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However, within its limitations it is quite illumi-
nating. We have been able to show that (i) the
second moment of y"(q, &u)/~ gives a mea. sure of
the mixing energy, allowing us, inprinciple, to
establish a connection between inelastic neutron
scattering and cohesive-property data; (ii) the

g dependence of y" (j, ~) is weak, even for a, fully
"coherent" intermediate valence paramagnet;
(iii) the success of Lorentzian fittings implies
very fast («lo "s) correlation times for the
tortlues o '; and (iv) there can be no diffusive
modes in the paramagnetic phase. It seems, in
addition, that only very precise measurements,
from which the fourth moment of y" gj, &a)/v could
be reliably determined, would allow us to distin-
guish incoherent (tl-independent) from coherent
gj-dependent) intermediate valence. We suggest
that both TmSe and Ce, „Th„ fall into the former
category, but for different reasons: thermal dis-
order in the case of Tmse and static potential
disorder in the case of Ce, „Th„.
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with the E,+40 energy gap of GaAs. Recently it
has been shown that at this resonance one can ob-
serve free-carrier excitations with electron den-
sities as low as about 1&10"cm '.' It has also
been suggested that the resonance enhancement
of the carrier-density light-scattering mechanism

resonance enhanced inelastic light scattering from a quasi —two-dimensional electron
gas confined at the interface of abruptly doped GaAs/n AI„Ga, „A-s hetercjunctions has
been measured. The samples were fabricated using molecular-beam epitaxy with a high-
contrast doping technique. The results show strong evidence for intersubband excitations
in a two-dimensional electron system.

We report the observation of resonant Baman
scattering from a quasi-two-dimensional elec-
tron system which is confined at the interface of
GaAs/n-A1„6a, ,As heterojunctions. The experi-
ments were performed in backscattering geome-
try using an exciting laser frequency at resonance
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should enable one to observe electron-gas excita-
tions at semiconductor surfaces and interfaces. '

The existence of two-dimensional electron-gas
systems at certain GaAs/Al„Ga, „As heterostruc-
tures has been demonstrated in a recent publica-
tion. ' High mobility of electrons in heterojunction
superlattices has been achieved using a modula-
tion doping technique during growth with molecu-
lar-beam epitaxy. 4 The heterojunctions studied
in the present work are fabricated by a similar
technique. The samples consist of a thick
Al„Ga, „As layer covered by a thin GaAs layer
grown successively on a nominally undoped (l00)
GaAs substrate. The Al, Ga, „As layers, with
typical values x=0.20, are intentionally doped
either with Sn or with Ge. Doping levels of the
order of v=1&10' cm ' are easily achieved.
The doping source is terminated abruptly syn-
chronous with the Al source.

Using Sn impurities, a segregation at the
Al, Ga, „As surface is observed, ' which causes a
smearing out of the dopant into the QaAs layer
yielding heavily doped n-GaAs. Abrupt profiles
are obtained with Ge impurities. , However, be-
cause of a "memory effect" some Ge is incorpor-
ated in the GaAs layer. Therefore, although dif-
fusion can be neglected at the growth tempera-
ture of 550'C, the GaAs layers of Ge-doped sam-
ples have a carrier concentration of n =10"cm '.

The Al concentration of the order of 20pk re-
sults in a band-edge discontinuity of about 200
meV. The donor binding energy in Al„Ga, „As is
assumed to be much smaller than this value.
The conduction-band edge of GaAs therefore lies
lower than the impurity states in Al„Ga, „As.
The electrons from the donors will move into the
GaAs layer and form an accumulation layer close
to the interface. The Al„Ga, „As layer will be de-
pleted towards the interface. This behavior of
the conduction and valence bands is shown sche-
matically in Fig. l(a). At the surface of n-GaAs
there exists a depletion layer which is caused by
a Fermi-level pinning about 1 eV below the con-
duction-band edge. The width of this depletion
layer depends on the carrier concentration.

At the GaAs/Al„Ga, „As interface the charge
carriers are confined in a one-dimensional poten-
tial well, similar to an accumulation layer in
metal-oxide- semiconductor structures. The elec-
trons are bound perpendicular to the interface.
For an isotropic conduction band the energy eigen-
states are given by

e,.(k) =e,. +8'k~, '/2m* (i =0, 1,2, ...),

Va
PA

I

FE
CB

GaAs ~ Al Ga„gs
I

VB

FIG. 1. (a) Energy-band disgram for abrupt GaAs/n-
AI„Ga, „As heterojunction. The conduction-band behav-
ior at the interface is enlarged. &0, ~&, and e

&
denote

the bottom of the electric subbands in the one-dimen-
sional potential well. (b) Possible intersubband excita-
tion process in a two-dimensional electron system.
The valence band is shaded indicating the band bending
towards the interface.

where the first term denotes the bottom of the
electric subbands and the second one the free en-
ergy parallel to the interface. m* is the effective
mass of the electrons and k

~~
the wave vector pa-

rallel to the interface. For accumulation layers
in silicon the energy values &; have been calcu-
lated self-consistently, for example, by Stern'
and Ando. ' Spectroscopic studies at far infrared
frequencies' are in reasonable agreement with
such calculations and demonstrate that many-
body interactions play an important role.

Self-consistent calculations of the subband split-
ting in GaAs accumulation layers are not yet
available. The energy separation &, —co depends
on various properties of the heterojunctions as
there are the band-gap discontinuity (Al concen-
tration), the acceptor and donor concentration in
the GaAs layer, the density of the interface
states, and the number of free carriers in the
accumulation channel. We want to demonstrate
that inelastic light scattering can be used to de-
termine some of these parameters as well as the
subband splitting in the accumulation layer itself.

Haman scattering of free carriers in QaAs has
been proven to be a useful technique to study sin-
gle-particle and collective excitations. ' The se-
lection rules and scattering mechanisms have
been discussed by Mooradian. ' The present work
concentrates on single-particle excitations which
involve spin flip. Spectra of this type from bulk
carriers in n-GaAs have been reported, for ex-
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ample, in Ref. 1. The spin-flip single-particle
excitations are antisymmetric. The polarization
of the scattered light is perpendicular to the po-
larization of the incident light. The scattering
cross section is strongly enhanced at the F.,+ ~,
energy gap. '

Burstein, Pinczuk, and Buchner have dis-
cussed the possibility of resonant inelastic light
scattering by charge carriers in quasi-two-di-
mensional systems. The scattering process for
a two- step single-particle excitation involving
spin flip is shown schematically in Fig. 1(b). The
valence 'band is smeared out indicating a band
bending towards the interface. The conduction
band is split into the subbands e;. In true back-
scattering geometry the scattering wave vector
parallel to the interface is zero. The three-di-
mensional single-particle excitation spectrum
transforms into inter subband excitations. The
frequency shifts of the observed peaks directly
correspond to the energy separation of the sub-
bands.

Figure 2 displays a set of Haman spectra
obtained of a GaAs/n-A1„Ga, „As heterojunc-
tion. The sample consists of a highly doped 0,-
Al„Ga, „As layer and a 1500-A -thin GaAs layer
grown subsequently on a nomially undoped GaAs
substrate. A semitransparent gate electrode (Ni)
has been evaporated onto the thin GaAs layer.
The exciting laser line was chosen to be close to
the Ep+~0 energy gap of GaAs. At this wave-
length the penetration depth in GaAs is about
3000 A. Spectrum a is obtained in the z(yy)z
backscattering configuration; the polarization of
the incident and scattered light are parallel to
each other. In this configuration spin-flip, sin-
gle-particle excitations are not allowed. Instead
we observe resonance-enhanced collective excita-
tions (coupled plasmon-LO-phonon modes L and

L+ from bulk GaAs) and the pure LO-phonon
modes of GaAs (LO) and Al„Ga, ,As (LO, and
LOa). This spectrum is used to characterize the
sample. From the position of LO, and LO, we
determine x =0.20.' The L and L, modes are
sensitive to the bulk carrier concentration of the
GaAs layer. ' In the presently studied sample we
find m =2&&0" cm '. The LO mode originates
from the depletion layer at the GaAs surface,
which is of the order of 800 A wide. The results
obtained in z(xy)Z configuration are shown in Fig.
2, spectra b. In this configuration we observe
resonance-enhanced single-particle excitations
similar to the work of Ref. 1. The single-parti-
cle excitation band of bulk carriers cuts off
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FIG. 2. Rain spectra in two scattering configura-
tions of a GRAsls Al0 2pGaL 80As heterostructure at T
=2 K. The exciting laser frequency is &0= 6471 ~ (1.92
eV). V& is the voltage applied across a Ni Schottky
barrier in backward direction. The voltage steps in
the spectra shown in b is 4V = 1 V. The peak labeled
S.E. is interpreted as subband excitation of the electron
accumulation layer at the interface (see discussion in
the text).

I

around Q 0, =120 cm ', where q is the scatter-
ing wave vector (=0.7&10' cm ') and v~ the Fer-
mi velocity. In addition to the bulk single-parti-
cle scattering we observe the LO-phonon mode
of the GaAs depletion layer (295 cm ') and a
third peak at 180 cm ' (labeled S.E.). We believe
that this peak is caused by single-particle sub-
band excitations (S.E.}of the two-dimensional
electron gas confined at the GaAs/Al, ,oGao,gs
interface.

This interpretation becomes more evident when
one studies the voltage dependence of the spec-
trum (Fig. 2, spectra b). A voltage V, applied in
a backward direction across the Schottky barrier
increases the depletion width. Therefore the bulk
single-particle excitation peak decreases in inten-
sity and vanishes at V, ) 3 V. The intensity of the
LO-phonon mode of the surface depletion region
increases, while the subband excitation peak re-
mains unchanged. A further increase of V„how-
ever, results in a shift of the band at 180 cm '
to smaller wave numbers and to a decrease in in-
tensity. It disappears completely when V, & 7 V.
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Then the accumulation layer at the interface is
also depleted. The voltage which is necessary to
empty the accumulation channel depends on the
power of the incident laser radiation. This is due
to the screening of the depletion field by the ex-
cited photocarriers in the GaAs layer. Extrapo-
lating the voltage to zero laser power we deter-
mine the carrier concentration in the accumula-
tion layer n, =1.2&10" cm ' at V, =O V. This is
in reasonable agreement with the value estimated
from the doping level of the n-Ala „Ga, „As lay-
er and the barrier height at the interface (n, =1.5
&10" cm ')

We have also studied samples with thinner
GaAs layers. For d~,A, (1000 A we do not ob-
serve any scattered light from bulk carriers be-
cause the natural depletion layer eliminates all
except the accumulation layer electrons. The
subband excitation peak disappears when dG, A,
&400 A. These results exclude the Al„Ga, „As
layer and the GaAs substrate as possible sources
of the scattered light observed in thicker GaAs
layers. In samples with higher Al concentration
(x =0.36 and 0.56) the subband excitation peak
is shifted to smaller wave numbers (80-110
cm '). The lattice mismatch between GaAs and
Al„Ga, „As gets larger when x is increased.
Therefore probably more carriers are trapped
in interface states, which results in a smaller
subband splitting.

Further evidence that the observed peaks are
caused by the two-dimensional electron system
is the resonance behavior of the scattering inten-
sity. Plotting this intensity versus laser excita-
tion energy, we find that the resonance enhance-
ment peak of the subband excitations is about 10
times wider than the resonance of the single-par-
ticle excitations of bulk carriers. This is ex-
plained by the band bending of the valence band
towards the interface (see Fig. 1). The half-width
of the resonant subband excitation peak of the
sample studied most extensively (Fig. 2) is 120
meV and the peak position is 1.91 eV.

In summary, we have demonstrated that under
resonance conditions it is possible to observe in-

elastic light scattering from a quasi-two-dimen-
sional electron system. This is the first observa-
tion of subband excitations using Raman spec-
troscopy. For a quantitative analysis of the ex-
perimental data one needs self-consistent calcu-
lations of the subband splittings which are not
available so far. Effects on the line shape due
to impurity-induced subband excitations with fi-
nite k

t~
should also be considered in such an anal-

ysis. The measurements reported here promise
to be a useful tool in studying both single-particle
and collective excitations of various space-charge
layers and heterojunction superlattices which are
of technological and fundamental interest.

We would like to acknowledge the expert help
in sample preparation of A. Fischer and the as-
sistance in performing the Raman scattering ex-
periments of M. Berger and A. Kohler. One of
us (G.A.) wants to mention useful and stimulating
discussions with M. Cardona, G. Dohler, and
A. Pinczuk. Part of the work was supported by
the Bundesministerium fur Forschung und Tech-
nologie of the Federal Republic of Germany.

A. Pinczuk, G. Abstreiter, H, . Trommerf and
M. Cardona, to be published.

E. Burstein, A. Pinczuk, and S. Buchner, in Pro-
ceedings of the Fourteenth International Conference on
the Physics of Semiconductors, Edinburgh, 1978 (to be
published) .

3H. L. Stormer, R. Dingle, A. C. Gossard, W. Wieg-
mann, and M. D. Sturge, to be published.

R. Dingle, H. L. Stormer, A. C. Gossard, and
W. Wiegma~n, Appl. Phys. Lett. 33, 665 (1978).

'K. Ploog and A. Fischer, J. Vac. Sci. Technol. 15,
255 (1978).

6F. Stern, Phys. Rev. Lett. 33, 960 (1974}.
YT. Ando, Phys. Rev. B 13, 3468 (1976).
8P. Kneschaurek, A. Kamgar, and F. Koch, Phys.

Rev. B 14, 1610 (1976).
9A. Mooradian, in Advances in Sold State &hysies,

Vol. 9, edited by H. J. Queisser (Pergamon-Vieweg, -

Oxford and Braunschweig, 1969), p. 74.
G. Abstreiter, E. Bauser, A. Fischer, and K. Ploog,

Appl. Phys. 16, 345 (1978).

1311


