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Resonant Interaction of Plasmons and Intersubband Resonances in a Two-Dimensional
Electron System

S. Oelting, D. Heitmann,® and J. P. Kotthaus

Institut fiir Angewandte Physik, Universitdit Hamburg, D-2000 Hamburg 36, West Germany
(Received 25 February 1986)

Intersubband resonances and collective intraband plasmon resonances are the elementary
dynamic excitations of a two-dimensional electronic system. By applying uniaxial stress to a
Si(100) metal-oxide-semiconductor system we can tune and energetically match the two reso-
nances. In the crossing regime we find a resonant interaction of the two excitations leading to an
enhancement of the intersubband resonance amplitude and a splitting of the dispersion.

PACS numbers: 71.45.Gm, 73.40.Lq

In metal-oxide-semiconductor (MOS) or in hetero-
structure systems, electrons can be confined in narrow
potential wells.! The energy spectrum of these quasi
two-dimensional (2D) electron systems consists of
discrete subbands E;(k;), i=0,1,2, ..., arising
from the free motion of the electrons parallel to the
interface and the quantized energy levels for the
motion perpendicular to the interface. Two charac-
teristic resonances govern the dynamic properties of
the system: (a) intersubband resonances,!? the
resonant transitions between the subbands in the 2D
system which correspond to oscillations of the carriers
perpendicular to the interface (z direction), and (b)
2D intraband plasmons," 3= the resonantly excited
collective oscillations of the system in the 2D plane
(x-y plane). In experiments reported so far, the two
resonance energies are widely separated and no in-
teraction of the excitations has been observed.® Here
we have used uniaxial stress to tune the resonance fre-
quencies of both the intersubband resonance and the
plasmon resonance in 2D electron space-charge layers
of Si(100). For certain values of the applied stress p,
charge density N, and plasmon wave vector g, we can
match the resonance energies of the excitations. In
this regime of energetic level crossing we find a
resonant interaction of the two excitations resulting in
an enhancement of the intersubband resonance ampli-
tude and a splitting of the dispersion.

For Si(100) two nonequivalent subband systems ex-
ist, resulting from the projection of the six energy el-
lipsoids of the conduction-band minimum of bulk Si
onto the (100) surface.! Without stress and at low
temperatures 7 and charge densities N, the lowest sub-
band E, of a system E; with twofold valley degeneracy
(g,=2) is occupied. A second subband system E;
(denoted by primes) with g, =4 can be occupied at
large NV, by an increase in temperature, or by applica-
tion of uniaxial stress. The effect of uniaxial stress on
the subband structure of Si has been investigated both
theoretically and experimentally (for example, see the
works of Takada and Ando,’ Vintner,® Das Sarma er
al.,’ Stallhofer, Kotthaus, and Abstreiter,'® Englert,
Tsui, and Logan,!! Kunze,!?2 and Oelting, Heitmann,
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and Kotthaus!3). For our experiments it is important
that stress in the [001] direction lowers the energy E;
of two of the originally fourfold degenerate valleys
with respect to E;. At a certain value pg of the applied
stress the primed subband system becomes occupied.
We will show that for this special case, in which both
subband systems are simultaneously occupied, a strong
stress dependence of the subband separations exists
because of the self-consistent arrangement of the elec-
tron wave functions. In particular, the 0'— 1’ separa-
tion increases with increasing stress.
The 2D plasmon frequency w,, is given by>*

w}=e*Nyq/(2€m,), (1

where € is an effective dielectric function.* The
plasmon mass m, can be written for the experiments
here, with ¢ and the uniaxial stress p both parallel to
the [001] direction, as

my~ = (Nyo/ myg+ Nio/ myg )/ Ny. (2)

Here N;o/N; and Ny,/N; are the relative occupations
of the two subband systems. The plasmon mass m,
for the [001] direction in the primed system is 0.92my
and hence larger than the mass in the unprimed sys-
tem (myo=0.19my). Thus an occupation of Ej leads
to an increase of the plasmon mass and a decrease of
the plasmon frequency at fixed N,.'!13

The experiments are performed on Si MOS capaci-
tors of size X6 mm? with resistivity 20 Q -cm and
oxide thickness 50 nm. A well-defined uniaxial stress
can be applied to the samples at low temperatures
(T=12 K) with a standard stress apparatus used in
optical experiments.”> Quasi electron-accumulation
conditions are established in the p-type samples by
continuous illumination with band-gap radiation. The
excitation of plasmons is observed in the transmission
of normally incident far-infrared (FIR) radiation. The
gate consists of periodic stripes of alternating high and
low conductivity with a periodicity ¢ =514 nm. This
grating couples the FIR radiation to plasmons of wave
vector g,=n2m/a, n=1,2...%>" g is in the [001]
direction. The same grating coupler also induces in
the near field components ¢, of the exciting FIR elec-
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tric field. Via these e, components intersubband reso-
nances can be excited.!* 13

Experimental spectra measured at a fixed laser ener-
gy Fw=17.6 meV, fixed stress p, and varying charge
density N; are shown in Fig. 1. The structures at low
densities arise from a rapid variation of the mobility at
low N,. The pronounced resonance at N, = 7x10!?

T T I i I

P-Si (100)

p (kbar)
37

dT/dVglarb. units)

4 6
Ng(10”%cm?)

FIG. 1. Experimental spectra of dT/dV,, the derivative of
the transmission with respect to the gate voltage, vs charge
density N, for different values of the uniaxial stress
pll[001] at temperature T7=12 K and laser energy
Fw=17.58 meV. The spectra shown are for sample A, ex-
cept for the trace at p=3.7 kbar, a stress value which has
only been reached on a second similar sample B. Plasmon
resonances of wave vector ¢ =1.22%10° cm~! are observed
at N; > 4x 102 cm~2. They shift with increasing p to higher
N,. For p=0.4 to 1.8 kbar a 0'— 1’ intersubband resonance
shifts with increasing p to lower N;. In the crossing regime a
resonant interaction of both resonances is observed. Dotted
lines are fits to the spectra assuming superposition of two
Lorentzian resonances.

cm~2 for p=0 is the plasmon resonance at ¢ =2m/a.
With increasing stress the plasmon resonance shifts to
higher N;. This is expected from formula (1) because
of the increase of the plasmon mass if the primed sub-
band system becomes occupied. (In an energy-sweep
experiment at fixed N this is equivalent to a decrease
of the plasmon resonance energy.) For a certain re-
gime of stress p, shown in small increments of pin Fig.
1, we observe a second resonance which shifts with in-
creasing stress to lower N; (corresponding to a shift to
higher energies in a frequency sweep at fixed N;). We
will show in the following that this resonance is a
0'— 1’ intersubband resonance. In the crossing re-
gime the two resonances show all the characteristics of
a resonant interaction, first a resonant enhancement of
the intersubband resonance amplitude and second a
splitting of the dispersion.

The dispersion of the two resonances is shown in
Fig. 2. To extract the exact positions N;;(p) and
N;;(p) of the two resonances we approximate the
spectrum by the superposition of two Lorentzian lines
S=S§,+S5, with

S~ A;(NINI(p)—N2+TA72, i=1,2, (3)

where I'; and I', are phenomenological damping con-
stants. N (p) and N,,(p) are then determined from
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FIG. 2. Experimental resonance positions extracted from
fits to the spectra as in Fig. 1. The interaction of the
plasmon excitation (P) and the intersubband resonance
(ISR) leads to a resonant splitting of the dispersion. Sample
A is marked by circles, sample B by triangles. The 0'— 1’
subband separation for N, =0 extracted from Ref. 12 is
denoted by squares.
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fits of the derivative dS/dN; to the experimental spec-
tra, as is shown in Fig. 1.

Whereas the identification of the 2D plasmon reso-
nance is clear, we want to show why we identify the
second resonance with the 0'— 1’ intersubband reso-
nance. This is not immediately obvious, since our ex-
periments study for the first time intersubband reso-
nance excitation in systems with uniaxial stress. If we
extrapolate the experimental intersubband resonance
position to p=0 we find a density of Nig(0)
~12x10'2 cm~? for the laser energy of 17.6 meV
used here. This agrees with the 0’ — 1’ subband spac-
ing of 16 £2 meV at N,=8.5x10'2 cm~? found for
accumulation in tunneling spectroscopy.!? The inter-
subband resonance energy differs from the subband
spacing because of depolarization and exciton effects.
However, for the high densities used here, the net ef-
fect of the two is small.! Without stress 0'— 1’ inter-
subband resonances have been observed for N; > 7
x10'? cm~? and inversion conditions (Ng > 10!
cm~2).15 Within the accuracy (= +20%) of extrapo-
lating of these data to accumulation (Ng,=0) they
also confirm that the intersubband resonance observed
here is the 0’ — 1’ resonance.

To discuss the p dependence of the 0'— 1’ reso-
nance we recall that with increasing stress p Il [001]
two of the four 0’ subbands are lowered in energy and
become occupied. This has a strong influence on all
other subband energies in the system and their relative
positions. The wave functions of the 0’ subband ex-
tend deeply into the Si as a result of the small m, mass
amd strongly influence the potential at large distances
z from the interface and thus the wave functions and
energies of the higher subbands. Thus with increasing
stress the 0'— 1’ subband separation increases. This
behavior has been directly observed in tunneling spec-
troscopy for inversion conditions!? and is caused by
the same mechanism that explains the shift of the in-
tersubband resonances to lower N, with temperature-
induced E{ occupation.'®!’

Note that this dependence on stress is a special
feature for the case that two different types of sub-
bands are occupied. On the very same samples we ob-
serve for smaller laser energies 0'-1" resonances at
lower N, < 5x10' cm~2 and p =2 kbar.!* Here we
find that for sufficiently high p the intersubband reso-
nance energy does not depend significantly on p. The
reason is that at these low densities nearly all electrons
are in the E; subband, as is known from stress phase
diagrams.”® Thus here, stress only changes the energy
of the whole subband ladder, but not the separation
within a system. Thus the possibility to tune the
0’— 1’ resonance through the plasmon resonance in
the experiments here arises from the complex self-
consistent arrangement of subbands in a multivalley
system.
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We will discuss next the amplitudes of the reso-
nances. Outside the regime of the plasmon resonance
the amplitude of the 0'— 1’ resonance is, at the given
grating coupler efficiency, too low to be observed due
to the relatively low occupation Ny at Ny > 6x10!2
cm~2. 2D plasmons have—in contrast to volume
plasmons in a bulk plasma and similar to surface
plasmons on a semi-infinite plasma—transverse field
components ¢,. Both the e, (w,q) and the e,(w,q)
components show a resonant enhanced amplitude.
The enhanced e, component causes an enhanced exci-
tation of the intersubband resonance, since the field
strength is induced directly in the vicinity of the 2D
system. This process makes it possible to observe the
0’— 1’ resonance. From the fits in Fig. 1 we find that
the amplitude A;sg of the intersubbandlike mode is
resonantly enhanced, approximately in proportion to
the amplitude of the plasmonlike mode. Plasmon-
enhanced excitation processes are well known for sur-
face plasmon excitations at the boundaries of semi-
infinite plasma,!® e.g., plason-enhanced light scatter-
ing, giant-Raman effect, etc. In our experiments such
resonant enhancement is demonstrated for the first
time to be caused by the 2D plasmon resonance.

The trace at high p=3.7 kbar in Fig. 1 shows an ad-
ditional resonance at low N,=~0.6x102 cm™2. We
identify this resonance as the 0'— 1’ subband transi-
tion at high stress (see also Fig. 2). Here we have the
situation discussed above, that nearly all carriers are in
the primed subband system. The relative occupation
N/ N; is high and the 0'— 1’ resonance can be clearly
resolved from the Drude background without the
plasmon enhancement effect. The 0'— 1’ resonances
at smaller p extrapolate excellently to this data point.
This resonance position also agrees with data found for
temperature-induced 0’ occupation.!®17

Finally we wish to discuss the strength of the
plasmon-intersubband resonance interaction that
governs the amount of the splitting. From Fig. 2 we
deduce a splitting on the N, scale of AN, ~=1.6x 1012
cm ™2, which corresponds to Aw,=1.9 meV on the en-
ergy scale if we use the plasmon dispersion (1). The
nonresonant influence of virtual intersubband excita-
tions on the plasmon dispersion has been calculated by
Das Sarma.!” If we use the same formalism for a
resonant interaction, then the splitting of the reso-
nance is in a two-subband (a and b) approximation:

Ao =w, 2N} E; Viwa/ moi)'2. (4)

The splitting thus depends on the Coulomb matrix
element V,,,, reflecting the combined intersubband
and intrasubband excitation. The wave functions and
thus the Coulomb matrix elements for our experimen-
tal conditions, a stress-induced occupation of E, and
E subbands, are not known. To estimate the interac-
tion strength we use values for the Coulomb matrix
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elements given for the Ey and the E,; subbands by
Nakamura, Ezawa, and Watanabe.? With these values
we find Aw=2.8 meV. Thus from theory one esti-
mates an interaction strength comparable to that found
in the experiment.

In conclusion, we have studied the resonant interac-
tion of intersubband resonances and collective
plasmon resonances in a 2D electronic system by tun-
ing their energies via uniaxial stress. In the crossing
regime a resonant enhancement of the intersubband
resonance amplitude and a splitting of the dispersion
are found. The resonant interaction that is investigat-
ed here allows an accurate determination of plasmon-
intersubband resonant coupling. Such coupling also
influences the plasmon dispersion via nonresonant
processes, an effect that is particularly important in
superlattice  structures.!® Resonant enhancement
phenomena via two-dimensional plasmons may possi-
bly also be utilized to study other modes at interfaces.

We would like to thank U. Kunze for valuable dis-
cussion and acknowledge financial support by the
Deutsche Forschungsgemeinschaft.

(@Present address: Max-Planck-Institut fiir Festkér-
perforschung, Heisenbergstr. 1, D-7000 Stuttgart 80, West
Germany.

IFor an extensive review on 2D systems see T. Ando,
A. B. Fowler, and F. Stern, Rev. Mod. Phys. 54, 437 (1982).

2p. Kneschaurek, A. Kamgar, and J. F. Koch, Phys. Rev.
B 14, 1610 (1976).

3F. Stern, Phys. Rev. Lett. 18, 546 (1967).

4A. V. Chaplik, Zh. Eksp. Teor. Fiz. 62, 746 (1972) [Sov.

Phys. JETP 35, 395 (1972)].

5S. J. Allen, Jr., D. C. Tsui, and R. A. Logan, Phys. Rev.
Lett. 38, 980 (1977).

6For 2D hole space-charge layers, energetically low-lying
intersubband resonances exist which can become degenerate
with 2D plasmons. However, as a result of the broad inter-
subband and plasmon resonance half-widths, no details of
an intersubband-plasmon interaction have been observed.
A. D. Wieck, E. Batke, D. Heitmann, and J. P. Kotthaus,
Surf. Sci. 142, 442 (1984).

7Y. Takada and T. Ando, J. Phys. Soc. Jpn. 44, 905
(1978).

8B. Vinter, Solid State Commun. 32, 651 (1979).

9S. Das Sarma, R. K. Kalia, M. Nakayama, and J. J.
Quinn, Phys. Rev. B 19, 6397 (1979).

10pP. Stallhofer, J. P. Kotthaus, and G. Abstreiter, Solid
State Commun. 32, 655 (1979).

IITh. Englert, D. C. Tsui, and R. A. Logan, Solid State
Commun. 39, 483 (1981).

12U. Kunze, Phys. Rev. B 32, 5328 (1985), and unpub-
lished data.

13§, Oelting, D. Heitmann, and J. P. Kotthaus, unpub-
lished.

14D, Heitmann, J. P. Kotthaus, and E. G. Mohr, Solid
State Commun. 44, 715 (1982).

15D. Heitmann and U. Mackens, Phys. Rev. B (to be pub-
lished).

16P. Kneschaurek and J. F. Koch, Phys. Rev. B 16, 1590
1977).

17F. Schiffler and J. F. Koch, Solid State Commun. 37, 365
(1981).

18For review articles see, e.g., Electromagnetic Surface
Modes, edited by A. D. Broadman (Wiley, New York, 1982).

19S. Das Sarma, Phys. Rev. B 29, 2334 (1984).

20K . Nakamura, H. Ezawa, and K. Watanabe, Phys. Rev. B
22, 1892 (1980).

1849



