less affect-
ed. Thus the dipole matrix element, which governs the in-
tersubband excitation strengths, increases for higher de-
pletion fields.

It is interesting to compare our experimental line shapes
with calculations by Ando et al. ' since this sheds light on
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FIG. 10. Experimental spectra —AT/T for electron inver-
sion on Si(110) at different charge densities N, . The radiation is
linearly polarized parallel to the [ T10] direction, except for the
dashed line, which shows the spectra for iV, =2.3&(10' cm
and polarization parallel to the [001] direction. The peak-to-
peak noise level is typically 0.05%.

the problem of the valley degeneracy on Si(110). From
the effective-mass approximation the valley degeneracy
should be g„=4. However, in Shubnikov —de Haas exper-
iments a value of g„=2 has been found. There has been
extensive discussion in the literature (see e.g., Refs. 1 and
35) as to whether the lifting of the valley degeneracy is
real or only simulated in the SdH measurements. Accord-
ing to Ref. 17 depolarization effects become effective for
g„=2; excitonlike effects also depend on the value of g„.
Our experimental line shape of the electron intersubband
resonance on Si(110) for accumulation agrees much better
with the theoretical line shape' for g„=4 than that for
g„=2. The calculated' ratio of the intersubband ampli-
tude for inversion compared to that for accumulation is
1.5 for g„=4 and 2.2 for g„=2. If we extrapolate our ex-
perimental results to the conditions of these calculations,
we find a value of 1.6, which also seems to favor a degen-
eracy of g„=4. On the other hand, SdH measurements
on the same samples seem to indicate a degeneracy of 2.
From our experiments we see evidence that the real valley
degeneracy is g„=4 and the value of 2 in SdH measure-
ments is simulated, as proposed in the model of Ref. 35.
g„=4 also implies that our resonance positions are not
depolarization-shifted. g„=4 has also been deduced from
a comparison of parallel and perpendicular excited inter-
subband resonances, ' and has been very recently
demonstrated for SdH ineasurements as well.

Figure 10 shows experimental intersubband resonances
for electron inversion on Si(110) at different charge densi-
ties N, . Both the Ep~Ej and the Ep~E2 resonances
shift with increasing N, to higher wave numbers, the reso-
nance amplitude increases with N„and the resonance
half-width remains nearly unaffected in this density re-
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EO~Ei energy. This experimental value of 9 meV is sig-
nificantly lower than the calculated value of 15 meV in
the model of Ref. 17, where nearly the same depletion
charge has been used. The experimental EO~E& transi-
tion energies for different depletion fields are suinmarized
in Fig. 11(b). Accumulation data are clearly lower in en-

ergy than inversion data (Nd, ~i
——0.9X 10" cm ). Inver-

sion data agree with calculated resonance positions at low
densities in Ref. 37. For very recent calculations,
surprisingly, the Hartree approximation gives the best
agreement with our experimental results. The theoretical
data are about 2 meV above our experiment resonance en-
ergies for Nd, ~i

——1X10"cm . However, the theoretical
data for local-density-functional and many-body perturba-
tional calculations are significantly (10—15 meV) higher
in energy than our data. Extrapolation of our results to
lower densities agrees with experimental data for inver-
sion and accumulation. Cfood agreement is also found
with recent accumulation data for a larger charge-density
regime. '

B. Si(111)
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Experimental spectra for accumulation layers of elec-
trons on Si(111)are shown in Fig. 12. The intersubband-
resonance profile is broad and asymmetric, as is typical
for accumulation in electron space-charge layers [see dis-
cussion above for Si(110)]. The absolute excitation
strength is weaker than for accumulation of electrons on
Si(110). The spectra are within the experimental accuracy
identical for polarization parallel to the [ 112] and [ 110]
directions. This is consistent with a sixfold valley degen-
eracy. We performed some exemplary measurements for
inversion of electrons on Si(111). The spectra are similar
to those of the Si(110) surface in Fig. 9, e.g., for

2 4 6

{10" cm )

FIG. 11. Experimental electron intersubband-resonance posi-
tions on Si(110). (a) Dispersion of the EO~E~ and the EO~E2
transition for inversion. (b) Dispersion of the Eo—+E~ transition
for accumulation and different depletion fields indicated by the
depletion charge Xd,~~. The experimental accuracy is of the size
of the symbols. Solid line shows calculated resonance positions
(Ref. 37) for Xd,„]——6&&10 cm . Pluses and crosses (+ 's and
&'s) mark experimental data from Refs. 39 and 29, respectively.

(Oy )

0.5—

gime. In contrast to Fig. 9, the increase of intensity is
caused, in this case, by the increasing number of charge
carriers N, . Experimental resonance positions for elec-
tron intersubband resonance on Si(110) are summarized in
Fig. 11. The dependence of the Eo—+E~ and the Eo—+E2
transitions on the charge density X, is plotted in Fig.
11(a). Both resonance energies increase with N„and the
EO~E2 transition is constantly about 9 meV above the
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FIG. 12. Experimental spectra —AT/T versus wave number
for accumulation layers of electrons on Si(111). The typical
peak-to-peak noise level is 0.06%.
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Xg ——3.0X 10 cm and Ndzp& 1 7X 10" cm the
Eo—+E~ transition is at 32 meV, 5 meV above the accu-
mulation resonance, the Eo~E2 resonance energy is at 43
meV, and the EO~E& half-width is 5 meV.

Resonance positions for different typical samples are
summarized in Fig. 13. Extrapolation of our data to low
densities agrees with experimental data in Ref. 39 and
with resonance positions in Ref. 30, which have been
characterized as "accumulationlike" (g„=6). Good agree-
ment is also found with recent accumulation measure-
ments for a larger charge-density regime. Calculated
values for low depletion charges (Nd, ~~

——6&& 10 cm )

are slightly higher than our accumulation data, as shown
in Fig. 13. Recent calculations in Ref. 18, however, give
much higher resonance energies, and comparison with
theoretical data in Ref. 38 leads to the same discrepancies
that have been discussed above concerning this reference
for Si(110).

C. Additional remarks
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FIG. 13. Experimental intersubband-resonance positions for
space-charge layers of electrons on Si(111). Solid lines indicate
theoretical resonance energies (Ref. 37) for Xd p] 6& 10 cm
Pluses and crosses (+ 's and &&'s) mark experimental data from
Refs. 39 and 30, respectively.

We note here that our electron intersubband-resonance
experiments on both Si(110) and Si(111) were performed
on samples which were prepared using standard processes
(see acknowledgments). Samples from different batches
and manufacturers show identical results. Only on some
Si(111} samples, which exhibit a mobility below 300
cm V 's ', are the excitation strengths low and the reso-
nance positions about 5 meV below the accumulation data
of "normal" samples. (It is possible that the lowering of
the resonance energy on low-mobility samples is caused by
impurity scattering, which will lead, according to Ref. 38,

to a reduction of the exchange-correlation corrections and
thus of the subband energy separation. ) SdH measure-
ments on the "normal" samples of both Si(110) and
Si(111) seem to indicate a degeneracy of 2. However, as
discussed above, line-shape analysis suggests that g„=4
for our Si(110) samples. Furthermore, for Si(111),
plasmon experiments on the same samples give strong evi-
dence that g„=6. Thus we think that g„=2 is simulat-
ed in SdH experiments. Further information on the valley
degeneracy could be achieved by comparing data for
parallel and perpendicular excitation. Here we will refer
the reader to other papers. ' '

We would like to draw attention to the following
surprising fact. Although there are significant differences
in the excitation strengths and polarization dependence,
both Si(110) and Si(ill) have, at the same density and
within 1 meV, identical intersubband-resonance energies
for accumulation of electrons. This statement is valid for
the entire charge-density regime covered in Figs. 11(b) and
13. Surprisingly, our experimental resonance positions for
parallel excitation on Si(110) also coincide within 10%
with theoretical data on Si(100} available for
N, =(1—3)X10' cm . (Our comparison is with data
calculated without a depolarization shift and for the same
Nd, ~~ as in experiment. ) Thus, the experimental electron
intersubband energy dependence on N, is nearly identical
on all three principal surfaces of Si for the charge-density
regime discussed here. In the very simple model of a tri-
angular well (e.g., Ref. 1), the subband energies should be
proportional to m, ', where m, is the perpendicular ef-
fective mass of the surface. In this model the resonance
energy for the (110) surface should be 93% and, for the
(100) surface, 65% of the resonance energy for Si(111),at
the same density. Our experimental resonance positions
on Si(111)and Si(110) coincide at the same density within
experimental accuracy ( & 5%). Even more pronounced is
the failure of this model to explain the coincidence of the
data for Si(100). with the data for Si(110) and Si(111).
This indicates that in the density regime treated here, this
model is not even good enough to explain trends in sub-
band energies if one compares different surfaces. Near
coincidence of the intersubband dispersion for electron ac-
cumulation on the three principal surfaces of Si can also
be found by comparing the theoretical data in Ref. 37.
This coincidence has not been mentioned or discussed ex-
plicitly in Ref. 37. In Ref. 38 it has been stated that self-

energy corrections are substantially insensitive to the sur-
face orientation for Si(110) and Si(111), and also to the
valley degeneracy g„=2, 4, or 6. However, as long as the
calculations of intersubband-resonance energies with dif-
ferent methods lead to very different results (compare
Refs. 37, 17, 18, and 38), one can not conclusively decide
whether the coincidence of intersubband dispersions is an
accident or the consequence of a more general principle.

Finally, we note that additional structures in the reso-
nance profile of hole and electron intersubband transitions
are observed in our measurements at high wave numbers
(see resonance positions in Fig. 6 above 60 meV). Fano-
type resonances and antiresonances occur and indicate in-
teraction with phonons. These phenomena are currently
under investigation and will be published separately.
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V. CONCLUSIONS

We have presented frequency-domain studies of inter-
subband resonances in parallel excitation for electrons on
Si(110) and Si(111) and for holes on Si(111),Si(100), and
Si(110). We have investigated resonance positions, reso-
nance line shapes, absolute excitation strengths, polariza-
tion dependence, and the influence of depletion fields in
substrate-bias experiments.

Resonance positions for electron subbands agree, as far
as available, with experimental results from other work-
ers. Some of the published calculations explain our exper-
imental resonance positions for electron subbands quite
well, whereas others show significant differences. Thus a
conclusive theoretical understanding does not exist. A
line-shape analysis of the electron intersubband resonance
on Si(110) suggests a valley degeneracy of 4 for this sur-
face.

For hole intersubband-resonance positions, good agree-
ment is found with available data from far-infrared mea-
surements at low densities, but significant differences ex-

ist in comparison with data from Raman experiments.
Our measurements of the hole intersubband resonance re-
flect the main features of the currently available theories,
e.g. , the existence of a number of different bands and the
strong nonparabolicity. However, a quantitative compar-
ison is not possible at the moment since important contri-
butions are not included in the published theories, , e.g.,
many-body interaction, image potential, integration of k
dispersion and matrix elements in k space, depolarization
shifts, and final-state interactions. These questions are of
general interest for nonparabolic, multiband, and spin-
degeneracy-lifted systems, and we hope that our experi-
mental data will stimulate further theoretical treatments.
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