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Collective intersubband resonance of inversion electrons in gated A1As-GaAs single heterojunc-
tions is studied with Fourier-transform spectroscopy using grating coupler techniques. Large
grating periods are chosen to test the interface potential at nearly zero wave-vector transfer q
parallel to the sample plane. With highly efficient grating couplers up to three intersubband tran-
sitions are excited simultaneously. A coupling of the collective intersubband resonance to
confined A1As optical phonons is observed.

Intersubband resonance (ISR) experiments provide a
sensitive test of the interface potential of quasi-two-di-
mensional (2D) space-charge layers. The subband ladder
of electron space-charge layers on GaAs was probed with
far-infrared ' (FIR) and Raman spectroscopy by vari-
ous authors. Because of the symmetry of the GaAs con-
duction band, ISR can only directly be excited with a FIR
electric field component polarized perpendicularly to the
interface. This demands special experimental arrange-
ments such as tilted magnetic field configurations' or
FIR reflection at glancing incidence. So far, FIR experi-
ments have been restricted to ISR transitions from the
ground to the first excited subband and were obtained
mainly via studies of intersubband Landau-level coupling.
Here we report directly excited collective ISR transition
energies of electron inversion layers on GaAs from the
ground to higher subbands covering a wide range of
charge densities N„O ~N, ~ 2.5 x 10"cm . Three ISR
transitions are detected which provide a sensitive test of
the interface potential. In addition, we observe coupling
of the collective ISR to confined optical phonons of the
layers adjacent to the inversion channel, demonstrating
the importance of electron-phonon interaction for our ex-
periment.

Gated modulation doped A1As-GaAs heterojunctions
are investigated with Fourier-transform spectroscopy
(80-500 cm '). In our transmission geometry with per-
pendicularly incident FIR radiation the electric field com-
ponent to excite intersubband transitions is provided by a
grating coupler ' prepared on top of the sample. The
grating coupler induced electric field at the position of the
inversion channel can be expressed in the form E (E,„
+Eq„,O, Eq, ), where the x direction lies in the sample
plane perpendicular to the grating stripes and the z direc-
tion parallel to the sample normal. E,„represents an or-
dinary transverse wave, whereas Eq~ and Eq, represent
longitudinal and transverse waves, respectively, that in-
duce a wave-vector transfer q„2ttn/a (n 1,2, . . . )

parallel to the interface. Eqz can excite 2D plasmons and
Eq, collective intersubband resonances. 6 It is well
known that ISR experiments excited with a transverse
field E„at q 0 deviate in energy from the subband sepa-
rations due to the depolarization shift and the excitonlike
correction. Collective ISR experiments excited at finite q
represent nonvertical transitions that are shifted in addi-
tion via a collective contribution arising from coupling to
2D plasmons and q-dependent corrections to the depolari-
zation shift and the final-state interaction. ' Our grat-
ing coupler period a 2 pm is suKciently large such that
this correction is small and we obtain intersubband optical
transition energies at almost a zero wave-vector transfer.
In order to suppress the influence of higher-order Fourier
components q„(n ~ 2) the grating strip width compared
to the period a is designed to be 0.5.

Our heterojunctions are grown by molecular-beam epi-
taxy on semi-insulating GaAs substrates and are of special
design. On top of a buffer layer of about I-pm GaAs the
usual Al Ga~ — As alloy is replaced by a short-period
A1As-GaAs superlattice of twenty periods. The individual
AlAs and GaAs layer thicknesses are 2 and 1.5 nm, re-
spectively. The eighth GaAs layer from the top is 6 doped
with Si to a concentration of 1.25 x 10' cm . A 9-nm
cap layer of doped GaAs completes the sequence. A thin
continuous metal layer of NiCr with sheet resistance
Rg 10000/& serves as a gate to vary N, via the field
efl'ect. Four contacts are provided to determine N, via
Shubnikov-de Haas or, alternatively, via magnetocapaci-
tance measurements. The sample has a density of
(2.0+'0.1)X 10'' cm at zero gate voltage and a mobili-
ty in excess of 5&&10 cm /Vs at 2 K. N, changes almost
linearly with Vg and the conductivity threshold is at
Vg = —340 meV.

Figure 1 shows collective ISR measured at 2 K. We
plot the relative change in transmission —hT/T [T(0)—T(N, )]/T(0) with T(0) =T(Vs —1 V) for different
N, . Since we are in the electric quantum limit only inter-

1989 The American Physical Society



E. BATKE, 6. WEIMANN, AND W. SCHLAPP

GaAs
RESTSTRAHL

REGIME

11cm-2)

0—

0—
1

100 200 300
WAVE NUMBERS (cm ")

0.8

FIG. 1. Relative change in transmission —d TlT of n type-
AlAs-GaAs single heterojunctions vs frequency for different N, .
Resonance positions are marked by arrows and labeled 0 n
(n 1,2, 3). The GaAs reststrahl regime (260-310 cm ') is
not accessible in transmission.

subband transitions from the ground (n 0) to higher
subbands (n ~ 1) are possible. ISR positions are marked
by arrows and labeled 0~ n. At N, 2&10"cm three
transitions are observed simultaneously. In the reststrahl
regime of GaAs ranging from about 260 to 310 cm ' the
radiation is blocked. With decreasing N, all ISR posi-
tions shift to lower frequencies. The 0~3 transition
merges into, whereas the 0 2 transition emerges from,
the GaAs reststrahl regime with reduced N, .

The line shape of the 0 1 ISR transition exhibits a
satellite peak at its high-energy side. Magnetocapaci-
tance measurements give two discrete densities N, ~

2X 10" cm and N, 2 2.2X10" cm at Vg 0.
Surface acoustic wave attenuation measurements per-
formed on samples from the same wafer indicate that
about 10% of the active sample area has a higher densi-
ty. '3 Thus, the observed line shape is a superposition of
two ISR at slightly different N, . Because of the limited
signal-to-noise ratio satellite peaks are not resolved for the
transitions 0 2 and 0~ 3.

The full width at half maxima of the ISR are hmo~ 14
cm ' and bro02=hro03=20 cm ' independent of N, .
Usually the ISR half-width is expected to depend on the
individual intraband scattering times of the subbands par-
ticipating in the excitation process and a contribution
from intersubband scattering. ' Numerical values for our
GaAs heterojunction are not available from which we
could calculate the ISR half-width. Half-widths estimat-
ed from the mobility are less than 0.6 cm ', much small-

er than observed. Cyclotron resonance and plasmon reso-
nance half-widths measured at small magnetic fields 8=1
T on the same sample are also more than 1 order of mag-
nitude smaller, e.g., at N, 2X10" cm ' the cyclotron
resonance and plasmon resonance half-widths are 0.8 and
1.0 cm ', respectively. The plasmon resonance half-
width is larger than the cyclotron resonance half-width
and indicates the presence of inhomogeneous broaden-
ing. ' Thus, we also expect a contribution of inhomogene-
ous broadening to the large ISR half-width.

In Fig. 2 all ISR positions are summarized. The reso-
nance positions show nearly a linear dependence on N,
and extrapolate to finite energies at N, =0. The latter is
expected in the presence of a finite depletion charge, i.e.,
for inversion conditions. The solid line are calculated sub-
band separations E ~0 for three different depletion charges
Nd, p~ taken from Ref. 16. The 0~ 1 resonance energy ex-
trapolates at N, ~ 0 to 94 cm ' close to the extrapolated
subband separation E &o for Nd, ~~ 0.46& 10"cm . The
extrapolated N, 0 limits of the transitions 0 2 and
0 3 are 174 and 217 cm ', respectively. Assuming
Nd, ~~ 0.5X10" cm this fits well to subband separa-
tions E~0 92 cm ', E20 167 cm ', and E30=233
cm calculated in triangular-well approximation. With
increasing N, the 0~ 1 ISR transition energy exhibits a
steeper slope than the calculated subband separation E~o.
This is thought to arise from the N, dependence of the
depolarization shift and the final-state interaction which
raise the ISR transition energies compared to the subband
separations.

In Fig. 3 we show sharp spectral structures that are ap-
parent in Fig. 1 at high wave numbers v) 310 cm ' on
an expanded energy scale. There is a derivative-type
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FIG. 2. Intersubband optical transition energies of inversion

electrons on GaAs vs N, . Three transitions 0 n from the

ground subband are indicated. The solid lines are theoretical
subband separations Elo from Ref. 16 for three different de-

pletion charges Wq, ~~. The horizontal lines mark the reststrahl

regime of GaAs.
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FIG. 3. Expanded view at AT/T in the —vicinity of the
optical-phonon frequencies of AlAs for diA'erent W, . The inset
compares the sample transmission T to the transmission TG,A, of
a GaAs substrate. The 0 3 ISR transition energy is marked
by an arrow. Dashed and dotted lines are calculated as de-
scribed in the text.

modulation around 363 cm ' and a sharp dip at about
398 cm '. Both structures decrease linearly in strength
with N, and disappear at the conductivity threshold.
Their positions, to be discussed in more detail below, are
close to the confined AlAs-like optical-phonon frequencies
of a short-period GaAs-A1As superlattice. ' ' The ap-
pearance of phonon structures in hT/T arises natu—rally
from the electron-phonon interaction in our samples. In
earlier FIR spectroscopical studies of Si metal-oxide-
semiconductor systems Fano-type ISR line-shape
anomalies were observed for hole space-charge layers at
the optical-phonon frequency of Si. For electron space-
charge layers a coupling of the ISR to the longitudinal op-
tical phonon of the adjacent Si02 layer was reported.
The phonons to be discussed here are confined A1As opti-
cal phonons associated with the GaAs-A1As superlattice
adjacent to the space-charge layer.

The inset of Fig. 3 shows the transmission of our sam-
ples normalized to the transmission of a GaAs substrate,
reAecting the A1As-GaAs superlattice phonon absorption.
Two absorption lines labeled coyo and mL~ are marked in
position. In our transmission geometry with normally in-
cident FIR radiation the grating coupler allows coupling
to various phonons. The field component E, can couple
to the transverse optical phonon at q =0, whereas the spa-

tially modulated field (Eq„,O, E& ) can couple to longitudi-
nal optical (LO), transverse optical (TO), and interface
phonons at defined wave vector q. The frequencies
coio (363~0.5) cm ' and coLo (399 ~0.5) cm
represent confined A1As TO and LO phonons, respective-
ly. ' ' The absorption line at cong is particularly strong
and broad dcoio=8. 5 cm ', whereas the line at coLo is
weaker but considerably smaller hcoLo =2.5 cm

We explain the spectral structures in —AT/T at the
A1As LO phonon energy as caused by the %, dependence
of collective intersubband plasmon-phonon modes. '

At finite q all individual modes are coupled, and via W,
changes in resonance positions will be reAected in

hT/T. —Since the LO phonons are localized in the A1As

layers a coupling to the inversion electrons requires a
penetration of the electron wave function into the adjacent
A1As slabs. %'ith increasing N, the electrons are pushed
closer to the interface and will interact more strongly with
the LO phonon as observed experimentally. The phonon
structures associated with the A1As TO phonon is strik-

ing. It is well known that inversion electrons at the inter-
face of two semi-infinite polar dielectrics can couple to LO
but not to TO bulk phonons. In Fig. 3 at N, 2.4x10"
cm ' the 0 3 ISR transition is close to the A1As TO
phonon, and one might argue that the phonon structure is
of purely dielectric origin, arising from mixed electronic
and phonon contributions to the transmission. Using c1as-
sical frequency-dependent dielectric functions, we have
calculated hT/T for —our samples assuming p-polarized
incident FIR radiation, a fixed A1As TO frequency, and
an ISR transition energy close to coyo as shown in Fig. 3
with a dashed line. We find negligible phonon features in

the calculated spectra. If a nearby intersubband transi-
tion would induce the phonon feature, one would expect
this feature to disappear if there is negligible overlap be-
tween electronic and phonon-induced absorption contribu-
tions. However, at N, =1.4x10" cm ' the 0 3 ISR
has vanished already, but the phonon feature still persists.

This phonon feature is consistent with a shift of the
AlAs TO phonon frequency to higher energies with in-

creasing N, . As shown in Fig. 3 with a dotted line we can
qualitatively explain the experimental —hT/T if we as-
sume a shift of 0.25 cm ' at N, 2.4&10"cm . In our
model calculation we use a phonon damping constant
which reproduces the measured width of the A1As TO ab-

sorption line. This treatment is approximative since the
grating-coupler-induced TO absorption line is a complex
superposition of phonons excited at zero and finite q which
have to be described by individual frequencies, damping
constants, and frequency shifts. However, a change in

phonon frequency is expected within the framework of
coupled intersubband plasmon-phonon modes due an
enhanced mode repelling with increasing N, . The
confinement of TO phonons and the penetration of the
electron wave function into the adjacent A1As slabs are
held responsible to induce electron-TO-phonon coupling
in our samples.

In summary, collective ISR of inversion electrons on
GaAs covering a wide range of charge densities are dis-
cussed. Three ISR transitions are observed, indicating
that there are at least four confined electronic interface
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states. The inversion electrons couple strongly to optical phonons in the adjacent GaAs-AlAs short-period superlattice.
N, -dependent spectral features at the energies of confined A1As optical phonons are explained within the framework of
coupled intersubband plasmon-phonon modes.
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