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vorwort

Die Habilitationsschrift diente dem Autor als Grundlage
fir eine Vortragsreihe bei der NATO-Schule i{iber "MBE and
Heterostructures" in Erice, Sizilien, 1983. Sie wird
verdffentlicht in einem Buch zur Schule (Martinus Nijhoff,
The Netherlands, eds. L.L. Chang and K. Ploog).

In diesem Zusammenhang sei auch auf einen ausfiihrlichen
Artikel hingewiesen, den der Autor zusammen mit A. Pinczuk
und M. Cardona fiir ein Buch in der Springer-Serie "Topics
in Applied Physics" erstellt hat. ("Light Scattering by
Free Carrier Excitations in Semiconductors", G. Abstreiter,
M. Cardona, and A. Pinczuk in "Light Scattering in

Solids IV, Topics in Applied Physics 54, eds. M. Cardona
and G. Glintherodt (1984))



Zusammenfassung

Resonante inelastische Lichtstreuung ist eine ideale Methode zur Unter-
suchung von elektronischen Anregungen in Halbleitern. Nach ausfiihriichen
Untersuchungen zum Resonanzverhalten von kollektiven und Einteilchen-
Anregungen in homogen dotiertem GaAs gelang im Rahmen dieser Arbeit
erstmalig die Beobachtung elektronischer Ramanstreuung von einem quasi-
zweidimensionalen Elektronengas in GaAs/n-A]xGa1_xAs-Heterostrukturen.
Die experimentell einfache Unterscheidungsmidglichkeit von verschiedenen
Inter- und Intra-Subbandanregungen ermdglichte die Untersuchung einer
Vielzahl elektronischer Eigenschaften in zweidimensionalen Ladungs-
tragersystemen. Insbesondere der Unterschied zwischen Einteilchen-
intersubbandanregungen und entsprechenden kollektiven Anregungen erlaub-
te die direkte Bestimmung von Depolarisationsverschiebung und Coulomb-
Matrixelementen. In polaren Halbleitern wie GaAs und InP koppeln die
kollektiven elektronischen Anregungen mit den LO-Phonon-Moden. Dies
fiihrt zu einer Aufspaltung der beobachteten Linien. Voraussetzung fir
diese Untersuchungen ist die starke Erhohung des Streuquerschnitts der
Anregungen unter Resonanzbedingung. Diese Bedingung (Laserenergie 2
Energieliicke des Halbleiters) konnte bisher fiir folgende Halbleiter-
systeme erfiillt werden: Einfach-Heterostrukturen (GaAs/n-A]xGa1_xAs,
GaAs/Ge), Legierungsvielschichtstrukturen (GaAs/A]xGa1_xAs), Dotierungs-
vielschichtstrukturen (n-GaAs/p-GaAs), MIS-Strukturen (n-InP, n-InAs)
und p-Kanal-Si-M0OS-Strukturen. Dabei gelang es in fast allen Beispielen,
sowohl Einteilchen- wie auch kollektive Intersubbandanregungen und die
Wechselwirkung mit optischen Phononen zu studieren. Als besonders auf-
schluBreich erwiesen sich die periodischen Dotierungsvielschichtstruk-
turen, da es durch Variation der optischen Anregungsintensitdt gelungen
ist, den Obergang von quasi-zweidimensionalem zu quasi-dreidimensionalem
Verhalten direkt zu verfolgen.



1. Introduction

Light scattering in solids has been used extensively to
study elementary excitations such as phonons, plasmons, magnons
as well as interactions between them. From the measured spectra
one can obtain information on the energy, the intensity, the
lineshape, and the polarization properties of the excitations.
The potential of Raman scattering as a tool for the investiga-
tion and characterization of various types of crystalline and
amorphous solids became clear ﬁith the invention of visible
lasers and especially when reliable cw dye lasers were commer-
cially available. During the past ten years there was an
enormous increase of interest in this type of work. The experi-
mental and theoretical developments in this field have been
collected and reviewed recently in four volumes of the series
"Topics in Applied Physics"” edited by M. Cardona and G. Giin-

therodt£1'2’3'43.

The present work presents in a comprehensive
form special aspects of inelastic light scattering as an impor-
tant and versatile tool to study semiconductor heterojunctions
and multilayer systems as well as semiconductor surface and
bulk properties. It is based on several extensive review ar-

ticles£5’6'7'83.

In section 2 we discuss some basic concepts of light
scattering. Phonon Raman scattering is presented both in a
phenomenological way which describes the symmetry properties
of the excitations and in a microscopic description which yields
information on the coupling mechanisms. After the discussion

of the phonon properties there follows a more extensive



discussion of light scattering by free carriers. The nature

of collective and single particle excitations, the coupling to
LOo-phonons, the resonance behavior, and the characteristic
differences of th- and three-dimensional electron systems is
treated theoretically. Section 3 is concerned with the specific
optical and electronic properties of the samples studied.

It also contains some information on scattering geometries and

instrumentation for Raman spectroscopy.

In the main part of this lecture (section 4) we discuss
in detail experimental results which have been obtained for
various different types of semiconductor structures. The use-
fulness of phonon Raman scattering for the characterizatibn of
single- and multilayer systems of, for example GaAs and
Alea1_xAs is demonstrated. The scattering of plasmon-like
excitations leads to information on carrier concentration or
effective mass and electron damping. The most exciting results,
however, have been obtained for quasi~two-dimensional carrier
systems during the past years. Two-dimensional electrons can
exist at semiconductor-semiconductor interfaces, in metal-
insulator-semiconductor (MIS) structures and in semiconductor
multilayer systems. Their electronic properties have been
reviewed by Ando, Fowler, and Sternth. Here we discuss the
light scattering properties of such systems which were first

[10]

proposed by Burstein et al. and shortly after verified

{113

experimentally . Electronic excitations have been studied
during the past four years for carriers confined in GaAs-
Alea1_xAs single heterojunctions and multilayer structures

[11 to 193, at Ge-GaAs interfaces [203. in MIs-structures



121'223, 23], [24'253, and in GaAs doping

InPL and Si

[26,27,28]

on InAs
superlattices Light scattering by two-dimensional
carrier systems has been investigated theoretically in [29].

We select a few éxamples of these experiments and discuss the
informations which have been extracted from the measured single
particle and collective carrier excitations. The section ends
with the discussion of the optical and electrical properties

of GaAs doping superlattices, which has been called recently

-[30]

an "exciting landmark in semiconductor physics

2. Fundamentals of Light Scattering in Solids

2.1, Phonon Raman Scattering

2.1.1. Phenomenological Aspects

The interaction of light with a solid is described by
the electric susceptibility X . The electric field E of the
incident light wave induces an oscillating dipole moment P

which is given by
P= X (w, k) E (1)

X is a tensor which in general depegds on the frequency «
and the wave vector k. The electric susceptibility is closely

related to the dielectric function
elw, k) =1 + 4 Xw, K) (2)

The emitted power of an oscillating dipole is classically
proportional to the time average of the second derivative

of the dipole moment P. If X is stationary, then P oscillates



with the frequency of the incident light wave w; . This
describes transmission and reflection of light in a solid

(Fig. 1) . For inelastic light scattering one has to consider
the modulation of X due to fluctuations in space and time of,
for example, phonons. The lattice oscillations are given by the

time dependent displacement of the atoms

a(Ef,6) = u et (¥ T HY (3)

where uo is the unexcited posiﬁion, a is the wave-vector of
the phonon with frequency §.. In the harmonic approximation
the susceptibility X can be developed with respect to the
phonon amplitudes. The higher order terms of X lead to in-
elastic light scattering (Brillouin- and Raman scattering).
Scattering in first order occurs with frequency «@_ = «, + &

s i
-y [ - o
and wave vector ks = ki + g, where w; o and ki are the
’

.S
frequencies and wave vectors of the incident and scattered
light, respectively. The minus sign stands for stokes scattering,
the plus for antistokes. In opaque cryétals one usually has to
apply back scattering geometry (Fig. 1), such that
Jal =] Ei' +] E;’, which in general is much smaller than the

Brillouin zone boundary. Therefore in first order phonon

Raman scattering one observes only excitations with wave vector
-y

]ql ~ 0.

2.1.2. Microscopic Aspects

The Raman process for phonons is described by the Fynman

diagram of Fig. 2a). The incident photon @; creates an



electron-hole pair. In the excited state the electron (or the
hole) emits a phonon {. caused by the electron-phonon inter-
action Hep‘ The scattered photon wg is created by the recom-
bination of the electron-hole pair. The energy scheme for these
processes is shown in Fig. 2b). If the groundstate and the
excited state are real, one talks about resonant Raman scattering.

For the transition susceptibility one can write

Y . <f[i:‘sf>’lb><b!nep| a)(alpE;|0) (4)

(""i - Ea)(wi - - Eb)

where S is the momentum operator, E; g are the electric field
[4
vectors of the incident and scattered photons, Ea p ke the

’

energies of the excited states, respectively. Hep is the Hamilton
operator for electron-phonon coupling, which for the deformation
potential interaction describes the periodic modulation of the
electronic states due to the phonon induced lattice distortion.
There are, however, also other possible interaction mechanisms
like electro-optic effect or Frdhlich interaction. For the

latter the macroscopic electric field of the LO-phonons in

polar semiconductors is important. It is also essential for the

discussion of the so-called "forbidden" Raman scattering which

has been used to study surface barrier heights.

2.1.3. Selection Rules

The selection rules for allowed Raman scattering are
determined by the structure and symmetry of the transition
susceptibility‘)C, which is also called Raman tensor. These are

listed for all crystal classes in [31]. For crystals with



diamond or zinc-blende type structure like GaAs there exist
three irreducible components of the Raman tensor R. The optical
phonons at k & O have I}s-symmetry. The Raman tensor component

for this symmetry is

0do ood 00O
L:fdoo |, looo |, 0o0d
000 d 00 0do

The first order selection rules depend on the scattering con=-
figuration and can be evaluated by multiplying the polarization
vectors of the incident and scattered light with the Raman
tensor component of the corresponding phonon symmetry. In non-
polar crystals like Si or Ge the TO and LO-phonons are degenerate
at k » 0. In polar crystals like GaAs on the other hand, the
macroscopic electric field associated with the LO-phonons leads
to an LO-TO splitting. From the selection rules it follows

that in backscattering geometry from (100) surfaces scattering
by LO-~phonons is allowed. Scattering by TO-phonons on the
other hand is symmetry-forbidden. This is opposite in back-
scattering from (110).surfaces. The symmetry properties of
phonon Raman scattering have been used to obtain information

[323,

on the crystal orientation of thin epitaxial films of GaAs

2.1.4. Forbidden LO-Phonon Scattering

The selection rules just discussed can be violated by

different possible symmetry-breaking mechanisms[333:
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1. Intraband scattering of electrons by LO-phonons via the
Fréhlich interaction, which becomes allowed for finite
g-vectors of the LO-phonons.

2. Forbidden scattering induced by the presence of impurities
in the sense that the electron is scattered elastically by
an impurity to provide the necessary momentum change.

3. Electric-field induced Raman scattering which can be
described with a Franz-Keldysh-type theory.

All three mechanisms are especially important for LO-phonon

Raman scattering under resonance condition. Forbidden LO~phonon

scattering has been used for example to study surface barrier

heights on clean and oxygen covered (110) cleavage surfaces

of GaAs£34].

2.2, Light Scattering by Free Carriers (Three-Dimensional)

The theory of light scattering by electron plasmas in
solids has been developed already in the early sixtieth[353.
The scattering cross-section was found to be related to the
spectrum of density.fluctuations. At higher densities, however,
the one-electron excitations are modified by dynamical screen-
ing effects with the longitudinal polarization of the plasma.
It has also been recognized that the band structure influences
light scattering in various ways. The resonance behavior of
the scattering cross-section close to optical interband energy

gaps and the spin-orbit interaction of the valence bands have

opened the possibility to observe excitations of single-particle
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character also at high electron densities. The first observa-
tion of laser light scattering by a solid state plasma was

{36]

reported by Mooradian and Wright in doped n-Gaas.

2.2.1. Single-Particle Excitations

The one-electron excitation in a solid state plasma is
shown schematically in Fig. 3. The necessary momentum change 3
is provided by the wave vectors of the incident and scattered

light E; and E;. In backscattering geometry one obtains

13) = K] +]&]~ 22{: (5)

where n is the refractive index and AL is the wavelength of
the incident and scattered light which here is taken approxi-
mately as the laser wavelength. In GaAs ,af can be varied from

1 6 cm™! by using different laser excitation

“oem ' to T10
lines. For a three-dimensional electron plasma the integration
over all possible excitations with givén a leads to a triangular
shaped spectrum with'a cut-off around qQ* Vg where Vp = ﬁkF/mf
is the Fermi velocity. This is shown schematically in Fig. 4.
The triangular line shape is smeared out due to finite damping.
The single-particle excitation spectrum has been found to be
proportional to the imaginary part of the dielectric function
Im &(w, q) (see [8)). To include finite damping in the cal-

culations the Lindhard-Mermin approximation was introduced to

calculate the lineshape function Im &(q, w) £37J.
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There exists a class of excitations of single-, as well
as multicomponent carrier systems which carry no net fluctua-
tion in charge density and consequently have single-particle
character. These are spin-density fluctuations in which the
spin of the electrons is changed via the spin orbit inter-
action[383. In GaAs these excitations become dominant for
photon energies close to the Eo + £&> energy gap. It has also
been predicted that light scattering by single-particle
excitations without a spin-flip is possible in the»case of

(93,

non-parabolic electron bands

2.2.2. Collective Excitations

Electron excitations which carry a charge density fluc-
tuation are usually dynamically screened by the electron plasma.
The scattering lineshape is closely related to Im 1/&(q, «)
which peaks around the plasma frequency'top(q). The dispersion
of wp is included in Fig. 4. In polarlsemiconductors the
longitudinal plasma oscillations are coupled to the LO-phonons
due to the macroscopic electric field. If we neglect damping
and use a simple Drude expression for the dielectric function

of the electron gas, one can write the total dielectric

function:35]:
2 2 2
@ « « (q)
LO - o)
¢(q,w) = & - (6)
o 10;% - & o
\___V~/ \-v—/

lattice electrons
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with ag(q) = “; + 3/5(qu)2 and a; = 4une2/€°°mf. The frequen-
cies of the resulting coupled phonon plasmon modes are deter-
mined by the zeros of eq. 6. This is illustrated in Fig. S.

In Fig. 6 we show experimental and theoretical results of the

coupled modes w, as obtained in {36 ] for &€(q = O,«) . If one

F3
approaches the region of single-particle excitations and if
damping is not negligible, one has to evaluate the peaks of
Im 1/&. This has been done successfully using the Lindhard-
403

Mermin dielectric function of the electron gas

2.2.3. Resonance Behavior

Excitations by free carriers show a strong resonance
enhancement close to optical gaps where carrier occupied states
are involved in the transitions. In GaAs this has been studied
extensivelyte] for laser excitation lines close to the Eo + Lo
energy gap. In Fig. 7a we show the transitions which are impor-
tant for the spin-flip single-particle excitations. In the
first step an electron‘is excited from the spin orbit split-
off valence band to the conduction band above the Fermi energy.
An electron with opposite spin can recombine with the hole in
the valence band whose wave function includes both spin direc-
tions due to spin-orbit interaction. Spin-flip excitations
are found to be antisymmetric, the polarizations of the incident
and scattered light are crossed. The scattering cross-section
of these types of excitations is strongly enhanced at the
E°-+.A° energy gap of GaAs. As a consequence of the study

of this resonance behavior it was suggested in Ref.(37]
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that it should be possible to study also two-~dimensional
electron systems confined at semiconductor surface space charge

layers.

In Fig. 7b we show transitions involved in scattering
by collective excitations. The resonance condition is fulfilled
for both incident and scattered photons. Therefore the resonance
condition is not as sharp as for single-particle excitations.
The creation of collective longitudinal excitations can be
understood as the creation of #ingle-particle electron-hole
pairs by the incident photons which then emit plasmons or
coupled phonon-plasmon modes. These excitations can also be
observed at energy gaps which do not involve carrier occupied

states via the phonon scattering mechanisms.

2.3. Light Scattering by Free Carriers (Two-Dimensional)

Two-dimensional carriers are characterized by the separa-
tion of motion perpendicular and parallel to the direction
of quantization. While in the parallel direction the usual
dispersion of the bands is maintained in the effective mass
approximation, the carriers are bound in subbands with minimum
energies Eo’ E1, E2 ..« in the direction perpendicular to the
potential well. In Fig. 8a we show schematically a one-dimen-
sional, rectangular potential well with finite height. Eo and
E1 are subbands, EF the Fermi energy. The more realistic
nature of one-dimensional potential wells at semiconductor

surfaces and heterojunctions is discussed later. The dispersion
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of the subbands in ky is shown in Fig. 8b. Depending on the
scattering wavevector one can create both intra- und inter-

subband excitations.

2.3.1. Intrasubband Excitations

Excitations within one subband are only possible, if
there exists a component of the scattering wavevector in the
2; direction. Similar to the three-dimensional case one can
create both single-particle and collective excitations. Because
of the two-dimensional nature of the electron system there
exist, however, basic differences of the excitation spectra.
The integration over all possible single-particle excitations
for a given a” differs from the lineshape found for the three-
dimensional case. This is shown schematically in Fig. 9.

The collective intrasubband excitations are two-dimensional
plasma oscillations of the electrons parallel to the surface
or interface. The frequency of this plasmon tends to zero
with decreasing 9y So far only collective intrasubband
excitations have been observed in GaAs-Al Ga,  As multilayer

structures £41 J.

2.3.2. Single-particle Intersubband Excitations

Single-particle intersubband excitations are uncorrelated
excitations of an electron below the Fermi energy in a lower
subband to an empty state in the higher subband. Similar to

the three~dimensional case, these unscreened excitations can
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be observed when the scattering occurs via spin-density fluc-
tuations. The measured energies directly correspond to the
subband splitting, if the scattering wavevector is perpendi-
cular to the direction of quantization. This is usually the
case in backscattering geometry. An additional component of
the wavevector parallel to the layers leads to a strong
broadening of the spin-flip single-particle intersubband
excitations. This is shown schematically in Fig. 9. Subband
energies have been determined with this method for various
two-dimensional carrier systems which exist in semiconductor
heterostructures like GaAs, InP, Si, Ge. In these materials
the resonance condition for spin-flip excitations could be

fulfilled with conventional Raman spectrometers.

2.3.3. Collective Intersubband Excitations

The collective intersubband excitations of a two-dimen-
sional plasma reflect in a way the finite extension of the
carrier system in the .direction of quantization. The collec-
tive excitations invdlve charge density fluctuations and
therefore are dynamically screened by Coulomb interactions.
This screening causes an upward shift with respect to the
single-particle excitations. The effect is called "depolari-
zation shift” and has been treated theoretically in [42,43,44].
It describes the dielectric response of the thin layer of
carriers to the electron-hole excitation and can be written
as an effective plasma frequency “ﬁ; perpendicular to the

layer. For a two-level model one finds
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f.'1 (7))

where f11 is the Coulomb integral of the wavefunctions of
the two subbands involved. The measured subband excitation

is then given by

*2 2 *2
w @ + wb (8)

The investigation of single-particle and collective inter-
subband excitations consequently leads to direct information

on Coulomb matrix elements in two-dimensional carrier systems.

In polar semiconductors the collective excitations are
coupled to the LO-phonons. Similar to the three-dimensional
case the coupled mode frequencies can be determined from the

zeros of the total dielectric function

2 2 *2
QLO - -
“ro~ @ “o1™ ¢«

Damping is neglected in eq. ( 9). The dielectric function

of the electrons is expressed in analogy to the three-dimen-
sional case, discussed above, by a Drude-like expression where
wp is replaced by w; and the denominator resonates at

@ = @ 4. Eq. (9 ) yields two coupled modes which are plotted
Lo ©ne finds «_ = a:-:1 ,

while for the opposite case @, >> @ro the high frequency

*
«, - mode approaches Weq . Contrary to the three-dimensional

in Fig. 10 (q = 0). For W,y << @
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case, the w_-mode crosses the frequency of the transverse

optical phonon @ when Wy, T W and falls in the rest-

TO TO

strahlen region for higher subband splittings. In Fig. 10 we
show both the bare subband splitting w4 and the coupled
modes versus number of carriers for an electron accumulation

(233,

layer on InP as calculated self-consistently

3. Experimental Aspects

3.1. Sample Characteristics

In section 2.2.3. we have seen that for "electronic
Raman scattering” one usually has to work under resonant condi-
tions. In Fig. 11 the band structure with the relevant optical
energy gaps is shown for the example GaAs. Transitions which
involve carrier occupied states are only possible for laser
excitation energies close to Eo and E°~+ Ao. In table 1 we
have collected the relevant optical gaps for various semicon-

ductors of interest.

Above the fundamental optical energy gap the semiconduc-
tors are opaque. The information depth of Raman spectroscopy
is determined by the penetration depth of the laser light.
Very often this is much less than 1 mum. Consequently only
properties of semiconductor heterojunctions very close to the
surface can be investigated using resonant inelastic light
scattering techniques. The design parameters and the electrical
properties of semiconductor heterostructures studied are dis-
cussed for selected examples together with the experimental

results in sect. 4.
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3.2. Scattering Geometries

In opaque semiconductors the most widely used scattering
geometry is backscattering, where the wave vector of the
incident light is normal to the surface and the scattered
light is collected in backward direction. Because of the high
refractive index (n & 4) of the semiconductors studied, nearly
ideal backscattering conditions are fulfilled even when the
incident laser beam is focussed under an angle of 45 degrees
to the normal of the surface plane (see Fig. 1). In order to
provide a larger component of the scattering wave vector
parallel to the surface the incident light can be focussed on
to the surface under glancing incidence. This opens the
possibility to study also in-plane excitations of a two-dimen-

sional electron gas.

3.3. Raman Set-up

For inelastic light scattering in semiconductors conven-
tional Raman spectrométers can be used. The incident light is
provided by cw-ion gas lasers or by cw-dye lasers. To fulfil
the resonance conditions for various semiconductors photon
energies covering the region from near ultraviolet to infrared
have to be available. The laser beam is focussed on to the
sample with a spherical or cylindrical lense. The sample is
usually mounted in a temperature variable optical cryostat.
The backscattered light is collected and focussed to the

entrance slit of a double grating spectrometer. A polarization
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analyser allows the separation of different scattering com-
ponents. The scattered light is detected with a specially
selected photomultiplier tube which is connected with special

pulse counting electronics.

4, Experimental Results

In this section we present selected experimental results where
Raman scattering has been used to investigate special proper-
ties of semiconductor heterojunctions and multilayer systems.
Because of limitations in space this collection is by no means

complete. So we omit the excellent work which has been carried

f45]

out in high magnetic fields  the effect of Brillouin zone

[46]

and the surface sensitive

343

folding in superlattices on phonons

Raman work on cleaved GaAs under ultrahigh vacuum conditions

4.1. Phonon Aspects

In section 2.1. we have learnt that under certain scatter-
ing configurations not all types of optical phonons can be
observed in Raman scattering. This has been used in Ref. 32
to study the surface orientation of thin films of GaAs grown
with MBE. In backscattering from (100) surfaces only scattering
by LO-phonons is allowed. In the Raman spectra shown in Fig. 12
this is the case for the two upper spectra. The two lower
spectra show a strong TO-mode even though obtained from thin
MBE grown films with a nominally {001) orientation perpendicular

to the surface. It could be shown that the strong "forbidden"
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TO-phonon is connected with a twinning of the growing film

caused by carbon contamination of the substrate surface.

In mixed crystals like Alea1_xAs phonon Raman scattering
can be used to oStain information on the composition. The opti-
cal phonons in these crystals have a two-mode behavior with
frequencies close to the modes of pure GaAs and pure AlAs.

The frequency dependence of these modes on the molar fraction

x of Al in GaAs is shown in Fig. 13. Raman spectroscopy has
been used to study the depth érofile of the Al-content in the
Alea1_xAs films and the composition of unknown crystals and
multilayer structures (see for example [32]). We want to empha-
size that Raman scattering experiments can be performed on

very small spots on the sample surface. Therefore it is possible

to study the properties with high spatial resolution which

is of the order of the focussed laser beam (a few pmz).

4.2. Three-Dimensional Carriers in Polar Semiconductors

In polar semiconductors plasmons are coupled to LO-phonons.
The frequencies of the coupled phonon-plasmon modes @_ and w_
depend on the carrier concentration, the linewidth on the
electron damping. Under resonance conditions one also can ob-
serve excitations with single particle character. In Fig. 14
we show resonance Raman spectra as obtained from a homogeneously

doped single crystal of GaAs with n = 7 x 1017cm-3. The spectrunm
z(xy) z, where z and z are the propagation directions of incident

and scattered light and x and y their polarization directions,
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respectively, exhibits a broad spin-flip single-particle
excitation band sitting on top of the hot luminescence back-
ground around the Eo + Ak> optical energy gap. The spectrum

for parallel polarizations contains the two coupled modes at
frequencies «_ and «, which depend on n and q. In Ref, 32

it has been demonstrated that these modes can be used to deter-
mine directly the carrier concentration and the scattering

times with high spatial resolution. This method has been applied

also for the characterization of other polar semiconductors

like InP and InAs.

4.3. Semiconductor Single Heterojunctions

4.3.1. The GaAs-Al _Ga,_,As System

The extensive study of the resonance behavior of single-
particle and collective excitation by three-dimensional carriers
coincided with reports of the achievement of high mobility two-
dimensional systems in GaAs-Al Ga, _As heterostructures made

[471. It has been realized immediate-

by molecular beam epitaxy
ly that these heterostructures are ideal candidates for elec-
tronic light scattering experiments. Shortly afterwards the

first observations of light scattering by electrons confined

at the interface of selectively doped GaAs-n-Al Ga,_.As heterostruc
tures was reported£11]. At these interfaces charge carriers are

transferred from the donors in the Alea As layers to the

1-x
energetically lower conduction band of GaAs forming a depletion

layer on the Al _Ga,_ ,As side and an accumulation or inversion
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layer on the GaAs side. The energy band diagram and the electric
subbands are shown in Fig. 15. Raman spectra obtained from such a
structure are plotted in Fig. 16. Besides the spin-flip single-
particle excitations of GaAs bulk carriers one can identify
single-particle intersubband excitation of the electrons confined
to the interface. The energy has been compared with self-con-
sistent calculations in Ref. 13. They are in good agreement

with the subband difference E°1. In the work of [111 it has

been demonstrated for the first time that resonant inelastic
light scattering is a sensitive tool to study electronic proper-
ties of two~dimensional systems. It was also shown that with

a Schottky barrier arrangement one is able to control the
carrier density. This opened the possibility of fabricating

high mobility field effect transistors with semiconductor

heterostructures where charge transfer occurs.

In the first experiments the relatively high carrier
concentration in the individual layers yielded complicated
spectra especially for the collective excitations. The experi-
ments have been repeated in the work of [18] with samples of
better quality. The results are shown in Fig. 17. These spectra
exhibit both higher order transitions and collective inter-
subband transitions which are shifted to higher energies
because of the depolarization field effect. The evaluation
of this shift in terms of Coulomb matrix elements is discussed
in more detail together with the results obtained in multi-

quantum well structures.
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4.3.2. Ge on GaAs

Recently the first results of light scattering studies
of electrons confined to Ge-GaAs interfaces have been reported
[20]1. The electronic structure of this interface has received
considerable attention because of the nearly perfect lattice
matching. The band gap in GaAs is larger than in Ge. Therefore
charge transfer can occur from the GaAs to the Ge forming
a two-dimensional carrier system at the interface. The conduc-s
tion band minima in Ge are at the Brillouin zone boundary
along the 4111) direction. The resonant optical gap for elec-
tronic Raman scattering therefore is E, = 2,22 eV. In the
work of Ref.[ZQ]Ge-GaAs heterostructures grown by MBE have
been investigated with laser excitation lines close to the E,
gap of Ge. The samples consist of a thin Ge-layer (~ 300 R)
on top of (100) GaAs layer. The Ge-film is highly doped with As.
The spectra with crossed polarizations exhibit a broad asym-
metric structure which peaks around 25 meV. A theoretical fit
of this spectrum indicates that it is due to interband tran-

sitions between a quasi-two-dimensional band and the continuum.

4.4. Metal-Insulator-Semiconductor Structures

Electronic light scattering by two-dimensional carriers
in MIS-structures has been observed so far for electrons in
InAsr'm'223 and InP£23J and for holes in Si£24'252. The work
in InAs was performed with laser lines close to the E, and

E, + A1 energy gap where no carrier-occupied states are involved
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in the optical transitions. Consequently only collective inter-
subband excitations coupled to LO-phonons have been observed
via the phonon scattering mechanisms. Only little information

could be obtained from these spectra.

4.4.1. Electrons in InP

The band structure of InP is very similar to that of GaAs.
The spin-orbit-split-off band.gap Eo + Ao is about 1.6 eV at
low temperature. Recently good MIS-structures with voltage
tunable surface carrier concentrations have been fabricated
on InP[483. Resonant light scattering experiments have been
used to investigate spectroscopically the subband structure
of electron accumulation layers in such samples. Both spin-flip
single-particle intersubband- as well as collective excitations
have been observed (Fig. 18). The measured energies of the
coupled modes and the single-particle excitations can be satis-
factorily compared with self-consistent calculations for this
subband system (Fig. 10). However, the increase of the subband
splittings with surféce carrier concentration ng is found to
be smaller than theoretically predicted. Part of this dis-
crepancy is due to the nonparabolicity of the conduction band
which has not been taken into account in the self-consistent

theory.
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4.4.2. Holes in Si

The most widely studied surface space-charge layers in
semiconductors are accumulation and inversion layers on Si
(see Ref. 9). Recently the first successful light scattering
experiments on hole space-charge layers in Si (100) have been

[24]

reported . The resonant energy for holes is connected with

the direct E; gap at k :'0, which is about 3.4 eV. Both collec-
tive and spin-flip subband transitions have been observedzzsl.
Some of the spectra exhibit vefy broad and asymmetric bands due
to the nonparabolic dispersion of the individual subbands.
Different transitions between heavy and light hole subbands could
be identified. The results are in good agreement with subband
calculations from Ref. [49]

4.5. Compositional Superlattices (GaAs-Alea As)

1-x
4.5.1. Subband Energies and Depolarization Shifts

Electronic light scattering has been used extensively for
the investigation of GaAs-Alea1_xAs quantum well structures.
The first results obtained with modulation doped multilayer
structuresmz3 appeared shortly after the successful experi-
ments performed with single heterojunctions£113. The electrons
in multilayer structures are quantized in potential wells which
are nearly rectangular due to the quantum size effect in the
thin layers which, however, are modified by the space-charge

potential of the transferred carriers. The subband structure

for such systems was first calculated self-consistently by
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[501]

Moriand Ando . Spin-flip single-particle excitations have

been used extensively to study the subband energies in a number
of samples with different parametersL12'14’16'181. It was
realized already 'in the first experiments that the positions

of the collective excitations observed for parallel polarizations
are shifted with respect to the single-particle peaks. The dif-
ferences in energies reveal in a direct way the depolarization
shifts which are related to the Coulomb matrix elements (see
section 2.3.3.). In GaAs the collective excitations are coupled
to the LO-phonons. The coupled modes have been observed for
various samples and for different subband transitions having

[15,16]

even an odd parity . In Fig. 19 an example is shown for

a sample with dGaAs = 200 8 and a two-dimensional carrier con-
centration ng a4 x 1011cm-2. Such spectra have been used for

quantitative determination of w-; and the Coulomb matrix ele-

ments fnn' which for the O - 1 transition are of the order

10 to 20 &. The results are in excellent agreement with calcu-

lations using the numerical wavefunctions of the subbands.

4.5.2. Linewidth and Mobility

It had been realized that the introduction of undoped

Alea1_xAs spacers at the interfaces of these compositional

superlattices lead to a stronger enhancement of the electron

mobilities due to the further separation of electrons from

(181 have

their ionized parents impurities. Pinczuk et al.
studied single-particle excitations in several multi-quantum

well structures with different thicknesses of the undoped
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spacer layers but otherwise identical properties. The low
temperature mobilities varied in these samples from 12,500 cmz/Vs
to 93,000 cmz/Vs. The Raman results are shown in Fig. 20. The
subband excitations are much sharper for the samples with higher
mobilities. A striking effect was found when the widths were
studied for different laser photon energies. For the samples
with lower mobilities the width of the Eo1 transition has a

peak for spectra obtained with photon energies close to the
maximum in resonant enhancement. These results have been inter-
preted in terms of wave vector non-conservation due to scattering
of electrons or holes by the Coulomb potential of the ionized

impurities.

4.5.3. Photo-Excited Carriers

Resonant inelastic light scattering by photo-excited elec-
trons in GaAs-Al _Ga, _As multiple quantum well structures have
been reported for both pure and modulation doped samples£17'192.
In undoped structures Pinczuk et al.£T7J found no dependence
of the subband splifting on the excitation intensity. This in-
dicates that the creation of electrons and holes within the Gaas
layers does not result in a distortion of the rectangular
potential wells. No separation in space occurs for the photo-
excited electron-hole pairs. Zeller et a1.£193 studied modulation
doped samples with high laser power densities. They found a
shift of the subband splitting Eo1 to smaller energies with

increasing excitation intensity. A decrease of the subband

splitting is expected when the electron density in the Gaas
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layers is increased more strongly than the hole concentration.
This might happen due to the presence of surface depletion

layers or by hole traps in the Alea1_xAs layers.

4.5.4. In-Plane Excitations

Recently the plasma frequency dispersion in a layered
electron gas has been measured by inelastic light scattering£401.
A modified backscattering geometry was applied to provide the
necessary wave vector componeht parallel to the GaAs layers
of modulation doped GaAs-Alea1_xAs multi-quantum well struc-
tures. The measured dispersion of the plasmon frequency was
found to be linear in the in-plane component of the wave vector.
This differs from the results obtained in pure two-dimensional

and pure three-dimensional plasmas. It, however, confirms basic

predictions of the plasmon behavior in layered carrier systems.

4.6. Doping Superlattices

4.6.1. Electrical and Optical Properties

One of the nicest examples where resonant inelastic light
'scattering acts as a tool for the investigation of semiconduc-
tor heterostructures is the recent work on periodic doping
multilayer structures, so-called "nipi"-crystals. This type of
semiconductor superlattices has been first proposed and
analyzed by Dahler£511. It is composed of a periodic sequence
of ultrathin n- and p-doped layers of GaAs and exhibits various
novel and exciting electrical and optical properties which are

caused by purely space-charge induced potential wells.
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A doping superlattice is simply an alternation of p-n and n-p
junctions of an otherwise homogeneous semiconductor. When the
concentration of the donors ND times the thickness of the
n-type layers is ‘equal to the number of the acceptors ND times
the thickness of the p-type layers the nipi-crystal is compen-
sated. The electrons from the donors are attracted by the
acceptors in the p-type layers resulting in a periodic rise

and fall of the conduction and valence band. Such structures
exhibit the special feature of a semiconductor with an
"indirect gap in real space". Excited electrons and holes are
separated in space and may have recombination lifetimes orders
of magnitude longer than in homogeneous bulk crystals. The
reduced effective band gap which depends on the non-equilibrium
electron and hole concentrations results in a strong tunability
of the optical absorption and luminescence. In Fig. 21 the
modulated conduction and valence band of a nipi-crystal is
given in an excited situation. The transitions of photo-lumines-
cence and resonant Raman scattering experiments are shown
schematically. The energetic position of the luminescence
depends on the excitation intensity and can be used to deter-
mine the non-equilibrium carrier concentration. Indirect photo-
luminescence spectra are shown in Fig. 22. These experiments

directly demonstrate the tunability of the effective band gap.

4.6.2. Single-Particle and Collective Excitations

To get direct information on the quantization of photo-

excited carriers in doping superlattices, resonant inelastic
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light scattering experiments have been performed£26'27'283.
Spin-flip single-particle intersubband excitations have been
studied using different power densities of the incident laser
(Fig. 23). At low excitation intensity several distinct peaks
have been observed on top of a hot luminescence background
(Fig. 23). These peaks could be identified as A = 1, A= 2,
and L= 3 intersubband transitions of photo-excited electrons
in the conduction band of the doping superlattice. The subband
energies obtained in this way are in excellent agreement with

self-consistent calculations.

Raman spectra of collective excitations have also been
observed in doping multilayer structures. Because of the occupa-
tion of several subbands already at relatively low power den=~
sities and the coupling to LO-phonons, the observed polarized
spectra exhibit a complicated structure (Fig. 24). At low
excitation intensities three peaks have been observed below
the LO-phonon mode which represent several «_-modes. A broad
«, -mode can be identified above the LO-phonon. The positions

of these modes are in good agreement with recent calculations

,
performed by Ruden and Déhlercsz’.

4.6.3. Two- and Three-Dimensional Effects

At high power densities the subband splittings get smaller
and the higher occupied states show considerable dispersion in
the direction perpendicular to the layers. This can be observed
by studying both the single-particle. and the collective exci-

tations in the highly excited case. While at low laser power
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densities distinct subband transitions are observed, the indi-
vidual peaks merge at high power densities into one broad single-
particle excitation band which has a very similar lineshape as
obtained for a homogeneously doped GaAs single crystal of com-
parable carrier concentration (see Figs 23 and 14). The spectra
of the coupled modes also change with increasing power density
and finally they look very similar to coupled phonon plasmon
modes of homogeneously doped n-GaAs (Figs 24 and 14). The
behavior with increasing power density is concomitant with the
transition from a quasi~-two-dimensional to a quasi-three-dimen-

sional electron system.

5. Concluding Remarks

We have demonstrated the usefulness of inelastic light
scattering for the investigation of various properties of semi-
conductor thin layers, -heterojunctions and -multilayer systems.
We want to emphasize that Raman scattering experiments can be
performed on very small spots on the surface. Thus it is possible
to study all the properties discussed in this work along the
whole surface with high spatial resolution. Raman spectroscopy
is a powerful technique not only for the investigation of light
scattering properties by itself, but it also acts as a tool to
characterize and analyse electrical and optical properties of

new materials.
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Table 1
Optical energy gaps relevant for resonant inelastic light

scattering via carrier density mechanisms

GaAs electrons Eo = 1.51 eV, Eo + A°= 1.85 eV
GaAs holes Eo = 1,51 ev

Ge electrons E1 = 2,2 eV, E1 + A.l = 2.4 eV
Si electrons E2 = 4,35 eV

si holes E, = 3.35 eV

InP electrons Eo = 1,41 ev, Eo + Ao- 1.52 eV
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Figure Captions
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Fig.

Fig.

Fig.
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Fig.
Fig.

1:

2:

3:

10:

11:
12;

Schematic diagram of the geometry for reflection,
transmission, and inelastic light scattering.
Feynman diagram and energy level scheme for phonon
Raman scattering.

Single-particle excitation process of electrons in

a parabolic band.

Single-particle region and plasmon dispersion for
electrons in a parabolic band.

Dielectric function €(w) separated for the elec-
tronic and lattice parts.

Experimental and theoretical results for the coupled
modes versus carrier concentration (from i36J) .
Transitions involved in resonant electronic Raman
scattering are shown schematically.

One-dimensional rectangular potential well and dis-
persion of two subbands in the parallel direction.
Also shown are single-particle excitation processes.
k,-dispersion of electronic excitations in two-dimen-
sional carrier systems.

Calculated and experimental results for single-particle
and collective excitations of electron accumulation
layers in InP (from {23)).

Bandstructure of GaAs.

Raman spectra of nominally {100) oriented thin films
of GaAs (from 32)).
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Fig. 13: Frequencies of the optical phonons in Alea1_xAs
(from [32)).

Fig. 14: Resonance Raman spectra of homogeneously doped

n-GaAs with n = 7 x 10' ‘en™>.

Fig. 15: Conduction- and valence bands in a GaAs-n-Al Ga,_ _As
heterostructure.

Fig. 16: Raman spectra of a GaAs-n-aAl_Ga; _As heterostructure
(from L11)).

Fig. 17: Raman spectra of a high-mobility GaAs-n—Alea As

1-x
heterostructure (from [181).

Fig. 18: Raman spectra of InP-MIS structures (from [23]).

Fig. 19: Raman spectra of a GaAs-n-Alea1_xAs quantum well
Structure.

Fig. 20: Raman spectra of GaAs—n-Alea1_xAs multiquantum well
structures with different mobilities (from {181).

Fig. 21: Conduction and valence bands of an excited doping
superlattice.

Fig. 22: Photo-luminescence spectra of a doping superlattice
(from [27]).

Fig. 23: sSingle-particle Raman spectra of a doping superlattice
(from [27]).

Fig. 24: Collective Raman spectra of a doping superlattice

(from (281).
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Abstract. It is snown that Raman spectroscopy can provide useful information on
characteristic properties of thin crystalline films of compound semiconductors. Crystal
orientation, carrier concentration, scattering times of charge carriers, composition of mixed
crystals and depth profiles can be studied in thin layers and heterostructures of GaAs and
Al,Ga,_,As. The advantages and disadvantages of Raman scattering compared to

conventional characterization methods are discussed.

PACS: 78.30-5,68.55+b

Thin crystalline films and heterostructures of com-
pound semiconductors become more and more impor-
tant for devices and device technology. A precise
control over thickness and doping profiles of mul-
tilayer systems is necessary to achieve, for example,
high quality microwave diodes or optoelectronic de-
vices. Liquid phase epitaxy (LPE) [1] and molecular
beam epitaxy (MBE) [2-4] are two methods which are
used to grow such heterostructures.

Especially MBE has been'developped during the past
ten years in a way that nowadays one is able to control
the uniformity, thickness, doping profiles and com-
position of thin crystalline layers (<100A) over the
whole surface of a given substrate. The relatively low
growth temperature, the possibility of abruptly chang-
ing the composition, and the low growth rate make
MBE a versatile technique for growing heterostruc-
tures and superlattices with alternating layers of, for
example, GaAs and Al Ga, _ As. The thickness of the
individual layers can be kept as thin as a few mo-
nolayers [5].

In order to learn something about the growth mecha-
nisms and the characteristic properties of such thin
crystalline films, many different characterization me-
thods are employed. The MBE provides the possibility

* Present  address: Max-Planck-Institut fiir Festkorperfor-
schung, Hochfeld-Magnetlabor Grenoble, F-38042 Grenoble,
166 X Grenoble-Cédex, Avenue des Martyrs (C.N.R.S.).

of in situ characterization of the growing and grown
layers by means of, for example, reflection high energy
electron diffraction (RHEED). secondary ion mass
spectroscopy (SIMS) and Auger electron spectroscopy
(AES) [4]". Many of the characteristic properties and
the quality of the layer structures have to be checked
and studied after growth outside the growing appara-
tus. Transport and magnetotransport measurements
lead to information on carrier concentration, mobility
and sometimes also effective masses of the carriers. But
often’ it is not possible to separate the properties of
individual layers from each other and from the sub-
strate. Completely different information can be drawn
from x-ray diffraction and electron microscopy work.
Here one learns something about crystal structure,
orientation, and quality. Optical methods like reflec-
tion, transmission, and luminescence experiments
are employed to characterize single and multiple
layers, to learn about recombination mechanisms and
the role of interfaces on these mechanisms. In the case
of superlattices, most of these measurements show
characteristic features because of zone folding effects
(5-71.

In this paper we want to show that Raman scattering
experiments give additional, new and sometimes more
detailed information on the properties and qualities of
thin crystalline films and multilayers of GaAs and

! For comprchensive review of the methods see [22).
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Fig. 1. Examples of Raman spectra obtained in backscattering
geometry from a polished and etched (100) surface of GaAs and thin
films of GaAs grown with MBE on (100) substrates. In this geometry
only scattering by LO phonons is allowed. Some of the MBE grown
samples show also a strong TO mode

Al Ga, _ As. There are two main reasons why Raman
scattering is a uscful tool in sample characterization
and that one can learn something, where other me-
thods fail often. First, the lattice vibrational spectra of
different layers are observed as a superposition of the
spectra of each layer. So it is possible to study in-
dividual layers in a nondestructive way by using
different laser excitation lines with different pene-
tration depths. The second important point is that
lattice vibrations are very sensitive to the nearest
neighbourhood and therefore probe the crystal struc-
ture and quality on an extremely small scalg, a scale
which is of the order of the lattice spacing.

In the following sections we describe various proper-
ties of thin layers which can be studied by Raman
spectroscopy. Examples are shown for GaAs and
Al,Ga, _ As crystals. At the beginning we want to
mention a few experimental details.

1. Experimental Aspects

Because all of our Raman scattering experiments are
performed with incident laser light in the frequency
range where GaAs is opaque, we use backscattering
geometry. The wavevector of the excited phonon is
therefore perpendicular to the sample surface. The
laser beam is focussed on to the sample with a

cylindrical lense. The sample itself is mounted either at
room temperature or on a cold finger of a liquid
nitrogen dewar. The inelastically backscattered light is
collected to the entrance slit of the spectrometer (both
Jarrel Ash and Spex double monochromators are
used). The collected light is analyzed and stored in a
multichannel analyzer using an appropriate photo-
multiplier tube and conventional pulse counting elec-
tronics for signal detection. Both Ar* and Kr* ion
lasers are used as light sources.

The studied samples are single crystals of GaAs with
various doping concentrations (Te, Sn, Se) and thin
crystalline films and multilayers of GaAs and
Al Ga, _, As grown with LPE and MBE. The surfaces
of the bulk single crystals are polished and etched with
an aqueous solution of NaCl. The MBE and LPE
samples are measured as grown.

In order to get information from different depths one
varies the laser frequency. The penetration depth into
GaAs changes from about lpm at 4,=8000A to
~150A at 1,=4000A [8]. In the mixed crystal
Al Ga, _ As the direct bandgap incrcases with in-
creasing Al content. At x~ 0.40 the conduction bands
at the I and X point of the Brillouin zone cross, we
have a semiconductor with an indirect bandgap.
Because of the shift of the bandgap to higher energies,
the penetration depth into Al Ga,_ As gets larger.
For example at x ~0.40 the bandgap is already 2.0¢V,
which means the crystal is transparent for the red Kr*
ion laser lines while in the blue the penetration depth is
still very short. Thus also in the mixed crystal system a
depth profiling using different laser lines is possible.

2. Possibilities, Results, and Discussion
2.1. Crystal Orientation

From the selection rules we learn that under certain
scattering configurations not all lattice vibrations can
be observed in a Raman scattering experiment. Let us
consider only first-order scattering (phonons at the
I'-point). Following Loudons’s description of the
Raman tensors [9] we find for crystals with diamond
structure that for backscattering from a (100) surface,
only the LO phonon can be obscrved. From (110)
surfaces only TO phonons are allowed and for (111)
surfaces both TO and LO lattice vibrations should be
observable.

Figure | shows on the top a Raman spectrum in true
backscattering geometry from a (100) surface of a
slightly doped n-GaAs crystal (n=1.8x10'""cm™3).
The polarization of the incident light is along (010) and
the scattered light along (001). We write this scattering
configuration in the following way: x(yz)X. As ex-
pected, only the LO phonon mode is observed in the
Raman spectrum.
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We have also studied thin films of GaAs grown with
MBE and LPE on GaAs substrates with orientation
{100 perpendicular to the surface. In Fig. 1 we show
typical examples of observed Raman spectra of such
layers. Some of the samples show a strong TO mode.
In very thin layers it is difficult to learn something
about the crystal structure from x-ray work because of
the large information depth. Sometimes electron and
x-ray diffraction under very small angle of incidence
can provide insight into the crystal orientation and
surface smoothness,

On the other hand., one can easily see deviations from
the Raman scattering (Fig. 1) selection rules.

The strong TO mode which is observed in some MBE
films grown on (100) GaAs substrates demonstrates
that the orientation of at least parts of the films are
different from the expected (100) direction. Comparing
different MBE samples and the way of their fabrication
we realize that the TO mode always appears when the
initial substrate surface seems to be slightly con-
taminated by carbon, even after chemical etching in
H,0,,H,S0,,H,0. We have detected this contami-
nation in situ by AES [4] prior to epitaxial growth.
It has already been pointed out previously [2] that a
carbon impurity of >0.2 monolayer of the initial
surface does cause surface facetting and twinning in the
growing film. We have checked this phenomenon on a
large number of MBE samples by Raman scattering
and we always find the same result: The appearance of
the “forbidden™ TO phonon line depends strongly on
the carbon contamination of the initial surface. There
is found no TO phonon only in the case when the
residual carbon on the initial surface is less than 0.1
monolayer, which is the detection sensitivity of our
AES measurements. The required purity of the sub-
strate surface can be achieved [2] by either an ex-
tremely careful chermical treatment, which might vary
from sample to sample, or in a more reproducible
manner by an additional Ar* ion sputter cleaning and
annealing prior to epitaxial growth.

We have strong evidence that the strength of the TO

phonon line is directly correlated with the amount of

carbon on the initial surface. Starting with a con-
tamination > 0.3 monolayer carbon, a twinning of the
growing GaAs film can be observed even in the
RHEED pattern and the sample shows a strong
“forbidden™ TO phonon, with an intensity about 2/3 of
that of the LO phonon (Fig. 1, spectrum at the
bottom). When thin films (<200A) grown on these
contaminated substrate surfaces are examined by scan-
ning clectron microscopy, a three-dimensional nuc-
leation yielding irregular three-dimensional centers
and discrete three-dimensional crystailographically
shaped growth centers are observed. For a carbon
contamination <0.2 monolayer there is no observable

effect in our RHEED experiments, but there is still a
small “forbidden™ TO line in the Raman spectrum
(Fig. 1).

The nature of the misorientation is not yet clear. It is
difficult to get information on this question from
Raman spectroscopy. Therefore further x-ray and elec-
tron diffraction work is necessary to get insight into
the problem what actually happens during the growth.
Here we just want to show that Raman scattering
experiments can be used to study the crystal orien-
tation of thin films on a microscopic scale. The effect
just described has been discovered only because we are
using, besides other methods, also Raman spectrosco-
py to characterize the MBE and LPE grown samples.

2.2. Carrier Concentration and Scattering Time in
n-GaAs

Several years ago Mooradian and coworkers [10]
have shown that it is possible to observe also coupled
LO phonon plasmon modes in n-GaAs using Raman
spectroscopy. The frequencies of the coupled modes
are essentially given by the zeros of the real part of the
following sum: the longitudinal dielectric function of
the electron gas ¢{q.) plus the one of the lattice
vibration. The early experiments have been performed
with incident laser light 1, =1.06 um. In this frequency
region GaAs is transparent and the scattering wave-
vector k =4n Ren/A, (n is the refractive index) involved
in Raman scattering is very small. The observed
frequencies of the coupled modes (labeiled L, and L)
agree well with the calculated roots of the equation
Re{e(g—0,w)} =0.

Recently it has been demonstrated that it is also
possible to study the wavevector dependence of L,
and L_ using incident laser light in the visible
(6764 S A,<4416A) [11]. Using the Drude expression
for the dielectric function of the electron system the
frequency of the L, mode can be written as [11]

0. = {w,’_o+wzz(q)
* 2

+

wz + wz 2 1/2y1/2
E—L"—-E—E(—q-)l- —w,’,(q)a)%o] } , 6]
where w, 4 and wyq are the frequencies of the LO and
TO phonons at the I'-point, respectively, and w,(q) is
the wavevector dependent plasma frequency [12]

wj(q) =} +3/5(gv,)? )
with
w}=4nne’fe m* ; 3)

n is the carrier concentration, v, the Fermi velocity,
and m* is the effective mass of the carriers.
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Fig. 2. The dependence of the frequency of the L,-mode on the
carrier concentration is shown for different laser lines.
Experimentally obtained values of o, (open circles) agree well with
the theoretical curves. The closed circles are results taken from [10]

The position of the high-frequency coupled mode
depends on the carrier concentration n. Therefore it
can be used to determine n of highly doped crystals
and thin layers. We have calculated w,(n) for the
strongest lines of Ar* and Kr™ ion lasers and for the
1.06 um Nd** YAG laser line used in the work of [10].
This is necessary because the refractive index n of
GaAs depends on the wavelength [8] so that one gets
a variation of the scattering wavevector from
03x10°cm™! to 1.3x10°cm™?! for the used laser
lines (1.06 pm < 4, <4545 A). The results are shown in
Fig. 2. One can clearly see the wavevector dependence
of w,. At fixed n, s, shifts to higher frequencies when
Ao is changed from red to blue. This wavevector
dependence was discussed extensively in [ t1] and [ 137,
We have not yet mentioned that the conduction band
of GaAs is nonparabolic and therefore the effective
mass m* depends on the carrier concentration. This
has to be taken into account using a mass variation of
=0.070m, for n=1x 10’7 cm™~3 to m* =0.096m,, for
n=1x10""cm~* [14]. The other values used in
the calculations are: g, =111, w;,=295cm™1,
Wro=270cm™ !, The w.(n) curves shown in Fig. 2 can
be used to determine the carrier concentration in the
region n>1x10'7cm™3.
So far we have discussed only the theoretical part
without considering the experimental situation. At a
real surface of n-GaAs there normally exists a de-
pletion space charge region with a barrier height of
~1¢V. The width of this carrier free layer varies from
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Fig. 3. Typical Raman spectra of thin MBE layers of n-GaAs with
different donor concentrations, Both the LO phonon mode from the
depletion layer and the coupled LO phonon-plasmon modes L, and
L_ are observed

~3000 to ~150A with donor concentrations in the
range 2 x 10! $n<5x 108 cm 2. On the other hand,
using laser lines covering the range 6471-4545A, the
penetration depth into GaAs changes from ~ 3000 to
~300A. This has been discussed already in the experi-
mental part, Thus it is possible to observe both the
coupled LO phonon-plasmon modes from the bulk
and the unscreened LO phonons from the surface
depletion region. The relative intensities can be used to
study the surface band bending and the barrier heights
of free and covered GaAs surfaces [15].

Here we concentrate on the signals from the bulk. In
Fig. 3 some typical spectra are shown for different
carrier concentrations, One can see that the strength of
the bulk signal (L, and L _) decreases compared to the
surface signal (LO-phonon) with decreasing carrier
concentration. This is due to the increased depletion
width, while the penetration depth of ~1000A at
A,=5145A remains unchanged. Therefore the obser-
vability of L, and L_ is limited to the region
nz5x10*7cm™3, In this region the frequency of the
L_ mode depends only very weakly on the carrier
concentration, contrary to the L,-mode which shifts
quite strongly to higher encergies if n is increased.
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In Fig. 2 the experimental results of w, obtained with
4, =5145A on samples with known carrier concen-
tration are shown (open circles). The closed circles are
results taken from [10] (4, =1.06 pm). For a sample
with n=45%x10"%cm™* we also show the results
obtained with other laser lines. The agreement between
theory and experiment is very good. Therefore we
believe that the measurement of the L, mode gives a
very accurate value of the carrier concentration of
n-GaAs in the region n=5x 10'7cm ™3,

If one has the possibility to use a Raman spectrometer
which works with infrared frequencies, one can extend
this region to n21x 10'%cm™? by studying the fre-
quency of the L_-mode, which depends strongly on n
in the range 1x10'°<n<5%x10""cm™3. Then the
depletion layer is no problem, because GaAs is trans-
parent in the infrared. w_(n) can be taken, for example,
from [10].

We have studied the v, mode of various thin crystals
of n-GaAs grown with MBE and LPE and could so
determine the carrier concentration. The results agree
well with those obtained from capacitance versus
voltage and Hall effect measurements. The advantages
of the Raman spectroscopy are that no contacts and
no Schottky-barriers are necessary, that the substrate
does not influence the results, and that the carrier
concentration can be determined within very small
areas (focus of the laser beam down to 4 um?).

If the samples are very thin, the penetration depth of
the laser light can be large enough to reach the
interface to the substrate. Depending on the substrate,
the scattering volume with carrier density n gets
smaller. In very thin samples the entire layer can be
depleted. Such effects result in an increase of the
intensity of the unscreened LO mode compared to the
coupled modes. We have observed this behaviour on
MBE layers of various thicknesses.

Apart from the position of the L, mode one also gets
useful information from the linewidth and the line-
shape. At high carrier concentration (n>10'%cm™3)
the L, mode is plasmon-like and the damping should
essentially be determined by the scattering time of the
charge carriers. Using the electron damping 1/1
=e/m*pu deduced from the mobility u, we find on the
other hand that the actually observed linewidth of L,
is always larger than expected [13]. This indicates that
additional damping mechanisms play an important
role. Such contributions to the broadening of the
plasmon-like mode may arise from an increased scat-
tering rate caused by the presence of the surface.
Sometimes one also gets an inhomogeneous broaden-
ing because of a spatial variation of the donor distri-
bution. When the penetration depth exceeds the de-
pletion layer only very little, we observe an asymmetric
lineshape of the L, mode, because at the interface

between the bulk and the depletion region, one always
has a gradient in the carrier concentration.

If we neglect inhomogeneous broadening, which is
reasonable for symmetric lineshapes, we can define a
scattering rate for the electrons observed in Raman
scattering

1t 1

S= (4)

TG T, T

1/z; is the scattering rate by impurities, 1/7, by pho-
nons, and [/t, describes surface scattering. If one
measures the bulk mobility, only impurities and pho-
nons contribute to the scattering rate and at high
donor concentration 1/r; dominates. Using, however,
the width of the L, mode to determine 1/t or u we
have to consider also surface scattering, because only
electrons close to the surface depletion layer contribute
to the Raman signal. The actual surface which one
should consider here, is the interface between depletion
layer and bulk.

Experimentally we find for n=7x 10'"em ™3 the scat-
tering rate deduced from the L, mode to be about two
times larger than expected from the bulk mobility. For
higher carrier concentrations the difference gets smal-
ler and smaller. This can be explained qualitatively
with surface scattering. First of all the impurity scatter-
ing rate increases with increasing donor concentration.
Second, with higher carrier concentration, the de-
pletion width gets smaller so that at a fixed laser
frequency the region containing electrons which con-
tribute to the signal gets larger. On the average the
carriers are further away from the interface. Therefore
surface scattering should be less important when n is
very large.

Despite of these problems we believe that especially for
high carrier concentrations (n> 108 cm ™ 3) we can use
the width of the L, to estimate the scattering rate and
the mobility of the charge carriers in new crystals or
thin layers by comparing the results with the values of
known samples.

2.3. Mixed Crystals

The frequencies of the LO and TO modes of the system
Al Ga, __As have been studied previously by llegems
and Pearson [16] from a Kramers-Kronig analysis of
infrared reflectance spectra and by Tsu and coworkers
[17] using Raman spectroscopy. In the entire alloy
composition range, the spectra show essentially two
distinct bands, one at frequencies close to the modes of
pure GaAs and the other close to pure AlAs. In Fig. 4
we show the dependence of the vibrational modes on
the molar fraction x of Al in GaAs [16,17]. The
frequency variation of these modes can be used to
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Fig. 5. Some Raman spectra of a Al,Ga, _ As LPE sample which
has been wedged in order to study the depth profile of the Al
concentration. The sample cross section is shown schematically in
the insert
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Fig. 6. Molar fraction of Al in the LPE sample described in Fig. 5 as
a function of the distance from the surface

determine the value of x of unknown samples. We have
used this method to characterize thin Al Ga,_ As
layers grown by MBE and LPE.

As discussed before, a depth profiling can be obtained,
using laser excitation lines with various penctration
depths. For a gradually varying Al concentration,
however, this method is not very accurate. One ob-
serves only asymmetric lines caused by the slowly
changing Al content (inhomogeneous broadening).
Therefore we use a different method to study the Al
profile of LPE layers of Al,Ga,_,As on GaAs sub-
strate. The studied LPE samples have a thickness of
about 30 um. We have polished and etched the samples
under an angle of ~20min tilted with respect to the
surface parallel. With a sample length of 0.7cm we get
on one side the original sample surface while on the
opposite side the LPE layer is polished away. Thus
when moving the laser beam over the surface, it is
possible to observe Raman spectra from different
depths of the grown layer. The cross section of the
sample is shown schematically in Fig. 5. The experi-
ments are performed with 4, =4545A Ar* laser line, a
wavelength with a very short penetration depth. In Fig.
5 we also show some spectra from different parts of the
surface. One clearly observes a shift of the mode
frequencies which is caused by a variation of the Al
concentration towards the surface. Together with the
frequency shift of the Raman lines we notice also an
increasing intensity of the band originating from the
pure AlAs when we measure closer to the substrate.
The intensity ratio of the two different bands might
also be used to determine the Al concentration. In Fig.
6 we show the dependence of the Al content on the
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distance from the surface. Raman scattering experi-
ments are accurate to about +2% for determining the
Al concentration in the region x=0.05 to 0.90.

This method of determination of the composition of
mixed crystals can be extended to other systems. The
mode frequencies of many I1I-V alloy systems have
been studied during the past ten years both with
Raman and infrared spectroscopy and the frequency
shifts with composition can be found in the literature.

2.4. Multilayer Structures

So far we have only discussed properties of single
layers of GaAs or Al Ga, _, As. Now we want to show
that Raman spectroscopy is also a uscful tool to
characterize multilayer systems. During the past few
years some Raman studies of periodic systems or
superlattices have been performed [18-21]. These ex-
periments show interesting features due to zone folding
effects in periodic structures. We concentrate on mul-
tilayer systems which have no special periodicity so
that no zone folding occurs.

In Raman scattering experiments one observes the
vibrational spectra of each individual layer. This is a
great advantage compared to other optical characteri-
zation methods. In reflection or transmission experi-
ments one always gets information averaged over the
studied layers, for example, the refractive index or the
absorption coefficient. Raman scattering can be used
to study the composition of individual layers. From
the dependence of signal strength of the different layers
on the thickness and on the wavelength one can also
obtain information on the absorption coefficient of the
different layers.

In Fig. 7 we show the Raman spectra of a three
layer system consisting of 1000A Al Ga, _, As,
~200AGaAs, ~2000A Al Ga,_,As on a GaAs sub-
strate. One can clearly separate the different spectra of
the layers. In the spectrum obtained with ‘the laser
excitation line 4, =4545 A, we see only the spectrum of
the top single AL, Ga, _,As layer. For this layer we find
x=0.15. The second spectrum with A, = 5682 A shows
also the LO mode of the GaAs layer (294cm™!) and a
stronger asymmetry of the Al Ga, _ As lines, which
indicates that the deeper Al Ga,_, As layer has a
higher Al concentration. The Raman lines of the two
deeper layers are observed because of the larger pene-
tration depth of the 1, =5682 A laser line.

If the Al content is higher, the separation of the
different spectra is more clear. This can be seen in the
lowest spectrum of Fig. 7, which has been obtained
with a 0.5um thick Aly.Ga, As layer on a GaAs
substrate using 4, =5145 X

' T . ' '
MBE MULTILAYER
Al B As-Gass-Al Ga, Ag
269
R 360, Ao=4B45A
2
c
3 [ —
g LO(GaAs}
Z 20=56824
2
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Fig. 7. Raman spectra of a three layer system Al Ga,_,As—
GaAs—Al,Ga, _ As obtained with two different laser excitation
lines. One clearly can separate the spectra of the different layers. As
shown in the lowest trace, the frequency separation is larger for a
sample with higher Al concentration. This specirum has been
obtained of a thin Al, ,Ga, ,sAs layer on a GaAs substrate

Concluding Remarks

It has been shown that Raman spectroscopy can be
used as a powerful technique to characterize thin
films. Even depth profiling can be done in a non-
destructive way. A detailed lineshape analysis might
lead to further information, for example, on defects
or inhomogeneous distributions of dopants and
impurities,

We want to emphasize that Raman scattering experi-
ments can be performed on very small spots on the
sample surface. Thus it is also possible to study all the
properties discussed in this work along the whole
surface with a spatial resolution of the diameter of the
focussed laser beam (a few pm2). This might be of
interest for technological applications, because it is-
often necessary to check the homogeneity of thin films
or layered structures for devices over the whole surface
area. One can also study, for example, specially grown
layers for opto-electronic couplers with variations in
composition, or the quality and/or carrier concen-
trations over large areas of samples used in semicon- -
ductor device technology. Therefore, Raman spectros-
copy, a technique so far mainly used in pure research,
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is also a versatile tool for sample characterization and
thus a useful technique in related technological areas.
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The wave vector dependence of coupled plasmon-LO phonon
modes is studied with Opaque Raman spectroscopy. The dis=-
persion of the coupled modes is directly related to the
wavevector dependence of the dielectric function of the
electron gas and is influenced by finite temperatures

and finite damping. The broadening of the wavevector due
to absorption is also important., These effects are ex-
plained with the guantum mechanical Lindhard dielectric
function for finite temperature including electron scat-
tering in the relaxation time approximation of Mermin,

It has been suggested that Raman
scattering by coupled plasmon-LO pho-
non modes in n-GaAs can be used to
study the wave vector dependence of
the longitudinal dielectric function
of the electron gas Ee(q,w)"z"'“. For

w > g v, + Hhig?/2m*, where g is the
scatterigg wave vector, v_ the Fermi
velocity of the charge cafriers and m*
the effective mass, the results are
well described to lowest order in g with
the Drude dielectric function includ-
ing a wavevector-dependent plasma fre-
quency. For w % qv,, + fig?/2m*, however,
this modified Drudg function does not
fit the observed spectra“+:%. In this
communication we present an experimental
and theoretical study of the wave-
vector-dependent Raman spectra cover-
ing the region w = qv, + fig*/2m*. The
finite temperature guantum-mechanical
expression of ee(q,w) was used. The

effects assocliated with finite electron
scattering times are described within
the relaxation-time approximation of
Mermin®. We find excellent agreement
between experimental and theoretical

results for a wide range of wavevectors
and carrier concentrations.

Raman spectra were ohtained at
various temperatures (3000K 2 T R 2%)
using both ion- and dye lasers in the
7525 R A_ a 4416 R range. This corres-
ponds to®a range of scattering wave vec-
tors q = 4nRen/\, varying from 0.6 x 10°*

em™! to 1.4 x 10% cm™?!, where n is the
wavelength dependent refractive index’.
The experiments were performed in back
scattering geometry on (100) surfaces.
In this geometry only longitudinal
modes are allowed by the selection
rules. The samples are single crystals
of GaAs with various dopants (Te,Se,Sn,
$1i) and carrier concentrations in the
range 1.8 x J0¢ 4 n £ 6.7 x 10'* cm™ 3,
Samples with n » 7 x 107 cm™? were
investigated most extensively. The sur-
faces were polished and etched with
an aqueous solution of NaOCl. The expe-~
riments have been done with the polari-
zation of the incident light along
y = (010) and that of the scattered
light along y = (0JO) or z = (001).

The x(yz)x spectra involve coupling
to fluctuations in the lattice polariza-

+Ptesent address: Max-Planck-Institut fliir Pestkdrpex-~
forschung, Hochfeld-Magnetlabor, Avenue des Martyrs,

38042 Grenoble Cédex, FRANCE

+*toresent address: Siemens Forschungslabor, Otto~Hahn-

Ring 6, 8000 Minchen 83
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703



704 COUPLED PLASMON-LO PHONON MODES Vol. 30, No. 11

tion (deformation potential and elec-
tro-optic scattering). This mechanism
is dominant away from the E_ + A_ ener-
gy gap (v 1.9 eV) and does Rot sBow
strong resonance behavior near the
gap?. The x(yy)x spectra, however, are
strongly resonant close to E_ + A .
These spectra involve the fl8ctua®ions
in the charge density as discussed
elsewhere?. The cross section of Raman
scattering by the fluctuations of the
lattice polarization of an opaque cry-
stal is given by*r10

az (h); - mZ)Z
Al awens anmensyy s v X
dldw (o w*) )
o0

1

dg’
ﬁ(al m)

4
_i Q-7+ gz ™

where w,, is the frequency of the TO
phonon, woz = wn2{(1 + C), with C_ equal
to the Faust—Hegry coefficient, g is
the wave vector of the excitation, o
the absorption constant of the crystal
for incident and scattered light and
e(g,w) the total dielectric function.
The integration over g' takes into ac-
count the wave vector non-conservation
which 1s associated with the absorption
of incident and scattered light in an
opaque crystal

The total dielectric constant can
be written in the following form:

w2 - w?

€ = Ecn mLz .y (&)2 + Ee(qpm) (2)
T

where wu. 1s the frequency of the LO-
phonon &nd €, the high frequency di-
electric constant. In the simplest

-
case a g-dependent Drude expression
can be used for g¢_(q,w). However, as
shown earlier®:5,"Landau damping, es-
pecially in connection with tempera—
ture and electron collision effects
play an important role. To describe
these effects we use the Lindhard-Mer-~
min dielectric function®

. (1+(1T/w) ) eg (F,whil) (
€ (q;'a)) = . e 3)
€ 1+(iﬂ/w)sg(q,m+ir)/52(q,o)

which includes the effects of finite
electron collision times T = (1/T) in
tge relaxation time approximation.

€ {(g,w) is the Lindhard dielectric
ffnction for finite temperatures (Eq.
3.3 of Ref. 12). Equation (3) was eva-
luated numerically for finite tempera-
tures.

Figure 1 shows the spectra in the
x{yz)x configuration for four different
laser frequencies (solid lines), i.e.
scattering wave vectors. In addition
to the two coupled plasmon LO-phonon
modes L, and L_ one cbserves also a

| T l i T T 77T
GaAs,n=77.10"7 cm3, T=80K
o L
A,=6764 A
q:059ﬂ06Cﬁﬂ
)
= A,=5682 &
, q= 087108
f
)
>
[
7]
& A.=5145 R
s q=102108cm’
Z
:
A=4765 R
q=1170%em™
i }
200 300 400
FREQUENCY SHIFT (cm™)
Figure 1

Raman spectra of n~GaAs in backscat-
tering geometry from a (100) surface
(80lid lines) at four different laser
excitation wavelengths. The dotted
lines are calculations of coupled LO
phonon~plasmon modes using the Lind-
hard-Mermin dielectric function of the
electron gas.

pure LO~-phonon mode at 295 cm .
This mode originates from the surface
depletion layer which is present at

a natural, air exposed (100) surface of
GaAs. It occurs strongly in the spectra
because the light penetration depth
ranges between 3000 and ~500 A. The
coupled mode spectra have been calcula-
ted using Eq. 1,2 and 3. The results
are given by the dotted lines. For A =
5682 R and ¢ = 0.55x10° cm ' the

best fit is obtained with the following
parameters: Fermi energy E, = 320 cm °®,
effective mass n" = 0.074 Eo’ electron
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damping I' = 58 em™ !, w_ = 185 em '. The
temperature in the exo@riment was V80 K
(3 56 cm '). Using these parameters we
have also calculated the spectra for
the other values of Xo, q and o, The
agreement between the calculated spec-
tra and the experimental data is ex~
cellent. The positions, the widths and
the intensity ratios of the L and L_
bands are reproduced very well by the
theoretical calculations. The value of
I' used in the calculations turns out

to be about 50% larger than expected
from the bulk mobility (3100 cm’/¥s).
This indicates either a wavevector
dependence of T' or that other damping
mechanisms like surface scattering

are important.

Figure 2 displays the peak posi-
tions of the L_ and L _bands obtained
as discussed above for a wide range of
scattering wave vectors. The solid
lines represent the frequencies of the
peaks in the calculated spectra ob-
tained using for the absorption co-
efficient in Eq. (1) the same values
as in Ref. 8 (typical valueg are G =
1.3x10" em™ ! for A, = 7525 X and a =

GaAs. na?7x10 V cri3
400}

o

]

£

"/

[

L

I

& 300

G

-

L

=

g 2

hq
£ 200 Vet ome
1 1 1
4] 0Ss 1.0 1.8
SCATTERING WAVEVECTOR (10%rmi1)
Figure 2

Dispersion of the peaks in the Raman
spectra of coupled plasmon-LO phonon
modes of n-GaAs. The so0lid and dashed
lines are calculated as described in
the text, the dots represent the ex~
perimental results.

COUPLED PLASMON-~LO PHONON MODES

2x103% cm™! for Ao = 4579 R). The
solid lines fit Very well the expe-
rimental points in Fig. 2. The dashed
lines in Fig. 2 were obtained from the
spectra calculated with a small, wave-
length independent o« = 1.3x10"° cm .
They do not show the downward bending
of L, observed experimentally and in
the falculated solid line. This ana-
lysis thus shows that the bending is
related to the strong absorption
which allows coupling to a range of
wavevectors including small ones. For
these small wavevectors L, is statlo-
nary and the coupled modes are sharp.
Thus in the limit of very strong ab=-
sorption a peak appears at the fre-
quency of L+(q=o). This is the origin
of the observed bending in L, for in-
creasing g which bears no reiationship
to the reentrant dispersion relation
reported by Lemmens et al.'?. In fact
we find no evidence for such a dis-
persion relation in our calculated
spectra for a << q (dashed line in
Fig. 2).

We have also measured and calcu-
lated_the scattering spectra in the
x{yy)x configuration. The L,and L_ -

peak energies differ only slightly
from those shown in Fig. 2. The d4if-
ference is due to the fact that in
this case p_ must be replaced by UL
in Eq. 110, % he effect is to lower the
L_ band by = 10 cm ° and to raise that
of L, by ~3 cem™,

We have also calculated the L, and L_
spectra for higher carrier concentra-
tions. A comparison with the experimen-
tal results for three different samples
is shown in Fig. 3. With increasing
carrier concentration the depletion
width becomes smaller, a fact which is
reflected in the decreasing intensity
of the LO phonon mode. At these high
concentrations (n >10'* em ™) the L_
mode is a screened LO phonon while the
L, mode is plasmon-like. The calculated
spectra are in very good agreement with
the experimental data throughout the
wide range of carrier concentrations.
The only free parameter used in the
fitting procedure is the electron damp-
ing r. The Permi energy EF and the ef-

fective mass m*;are calculated from the
known carrier concentration and the
band structure of GaAs (including non-
parabolicity). @ was fixed to the
value obtained ffom the fit of the

q = 0.87x10° cm spectrum of the
sample discussed above (185 cm™').

In conclusion, the Lindhard-~
Mermin dielectric function explains
well the dispersion effects and line-
shapes of the coupled mode system in
n~GaAs. This function gives a better
description of the experimental data
than either the Drude or the simple
Lindhard expression. To our knowledge
this is the first time that the relaxa-
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L GoAs,T=80K, XA =515A, xlyz) %
n=195x10% cm-3
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Figure 3

Raman spectra similar to Fig. 1 for
three different carrier concentra-
tions. The dotted lines are the calcu~
lated spectra.

tion approximation of Mermin has been
used to describe the degenerate elec-
tron system in semiconductors. The
shape of the spectra is shown to de-
pend strongly on the absorption coef-
ficient in the region of strong ab-
sorption. This effect ocbscures the
possible influence of an additional

1481 (1974).
Comm. 16, 221 (1975).

21, 959 (1977).
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surface scattering mechanism on the ob~
served spectra.
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Large resonance enhancements in the inelastic light scatter-
ing intensities involving free carriers have been measured
at the Eg + 8o energy gap of n+-GaAs.

Results for spin-flip single particle excitations are well
described as unscreened intraband scattering involving the

I', valence band as intermediate state. The resonance of the
Ianitudinal plasmon-phonon coupled modes indicates the
contribution of other so far not fully identified processes.

In this paper we report a detailed
study of the resonance enhancement of
Raman scattering by the single particle
and collective excitations of the elec-
tron~gas of a degenerate semiconductor.
These experiments made it possible to
investigate the light scattering me-
chanisms involved. The E_+A energy gap
of n-CaAs was studied befaufe an en-
hancement of mechanisms involving
carrier~density fluctuations (either
spin or charge) is expected in its
neighborhood!+2, The non-degenerate
character of this gap, in contrast to
the E_ gap, simplifies the theoretical
treatfent. This energy gap is also con-
venient because the relatively weak
luminescence does not obscure the Raman
scattered light. Enhancement of the
scattering by free carriers near reso-
nance, in the qualitative fashion cha-
racteristic of the pre-dye-laser era,
has also been reported by Scott et al.?
for ¢dS and for GaAs by Pinczuk et al.".

We find that scattering by the un-
screened single particle excitations is
well described by the carrier~density
{in this case spin-density) mechanism.
On the other hand, the results for the
longitudinal collective modes indicate
a substantial contribution of processes
other than carrier density fluctuations.
In agreement with a recent estimate?,
the resonance scattering intensities are
large encugh to cbserve the excitations

of carriers confined to narrow inter-
face layers. The method could thus be
used to study the two-dimensional elec-
tron-gas which exists at AlGaAs-GaAs
heterostructures made by molecular beam
epitaxyS.

The n-GaAs samples investigated
were Te doped in the range 1x10!'® £ n
£ 6.7x10'* cg ~>. Raman spectra were ob-
tained at 80°K and 2 K with the 50 mW
output of dye lasers. The penetration
of the incident }light in the Eo + A,
re?ion is 3000 A, which for n'g
10'7 cm ™ is considerably larger than
the widths of the surface space charge
layers". We were thus observing scatter-
ing from bulk excitations. The most ex=
tensive studies were done on xz(100)
surfaces choosing for the polarizations
of the incident and scattered light
y2<010> and z:=<001> directions.

The selection rules for Raman
scattering by the electron-gas have
been reviewed by Mooradian® and Klein’.
The x(zy)x spectra are due to the scat-
tering by spin-flip single particle ex-
citations (spe) described by second-
order perturbation theory. The leading
process near E_ + A_ for a zincblende
type material ¥s shBwn in Fig. 1a. The
x(yy)x spectra are due to the L_ and L_
coupled plasmon-LO phonon modes through
third-order processes described by Figs.
ib and ic where the dashed line repre-
sents intraband transitions via the

+Guest scientist at the Max-Planck-Institut flr
Festkdrperforsctung during July-August, 1978
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(c)
Ol
®
@
(d) (e)

Fig. 1: Diagrams of the various Raman
processes discussed in this
paper. (a) single particle spin-
flip scattering, (b) and (c)
electron~-phonon collective ex~
citations (charge-density me-
chanism), (d) and (e) "Frdhlich
mechanism”, The dashed lines
represent the Fr8hlich inter=-
action of the longitudinal col~
lective modes. The numbers in
circles give the time order of
the processes.

Frthlich interaction of the carriers
with the longitudinal electric field of
the coupled modes. Both types of pro-
cesses just described require the pre-
sence of charge carriers and are thus
referred to as carrier-density mecha-
nisms. The coupled modes can also be
excited in the x{yy)x spectra by what
we shall refer to as the "Frbhlich me-
chanism”. This is described by Figs.

1d and le where the dashed line involves
the Frdhlich interaction. These pro-
cesses do not require the presence of
free carriers. If either deformation po-
tential or interband electrooptic
coupling®s? is used for step 2 (dashed
line), the coupled modes also appear in
the x(zy)x configuration.

We find that_near the E + A re-
sonance the x{z2y)x spectra afe bagically
the same as in Ref. 4, corresponding to
scattering by spin-flip single particle
excitations. The x{yy)x spectra show
near resonance the coupled longitudinal
modes and, at extreme resonance, also
scme scattering in the single particle
range*. Away from E_ + A, only scatter-
ing by the coupled fodes®via the phonon=
like deformation potential and electro-
optic mechanisms is observed!®. The re-
sonant x(yy)x spectra also show the
additional scattering in the frequency

range between the L_ and L _modes re-
ported in earlier work . We assign this
to coupled modes of large wavevector
made active by resonance Raman pro-
cesses in which wavevector conservation
breaks down. Unlike the case of InAs!?,
the surface space charge layer is not
invelved here.

In Fig. 2 it is seen that the re-
sonance enhancement of scattering by

' 1] ¥ 1 1 l LAL ¥ l L 3 )
P o« 1.897eV -
E Eo+Ao GaAs
E n=7x107cm3
§ or T=2K
€
.gl & SPIN-FLIP
18 e L, MODE
0.026eV ® L_MODE
g 0 —THEORY .
E
g8 st -
0 Ml O S W NN U S D SO |

1.85 1.90 195
INCIDENT PHOTON ENERGY (eV)

Pig. 2: Scattering intensity as function
of incident photon energy of
apin~-flip single ?article exci~
tations at 90 cm™' and the
coupled modes at 245 cm ! and
350 cm~!. The full line is the
£it with Eq. 3.

The spin-flip single particle excita-
tions has a narrow peak at an incident
photon energy hw, = 1.897 eV. Thus,
only optical 1nterb3nd transitions neaxr
the E_ + A_ energy gap need to be con-
sider8d in®the theory of this resonance.
The scattering efficiency, due to the
carrier-density mechanism, can be
written as'’ 2 2

dZR - - 2 92 nip /3m°l

Toan = legxeyirg wy T-exp(-8 x

T F(R)-£(k+q) ]

x |n(i)—nm1-1vl1

where w, is the scatteged photon fre-
quency, “wew,-u, and e(k,q) are the in-
traband lin&le particle excitation ener-
gies of electrons with wavevector %k ana
wavevector transfer q. E(k) are the E_ +
4_ interband energies at and vy theif
dimping, P//3 the interband momentum ma=~
trix element. r_is the classical ra-
dius of the eleftron and m_ the free
electron mass. £(k) is the®rermi di-

sle(k,q)~hw] (1
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gtribution function, B=1/kT and &, and

e, are the photon polarization veétors.
Because of the restrictions im-

pgsed by the Pauli principle, at T =

O“K the sum in Eq. 1 runs over an inter-

val g=0.7x10* em™! above the Fermi wave=~

vector which, for n=7x10'7 cm?, is k.=

2.75x10° ocm '. Thus, because the spin=

flip spe energies do not depend on

spin, an approximation to Eq. 1 is!?

a?r _ 2 a®n 1 "

didw "o 4we2 TE(kF)-hw1—1yfr

P2 2 "
[-ﬁ-n—] Imce(q.m) (2)
[=}

where € (E,m) is the electron-gas die-
lectric function and E(k,) ia the inter-
band energy at . The rgsonance en-
hancement of Fig. 1 is described by

L A (3)

2,2
(Ec'h“1) +Y

with A=25 (arbitrary units), E.=1.857 eV
and y=0.013 eV. This is in reagonable
agreement with Eg. 2: from the data of
Aspnes and Studna** and the conduction
and valence band structures of GaAs!s,
we calculate E(kF)-1.909 eV. We also

find that, for n=7x10!7 cn~!, the inte-
grated intensity of scattering by spin-
flip spe, for hy,=E., is % 7x10? times
larger than TO pﬁongn scattering i.e.,
dr/d2 = 7x10?%12210 * cm™ ! =
§x10°? cm™* !¢, This is in reasonable
agreement with the value 4x107% cm™!}
estimated using Eqg. 1 and 2 and the
sum rule for Ime (q,w)”. These rela-
tively large int@nsities indicate that
single-particle Raman scattering f§om
charge carriers confined to 50~100.
interface layers should be observable,
We may conclude that the carrier
dengity mechanism gives a good des-
cription of resonant Raman scattering
by spin-flip spe. However, Eq. 2 i3 a
first-order approximation, The fact
that the wavevector dg¢pendence of the
interband energies E(k) was neglected
in writing Eq. 2 is evidenced by the
snall differences found in the measured
line-~shapes for different incident pho-
ton energies near the peak in the reso-
nance enhancement as shown in Fig. 3.
Figure 3 also displays a fit of
the spin-~flip single particle line-
shape with the_ Lindhard-Mermin expres-
sion for Ime_(q,w)'’. The work of

Davies and Blum'!? suggests that this
expression should describe the spin-
flip spectra. In the fit of Fig. 2,
which is a rather good description of
the experimental results, we have used
a value of I'=58 cm™! for the electron-
gas damping parameter. This value of [
also yields a good fit to the line~
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Fig. 3: Rescnance Raman spectra by
spin~flip single particle ex~
citations for different inci-
dent photon energies, The full
line is a fit with the Lindhard-
Mermin electron-gas dielectric
function

shapes of the Raman spectra of coupled
longitudinal modes'®,

We can see in Fig. 2 that the re-
sonance enhancement peak of the coupled
modes has a width of 0.06 eV indicating
a more complex structure than that of
the spin-flip spe, possibly with two
components. At Nw,=1.90eV the integra~-
ted intensity of lpin-flip scattering -
is about four times larger than that
of the two coupled modes. The carrier-
density mechanism predicts, at the E
+ &_ resonance, a value of ~4.5., Al-
thogqh carrier-density scattering by
the coupled modes also has a resonance
at hm1=EG+nm",we estimate that its

contribution is about five times smal~
ler than the one at hy,=E.. Thus,

the larger width of thé cgupled mode
resonance indicates that other proces-
ses make an important contribution.

The term due to the Frohlich me~
chanism, as measured in undoped GaAs’,
is found to be too small to account for
these discrepanciea. However, at the E
+ Ao resonance of n-GaAs, the Frbhlich

mechanism is enhanced by the presence

of carriers which remove in part the

cancellation between the contributions

of the diagrams of Figs. 1d and te?0,

We estimate that this enhanced Frhlich

term is comparable to that of the car-

rier-density process of Figs. 1c¢ and 1d.
We have seen that there is evidence

of resonance processes which do not
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conserve wavevector. These are likely
to involve impurity-induced Raman scat-
tering by the coupled modes similar to
that proposed for LO phonons?!. Such
processes are described by fourth-order
perturbation theory in which electron-
impurity scattering is one of the in-
termediate steps. They make a substan-
tial contribution because the damping
of the intermediate optical transi-
tions is alsc determined by ‘the impurie
ty scattering of the electrons?!,

The results obtained from samples
with larger carrier concentrations
are similar to those just described.
The positions of the peaks in the re=-
sonance enhancements shift to higher
photon energies with increasing carrier
concentration. These shifts are largely
explained by the change in the Fermi
snergy of the charge carriersi?,

In summary, we have shown that at
the Bo + &4, Yesonance scattering by the

spin-flip single particle electron-gas
excitations of n-GaAs is well described
by the carrier-density mechanism. In
the case of resonance scattering by

the collective longitudinal modes the
contributions of additional terms, like
those due to impurity-induced resonance
processes and the carrier-enhanced
Fr&hlich mechanism, need to be further
considered. The light scattering by
both types of excitations is strong an
the carriers in interface layers 4100
wide should be observable.
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Inelastic Light Scattering from a Quasi- Two-Dimensional Electron
System in GaAs-Al,Ga;_,As Heterojunctions
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and
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Resonance enhanced inelastic light scattering from a quasi—two-dimensional electron
gas confined at the interface of abruptly doped GaAs/ -Al,Ga,_,As heterojunctions 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 Raman with the E,+4 energy gap of GaAs. Recently it
scattering from a quasi-two-dimensional elec- has been shown that at this resonance one can ob-
tron system which is confined at the interface of serve free-carrier excitations with electron den-
GaAs/n-ALGa,.,As heterojunctions. The experi- sities as low as about 1X10* em™*.* K has also
ments were performed in backscattering geome- been suggested that the resonance enhancement
try using an exciting lager frequency at resonance of the carrier-density light-scattering mechanism

1308 © 1979 The American Physical Society
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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.* 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 (100)
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 n=~1X10'" ¢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 GaAs 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'" em~3,

The Al concentration of the order of 20% 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. 1(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 +idtl of this depletion
layar depends on the car...r concentration,

At the GaAs/AlL 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

fi&)aei "'mkl'/h* (i""or 1’2:0-.)0

z ky

FIG. 1. (a) Energy-band disgram for abrupt GaAs/n-
Al,Ga;.,As heterojunction. The conduction-band behav-
lor at the interface is enlarged. ¢, €,, and ¢, denote
the bottom of the electric subbands in the one-dimen~
sional potential well. (b) Possible intersubband excita~
tion proceas 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 #, 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 €, — €, 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 uf 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,
Raman scattering of free carriers in GaAs has
been prover {o 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 E,+ 4,
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 €;, 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 intersubband excitations. The
frequency shifts of the observed peaks directly
correspond to the energy separation of the sub-
bands.

Figure 2 displays a set of Raman spectra
obtained of a GaAs/n-AL Ga,.,As heterojunc-
tion, The sample consists of a highly doped n-
ALGa,_,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 E,+4A, 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 ALGa,.,As (LO, and
LO,). 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 n =2x10' em™3% 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)? 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. Raman spectra in two scattering configura-
tions of a GaAs/n-Al, ,Gag goAs heterostructure at 7'
=2 K, The exciting laser frequency is Ay=6471 X (.2
eV). V, is the voltage applied across a Ni Schottky
barrier in backward direction. The voltage steps in
the spectra shown In b is AV =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).

around §- V=120 cm™!, where g is the scatter-
ing wave vector (~0.7X10° 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 ,,Ga, A8
interface.

This interpretation becomes more evident when
one studies the voliage 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 ¥,>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 ¥,, how-
ever, results in a shift of the band at 180 em™*
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,~1.2x10" em™2 at V,=0 V, This is
in reasonable agreement with the value estimated
from the doping level of the n-Aly ;,Ga, ,,A8 lay-
er and the barrier height at the interface (1,~1.5
X102 cm™?),

We have also studied samples with thinner
GaAs layers. For dg,,, <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,;
<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
em™?), 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 18 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 &, 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.
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At the interface of GaAs/n-Al,Gaj_ ,As heterostructures charge carriers are transferred
from the donors in Al,Ga;_,As into the conduction band of GaAs where they form a quasi-
two-dimensional electron layer. The carrier confinement at the interface is demonstrated by
Shubnikov-De Haas measurements, Resonant inelastic light scattering from the two-dimen-
sional electron gas is a direct measure of the subband splitting in the space charge layer. The
results are compared with recent self-consistent calculations.

1. Introduction

The large interest in the electronic properties of semiconductor surfaces and
interfaces have been motivated by the development of solid state electronics. Apart
from the technological importance, however, space charge layers are also very inter-
esting physical systems, Considerable work has been done during the past ten years
studying space charge layers which are created by a strong electric field applied pet-
pendicular to the surface of semiconductors (for example using a metal—insulator—
semiconductor arrangement) [1]. Natural inversion layers at the surface of certain
semiconductors can also be achieved by chemical treatments [2]. The quasi-two-
dimensional character and the possibility of varying the carrier density easily has
attracted both experimental and theoretical physicists.

Very recently it has been shown, that one also can achieve a natural channel of
charge carriers at the sharp interface of two semiconductors with different band gap
energies [3—5]. The GaAs/n-Al,Ga,_,As system has been studied most exten-

“sively. The band gap in Al,Ga,_,As is larger than in GaAs. It was found that the
potential barrier at the interface occurs mainly in the conduction band (~85% of
the total difference of the band gap energies) [6]. Therefore it is possible that
charge carriers are transferred from the donors of the Al,Ga;_,As layer into the
energetically lower conduction band of GaAs. The Al,Ga,_,As layer will be
depleted towards the interface, while the electrons are accumulated in the GaAs

* Now at Technische Universitit Miinchen, D-8046 Garching, FRG.
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Fig. 1. Four different possible space charge layers at the interface of two semiconductors with
different band gap energies: (2) n-accumulation, (b) p-accumulation, (c) n-inversion, (b) p-inver-
sion). The carrier confinement occurs in the semiconductor with the smaller band gap.

layer. Such a charge transfer is caused by the matching of the Fermi level of the
two materials at the interface.

In fig. 1, the behaviour of the conduction and valence band is shown schematic-
ally for four different types of interfaces. To achieve an n-channel, the barrier
height has to be large in the conduction band — (a) and (¢) in fig. 1. For p-type
channels a large discontinuity of the valence band potential is necessary — (b) and
(d) in fig. 1. If both materials are either n or p-type, an accumulation layer will be
formed — (a) and (b).-A change of the doping character from n to p at the interface
results in an inversion layer — (c) and (d). The examples (a) and (c) in fig. 1 are
typical for GaAs/Al,Ga,;_,As heterojunctions. In the present work, the electronic
properties of n-GaAy/n"-Al,Ga;_,As will be discussed. Such systems have been
studied using both magnetotransport and optical techniques.

2. Sample preparation and characterization

The samples are grown by molecular beam epitaxy [7]. They consist of a thick
Al,Ga,;_,As layer covered by thin GaAs layer grown successively on a nominally
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Fig. 2. First derivative of the transverse magnetoresistence a n-GaAs/n’-AlyGay_xAs hetero-
structure with the magnetic field parallel and perpendicular to the interface. The insert shows
the sample arrangement,

undoped or Cr* doped (100) GaAs substrate. The Al Ga,_, As layers have values of
x ranging from 0.18 to 0.56 and are intentionally doped either with Sn, Ge or Si.
The impurity concentrations are of the order of ~1 X 10'® ¢m™. The doping
source is tenminated abruptly together with the Al source. Sharp doping profiles at
the interface could be achieved only with Ge and Si impurities. Sn impurities show
a segregation at the surface and thus are smeared out into the GaAs layer. Because
of a “memory™ effect, however, the GaAs layer turns out to be slightly n-type even
with Ge and Si dopants. The growth temperature was 550°C. Ohmic contacts to the
layers have been prepared with In. The sample arrangement is shown schematically
in the insert of fig. 2.

In order to prove that a two-dimensional accumulation layer exists at the inter-
face, we have performed Shubnikov—De Haas measurements similar as reported
recently by other authors [4,5]. Fig. 2 shows the first derivative of the transverse
magneto-resistance of an n-GaAs/n"-Al,Ga,_As heterojunction at T=4.2K. In
this sample x =0.18 was determined by Raman spectroscopy [8]. The thickness
d(GaAs) = 1500 A. As shown in the insert the magnetic field / is applied perpen-
dicular to the direction of the electric current. The top curve is the result for H per-
pendicular to the interface. The oscillatory behaviour observed in this configuration
is periodic in (1/4). With magnetic field applied parallel to the interface these
oscillations disappear. This directly demonstrates the existance of a two-dimen-
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sional electron gas in the system. From the oscillation period we determine the elec-
tron concentration in the accumulation channel n, = 0.9 X 10'? cm™2,

With H parallel to the interface, we also find a weak oscillatory behaviour of the
magnetoresistance. Two periods can be extracted from the data. A careful study of
these oscillations show that they are independent of the orientation of the magnetic
field. Therefore they are probably caused by three-dimensional carriers in the
heterostructure sample. Evaluating the period at small fields (up to 8 Tesla) with an
effective mass of bulk electrons in GaAs (0.067 m,), we find a three-dimensional
carrier concentration #(GaAs) = 1.4 X 10'7 cm™3. From the coupled LO—phonon—
plasmon modes observed with resonant Raman scattering in the GaAs layer {3,8],
we determine n(GaAs) = 1.6 X 10'7 ¢m™. This is in very good agreement with the
value obtained from Shubnikov—De Haas oscillations. Therefore we believe that the
oscillation period observed at low magnetic ficlds is caused by the three-dimen-
sional electron gas in the top 1500 A thick GaAs layer.

The weak oscillations observed at high fields are also independent of the direc-
tion of the magnetic field. They are only present in samples with x < 0.30. An
interpretation of the data with m* = 0.067 m, leads to a carrier concentration of

=1.6 X10'® cm™. We assume that these oscillations are caused by carriers in the
Al,Ga; _,As layer. The effective mass in Al, Ga,_,As, however, increases with x
compared to the mass in pure GaAs. Therefore the actual carrier concentration
n(Al,Ga;_xAs) < 1.6 X10'® cm™ in the sample discussed. In thin Al,Ga;_,As
layers with x = 0.20 we find that the mobility is reduced only by about 50% com-
pared to GaAs layers with similar impurity concentrations. If the Al concentration
x > 0.30, the mobility probably is too small to observe Shubnikov—De Haas oscilla-
tions up to 20 Tesla.

3. Inelastic light scattering

A completely different method for studying the properties of GaAs/Al,Ga;_xAs
heterostructures and space charge layers is Raman spectroscopy. Resonant Raman
scattering has been used to study the single particle excitations of electrons in
n-GaAs [9]. Recently it has been proposed [10], and shortly after verified [3], that
the resonance enhancement of free<carrier excitations is strong enough to observe
inelastic light scattering from a two-dimensional plasma confined at the surface or
interface of a semiconductor. A possible scattering process is shown in fig. 3. In our
experiments the exciting laser line was chosen to be in resonance with the energy
difference of the conduction band and the split off valence band at the I-point of
GaAs. Because of the band bending in the space charge region the valence band is
smeared out. Therefore the resonance condition is fulfilled over a wider range of
energies. The conduction band is split into electric subbands in which the carriers
are bound perpendicular to the interface while they are free parallel to it. In our
highly doped samples (n(GaAs) = 1 X 10'? cm™>) the Fermi level lies already a few
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Fig. 3. Possible scattering mechanism for single particle subband excitations in the accumula-
tion layer. The valence band is shaded indicating the band bending towards the interface. The
conduction band is split into the electric subbands Eg and E. The hatched curve indicates the
conduction band in bulk GaAs. E'f is the Fermi energy.

meV above conduction band edge in the bulk. In fig. 3 two electric subbands Eq
and £, are drawn below the Fermi energy Er. As we will discuss later, the light
scattering experiments indicate the occupation of a second subband. Very recent
self-consistent calculations of the subband energies in such systems also find two
subbands below the Fermi energy [11].

The Raman experiments have been performed in back scattering geometry. The
set-up is shown schematically in fig. 4. The subband excitations were observed in
x(yz)x scattering configuration [3]. The selection rules for different scattering
mechanisms are discussed in ref, [10]. The samples could be cooled to T =2 K. The
exciting laser light was provided by a dye-laser pumped with an Ar” ion laser. The
back scattered light was analyzed in a double grating spectrometer together with
conventional pulse counting equipment.

As shown in ref. [3] it is possible to separate the signals of bulk carriers from the
scattered light of the accumulatoin layer by applying an electric field across a
Schottky barrier in a way to deplete the whole GaAs layer. Here we want to present
different resuits which also allow to separate the different contributions. In fig. 5 it
is shown how the Raman spectrum of the sample, discussed extensively in ref. [3],
changes with the laser excitation wavelength. For this sample, we find a carrier con-
centration of n, = 1.05 X 10'2 cm™2, The single particle excitation (labelled S.P.) of
bulk carriers can be observed only in a narrow region of laser wave lengths around
Ao = 6500 A. The subband excitation peak £ is observed in a much wider range of
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Fig. 4. Experimental set-up for inelastic light scattering in back scattering geometry. c.l. is the
collecting lense and p.m. the photomultiplier.

Fig. 5. Raman spectra of a GaAs/n-Al,Ga;_xAs heterojunction at different excitation laser
wavelengths. S.P. denotes the single particle excitation of the bulk carriers, £ ¢ is the subband
excitation in the accumulation layer.

excitation lines. As mentioned already, this is caused by the band bending towards
the interface, which smears out the valence band and thus also the resonance con-
dition. The subband excitation E¢ is found to be around 180 cm™ in this sample.
Another possibility to separate bulk scattering from interface signals is shown in
fig. 6. The Raman spectra of three essentially similar samples obtained with Ay =
6471 A at T=10K are shown. In the Al,Ga;_,As layer in these samples, x is
larger than 0.30, while the doping of the layers is like the samples discussed above.
The GaAs layers have thickness ranging from d(GaAs) = 200—1500 A. From Shub-
nikov—De Haas measurements in the samples with thicker GaAs layers we find a
carrier concentration n; = (0.4—0.5) X 10*? ¢cm™. The subband excitation peak lies
in the region 70—100 cm ™. In the sample with d(GaAs) = 1500 A we could observe
both the single particle excitations of the bulk and the subband excitation E,,.
With d(GaAs) = 800 A the natural depletion layer eliminates all except the accumu-
lation layer electrons. Only the subband excitations are observed. In very thin sam-
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Fig. 6. Raman spectra of three heterostructures with different thickness of the top GaAs layer.

Fig. 7. Energy separation F'yq versus carrier concentration. The points are experimentally ob-
tained from Raman spectroscopy and Shubnikov—-De Haas oscillations. The dashed curve is the
theoretical subband splitting according to ref. (11]. The dash-dotted line is the Fermi energy
assuming only one subband to be occupied and a non-parabolic effective mass.

ples, d(GaAs)=200 A, also the accumulation layer is depleted. Thus, no free
carriers could be detected.

In fig. 7 we have plotted the energy separations Eqq of five different samples as
measured with Raman spectroscopy against the carrier concentration in the
accumulation channel which were determined from Shubnikov—De Haas oscilla-
tions. £,¢ increases from ~9 meV at ng=0.4X10'? cm™ to =23 meV at ny =
1.05X10'2 cm™2, These values are smaller than the Fermi energy Ey calculated
from the carrier density ng and the effective mass of bulk carriers in GaAs. The
dash-dotted line in fig. 7 is the result for £y assuming only one electric subband to
be occupied. The effective mass was varied with ng as estimated from the non para-
bolicity of the conduction band in GaAs. If only one subband is occupied, the mea-
sured value £,q should be about equal to £.. The fact that the experimental points
fall below the Fermi energy indicates that a second subband is occupied in the
accumulation layers. Bangert and Dihler [11] recently have performed self-consis-
tent calculations of the subband energies in such systems. They also find a second
subband to be occupied. Their results for the energy separation E | is given by the
dashed line in fig. 7. It agrees very well with the experimental points.

This good agreement, however, might be fortuitous. The experimental results are
obtained from various samples with different barrier heights at the interface
(0.18 € x £ 0.56) while in the calculations a fixed barrier height of 350 meV was
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used. The second subband could not be observed in our Shubnikov—De Haas mea-
surements. An occupation of a second subband, however, also means that the total
density of carriers in the accumulation layer is larger, the experimental points have
to be shifted slightly. Nevertheless there seems to be strong evidence that a second
subband is occupied in the accumulation layers of GaAs even at very small electron
densities.

In summary, we have shown that inelastic light scattering is a useful technique to
study accumulation layers confined at the interface of GaAs/Al, Ga,_,As hetero-
junctions. The subband splitting determined with such measurements will not be
obscured by effects of dielectric screening like in direct infrared absorption experi-
ments. However, it is not yet clear to what amount excitations with finite wave
vector parallel to the interface play a role in the linewidth and position of the
observed peaks. Such excitations might be induced by the relatively large number
of impurities present at the interface. The linewidth of the subband excitations are
relatively large and do not change much with temperature up to 7= 80 K. This
indicates an inhomogeneous broadening. Not yet fully understood is the behaviour
with applied electric field as discussed in ref. [3]. There is no clear correlation
between the applied voltage across the Schottky barrier and the decrease of the
carrier density in the accumulation channel. The shift of E,q to smaller energies
also needs further consideration. Another discrepancy is found in the actually ob-
served carrier concentration n, and the number expected from the barrier height
and the doping level in Al,Ga,;_,As. Some of the missing carriers probably occupy
a second subband. This, however, does not account for all, especially when the Al
concentration in the sample is large. We assume that interface states also play an
important role.

The few experiments discussed above show that it is possible to create a two-
dimensional electron system at the interface of two semiconductors and that such
systems can be studied with resonant inelastic light scattering. The obtained results
promise that this type of measurements will be applied to study electronic proper-
ties of various spacecharge layers confined at semiconductor surfaces and inter-
faces.
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Observation of Tunable Band Gap and Two-Dimensional Subbands
in a Novel GaAs Superlattice
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Luminescence and Raman measurements on a new type of superlattice consisting of
n- and p-type doped GaAs layers grown by molecular-beam epitaxy confirm crucial pre-
dictions of theory. A strongly tunable energy gap is found in luminescence. Raman ex-
periments provide the first observation of electronic subbands in purely space-charge—

tnduced quantum wells.

A combined analysis of the luminescence and Raman data yields

excellent agreement with self-consistent subband calculations based only on the design

parameters of the sample.

PACS numbers: 73.40.Lg, 78.55.Ds, 78.30.Gt

In this Letter we provide definite experimental
evidence for the validity and applicability of basic
ideas of a new type of artificial semiconductor
superlattice which consists of ultrathin n- and
p-type doped layers, possibly separated by in-
trinsic layers, of the same semiconducting ma-
terial (“n-i-p-i” crystals).! Compared with the
well-known compositional superlattices AlAs-
GaAs? or InAs-GaSb? these doped superlattices
exhibit novel electronic properties which result
from a very efficient spatial separation between
electron and hole subbands (indirect gap in real
space) by the periodic space-charge potential.
This separation implies recombination lifetimes
which may be increased by many orders of mag-
nitude over those of bulk material. Consequently,
large deviations of the electron and hole concen-
tration from thermal equilibrium are metastable
under weak excitation conditions. In addition,
the space-charge-induced superlattice potential
itself is strongly affected by a variation of the
electron and hole concentration, e.g., by photo-
excitation or carrier injection. The effective en-
ergy gap of a n-i-p-i crystal as well as the struc-
ture of the two-dimensional (2D) subbands should
thus no longer be fixed material parameters but
tunable quantities.

The n-i-p-i superlattice configuration used for
the present investigations was grown by molecu-
lar-beam epitaxy.* It consists of twenty n (Si)
and p (Be) doped GaAs layers with equal doping
concentrations n,=n,=1X10'® cm~? deposited on
a (100) semi-insulating substrate. The individual
layer thickness is d,=d,=40 nm,

The concept of a tunable energy gap in this n-i-

864

p-i superlattice was first examined by photolum-
inescence (PL) measurements with the sample
cooled to 4.2 K, Various laser lines of a Kr*-gas
laser with either slit or point focus on the (100)
surface of the sample were used as excitation
source. Four PL spectra for A;=676.4nmas a
function of the excitation intensity I°* are shown
in Fig. 1. For high 7°*° the asymmetric PL spec-
trum approaches the direct—band-gap energy of
GaAs. A strong redshift of about 200 meV is
found with stepwise reduction of I*¢ down to val-
ues of a few watts per square centimeter, where
we reached the detectability limit of our experi-
mental setup.

In order to obtain direct information on the ex-
pected quantization and subband structure in this
GaAs n-i-p-f superlattice we additionally per-
formed resonant inelastic light scattering experi-
ments in backscattering geometry from the (100)
surface of the sample. This technique has been
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FIG. 1. Photoluminescence spectra of a GaAsn-i~
p-i superlattice withnp,=n, = 10'* cm”3 and d, = 4,
= 40 nm as a function of the laser excitation intensity.
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FIG. 2. Single-particle excitation spectra of the
studied GaAs n-i-p-i superlattice observed with res-
onant Raman scattering for different laser excitation
intensities.

successfully applied to study the 2D subband
structure in selectively doped n-Al,Ga,. As/GaAs
single heterojunction® and multi-quantum-well
structures.® The bare single-particle intersub-
band excitation energies are measured by the
spin-flip scattering signal which is polarized per-
pendicular to the exciting beam.” The laser ex-
citation line (A, =647.1 nm) was chosen close to
the E + A, gap of GaAs., The resonance condition
is fulfilled for electrons in the conduction band
but not for holes in the valence band. In Fig. 2
four Raman spectra obtained for different 7 °*¢
are shown, Two peaks sitting on top of the E,

+ 4, luminescence are clearly observed. These
peaks are interpreted as single-particle intersub-
band transitions of the photoexcited electrons in
the GaAs n-i-p-{ superlattice. With decreasing
1°*° the peaks shift to higher energies.

We now show that the observed shift of the PL
and the energetic position of the intersubband
transitions, both as a function of I*¢, are in per-
fect quantitative agreement with theory. The on-
ly input data for our calculations are the design
parameters n,, n,, d,, and d, of the GaAs n-i- .
p-1 superlattice investigated. The self-consistent
potential v,.(2) seen by a carrier moving in the
direction of periodic n- and p-type doping (z di-
rection in Fig. 3) is the sum® of a contribution
vy(2) due to the bare ionized impurities, the Har-
tree term v (z) of the mobile carriers, and an ex-

Ev * Vsc(z)

direction of periodicity z

FIG. 3. Schematic real-space energy diagram of an
n-i-p-i crystal. See text for explanation.

change and correlation contribution v,.(z) which
is treated in the local density approximation of
the density functional formalism. At a given 2D
electron concentration per layer n‘?, the electron
distribution n(z) is obtained from n(z) =3 °n,(®

x|¢, u(2)%. The subband wave functions ¢, ,(2)
are the self-consistent solutions of the effective-
mass one-particle Schrddinger equation for con-
duction-band electrons in the potential v,.(z). The
2D-carrier concentration n,,(z’ in the uth subband
is derived from the requirement of equal Fermi
level ¢, in occupied subbands together with the
condition 7n‘? =33 »n, (@, The hole distribution p(z)
is obtained to a good approximation by assuming
that the holes populate a narrow impurity band
above the valence subbands. This assumption cor-
responds to a cancellation of the acceptor space
charge - en ,(z) by holes within the central part
of the p-type layers and vanishing p(z) outside.
The band edges modulated by the self-consistent
potential v, (z), the quasi Fermi levels ¢, and
¢4, the subband energies E_ ,, and the wave
functions ¢, ,(2) fcr the lower electron subbands
in a n-i-p-1 superlattice are shown schematically
in Fig. 3. The situation shown corresponds to an
excited state of the crystal with ¢,>¢,.

The results of the calculated electronic struc-
ture of the studied sample are summarized in
Fig. 4 and compared with experiments. Figure
4(a) displays the calculated subband energies
E,, , and the electron quasi Fermi level ¢, as a
function of carrier concentration in the range
n¥=(1,5-4.0) % 10'? cm ™2, The hole quasi Fermi
level @, is assumed to lie in the center of the

865



VoLuME 47, NUMBER 12

PHYSICAL REVIEW LETTERS

21 SEPTEMBER 1981

excitation intensity I*“IWcm2)
1 10 10? 103 104

./
E;mJ
‘15 20 25
2-D carrier concentration n2110'%cni?)

E“ i
30 35 40

subband splitting
LmeV]

FIG. 4. Variation of the energy gaps Ec, u—vp and
of ¢, —¢, (top part) and of subband spacings E y=E.,
—E.,, (dotted lines in bottom part) vs carrier density
per layer as calculated self-consistently for the sample
investigated. Inset in top part: Comparison of calcu-
lated spectrum (shaded area) with the observed one
(Az=1799.9 nm) (full line). Bottom part: squares,
single-particle intersubband energies as determined by
Raman spectroscopy; heavy lines, calculated average
subband spacings.

narrow acceptor impurity band and is taken as
the origin of the energy scale. The strong.in-
crease of the energy gap E_ ,- ¢, reflects the
decrease of the amplitude of the self-consistent
space-charge potential v,.(2) due to increasing
compensation of the bare impurity space-charge
potential v,(2) by the mobile carrier potential
vyu(2)+ v, (2).

The luminescence of the GaAs n-i-p-¢ super-
lattice arises from recombination of electrons in
the occupied conduction subbands with the holes
in the impurity band. The spectral range of pho-
ton energies is E, ,~¢,<hw<g¢,-¢,. The rela-
tive intensities of the contributions of different
subbands, however, increases strongly with the
index u because of exponentially increasing over-
lap between electron and acceptor band wave func-
tions. Therefore, an asymmetric, stair-shaped
luminescence spectrum is expected. As an ex-
ample the calculated spectrum is shown for n
=3.4X10'2 ¢cm™? as an inset in Fig. 4(a).

The total PL is expected to increase with n‘®,

866

also on an exponential scale, because of the in-
creasing overlap between electron and hole states
when v, (2) flattens (see Fig. 3). Together with
the stationarity condition it follows that the
steady-state PL exhibits a roughly logarithmic
blue shift as a function of increasing 1°*¢, The
high-energy edge of the experimental PL spec-
trum %w,, at a given 7°*° yields the value of
©@n= ¢,. Interms of our calculated results of
Fig. 4(a) the observed shift of the high-energy
edge of the PL between hw ,, =1.28 and 1.51 eV
corresponds to a variation of the steady-state

2D carrier concentration between n'¥=1,46 x 10'?
and 3.80X% 10'? cm ™2, The relation between %,
PL frequencies, and steady-state carrier concen-
tration was used to calibrate the carrier-concen-
tration scale with the experimental I ¢*¢ scale
(see top scale in Fig. 4). Indeed, a roughly loga-
rithmic relation between those two scales is
found.

For a comparison between the shape of the ex-
perimentally observed and the theoretical spectra
the experimental PL spectrum obtained with the
799.9 nm laser line is shown in the inset of Fig.
4(a). The theoretically expected steplike struc-
ture is not observed, but the width and the asym-
metric shape agree quite well with the theory.
The lack of the steplike structure is easily under-
stood as a consequence of inhomogeneous excita-
tion of different n-i-p-i layers caused by the lim-
ited penetration depth of the laser light. The ex-
citation intensity decreases by about a factor of
2 within the n-i-p-§ structure. Therefore, the
steady-state carrier concentration and, hence,
the PL energies decrease slightly from layer to
layer. In the total spectrum, which is the super-
position of all these contributions, the steplike
structure can no longer be detected.

For the detection of quantization effects in a
n-i-p-i crystal inelastic light scattering experi-
ments are particularly suitable for several rea-
sons. Inspection of Fig. 4(b) shows that the inter-
subband spacing E, ,.o~E. ,for A=1and 2is
much less sensitive to changes of n®, and thus
to inhomogeneous excitation, than the gap ener-
gies E_ , - ¢,. In addition, the contributions of
only a few n-type layers near the surface are
heavily weighted because the scattered light is
strongly absorbed if the photon energy is close
to the E, + A, gap of GaAs, Finally, the (nearly)
momentum-independent energy differences E_ ,,a
-E, , causing a (broadened) line spectrum are
more easily detected than a steplike structure in
the luminescence,
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In Fig. 4(b) we have plotted the observed sub-
band splitting as a function of steady-state car-
rier concentration which was determined from
the simultaneously measured PL signal. The
full lines in Fig. 4(b) correspond to the average
subband spacing E 5., and E 4., obtained by
weighting with the number of states participating
in the respective E, ,,o~E . , processes, The
excellent quantitative agreement between the
measured and the calculated intersubband spac-
ing, even over a wide range of carrier concen-
tration, leads unambiguously to the conclusion
that the photoexcited electrons in the GaAs n-i -
p-1i superlattice are populating 2D subbands.

The results of the photoluminescence and the
Raman measurements confirm the most crucial
predictions of the theory of n-i-p-i superlattices,
The observation of a strong shift of the lumines-
cence as a function of excitation intensity demon-
strates that introducing the concept of a tunable
indirect energy gap in real space is sound and
that even large nonequilibrium carrier concen-
trations are metastable. Inelastic light scatter-
ing definitely shows single-particle intersubband
excitations. This result is of special significance
as it represents the first observation of quantiza-
tion and 2D-subband formation in purely space-
charge-induced potential wells. It proves, in
particular, that the statistical impurity potential
fluctuations are so effectively screened by the
mobile electrons that they do not prevent the
formation of 2D subbands. Excellent quantitative
agreement of the observed variation of effective
energy gap and corresponding subband spacing

1

with self-consistent calculations of the n-i-p-i
subband structure is found over the full range of
carrier concentrations studied. The agreement
between theory and experiment demonstrates not
only that our theoretical approach is correct,
but it also proves a high standard of controlled
doping with sharp profiles accomplished by
molecular -beam epitaxy.
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Abstract

Resonant inelastic light scattering spectroscopy has been
used to study selectively doped GaAs-Al,Gaj.yxAs multi-
layers. Electronic single particle and collective inter-
subband excitations have been observed in the quasi two-
dimensional systems. The collective excitations are
coupled to the longitudinal optical phonon modes of GaAs.
The results allow a quantitative separation of effects of
dielectric screening on the electric subband splitting.

1. Introduction

Light scattering spectroscopy has developped to a versatile
technique in studying various properties of compound semi-
conductor heterojunctions and multilayer systems. The
electron and phonon spectra, measured in a non-destructive
way with high spatial resolution, provide information on
crystal orientation, carrier concentration, scattering
times and composition of mixed crystals (see for example
Abstreiter et al.1978). In superlattices successful at-
tempts have been performed to look for zone folding ef-
fects on the phonon spectrum (Colvard et al. 1980).
Electronic excitations in selectively doped GaAs-
Al,Gay.,As heterojunctions and multilayer systems have
been observed for the first time by Abstreiter and Ploog
(1979) and by Pinczuk et al. (1979a). Such experiments can
be used to get information on the electric subband ener-
gies and the effects of depolarization fields in two-dimen-
sional electron systems. The present publication contains
additional experimental work on these questions and
focusses on the differences of single particle and collec-
tive excitations in multilayer structures.

2. Background

In heterojunctions and multilayer systems which consist of
two different semiconductors with different band-gap ener—
gies, one can achieve two-dimensional electron systems
with very high mobilities at the interface or in the
layers of the semiconductor with the smaller band-gap

0305-2346/81/0056-0741301.50 © 1981 The Institute of Physics
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energy. In such systems tlhe large band gap semiconductor
is doped selectively. In the GaAs-Al,Gaj.,As system the
energy gap increases with increasing Al concentration.

The potential barrier at the interface occurs mainly in
the conduction band (Dingle 1975). Therefore charge car-
riers are transferred from the donors of the Al,Gai-xAs
layers into the energetically lower conduction band of the
GaAs layers. The Aly,Gat1-xAs is depleted towards the inter-
face, while the electrons are accumulated in the GaAs.

The two-dimensional character and the high mobility in
such systems has been demonstrated by St8rmer et al. (1979)
and Tsui and Logan (1979) using Shubnikov-de Haas experi-
ments.

In figure 1 the behaviour of the bottom of the conduction
band and the top of the valence band is shown schematical-~
ly for both a single interface and a multilayer system.

A energy

single interface multilayer

GaAs c

////’Qt:::::::::::-~___‘_’ ; 2
[} O p O

L5 N s KR

£ /| s

f//'/'

Al, Ga, As

—pz

Fig. 1: The variation of the conduction band (cb)
and the valence band (vb) perpendicular to the
layers is shown schematically. E,, Eq, E; are
electric subbands.

The accumulation layer at the single interface is similar
to space charge layers in metal-insulator-semiconductor
systems. The subband energies E,, Eqy, ... are determined
essentially by the number of carriers ng in the space
charge layer and have been calculated self-consistently by
Bangert and Dbhler (1979). The results agree well with
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subband splittings determined from light scattering experi-
ments (Abstreiter 13980).

In the multilayer system the potential well depends also
on the width of the GaAs layers. For layer thicknesses of
order or less than 100 X, the gquantum well structure plays
the dominant role. The subband energies are determined by
the rectangular potential well and the coupling between
the wells when a superlattice is formed. With increasing
layer thickness the band bending gets more pronounced, and
the subband splitting depends stronger on the carrier con-
centration in the layers. Mori and Ando (1979) have per-
formed extensive calculations of the subband energies for
an intermediate case where the layer width dgaas = 200 X
and the barrier height Vo = 300 meV.

Subband splittings in two-dimensional systems, especlally
in semiconductor space charge layers, have been studied
extensively using direct infrared absorption techniques
(see for example Koch 1979). The measured energy separa-
tion is known to be shifted away from the bare energy
splitting by two different mechanisms. There is an upward
shift caused by the screening of the excitation. This
effect is called the depolarization field effect and has
been pointed out by Chen et al. (1976) and Allen et al.
(1976). It describes the dielectric response of the thin
space charge layer to the electron hole excitation and can
be written as an effective plasma frequency wg perpendi-
cular to the layer. If we assume that only the lowest sub-
band is occupied and consider only the O - {1 transition,
the effective plasma frequency is then given by

¥ Bnnsez
where woy is the bare subband splitting, g, = 11.1, and
£11 is a Coulomb integral of the wavefunctions of the
two lowest subbands. The measured subband resonance is
then given by
*2 2 .2

- W + wp (2)

“ o1

01

The second effect which shifts the excitation energy down
is due to final state interactions of the excited electron
hole pair and is called exciton-like shift (Ando 1977).

As Mori and Ando (1979) pointed out, this effect should

be small in GaAs multilayer systems.

In the present work we want to demonstrate how resonant
inelastic light scattering experiments can be used to
determine the depolarization shift w$ . Inelastic light
scattering in two-dimensional electron systems has been
discussed theoretically by Burstein et al. (1979).
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Aenergy
single interface multilayer E,

E, =
EEQ EEO

b = e - - oo e e - - e - - o

cb

vb

—>k||

Fig. 2: Single particle scattering processes
in two-dimensional electron systems. The bands
are assumed to have parabolic dispersion in
the direction k, parallel to the layers.

In figure 2 single particle scattering processes are shown
for single interface and multilayer structures. An elec-
tron may be excited from the valence band to an empty sub-
band in the conduction band, while an electron from the
occupied ground subband E, recombines with the hole in the
valence band.

This type of excitation can be observed in a Raman experi-
ment as spin-flip single particle nxcitation. The two
electrons involved have opposite spin. The scattering
occurs via spin-density fluctuations which are not sensi-
tive to Coulomb interactions responsible for the depolari-
zation shift. Thus the measured excitation energy is equal
to the subband splitting wgy) Or wgz . Spin-£flip single
particle excitations are observed in backscattering from
(100) surfaces in crossed polarizations x(yz)x. The in-
coming light is polarized along y = (100) and the scatter-
ed light along z = (001).

From figure 2 it is also evident that the resonance con-
dition is much sharper for the multilayer system, where
the valence band states are quantized, too. At the single
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interface the valence band is smeared out towards the
interface, which broadens the resonance enhancement.

Similar to light scattering experiments in a three-dimen=-
sional solid state plasma, where both rescnance enhanced
single particle and collective excitations are observed
(Pinczuk et al. 1979b), one also can excite collective
intersubband transitions in the two-dimensional systems
using x(yy) %X geometry. The collective excitations involve
charge-density fluctuations and therefore are shifted by
the depolarization field effect. The measured frequency is
w81 . Thus it is possible to separate the depolarization
shift by measuring both spin-flip single particle excita-
tions and collective intersubband excitations in two-dimen-~
sional electron systems.

In polar semiconductors, like GaAs, the collective excita=-
tions, however, are coupled to the LO phonon modes (Bur-
stein 1979). The frequencies of the coupled intersubband-
LO phonon modes are determined by the zeros of the real
part of the dielectric function. Considering only the two
lowest subbands, the dielectric function may be written
in the following form:

2 2 .2
w, = W w

€ = & 3 5 + B (3)
wp - W woy = W

where wy and wq are the LO and TO phonon frequencies in
GaAs. For the coupled modes we obtain

2 1.2 2 -2) 1 2 2 2)2 _
wy 2(‘”01"“’L+“’p_ *2[(w°1+wx‘+wp)

1/2
2 2 2, *2
4 u°1¢u + &, W ]

P+ wpwp (4)

The measurement of the coupled modes w. and w, contains
the information on w2 . The two limiting cases

@wol << w«y and wo1 >> wp give the expected results
«w. = «8) and w4 = «§, . respectively.

3. Experimental

In the present work we have studied two GaAs/n-Al,Gaj_,As
multilayer structures which were grown using molecular
beam epitaxy. They consist of twenty alternating layers
grown successively on a semi-insulating (100) GaAs sub-
strate. Sample 1 has layer thicknesses of dgaag ™ dalGaas
= 200 . The Al Gay.yxAs layers have an Al concentration
X = 0.15 and are intentionally doped with Si. The doping
source was terminated abruptly but slightly earlier than
the Al source and turned on slightly after the AlyGaj.uAs
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growth had started. The d?ging level in the AlyGaji_yAs
layers (Np - Npa) = 2 x 10 em~3, while the GaAs layers are
kept as pure as possible ((Np - Np) =~ 5 x 10%em™3d) .
Sample 2 is very similar to sample 1 with the only differ-
ence that dgaas * dAalcaas = 300 .

The light scattering experiments were performed in back-
scattering geometry. The samples were mounted in the ex-
change gas chamber of a temperature variable cryostat
allowing a temperature variation between T = 4 K and 300 K.
For excitation of the electric subband systems, laser
emission lines of a2 Rhodamin 6 G and a Rhodamin 101 dye
laser were used. The energies of these laser lines are
close to the Eg + Ap energy gap of GaAs and fulfill the
resonance condition. The scattered light was collected and
focussed to the entrance slit of a Jarrel Ash double mono-
chromator with holographic gratings. The light was detec-
ted using conventional photon counting techniques.

4. Results

In figure 3 spectra are shown as obtained close to the
Eo + 4, resonance with sample_ 1. The spectrum x(yz)R
shows one main peak at 212 cm~! which is labelled wqq -
This peak is ascribed to the O = 1 spin-flip single par-
ticle intersubband excitation in the GaAs layers. The

1 1
= 200A

I 1
T«8K, dGaAs

Fig. 3:

Raman spectra of a
GaAs/n~AlyGaj-yAsS
multilayer structure
with dgapas =

da1Gaas = 200 &.

The laser excita-
tion line was Ag

= 6517 A. The

peaks labelled wg1t »
«. and w4 are
caused by elec~
tronic intersubband
excitations in the
multilayers.

x(yz)R

RAMAN INTENSITY (arb. units)

] [ | t
200 400
FREQUENCY SHIFT (crm')
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scattering intensity of this peak shows a sharp resonance
behaviour close to the Eg + Lo energy gap of GaAs. The
excitation energy agrees well with the subband splitting
calculated by Mori and Ando (1979).

The spectrum x(yy)% shows two bands w. = 229 cm~1 and

«w4+ = 308 cm~) and a sharp peak in between. The sharp peak
is identified as LO phonon mode of the Al,Ga,_,As layers
and is used to determine the Al concentration x = 0.15.
The «w- and w, bands show the same resonance behaviour

as the wop1 peak. We ascribe the two peaks to coupled
intersubband-LO phonon modes of the GaAs layers. From the
position of «_. and w4 we can deduce the effective plasma
frequency &3 . The best value which fits both frequencies
is «g = 12 em~1. For the evaluation of w® we use egua-
tion (4) and the bare subband splitting wgy = 212 cm™! as
measured in the x(yz)X configuration. This value of «gf is
a little smaller than the results of Pinczuk et al. (1980),
who performed similar experiments on a multilayer system
with somewhat higher carrier concentration and somewhat
smaller subband splitting.

Wy, (cm™")

Fig. 4:

The dependence
of the «, and
w- modes on
the subband
splitting woi .

] 1 ]
5 10 15 >

w2 (104 cm?)
01
In figure 4 the dependence of the «w- and w, mode on the

subband splitting wgq 18 shown. The carrier concentration
ng and the overlap integral £91 are assumed to be constant.
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At small values of wgq the w- mode approaches wg1 =

= («2, + «*)1/2, The w, mode is equal to the LO phonon
frequency. With increasing subband splitting w. bends
downwards and crosses the gy value at the TO phonon
frequency, while the w, mode bengﬁ upwards and approaches
w8y - The points at wpy = 212 cm mark the experimental
results of sample 1.

In sample 2 the results are somewhat different. The widths
of the potential barriers are 300 £. Therefore the subband
splitting wey is smaller than in sample 1. Actually in
the observed spectra it is difficult to detect the O = 1
transition because of a strong luminescence and Rayleigh
background at small frequency shifts. The nature of the
observed luminescence is not yet completely understood.

In sample 2, however, one clearly observes the wgp tran-=
sition in x(yz)% configuration. The frequency shift for
this excitation lies around 265 cm '. The linewidth and
the resonance behaviour is similar as for the wg1 band obser-
ved in sample 1. The x(yy)X spectra show two coupled modes
w- =263 cm~! and w,; = 320 cm~'. An interpretation of
these modes as coupled O = 2 intersubband LO-phonon modes
leads to an effective plasma frequency 4»5(0 ~2) =

= 111 em~1.

In all the above evaluations we have neglected effects of
final state interactions (exciton effects), which is
reasonable, if they are much smaller than the depolariza-
tion field effects. If we assume, however, that the exci-
ton shifts are the same for single particle and collective
excitations, then the above analysis is still meaningful
even with sizeable exciton effects.

In summary, we have demonstrated that resonant inelastic
light scattering is a useful technique to study the sub-
band structure in space charge layers and multilayer sys-
tems and to evaluate depolarization field effects in sub-
band spectroscopy. Therefore it has some advantages com-
pared with conventional infrared subband spectroscopy.

At present we are working on various multilayer systems
with different well widths dgapgs, depths Vo, and carrier
concentrations ng to get a more complete picture on the
depolarization shifts and their dependence on the subband
eplittings and Fermi energies. We also hope to apply the
light scattering technique successfully to metal-insulator-
semiconductor systems in order to compare the results with
infrared absorption and to shine light on the size of de-
poclarization shifts in various semiconductor space charge
layers.
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Periodic multilayer structures of GaAs exhibit new semiconductor properties such as
tunable effective band gap, long lifetime of photoexcited carriers, and quantization of car-
riers in space-charge-induced potential wells. We present a more careful treatment of the
high excitation regime, where the subbands broaden into minibands, than earlier self-
consistent calculations. Experimentally we have used photoluminescence and resonant in-
elastic light scattering measurements to study the subband structure. The luminescence
peak is found to shift with decreasing photoexcitation intensity far below the band gap of
GaAs. By comparing the peak position with the theory we determine the carrier concen-
tration. Resonant spin-flip single-particle excitations directly give the subband splittings
which are in good agreement with the theoretical results. At high excitation intensities,
the subbands merge and a quasi-three-dimensional behavior is found.

I. INTRODUCTION

In recent vears extensive theoretical and experi-
mental studies of artificial semiconductor superlat-
tices have been performed. Most of the work was
focused on the electrical and optical properties of
the compositional multilayer structures
Al Ga,_,As-GaAs (Ref. 1) and InAs-GaSb (Ref.
2). The introduction of the modulation-doping
technique’ has opened new possibilities, especially
in connection with the strongly enhanced mobili-
ties* of transferred electrons in such structures.
The progress achieved is due to the further
development of molecular-beam epitaxy as an ex-
cellent crystal-growth technique used for the
preparation of ultrathin semiconducting films of
different composition and/or doping.

Apart from these successful achievements in the
field of compositional multi-quantum well struc-
tures, extensive theoretical studies of a different
type of artificial semiconductor superlattice com-
posed of ultrathin n- and p-doped semiconductor
layers have been performed already by Dohler ten
years ago.* More recently,® Dhler has shown that
these new types of superlattices should have a
number of new properties such as tunable effective
band gap, long lifetime of photoexcited carriers,
quantization of carriers in space-charge induced-
potential wells, and tunable absorption coefficients.

26

The development of abrupt doping techniques in
combination with molecular-beam epitaxy recently
made feasible the growth of GaAs-doping superlat-
tices.” In these so-called n-i-p-i crystals the elec-
trons of the donor impurities in the n-type layers
are transferred in space to the acceptor sites in the
p-type layers. This results in space-charge poten-
tials perpendicular to the layers caused by the ion-
ized impurities. It is easy to calculate the space-
charge potential and the subband splitting in this
situation. The potential-well depth and the sub-
band energies depend only on the layer thickness
d, and d, and on the impurity concentration Np
and N,.

The first experimental evidence for the validity
of the basic theoretical ideas was the observation of
strong-absorption tails extending far into the gap
of the pure material.” The direct observation of a
tunable effective band gap and the quantization of
photoexcited carriers in space-charge potential
wells has been reported recently.?

In this work we present more extensive studies
of both photoluminescence and resonant inelastic
light scattering experiments of different GaAs-
doping superlattice structures. In Sec. Il we dis-
cuss the concept and theoretical calculations of
subband energies in such n-i-p-i crystals. We treat
more carefully than previous calculations® the
highly excited regime where effects associated with

2124 © 1982 The American Physical Society
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the finite-miniband width of the subbands became
noticeable. In Sec. I1I the sample characterization
and the experimental techniques are described.
The experimental results are discussed in Sec. IV
followed by some concluding remarks.

I1. MINIBAND THEORY

The theory of the electronic structure of n-i-p-i
superlattices has been developed by Dohler*® and
by Déhler and co-workers.*~'® When the superlat-
tice potential is deep, the electrons are strongly
bound to one layer and the superlattice potential
can be treated as a series of independent potential
wells in which the electrons behave quasi-two-
dimensionally. It is well known that the binding
of the electrons leads to quantization into subbands
with dispersion,

- #kj
E,,(k“)=E,+— ’ (N
2m
where f” is the wave vector parallel to the layers,
m is the electron effective mass, and the subband
bottom energies E, are eigenvalues of the one-
dimensional Schrodinger equation
2
—{;i;g.(z)+ V(2),(2)=E §,(2) , 2)
where V(z2) is the superlattice potential in one
layer. The potential consists of the potential from
ionized impurities and of the direct Hartree poten-
tial from the electrons themselves. Inclusion of ex-
change and correlation effects through the local-
density-functional formalism does not change the
results much.'” It was shown in Ref. 8 that the
calculated subband-energy separations agree well
with resonant Raman scattering measurements.

In this work we present a more careful treatment
of the highly excited case in which so many elec-
trons are created that states with energy near or
even above the top of the superlattice potentials are
occupied. In that case the two-dimensional nature
of the system is less pronounced, since electrons
can easily tunnel between the wells. We mention
that for the Al,Ga,_,As-GaAs superlattice such
states have been investigated by Ando and Mori."!
Our method of solution is quite different from
theirs, however, so we describe it in some detail
here.

The potential ¥(z) is a periodic function of 2,
V(z+d)=V(2), — 0 <2< o, where d =d, +d, is
the superlattice period, and we chose z=0 in the
middle of an n-type layer so that the potential is

also even V(z)=V(—z). For such a potential the
stationary states are a product of plane waves
parallel and Bloch waves perpendicular to the
layers. The Bloch waves ¥,,(z) have the form

U2 =up(2)e™ 3)
where n is a miniband index, k a wave vector in

the first Brillouin zone

mw m
—d<k<d,

and u,,(z) is periodic
Upi (Z)=uylz +d) .
The Bloch function satisfies the Schrodinger equa-
tion
R

—5 +V(2)

2 bl 2) =Ep (Wi (2) . (@)

Instead of solving this eigenvalue equation for a
given k we go the opposite way and choose the en-
ergy E. By direct integration starting from z=0
we construct two real solutions, ¥,(z) and ¥(2), to
the Schrodinger equation in the interval

_d_, . 4
2 <*<7-

We choose initial conditions ¥,(0)=0,§(0)=1 and
¥,(0)=1,¥5(0)=0.
Because of symmetry around z=0 we have

Pi(2)=—¢(—-2)
and
¢2(Z)=¢2( -2z) ’

s0 at the end points we have

{ooft]
_g],
]

—y {_

Pr1=¥

pi=vi [% ]=w'.
(5)

=g |9
P21=¥, 2

[S3E-W

pPr=¥2 l%
We then try to find a Bloch solution as a linear
combination of these two solutions:

uy(2)e™=a,¢,(2) +a,¥y(2) . 6
The periodicity of uy(z) applied at +d /2 leads to
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a homogeneous system of linear equations for a,
and a,,

pill g, +py(1—et)g, =0,

4]
pi(1—e*a, +p5(1+e*)ay =0,
which has a nonzero solution only if
el _odip b +pipt)+1=20, (8)

where we have made use of the fact that the Wron-
skian
WD) — P (2)= 1,

For |ppy +p2py | >2 this equation has purely |

w/d  dk

imaginary solutions for k, so that the chosen ener-
gy lies in a gap. For

[pip2+papi | 52

we have two symmetric real k values in the first
Brillouin zone, and from Eqgs. (6) and (7) we can
find the corresponding two Bloch solutions uy e’
and u, e —lkr

If we normalize so that

I8 o) | z=1, ©

the electron density is given by (for temperature
T=0K)

p(z)=-;";z"-2 I S (Er—Eu0IO B~ Eyk) | () |2 (10

where the Fermi energy Er is determined by the condition

w/d

md dk
N= - ? f_m 55 [Er—Ey(R)OEF —Ey(k))

and N is the areal density of electrons per lattice
period.

Having shown how we solve the Schrédinger
equation (4), we make the Hartree approximation
in the standard way, i.e., the lattice potential is
determined by solving Poisson’s equation

awv _

dz?
where Np(z) and N,(z) are the distributions of ion-
ized donors and acceptors and € is the permittivity
of GaAs. The Poisson and the Schrodinger equa-
tions are calculated self-consistently. Because of
macroscopic charge neutrality, acceptors in a suffi-
ciently broad region around the top of the potential
well will be neutralized to compensate for the
charge of the free electrons. The charge-neutrality
condition and symmetry secure that the whole
periodic lattice potential can be found by integrat-
ing Poisson's equation in one lattice period with
the initial condition d¥ /dz=0 for z=0. Com-
pared with the method of Ando and Mori!! the ad-
vantages of this method are that all calculations
are done in one well and that diagonalization of
matrices of high rank is avoided.

It should be mentioned that in practice we first
determine the miniband edges E,(k=0) and
E .k =n/d) by iteration. €=12.53¢, and
m==0.067m, have been used in the calculations.
In Fig. 1 we show some characteristic results in

2 _
.-f;[p(z)—zvp<z)+~,.(z)] , (12)

(1

f

a highly excited case. Contrary to the weakly ex-
cited case, where the potential well is almost para-
bolic and the subbands almost equidistant, we have
here a much shallower and more rectangular po-
tential. Consequently, the subband separation be-
tween the lowest two subbands is smaller than be-

- T——5_ & _
®
E 3 :
> 2 |
T
t

o __ |

° i 1 i R 1
300 200 W00 O 02 039
z(A) K (10%cm™)

FIG. 1. Results of theoretical calculations for a sam-
ple with d, =d, =40 nm and Np=N,=10"cm~*in s
highly excited case with a two-dimensional concentra-
tion of 3.75x 10" cm~2. Left side: self-consistent po-
tential ¥(z) and energy levels. The square of the elec-
tron wave function is shown for the lowest three sub-
bands. The widths of the minibands are indicated by
hatches. Right side: dispersion £,(k) in the direction
perpendicular to the layers.
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tween the next two subbands. Near the top of the
potential the wave function between neighboring
wells overlaps strongly and therefore the subbands
broaden to minibands with considerable dispersion
in E,(k) shown in the right part of the figure. For
energies sufficiently high above the top of the po-
tential the gaps become small and the electrons are
almost free in the direction perpendicular to the
superlattice layers also, so that we have a three-
dimensional almost-free-electron gas. The results
of this theory are compared with the experiments
described in Sec. 1IV.

1II. EXPERIMENTAL TECHNIQUES

The GaAs n-i-p-i structures used in the present
experiments have been prepared by molecular-beam
epitaxy. Twenty alternative n(Si)- and p(Be)-doped
GaAs layers were grown on a semi-insulating or
n *-GaAs (100) substrate. The doping concentra-
tion Np=N,=1x10" cm~? was the same for all
layers. The individual layer thickness (d, and d,)
varies from 20 nm in sample 2227 to 60 nm in
sample 2229. In the ground state we have
Npd, =N,d, which is the situation of the compen-
sated n-i-p-i crystal. The ground-state parameters
of the samples studied are summarized in Table 1.

In the ground state the periodic potential well is
parabolic, which results in an equidistant spacing
of the subbands. The effective-energy gap E,’“, ap-
proximately given by E; —2V, with E;~1.52 ¢V,
is the low-energy limit of the tunability of the opti-
cal properties of these structures.

In n-i-p-i crystals photoexcited electron-hole
pairs are separated in space and collected in the
respective doped layers. The Hartree potential of
free carriers is then added to the space-charge po-
tential of the ionized impurities which resulfs in an
increased effective-energy gap E:" and, conse-
quently, in a decreased well depth and subband
splitting. In order to study these effects, we have
performed photoluminescence and inelastic light

TABLE 1. Parameters of the studied n-i-p-i crystals
in the ground state. 2V, is the depth of the potential
wells.

d,=d, Np=N, 2V, Npd,
Sample {nm) {em=% (meV) {em-?
2227 20 1% 10" 144 2x 107
2228 40 1x10' 578 4x 101
2229 60 1% 10" 1300 6 101

scattering experiments as shown schematically in
Fig. 2. The samples were mounted in the exchange
gas chamber of a temperature-variable cryostat and
cooled to T~10 K. The photoexcitation was pro-
duced by the 647.1-nm emission line of the Kr*
ion laser. The power density was varied by several
orders of magnitude using attenuators and point
and line focus. The backscattered light was col-
lected and focused on the entrance slit of a Jarrel-
Ash double monochromator and analyzed and
detected with a GaAs photomultiplier tube and
conventional pulse-counting electronics. In the
used setup spectra could be obtained down to 1.35
eV where both our spectrometer and the photomul-
tiplier have their cutoff.

IV. RESULTS AND DISCUSSIONS

In order to obtain information on the tunability
of the effective energy gap and on the photoexcited
quasistable carrier concentration per layer, we have
studied the photoluminescence spectra of the three
samples using different excitation intensities. The
luminescence in excited GaAs-doping superlattices
arises from the recombination of electrons in the
occupied subbands with the holes which are as-
sumed to occupy a narrow impurity band centered
around the position of the acceptor levels in the p-
type layers. This assumption is reasonable in view
of the large difference of the effective mass of
holes and electrons. Also we find experimentally

Luminescence Ramon
Eceviz)

energy

direction of periwodicity 2

FIG. 2. Real-space energy diagram of an excited n-i-
p-i crystal. E, and E, are the conduction- and valence-
band edges, respectively, Ef is the Fermi energy in the
conduction band, E, is the acceptor level, and V(2) is
the superlattice potential. The Raman and luminescence
processes are shown schematically.
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that in homogeneously doped p-type GaAs (Be) the
low temperature luminescence remains relatively
sharp up to concentrations of X 10'* cm~? and is
mainly due to transitions from the conduction
band to the Be-acceptor levels.!> In homogeneous-
ly doped n-type GaAs (Si), on the other hand, the
system is already degenerate at donor concentra-
tions Np > 1% 10" ecm ™3,

In n-i-p-i crystals the excited electrons and holes
are separated in space. The recombination is due
to the overlap of the wave functions of the elec-
trons in the subbands or minibands with the
acceptor-band wave functions. At low excitation
intensities, this overlap is extremely small. Howev-
er, it increases exponentially with increasing carrier
concentration. In addition, the strongest overlap
occurs for the highest occupied subband. In the
quasi-two-dimensional case the density of states is
constant in each subband. Consequently, we ex-
pect a staircaselike luminescence line shape with
the high energy onset at Er — E,, where Ef is the
Fermi energy in the conduction band and E is the
energy of the acceptor impunty band. As dis-
cussed already in Ref. 8, the steplike character of
the luminescence has not been observed, which is
caused by the inhomogeneous excitation of the in-
dividual layers due to the limited penetration depth
of the laser light.

In Fig. 3 we show some photoluminescence spec-
tra of sample 2227 obtained with different excita-
tion intensities. The observed peaks are asym-
metric with a relatively sharp onset on the high-
energy side and a tail on the low-energy side. The
peak position shifts to higher energies with increas-
ing excitation intensity. At very high laser excita-
tion the peak approaches the band gap of GaAs
and the line is more symmetric. Similar results
have been obtained for the other samples. The red
shift of the luminescence peak for low-excitation
intensities is much stronger in the n-i-p-i crystals
2228 and 2229 which have a larger width of the
layers and, consequently, much deeper potential
wells at a fixed carrier concentration.

On the left-hand side of Fig. 4 we show the shift
of the luminescence peak for the three samples
versus excitation intensity. The experimental
points mark the inflection points on the high-
energy side of the luminescence lines. These values
correspond to the energy difference Er —E,. Us-
ing the calculations described in Sec. 1I, we can
now convert the laser-excitation scale to a carrier-
density scale N per layer. The theoretical resuits
for Ep—E,4 for the three samples are shown on the
right-hand side of Fig. 4. This figure is used to

T —T T Y T
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A =6471nm
T«10K

3000 wem'?
1000 wem'?

100 wem?
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" L 03 wem?
135 14 145 15 155

ENERGY ({eVv)
FIG. 3. Photoluminescence spectra of a GaAs n-i-p-i

superlattice with d, =d, =20 nm and N, =Np=10"
cm~? at different laser-excitation intensities.

determine the two-dimensional carrier concentra-
tion from the luminescence peaks. It should be
mentioned that at very high excitation intensities,
when the lines are more symmetric and approach
the GaAs energy gap, this method gives only a
lower limit of N.

In order to get direct information on the sub-
band splitting, we have performed resonant inelas-
tic light scattering experiments. This technique
has been successfully applied to study the subband
splitting of two-dimensional electron systems in
Al Ga,_,As-GaAs single heterojunctions'® and
multiquantum well structures.'* The relevant light
scattering processes in two-dimensional plasmas
have been discussed theoretically by Burstein
et al.® based on the theory of light scattering by
three-dimensional carrier systems. There have also
been some successful attempts made to observe
light scattering by photoexcited carriers in undoped
quantum well structures,'® as well as in pure,
homogeneous GaAs.'”'* Compared with n-i-p-i
crystals, however, the situation there is different
because the electron-hole pairs are not separated in
space. Consequently, their recombination lifetime
is much shorter. The photoexcited plasma in a
homogeneously doped or pure semiconductor is a
multicomponent carrier system which gives rise to
acoustic-plasma modes which have been observed
recently.'®

To observe light scattering signals of a quasi-
two-dimensional electron system it is necessary to
work under resonance conditions where the scatter-
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FIG. 4. Left side: measured high-energy cutoff of photoluminescence as a function of excitation intensity for the
samples 2227 and 2228. The behavior of sample 2229 is similar to that of sample 2228. Right side: theoretical depen-

dence of Ex—E, on the two-dimensional carrier density.

ing cross-section is strongly enhanced. The 647.1-
nm laser line used in our experiments is close to
the Ey+ A, gap of GaAs. At this energy gap the
resonance condition is only fulfilled for electrons
in the conduction band, but not for holes in the
valence band. It has been shown that at this reso-
nance both the spin-flip single particle and the col-
lective excitations of the carrier system can be ob-
served. Spin-flip single-particle excitations give
direct information on the subband splitting, while
the collective excitations have been used to study
the depolarization shift and the Coulomb matrix
elements in Al, Ga,_, As-GaAs multiquantum well
structures.'%2°

In Ref. 8 it was shown that spin-flip single-
particle excitations can be used to study subband
splittings in n-i-p-i crystals. The scattering process
is shown schematically in Fig. 2. For the Raman
experiments the inhomogeneous excitation due to
the imited penetration depth of the incident laser
light is not so important as for luminescence exper-
iments for two reasons: (i) the subband splitting is
less sensitive to the excitation intensity than the
effective-energy gap, (ii) the scattered light is
strongly reabsorbed, and consequently, signals from
the constituent n-i-p-i layers close to the surface
are heavily weighted in the spectra.

In Figs. 5—7 we show the experimental results
for the three studied n-i-p-i crystals. Spectra are
shown for several excitation intensities. The
dashed lines indicate the Eg+ A, hot-luminescence

background which is always observed in n GaAs.
On top of this background distinct peaks are seen
(marked by the arrows). In all samples these peaks
shift to smaller encrgies with increasing excitation

ENERGY SHIFT {cm™)
0__100 200 300 400 SO0 600

Sample 2227
A=6471nm
T=10K
zixy)2

3000 wem?

300 wem™?

100 Wem?

RAMAN INTENSITY (arb units)

10 wem?

010 20 30 %0 56 67 70
ENERGY SHIFT (meV)
FIG. 5. Single-particle light scattering spectra at dif-
ferent excitation intensities. The subband transitions are
marked by arrows. The dashed lines indicate the
Eq+ Ao hot-luminescence background.
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FIG. 6. Single-particle spectra at different excitation
intensities for sample 2228.

intensity. In some cases three peaks with approxi-
mately equidistant energies are observed. These
excitation lines are identified as A=1, A=2, and
A =13 intersubband transitions in the n-i-p-i layers.
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FIG. 7. Single-particle spectra at different excitation
intensities for sample 2229.

In Fig. 8 the positions of the subband excitations
are compared with the calculated splittings. The
full points mark the experimental results. The
crosses are the results of Ref. 8 obtained for sam-
ple 2228. With the use of the procedure discussed
above, the two-dimensional carrier density has been
derived from the luminescence experiments carried
out simultaneously with the Raman measurements.
The potential well is only an ideal harmonic oscil-
lator for extremely low excitation. For higher N
the subband splittings are not exactly equal.
Therefore, the solid lines in Fig. 8 show the theo-
retical results for the average subband splittings
A=1, 2, and 3. These have been obtained by
weighting the excitation energies by the number of
clectrons which can make the transitions. The en-
ergies calculated in this way are in excellent agree-
ment with the experimental results for all three
samples.

The arrows in Fig. 8 mark the carrier density at
which the Fermi energy according to the calcula-
tions reaches the top of the potential wells in the
conduction band. At higher electron concentra-
tions part of the carriers occupy states for which
the overlap of the electron wave functions between
neighboring wells is strong enough to broaden the
subbands into minibands with considerable disper-
sion perpendicular to the layers. At the same time
the mean subband distance gets smaller. This is
observed in the spectra at high excitation intensi-
ties. In sample 2229 {Fig. 7) the subband excita-
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20 - CARRIER DENSITY {0%em™®)

FIG. 8. Comparison of experimental subband transi-
tion energies with the results of self-consistent calcula-
tions. The dots mark our own experimental values, the
crosses are from Ref. 8. For carrier densities higher
than those marked by arrows the Fermi energy lies
above the top of the potential wells.
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tions merge at 3000 Wem ~? resulting in a broad
single-particle excitation band which is already
very similar to the results obtained for the free-
clectron system in GaAs.2' A similar broadening
and change in line shape is observed for the other
samples. At high-excitation intensities the pho-
toexcited clectrons in n-i-p-i crystals are therefore
quasi-three-dimensional rather than two dimension-
al. This is also the reason that the luminescence
line is more symmetric at high carrier concentra-
tions.

V. CONCLUDING REMARKS

In summary, we have shown that new types of
GaAs-doping superlattices definitely show the
predicted properties such as tunable effective band
gap and quantization of electrons in purely space-
charge-induced potential wells. The experimental
results obtained with three different types of com-
pensated GaAs n-i-p-i crystals are in very good
agreement with self-consistent subband calculations
which are only based on the design parameters of
the samples. In the calculation the effect of the
finite miniband width of the subbands was treated
more carefully. The spin-flip single-particle spec-
tra clearly show this broadening at high-excitation
intensities. The spectral line shapes change and be-
come very similar to single-particle excitations of a

three-dimensional electron gas.

We have also measured Raman spectra of collec-
tive excitations (coupled with LO-phonon modes)
which, in principle, allow the quantitative deter-
mination of the effect of resonant screening in the
electron system. With increasing excitation inten-
sity, however, more and more subbands are occu-
pied and the spectral line shapes become compli-
cated. At very high density, again a quasi-three-
dimensional coupled plasmon-LO-phonon spectrum
is observed. Thus the n-i-p-i system makes it pos-
sible to study the effects on resonant screening
concomitant with the continuous change from a
two-dimensional to a thee-dimensional system.

The coupled-mode frequencies have been calculated
recently.'” For a quantitative interpretation of the
collective coupled-mode spectra, however, more
theoretical work is necessary.
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INELASTIC LIGHT SCATTERING IN HOLE-ACCUMULATION LAYERS ON SILICON
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Hole-accumulation layers on silicon (100) are studied using resonant
inelastic light scattering techniques. The observed intersubband transitions
are in good agreement with Hartree calculations of Bangert and with
recent infrared absorption experiments. The width of the spectra can be
explained qualitatively using the nonparabolic & dispersion of the

individual subbands.

IN RECENT YEARS electric subbands in silicon space
charge layers have been studied extensively using spec-
troscopic methods [1]. Compared to parabolic electronic
subbands the structure of hole subbands is considerably
more complicated. In the effective-mass-approximation
the subband energies are derived from the Luttinger—
Kohn --Hamiltonian taking spin--orbit interaction into
account. The six p-like valence bands are mixed by the
surface electric field. As a result of the interaction of
electric field and spin coupled to the orbital angular
momentum each subband splits into two branches for
finite k; (see Fig. 1). The dispersion of each branch is
nonparabolic and depends on the direction in ky-space.
Because of these complications only a small number of
spectroscopic studies on hole subbands have been carried
out so far.

Inter-subband transitions of holes on (100) surfaces
have been observed already several years ago using far-
infrared (FIR) absorption techniques [2, 3]. The sub-
band structure was calculated by Bangert et al. [4, 5]
and independently by Ohkawa and Uemura [6]: The
calculations have been performed in Hartree approxi-
mation up to a hole density of 10'* cm™2. The Hartree
energies of both groups do not agree very well.

The FIR absorption experiments of [3] were
restricted to densities below 10'* cm™? where they are
in surprisingly good agreement with calculations of
Ohkawa [7]. which include many-body effects. In both
theories, however, depolarization shifts are not taken
into account. For higher densities recent absorption
experiments [8] support the Hartree calculations of
Bangert {5].

In the IR absorption experiments mentioned above
[2. 3. 8] the excitation energy was fixed. To match the
resonance condition the subband splitting had to be
changed. This was done by changing the surface carrier
density n, via the gate voltage using a metal—oxide—
semiconductor capacitor arrangement. The resulting

absorption spectrum is a complicated function of n,.
Consequently it is difficult to obtain exact information
on lineshapes and linewidths.

In general more direct spectroscopic information
can be extracted from excitation spectra as a function of
energy. Recently inelastic light scattering has proven to
be a useful tool for the investigation of electric subbands
in various semiconductor structures [9 -11]. The relevant
light scattering processes in two-dimensional carrier
systems have been discussed theoretically by Burstein
et al. [12]. In order to observe light scattering signals of
a two-dimensional plasma, it is necessary to work under
resonance conditions where the scattering cross-section
is strongly enhanced. In GaAs the £y + 4, direct optical
gap has been used to study both single particle and
collective intersubband excitations [13, 14]. For holes
in silicon, the resonant energy is connected with the
direct Eq gap at k =0, which is about 3.4 eV.

In the schematic diagram of Fig. 1, the transitions
involved in a resonant two step scattering process are
shown. The k| dispersion of the hole subbands indicates
the non-parabolic behaviour (schematically according to
calculations by Bangert [5]).

In the present communication we report on the
observation of hole intersubband transitions on Si (100)
surfaces using a laser excitation line close to the £ gap.
The samples studied are large-gate-area MOS capacitors
fabricated on oxidized n-type Si wafers. The doping
concentration is 1 x 10" cm™ and the oxide thickness
approximately 2000 A. A semi-transparent NiCr gate
electrode has been evaporated on the oxide.

The 356.4nm (3.48 eV) emission line of a Kr” ion
laser has been used as excitation line. The experiments
were done in back-scattering geometry. The scattered
light is collected and focussed on the entrance slit of a
Jarrel—Ash double grating monochromator and detected
using conventional photon counting techniques. The
polarization of the scattered light has not been specially
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Fig. 1. Schematic diagram of subband structure and

inelastic light scattering process for holes in silicon.

E is the direct gap at k = 0. hhg, lho, and hh, denote
the lowest heavy hole and light hole subbands which are
filled up to the Fermi energy Ep. On the right the non-
parabolic heavy hole subband dispersion in ky = (k k)
space is shown schematically.

analyzed. However, the grating efficiency is such that we
observe mainly polarized (z(yy)Z) spectra (collective
excitations) [14]. Spectra have been obtained for various
gate voltages ¥, which determine the surface hole
concentration.

For the case of hole inversion layers an additional
contribution to the total surface charge comes from the
depletion of the donor states. In light scattering exper-
iments this field is partly screened by photoexcited
carriers. The decrease in depletion field results in an
apparent shift of the threshold voltage. This effect has
been studied by means of low temperature capacitance
measurements similar as described in [3]. For the intense
laser radiation used in our experiments we find an
increase in carrier concentration by as much as the total
depletion charge. Consequently we study quasi-accumu-
lation layers.

In Fig. 2 spectra are shown as obtained for different
gate voltages . i.e. different hole concentrations.

Vg =+ 1 V corresponds to flat band in the presently
studied sumple. No hole signal is detected in this spec-
trum. Below I S meV there is an increase in background
signal due to Rayleigh scattered light. At about 64 meV
we observe a strong mode caused by the (k = 0) optical
phonons of silicon. In the other regions the background
signal is flat and structureless, which means that signals
from the metal gate and from the oxide as well as second
order scattering in silicon are not important.

Applying a negative gate voltage results in additional

INELASTIC LIGHT SCATTERING IN HOLE-ACCUMULATION LAYERS ON SILICON

Vol. 44, No. §

200 LOO 600 833 e
T

T T T

n-Si (100}
T=5K
A=3564nm

RAMAN INTENSITY (arb. units)

S~
\wm\i;

20 60 00
ENERGY SHIFT (meV)
Fig. 2. Raman spectra of hole quasi-accumulation layers

observed for different gate voltages Vg. Vg=—10V
corresponds to n, = 1 x 10" cm 2.

scattering intensity in a relatively wide energy region.
The peuk value of this broad excitation line shifts to
higher energies with increase gate voltage (marked by the
arrows in Fig. 2). For ;> ~30V (n, >3 x10'?¢m™
(not shown in the figure) the width of the excitation
band increases drastically. For gate voltages larger than
—50V (n, > S x 10" cm™2) the peak disappears and we
observe a continuum up to more than 100 meV. We also
note that with the appearance of the broad surface hole
excitation band the intensity of the optical phonon
mode at >~ 64 meV decreases by as much as 107

The excitation lineshape is shown more clearly in
the difference spectrum of Fig. 3, where the spectra at
Ve=—25V(n,=25x10cm })and + 1 V(n, = 0)
have been subtracted. The difference corresponds
directly to the surface hole excitations. We observe a
peak at about 39 meV and a long tail to the high-energy
side. Similar lineshapes are observed throughout the
whole range of gate voltages.

In Fig. 4 we have plotted the peak values of the
difference spectra vs. carrier concentration. The dashed
vertical lines indicate the width at half maximum of each
spectrum. The asymmetry of the excitation bands for
n, S 3 x10"2 cm™? is evident. At larger n, a strong
broadening occurs. We also show the infrared absorption
results of [8]. In those experiments two fixed infrared
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Fig. 3. Top: Raman spectra obtained for n, = 2.5 x
10" em™ (a) and for zero density (b). Bottom: The
difference between (a) and (b) is shown. It corresponds
directly to the hole excitation lineshape.
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Fig. 4. Subband enesgies (k; = Q) vs. n, are shown for
the lower subbands. The zero point on the energy axis
corresponds to the heavy hole ground state hhq. The
solid lines tho and hh, are taken from [S]. Squares corre-
spond to infrared absorption peaks, circles mark maxima
in Raman scattering intensity (see text).

laser fiequencies have been used. The radiation was
polarized parallel to the surface, so that the resonance
positions are not affected by depolarization. Full squares
mark the absorption peak positions obtained in a sweep
of carrier density n, (inversion layer, depletion charge
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2.8 x 10" cm™?) using 30.2 and 44.4 meV laser energies.
For comparison, the bottom of the three lowest sub-
bands as calculated by Bangert [5] for (100) hole inver-
sion layers are shown, the depletion charge being 1.2 x
10" ¢cm™. As explained above the Raman scattering
data correspond to depletion charge zero, i.e. to quasi-
accumulation. Unfortunately no calculation for accumu-
lation layers is available. However, for high surface
charge density the contribution of depletion field
becomes less important. For a qualitative explanation
of the spectra we therefore will neglect the depletion
field.

It is possible to relate the lower subbands to the
heavy hole or light hole valence band by analyzing the
Bloch part of the total wavefunction. This identification
has been made by Bangert for the lowest three subbands
as indicated in Figs. | and 4. In Fig. 4 the zero point of
the energy axis is chosen to be the heavy hole ground
state energy (hho) at k= 0. The diagram suggests that
the observed hole excitation lines are mainly transitions
between the heavy hole ground state and the first
excited heavy hole subband (h#,). It should be noted,
however, that the calculations do not include many-
body corrections as well as depolarization shifts present
in the Raman experiments.

As mentioned already in the introduction the dis-
persion of each branch of subband is nonparabolic and
depends on the direction of k. This gives rise to a con-
tinuum of transition energies. In Fig. 1 we have marked
the range (E\yin. £max) for one branch of the heavy hole
subbands. If we neglect the dispersion of hh,, the width
of the hole excitation bands is expected to be pro-
portional to the Fermi energy. Since the band splitting
is more pronounced for higher carrier densities a further
broadening of the lines with increasing n, is expected.
Atn, ~ 2 x10'? cm™? the light hole subband begins to
get occupied adding scattering intensity especially on the
low energy side. This is in qualitative agreement with the
experimental results, which show relatively narrow, but
asymmetric excitation lines at small n, and an extreme
broadening of the bands for n, > 4 x 10'2cm™2, In order
to make a quantitative comparison, however, the disper-
sion and splitting of the different subbands in the whole
two-dimensional k-space up to k has to be included.
Such calculations are not yet available.

In conclusion, we have demonstrated that resonant
inelastic light scattering can be used to get information
about subband splittings and k; dispersion of hole sub-
bands on silicon surfaces. A more extensive study of the
hole subbands has to include the investigation of the low
energy regime where we expect light hole—heavy hole
transitions. In addition the polarization properties of the
scattered light should give information on resonant
screening.
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Resonant inelastic light scattering with incident photon energies close to
the £y + Ag optical gap in InP is used to study spin—flip single-particle
and collective intersubband excitations in surface accumulation layers. The
determined subband splittings and the depolarization shifts are compared
with self-consistent calculations. From the obtained results it is concluded
that the non-parabolicity of the conduction band cannot be neglected in
the evaluation of the subband energies especially at high carrier concen-

trations.

THE FABRICATION of electrically tunable metal—
insulator—semiconductor (MIS) structures using the
direct band gap material InP has attracted some interest
in connection with high-speed devices and optoelectronic
applications [1, 2]. Experimental results of the low
temperature electronic properties of space-charge layers
on InP have been published recently {3, 4]. Magneto-
transport measurements were used to study the mobil-
ity and the occupation of electric subbands in surface
accumulation layers. The subband energies have been
calculated selfconsistently by various groups [3, 5, 6).
Cheng and Koch [4] estimated the subband splitting by
analyzing carefully the occupation of two subbands as
observed by Shubnikov—de Haas oscillations. Their
results agree well with self-consistent Hartree calcu-
lations. So far, however, no spectroscopical investigation
of the energy separations has been reported.

In the present communication we present reasonant
inelastic light scattering data which yield direct infor-
mation on the electron energy levels as well as depolar-
ization shifts. The experimental results are compared
with self-consistent subband calculations which include
exchange and correlation effects in the density func-
tional formalism. The depolarization shift {7, 8] is cal-
culated explicitly using a two-level model. The coupling
of the subband system with longitudinal optical (LO)-
phonons in the polar semiconductor InP is also taken
into account.

Resonant inelastic light scattering has been used
successfully to study single-particle and collective inter-
subband excitations of quasi-two-dimensional electron
systems in GaAs heterostructures and doping super-
lattices [9—12]. Recently this technique also has been
applied to investigate surface accumulation layers in Si-

® Present address: Thomson—CSF, F-91401 Orsay,
France.

and InAs—MIS structures [13, 14]. The selection rules
relevant for the scattering processes involved have been
discussed by Burstein ef al. [15]. In order to observe
light scattering signals of a two-dimensional plasma one
has to work under resonance conditions where the
scattering cross-section is strongly enhanced. In GaAs
and InP it turns out that the Ep + Ag energy gap is the
most convenient optical gap for these conditions. At this
resonance direct optical interband transitions involve
carrier occupied states in the conduction band. Conse-
quently the carrier density scattering mechanisms are
dominant. Because of the mixed spin nature of the
corresponding valence band both, scattering via charge-
density as well as spin-density fluctuations are allowed.
They can be separated experimentally (depolarized and
polarized spectra) and are used to determine quantita-
tively Coulomb matrix elements.

The InP samples studied in this work were prepared
in a similar way as described in {4]. After the polishing-
etching procedure the fresh (100) surfaces of the p- and
n-type InP wafers were coated directly with an insulating
lacquer layer of thickness d; = 2 um. A semi-transparent
Ti or NiCr gate electrode has been evaporated on top of
this insulator. The MIS-capacitor arrangement was com-
pleted by putting electrical contacts to the backside of
the InP wafer and to the gate electrode. The samples
were then mounted in the exchange gas chamber of a
temperature variable cryostat and have been character-
ized using both capacitance- and magneto-transport
measurements. The electrical properties of our samples
were found to be very similar to those discussed by
Cheng and Koch {4]. In order to fulfill the resonance
conditions, inelastic light scattering experiments have
been performed using the 1.55 eV and 1.64 eV emission
lines of a Kr*-ion laser as well as the continuously tun-
able lines of an oxazine-dye laser. The laser beam of
power less than 100 mW was focussed on the sample
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Fig. 1. Resonant inelastic light scattering spectra of
InP-MIS structures. z(x, y)Z denotes the scattering con-
figuration in which spin—flip single-particle intersubband
excitations are observed. The arrows mark the deduced
subband splitting wg,. The collective excitations w_ and
w, as well as the LO phonons are observed in the paral-
lel scattering configuration z()v)Z.

with a cylindrical lens. The back-scattered light was
collected and analyzed using a double grating spectrom-
eter with conventional pulse counting equipment.

From the analysis of Shubnikov-de Haas oscil-
lations Cheng and Koch [4] find that the surface elec-
trons in InP are in accumulation subbands, even in
p-type samples. They conclude that the surface layer is
always n-type, which may be caused by the preparation
method used. In our samples we find the same behavior.
In light scattering experiments in addition one always
studies accumulation or quasi-accumulation layers
because of the screening of possible depletion charges
due to the photoexcited carriers. The experimental
results therefore must be compared with calculations
using negligible depletion charge.

In Fig. 1 we show resonant Raman spectra as
obtained from InP—MIS—structures. z and Z denote the
propagation directions of the incident and scattered light
normal to the surface. x and y are {110} and (1T0)
polarization directions of the light in the surface plane.
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We first discuss the crossed polarized spectra (z(xy)z)
shown in Fig. 1(a). With positive gate voltage a relatively
broad single peak is observed on top of a luminescence
background which shifts to higher energies with increas-
ing voltage or increasing surface carrier concentration.
The structure is absent below the threshold voltage. In
analogy to the results obtained in GaAs heterojunctions
(9. 10], this peak is assigned to the lowest spin--flip
intersubband excitation wqy, which represents the single-
particle energy separation.

In order to compare the measured subband split-
tings with self-consistent calculations a careful determin-
ation of the carrier concentration n, at each gate voltage
is necessary. To avoid shifts in the threshold voltage,
which are likely to occur in samples with lacquer insu-
lators under illumination, the positive bias voltage was
switched after each measurement for the same period of
time to negative voltages. Under similar conditions we
performed Shubnikov—de Haas experiments which have
been used to determine the carrier concentrations.

The subband energies have been calculated self-
consistently in the Hartree-approximation as in {6].
Contrary to the case of Si and to the calculation in [5],
we find only a small shift of the subband splittings to
higher energies when exchange and correlation effects
are included in the local density functional formalism,
The finite temperature has heen tuken into account
using the Fermi distribution function of the electrons.
This method has been applied in {16} to study tempera-
ture dependent effects in Si space-charge layers.

In Fig. 2(a) the calculated subband splitting wy; is
compared with the results obtained from the resonant
inelastic light scattering experiments. The energy differ-
ence deduced from Shubnikov—de Haas oscillations in
[4] is also plotted in the figure. There is good agreement
in the absolute values. The increase of the subband split-
ting with increasing carrier concentration, however. is
found to be smaller for the spectroscopical values than
predicted in the theory. This is somewhat contrary to
the excellent agreement between the subband splittings
obtained from the occupation of the subbands and the
calculations. One has, however, to consider that in both
the theory as well as in the evaluation of the subband
splitting from the measured occupancies of two sub-
bands a constant effective mass m* = 0.08m, has been
used for the surface electrons. Including nonparabolicity
of the conduction band in the analysis of {4} and in the
calculations, one obtains a smaller subband splitting
especially at high carrier concentration. The re-examin-
ation of the Shubnikov—de Haas data with an increas-
ing effective mass due to non-parabolicity yields good
agreement also in the slope of the subband splitting vs
n, between the spectroscopical light scattering results
and the magneto-transport experiments. The necessary
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Fig. 2. Comparison of the experimental results of sub-
band splitting and collective coupled modes with self-
consistent calculations. The points mark the spectro
scopical Raman results, the solid lines represent the
theory. The dashed line in (a) shows the results obtained
from magneto-transport measurements according to [4].
The relative error of the experimental values is given
approximately by the size of the points. The absolute
error may be larger by a factor of three both with
respect to N, and to the energy.

increase of the effective mass is in reasonable agreement
with the theoretical non-parabolicity of the conduction
band.

Measurements of the type just discussed in principle
allow the determination of final state interactions
(exciton-like shifts) which should be present in the
optical excitation spectra, but should be absent in the
determination of subband differences from transport
experiments. It causes a shift of single-particle excit-
ations to smaller energies. The effect, however, is
expected to be small in GaAs and InP. Due to the uncer-
tainties in the non-parabolic effective mass and in n,
this exciton-like shift could not be determined quantita-
tively.

We consider now the collective intersubband excit-
ations which are observed in the scattering configuration
2(yy)z [Fig. 1(b)]. The measured subband splitting is
known to be shifted upwards from the bare energy
splitting due to the so-called depolarization shift which
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describes the resonant screening of the excitation [7, 8].
If only two subbands are considered, the resonance is
given by woi = wjy + wp?, where wj = (8mn,e%/egoh)

X woyf11 is an effective plasma frequency perpendicular
to the surface layer and f;; is the Coulomb overlap
integral of the subband wave functions involved. In polar
semiconductors the collective excitations are coupled to
the LO-phonon modes resulting in two modes with
energies w; [15]. These coupled modes have been
observed in n-accumulation layers of InP as shown in
Fig. 1(b).

The measured energies w, and w. are compared
with calculations based on the numerical wave functions
of the two subbands obtained from the self-consistent
calculations discussed above. In Fig. 2(b) the calculated
bare subband splitting wg, is shown for comparison. We
note that the w_-mode is close to wg, for small values of
n,, while the w,-mode approaches the depolarization
shifted energy wq, at high n, , when wg; > wig. w-
crosses the bare subband splitting when wg; = wpg and
falls in between wyo and wyg for higher n,. This
behavior is also observed experimentally. From the
measured energy values of wg,, w,, and w_ one directly
determines the effective plasma frequency wp, and the
Coulomb matrix element fy, which can be expressed in
terms of a length. For n, = (1.55 + 0.10) x 10'2¢m™
we find wj = (21 + 1)meV and f;, = (3 £ 0.5) A. This
compares best with the theory using n, = 1.3 x
10" cm™2, where wp = 20.2meV and £, = 3.8 A. The
agreement between the calculations and the exper-
imental results is satsfactory taking into account that
the surface accumulation layer is approximated by a
two-subband system.

In conclusion we have demonstrated that reasonant
inelastic light scattering is an ideal method to study the
subband structure of surface space-charge layers in InP.
These are the first experiments where both spin —flip
single-particle excitations and collective intersubband
excitations could be studied in one system with a wide
range of tunability in n, and wg,. The depolarization
shift and the Coulomb matrix elements could be deter-
mined quantitatively.
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Abstract

The subband structure of hole space charge layers in Si is
investigated both theoretically and experimentally. The
subband energies and the k“-dispersion are calculated self-
consistently in the Hartree approximation. The results are
compared with measured subband excitations as obtained with
resonant inelastic light scattering techniques. Various
transitions are observed in a wide range of carrier concen-
trations on (100) as well as on (110) and (111) Si surfaces.
From the lineshapes and linewidths information on the k"-
dispersion of the individual subbands is obtained. By
analyzing the polarization of the scattered light we were able

to separate collective and single-particle excitations.



1. Introduction

During the past ten years many investigations have been
performed to study the electric subband structure of surface
space charge layers on various different semiconductors. Most
of the work is concerned with n-type accumulation or inversion
layers in Si (for a review see: Ando et al. 1982). Compared to
the more or less parabolic electronic subbands the structure
of hole subbands is considerably more complicated. The first
calculations of subbands in the case of degenerate valence bands
have been performed by Bangert and coworkers (Bangert et al.
1974) and independently by Ohkawa and‘Uemura (Ohkawa and Uemura
1975, Ohkawa 1976). Spectroscopic information has been obtained
using far-infrared spectroscopy (Kneschaurek et al. 1976,

Kamgar 1977). Those early laser absorption experiments were,
however, restricted to energies below 20 meV where they were found
to be in good agreement with calculations which include many-
body effects (Ohkawa 1976). Recently, there has been made some
effort to extend the FIR absorption experiments to higher
energies (Claessen 1981, Martelii et al. 1983). The new results
obtained for higher carrier densities are in surprisingly good
agreement with Hartree calculations. In the absorption experi-
ments the excitation energy was fixed, while the surface carrier
density Ns was changed via the applied gate voltage using a
metal-oxide-semiconductor capacitor arrangement. The resulting
absorption spectrum is usually a complicated function of Ns'

In general more direct spectroscopic information can be extracted

from excitation spectra as a function of energy. Recently



resonant inelastic light scattering has proven to be a useful
tool for the investigation of subbands in various semiconductor
structures (for a review see: Abstreiter et al. 1983). The

light scattering signals of two-dimensional plasmas are, how-
ever, only observable when one fulfills resonance conditions.
For holes in Si it has been shown (Abstreiter et al. 1982) that,
close to the direct E;-gap at k = O, the resonance enhancement

is strong enough to measure subband excitations.

In the present work we discuss results obtained in a wide
energy region for (100) as well as (110) and (111) surfaces
of Si. The measured subband separations are compared with self-"
consistent Hartree calculations. In section 2 we discuss the
concept of these calculations. After the description of experi-
mental details in section 3 the results are discussed on the

basis of our calculations.

2. Theorx

Our calculation of the hole subband structure for inver-
sion layers is based on the description of the degenerate
valence bands by Luttinger's (Luttinger and Kohn 1965) second-
order k-p-matrix. Although spin-orbit coupling in Si is weak,
it cannot be neglected, because the separation of 44 meV between
the upper two degenerate bands and the spin-orbit split-off
band is of the same magnitude as the electric subband separa-
tions. Further, the lack of inversion symmetry caused by the
surface electric field 1lifts the spin-degeneracy of the indi-
vidual subbands, and a modification of the subband dispersions
goes along with this. Experimental evidence for this spin-splitting



H-=

was recently found in p-GaAs space charge layers (St&rmer
et al., 1983) . Therefore the following é6x6-Luttinger

matrix represents the valence-band structure appropriately:

E, RsinS 0 0 o E =LK +M(K +K)

R-in E, T 0 0 in E, =LK MK+ K]

S T E -a - 0 Eg=LR’z +M(k’i+kf/ (1)
0 0 -a ER-ias R =Nkk,

0 0 ia Rein E, T S =Nkk,

a -ia 0 S T E T =Nkk,

with coordinates parallel to the [3001 crystallographic
directions. The subband states are then determined by the

following equations:

{H(kx,ky,-ig-z J+Viz)) Fis™ = SLNERD P (2)

v(z) = V1(z) + Vz(z)

Wizl = é—?g; gdz' §;iz' (Z Y [z") 2}

(3)

co oo occupied LA&.k}
2 - >R £
zie, (N~ Nad(z- ) z=4
Vy(z) =
0 z=224
ﬁ,kx,k,"z:o’ = 7:0',k,,k52=°°) =0 (4)

The z~axis is perpendicular to the silicon surface. H is the

matrix (1), where k, is replaced by -13/3z. Therefore (2) is



appropriate only for the (100) surface orientation. For the

two other cases H is transformed to new coordinate systems

to have the z-axls parallel to the (110) or (111) direction. The
wavefunctionxy labelled with the subband index i depends also on
the wavevector components kx’ ky. For the band-bending Vv(z) in
(3) there are two contributions. The first 1is the Hartree
potential from all charges of the occupied subband states,

and the second gives the contribution of Ny = Np ionized

donors in the depletion layer of thickness %. The boundary
conditions are given in (4). The calculation of the subband
states Ei(kx’ky)' qﬁ'kx'ky | from (2), (3), (4) is straight-

forward.

To get a matrix formulation for Schrddinger's equation, an

expansion in terms of orthogonal basis functions is applied:

\fi.kx.ky(r) =ei(k"x’kyy, t E Cs-, ‘5(2) u, (5)

=1 jet

The uzlare the Bloch functions at the zone center, and

Ta .
xj(z) = /ﬁw AI(G»Z-);-} (6)
is the normalized Airy function equipped with a stretching
parameter a. With help of this variational parameter the ex-
tension of the basis function can be related to that of the
potential to give a rapid convergence of series (5). Yi are
the zeros of the Airy function, such that the boundary condi-

tions of (4) are realized. During the calculation it turned out



that six basis functions (n = 6) are sufficient, L{f no more than
two subbands are occupied. Thus eigenvalues and eigenvectors

of 36-dimensional matrices had to be computed. According to

the k-p-perturbation thedry the operators 9/3z, z, 32/822 act

only on the vj(z),and the quantities:
GIYgIk> o Cilzlky | il Folk = <l 2Ik>-078,

are easily found by numerical integration. The calculation of

the matrix elements of the potential V1(z) is more lengthy:

z Z

Sdz'giz"g(z“) = — gdz’(z-z‘) Z )’k K, (z‘}l (8)
oo

V{z}-
EE o occupied
Qo

We insert the ansatz (5) and make use of the orthogonality

of the Ug:
n Z

2 n
Viz) = £ ) - Sdz"z‘z’ )v(z) (9)

Ego r=1 s=1

=y Zi a, (k,,KJ q: (Kx'Ky) (10)

occupied {Lxq

=Z L—(l"r’) 5 dK OIKY Z—ar_e(Kx.Ky>O::(Kx‘Ky>

E. (KpKY) A E €=1

which contains a sum over the occupied subbands (2:). a sum
over both spin-components Lz:) and an integratién on that
part of the 2~dimensional k-spzce, where Ei(k) > EF‘ The com-
ponents ajz of the eigenvectors are slowly varying functions

of kx and ky, such that only one point per Akx ° Aky
0.1 x 1(:)12<:m"2 had to be calculated to realize an adequate



interpolation. Furthermore, symmetry arguments permit to restrict
the computation to only 1/4 of the k-space in the case of
(110) surface orientation, to 1/8 for the (100) case,and to 1/12

for the (111) case.

The carrier concentration Ns determines the Fermi enerqgy

and the occupied areas in the two-dimensional k-space by:

E__—__ i E (2”}2 Sdk,,dky (11)

ied
oo E, (k,.k,) % E

Since the vj(z) are a fixed set of functions, V1(z) is deter-

mined by the gquantities Prs‘ Thus our calculation was done by
starting with an arbitrary set of these quantities, solving (2)
by matrix diagonalization for appropriate pairs of kx' ky to
get the subband energies Ei(kx'ky) and the eigenvectors

arl(kx'ky)' then E_ is obtained from (11) and a new set of Prs

F
from (10). After about 10 loops the ingoing and the outcoming

P s differ less than 0.1%.

The numerical calculations are performed for the case of
an inversion layer with ND - NA = 1015cm -3 ionized donors in
the depletion layer. At high carrier concentrations this gives
only a small contribution to the surface potential with negligible
influence on the subband energies. It, however, is an important
effect at low carrier concentration. The valence band parameters
used for the explicit calculation are (Dexter and Lax 1954):
L =-6.5%2/2n_, M = -2.7 %/2m, N = =7.3 4%/2n, 34 = 44 mev,
and € = 11.9 as dielectric constant of Si. In Fig. 1 the self-
consistent potential is plotted versus z for a carrier

12 -2

concentration of N. = 4.5 x 10 “cm and the (100) orientation.



Six subbands are indicated, two of which lie above the Fermi
energy and are populated by holes. By inspection of the
eigenvectors of these states, we tried to associate the subbands
with the valence-band branches. For the highest, the third, and
the lowest state it was possible to factor the wave-functions into
the same Bloch part and the envelope functions 1y3 shown in the
insert of Fig. 1. The form of the Bloch part indicates that

the states belong to the heavy-hole band. The envelope functions
represent a ground state and two excited states. For the other
three subbands such a factorization was not possible. The com-
position by the Bloch functions of the second level shows that
this state belongs to the light-hole band. For the fourth and
fifth subbands the inspection of the eigenvectors gives no
definite relations to the valence band branches. However, wve
will see later the experiments suggest that the fourth level

is related to the spin-orbit split-off band. The subband ener-
gies as a function of carrier concentration will be discussed

in connection with the experimental results in section 4.

In Fig. 2 we show the k"-dispersion of three subbands in
the direction [010]. In bulk-Si all states are at least two-fold
spin-degenerate, due to the inversion symmetry of the lattice.
Since this symmetry is lost, if the surface electric field is
applied, the spin-degeneracy is lifted within the subbands.

This can be seen for a special case in Fig. 2. Although spin-
orbit coupling is weak, a considerable splitting results. From
time reversal it follows that the states Ik,s) and ]-k, -é>
are Kramers degenerate (8 denotes the spin-variable). Thus

each branch of a subband is composed of an equal amount of both



spin-orientations. From Fig. 2 it becomes also clear that the
dispersion is quite different for the individual subbands.

In addition we find that it also depends on the direction of k”.
As we will see later, these properties of the surface valence
bands lead to extremely broad subband excitation lines for most

of the transitions, especially at high carrier concentrations.

3. Experiment

The samples studied are large-gate-area Si-MOS-capacitors
fabricated on oxidized n- and p-type Si-wafers. Three different
surface orientations have been used. The gate electrodes consist
of thin (~ 50 R) semi-transparent NiCr-films of an approximate
area of 7 mmz. The MOS-capacitor arrangement is completed by
putting electrical contacts to the backside of the Si-wafer
and to the gate electrode. The essential sample parameters are
given in table 1. V.

h
tivity. The gate voltage Vg is defined as (Va - h)' where Va is

is the threshold voltage for hole conduc-

the externally applied voltage. The induced surface carrier
concentration is obtained from Vg and the oxide thickness dox'
For the inelastic light scattering experiments the samples

were mounted in the exchange gas chamber of a liquid He flow-
through cryostat or on the cold finger of a liquid Nz dewar.

The laser beam was focussed onto the sample using a spherical
lense. The backscattered light is collected and analyzed in a
Jarrel-Ash double grating spectrometer. The experimental arrange-
ment is shown schematically in Fig. 3. For the detection of the
scattered light we used a GaAs-photomultiplier with conventional

pulse counting electronics.



Both parallel polarized (z(yy)E) and, by rotating the
polarization direction of the incoming light by 90 degrees,
also perpendicular polarized (z(xy)z) spectra have been ob-
tained. According to the selection rules (Burstein et al. 1980)
the z(yy)E spectra reflect the collective excitations of the
carrier system, while for the crossed polarized case one may
detect spin-flip single-particle excitation. In order to observe
light scattering signals of a two-dimensional plasma, it is
necessary to work under resonance conditions, such that the
scattering cross-section is strongly enhanced. The first experi-
ments of this type have been performed with excitations close
to the Eo + Ao direct optical gap of GaAs (Abstreiter and Ploog
1979, Pinczuk et al. 1979). Carrier occupied states are involved
in the relevant transitions. For holes in Si, the resonant
energy 1is connected with the direct Eé gap at k = O, which is
about 3.4 eV. In the schematic diagram of Fig. 4, the transi-
tions involved in a resonant two-step scattering process are
shown. The k“-dispersion of the hole subbands is also indicated.
We used the 356.4 nm (3.48 eV) emission line of a Kr' ion laser
as excitation line. This energy is close enough to the Eé gap
of Si in order to fulfill the resonance condition (Abstreiter

et al. 1982).

In light scattering experiments the depletion field is
partly screened due to the photoexcited carriers. The decrease of
the depletion field results in an apparent shift of the threshold
voltage. We have studied this effect by low temperature capaci-

tance measurements. For the intensive laser radiation used in



our experiments, an increase in carrier concentration by as
much as the total depletion charge is found. Therefore we
always study hole accumulation layers even in n-type samples.
This has to be kept in mind when comparing the experimental

results with the calculations.

4. Results and Discussion

In this section the various experimental results are dis-
cussed and compared with theory for each of the three surface

orientations studied.

4.1 (100)-Surface

In Fig. 5 a series of spectra is shown as obtained in the
z(yy)z geometry for different gate voltages vg. The sample
temperature was approximately 10 K. At Vg = +2 V, when no holes
are present at the surface, the Raman spectrum is quite flat
and structureless except for the increase at small energies due
to Rayleigh scattered light and the strong signal at about
65 meV caused by the optical phonons of Si. This top spectrum
shows that signals frdm the metal gate electrode and from the
oxide as well as second-order phonon scattering in Si are
negligible in the present series. Inducing a hole space charge
layer at the interface by applying a negative gate voltage
results in the appearance of additional structures in the
spectra. A relatively broad peak with its maximum at about
35 meV is observed for Vg = -8 V. With increasing negative
gate voltage this peak shifts to higher energies while it

broadens drastically. For V§ more than -30 V a more or less
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structureless continuum up to energies higher than 100 meV is
observed. These excitations have been observed already earlier
(Abstreiter et al. 1982) and have been interpreted as transitions
between the two lowest lying heavy-hole-like subbands. Not
observed previously was the very sharp line at about 10 meV
which shows up in the spectra for Vg more than -18 V. This
narrow peak also shifts to higher energies with increasing Vg,

concomitant with a slight broadening.

In Fig. 6 we show a series of spectra obtained with the
same (100) sample but for the z (xy)z configuration, where the
incoming light is polarized perpendicular to the scattered
light. Due to the mixed spin nature of the valence band wave-
functions one should be able to observe spin-flip single-par-
ticle excitations in this geometry. Both the broad structure
and the narrow peak, similar as for the parallel polarized
spectra, are observed. The arrows in the experimental figures
mark the maxima of the peaks after subtracting the trace
obtained without holes (dashed.lines). Here the narrow peak at
about 10 meV appears much weaker compared with the experiments

shown in Fig. 5.

The marked energies are plotted versus surface carrier
concentration Ns in Fig. 7. The solid lines represent energy
differences between individual subbands at k" = 0, obtained
from calculations as described in section 2. The sharp low
enerqgy peak lies close to the energy separation of the lowest
heavy- and light-hole-like subbands zo and ho. For low carrier
densities the experimental values deviate from the theory
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towards the low energy side. This is expected because the cal-
culations are performed for an inversion layer. The experiments
on the other hand are done for accumulation layers, where the

subband splitting wvanishes with N,—>O.

The energy peaks of the broad structure are clgse to the
separation of the heavy-hole~like subbands in agreement with
the earlier interpretation (Abstreiter et al. 1982). We have
studied the behavior of this broad excitation line to very small
carrier concentrations and find that the peak position does
not go to zero as expected for accumulation layers. Therefore,
we believe that at least part of the transitions are excitations
from the spin-orbit split-off subband system (s.o.) to the
heavy~hole ground state ho' In our calculations there exists
an unidentified subband close to the first excited heavy-hole
subband h1 (see Fig. 1). We have plotted the Ns-dependence of
this level in Fig. 7 and tentatively ascribe it to the difference
between the spin-orbit split-off subband and ho. It is found
to be in fair agreement with the experiment and 1t also lies

close to the bulk spin~-orbit splitting of 44 meV.

The depolarization shift m; can be extracted from the
observed differences in the spectra obtained with different
polarizations. The collective excitations are shifted with
respect to the spin-flip single-particle excitations to higher
energies. Considering only two levels this shift is given by

* *
(Allen et al. 1976) “012 = w°12 +w 2. The depolarization shift

P
is directly related to the Coulomb matrix-element, to the bare

energy separation Woqe and to the occupation difference of the
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two levels (Ng - N;). The experiments for (100)-surfaces

clearly show this shift. The analysis leads to a value of
w; N 20 meV. Because of the large width of the transitions the
exact determination of the depolarization shift is, however,

not possible.

As already mentioned, the lineshape and linewidth depend
not only on lifetime effects but are strongly influenced by the
different k"-dispersions of the individual subbands. Therefore
it is rather surprising that the light-hole heavy-hole tran-
sitions give rise to very sharp peaks with a half width as
narrow as 2 meV. Because of this small linewidth one has to
conclude that the two subbands involved have nearly the same
k"-dispersion. Inspection of Fig. 2, where the k"-dispersion
is calculated for one direction and one Ns, shows that the
lower branch of the lo subband 1s nearly parallel to the ho
subband. We believe that transitions between these two branches
are involved in the sharp line observed at low energies. To
observe such sharp lines it is, however, necessary that the
dispersion in all k"-directions is the same and that this
behavior holds for different Ns-values. The broad structure
on the other hand is composed of different transitions like

h, - h, and s.o.-ho which all exhibit strongly different k;-

1
dispersions.

4.2 (110)-Surface

Compared with (100)-surfaces the situation is more com-
plicated for (110)~-surfaces, because more subbands are involved

in the same energy region. Figs 8 and 9 display low-
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temperature spectra obtained in z(yy); scattering configuration.
Again the Raman spectra with no holes at the surface are indi-
cated by the dashed lines. At low carrier concentrations
structures appear, one relatively narrow peak in the energy
region between 20 and 30 meV (marked by the arrows in Fig. 8)
and a relatively weak and broad signal extending to energies
higher than the optical phonon line. With increasing negative
gate voltage the low energy peak shifts and broadens and finally
merges with the broad structure. A more or less continuous
background signal is observed further. These quasi-continuous
electronic excitations interact with the optical phonons, which
manifests itself in an asymmetric broadening of the one-phonon
line at about 65 meV. The effect is understood as a quantum-
mechanical interference of the continuum states with the dis-
crete energy state and has been analyzed recently in terms of
electron-phonon matrix elements (Baumgartner and Abstreiter
1983) . At even higher negative gate voltages a pronounced

difference occurs between the low and high energy wings of the

one-phonon line (Fig. 9). Apart from this quasi-continuum a new = -

weak structure appears at about 20 meV at high carrier concen-
trations. This peak is marked by the arrows in Fig. 9 and shows

only a weak dependence on the gate voltage.

In Fig. 10 the peak positions of the observed excitation
lines are plotted versus carrier concentration. The solid lines
represent the calculated subband separations. Experimental
results for crossed polarizations and for higher temperatures

are also included in this figure. For low carrier concentrations
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the broad band (see Fig. 8) at higher energies coincides with
the subband separation of the heavy-hole-like ground subband
and the spin-orbit split-off subband, which could be identified
theoretically in this case. The sharper peak at lower energies
on the other hand agrees well with the calculated energy
separation h1 - ho. The deviations at small Ns again are
explained by the vanishing subband separation for accumulation
layers. In both cases, however, there are other possible tran-
sitions close by like lo - ho for the low energy and h2 - ho
for the high energy peak. Such transitions may contribute to
the shape and width of the observed structures. The additional

12cm-2 at T = 10 K) lies

peak observed at high NS (Ns >4 x 10
close but somewhat higher than the h1 - zo calculated energy
difference. Such transitions are only possible when 20 is
occupied with holes. According to our calculations the occupation

12

of & occurs at N_ N 3.5 x 10%cm™ for T = O K, in excellent

agreement with the experiment.

We have also studied spin-flip single-particle excitations
using crossed polarizations. Only the two low energy peaks have
been detected. Within the experimental error there is no
measurable depolarization shift. This behavior, which is dif-
ferent compared to the (100)-surface, is not yet understood.

It might be related to the fact that on (110)-surfaces more sub-

bands are involved in the observed spectra.

The crosses in Fig. 10 mark the peak positions deduced
from spectra taken at higher temperatures (T ~ 80 K). Two peaks

are observed which are slightly higher in energy than at low



temperatures. A shift to higher energies is expected from the
thermal occupation of higher bands. The redistribution of charge
leads to a different potential with increased subband separation.
Similar temperature effects have been studied for electron

space charge layers (Schiffler and Koch 1981). We also find

that the low energy peak, which is attributed to transitions

h, - 20, shows up already at smaller Ns' which is caused by

1
the earlier thermal occupation of 20.

4.3 (111)-Surface

A series of Raman spectra obtained from a (111)-Si-MOS
sample at T X 8 K is shown in Fig. 11. In this geometry the
reference spectrum without holes at the surface (Vg =+ 1V
exhibits already some structure below the optical phonon line.
It is due to weak second-order phonon scattering in Si. Surface
hole induced spectra can be obtained by subtracting this back-
ground signal. At T-ﬁ 80 K only one relatively broad peak is
observed which shifts quite strongly to higher energies with
increasing negative gate voltage. The peak maxima are marked
by arrows. In Fig. 12 the measured energies are plotted versus
carrier concentration. The crosses represent the T 2 8o Kk
data. Also included are the deduced results from T = 10 K data.
The two solid lines are calculated Lo = ho and h1 - ho subband
separations which are theoretically the only ones in this energy
region for the (111)-surface. For the parallel polarized
spectra one broad peak is observed which follows more or less
the h1 - ho energy difference. From the width we conclude,

however, that also zo - ho transitions contribute to the
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observed structures. The spin-flip single-particle spectra
(z(xy)z) also exhibit quite broad structures. In those data,
however, a splitting of the lines is observable, especially at
low carrier concentrations. This clearly demonstrates that
different transitions contribute to the observed spectra.

The agreement of the energetic positions with the calculated
h1 - ho and zo - ho subband separations is as good as for the
other surface orientations. Similar as for the (100)~-surface
we find a slight shift between the parallel and perpendicular
polarized spectra. Considering the experimental uncertainty,

however, no quantitative determination of the depolarization

shift is possible.

5. Concluding Remarks

We have demonstrated that resonant inelastic light scatter-
ing experiments can be used to obtain various spectroscopic
information about the subband structure of hole accumulation
layers in Si. The good agreement between experimental results
and self-consistent Hartree calculations based on the Luttinger-
Kohn Hamiltonian shows that many-body corrections are negligible
in a wide region of Ns. The splitting of the individual subbands
predicted from the theory for finite ku is experimentally sup-
ported by the observation of the extremely sharp subband tran-
sition on (100)-surfaces and its interpretation. Most of the
other excitations exhibit very broad and partly asymmetric line-
shapes which can be understood by strongly different ky~disper-
sions of the various subbands involved. A complete understanding

of the lineshapes requires the calculation of the transition



matrix elements in the whole two-dimensional k"-space. Such

calculations have not been performed so far.
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Table 1

Sample characteristics

Surface Substrate dox {nm) vh(Volts)
{100) p-type 212 -2
(110) n-type 130 -4
(111) n-type 95 -2




- 23 -

Figqure Captions

Fig. 1:

Fig. 2:

Fig. 3:
Fig. 4:

Fig. 5:

Fig. 6:

Fig. 7:

Self-consistent potential of a hole inversion layer on
(100) -S1 versus distance from the surface. The energies
for k;, = O of six subbands are shown. The insert gives
the envelope functions‘yf of three heavy-hole subbands.
k"-dispersion with surface electric field induced
spin-splitting of three subbands for a (100)-surface
of si. ho and h1 denote heavy-hole subbands, 20 is

the ground state of the light-hole subband system.
Sample and light scattering assembly.

Schematic diagram of the subband structure and the
inelastic light scattering process for holes. Eé is
the direct energy gap of Si at k A 0. The ku-disper-
sion is shown on the right-hand side. The relevant
conduction band energy 1is smeared out due to upward
bending of the bands.

Raman spectra of hole accumulation layers on (100)-Si
observed for different gate voltages in parallel
polarization. For positive gate voltages no holes

are present at the surface. The spectrum for

Vg = + 2 V is indicated by the dashed lines in the
other spectra. The differences reflect directly the
hole excitations in the surface accumulation layers.
Raman spectra similar as shown on Fig. 5 except for
perpendicular polarization.

Measured and calculated subband energy separations

for the (100)-surface of Si.



Fig. 8:

Fig. 9:

Fig.10:

Fig.11:

Fig.12:
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Raman spectra of collective excitations in hole
accumulation layers on (110)-surfaces in the low gate
voltage regime.

Spectra like those 0f Fig. 8 but for higher carrier
concentrations.

Measured and calculated subband energy separations
for the (110)-surface of Si.

Raman spectra of hole excitations on (111)-surfaces
at T ~ 80 K.

Measured and calculated subband energy separations

for the (111)-surface of Si.
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In Sim Investigation of Band Bending during Formation of GaAs-Ge Heterostructures

H. Brugger, F. Schiffler, and G. Abstreiter
Prysik~Department, Technische Universilit Miinchen, 8016 Garching, Federal Republic of Germany
(Received 18 October 1983)

Symmetry-forbidden phonon Raman scattering is used to investigate 2 sifu the forma~
tion of GaAs-Ge heterojunctions. Under epitaxial growth conditions the band bending in
GaAs induced by the first monolayers of Ge decreases strongly for thicker overlayers,
For amorphous overlayers the Fermi level remains pinned around midgap. A simple
model is presented which explains the observed behavior. The development of the Ge
phonons demonstrates crystalline growth for substrate temperatures 7, 300 K and amor-

phous growth for T, - 100 K,

PACS numbers: 73.20.-r, 73.40.Lq, 78.30.Gt

The GaAs-Ge system has received considerable
attenticn for a long time, a fact which is caused
primarily by the different nature of the band gaps
of the two materials cancomitant with a nearly
periect lattice matching.! The valence-band dis-
centinuity A, is determined most reliably from
photoemission experiments. Results of several
groups have been summarized recently,? giving
an average value of AF, =0.33 eV. A second im-
portant feature is the potential variation across
the interface. Monch and co-workers performed
detailed studies of these properties®™ using photo-
emissicn and work-function measurements. They
find a Fermi-level pinning on UHV-cleaved GaAs
{110) surfaces at around midgap for Ge coverages
of less than one monolayer. They conclude that
Fermi-level pinning is governed by chemisorp-
tien-induced defects (e.g., vacancies or antisite
defects), as has been discussed for metal and
oxygen overlavers before.® Attempts to trace the
band-bending behavior of the interface to a Ge
overlayer thickness larger than the electron es-
cape depth of about 6 A5 seems questionable:
Strong Ga and As core-level signals from atoms
segrezated near the free Ge surface prevent a
rrobing cof the interface.’ In Fig. 1(a) we show

te profile of valence- and conduction-band edges
around the GaAs-Ce interface, as expected from
a defect model. Both lavers are assumed to be
n tyoe, with the Ge free surface being depleted
Tte fixed valence-band discontinuity
together with the Fermi-level pinning at the inter-
face results in depletion regions on the GaAs as
well as on the Ge side of the junction.

Tkhis is in contradiction to the recent work of
Merlin e¢f 2l.” who studied n-GaAs/n-Ge hetero-
structures grown by molecular-beam epitaxy. In
their resonant inelastic light scattering experi-
rients they have observed electrenic excitations
of a two-dimensional carrier system in the Ge
layer. It is believed that the measured broad

*- ~T1Yyr
naturally,

and asymmetric excitation line is due to inter-
subband transitions of electrons confined at the
GaAs-Ge interface, Thus it seems possible to
achieve interfaces with a negligible amount of in-
terface states. A two-dimensional electron SyS8=
tem is formed by the charge transfer from the
donor states in GaAs to the conduction band in
Ge. The resulting band scheme for such hetero-
structures is shown in Fig. 1({b).

In the present work we report on in situ investi-
gations of band bending in GaAs during the for-
mation of GaAs-Ge heterostructures. The barrie
er height has been measured from submanolayer
coverages on clean UHV-cleaved GaAs (110) sur-

17
interface A4E, |
states -

vb

b)
Er

—surface — -

R g L

\

cb I ~y 4

FI1G. 1. Real-space energy diagram of a GaAs-Ge
interface (schematically) (a) Fermi-level pinning at
interface states and (b) potential variation in the ab-
sence of Interface states,
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faces up to Ge overlayers of about a hundred

™ .claz ers (~200 A). The surface band bending
in polar semiconductors can be determined from
the Raman intensity of the resonantly excited
symmetry-forbidden LO phanaon, which depends
sirengly ea the surface electric field.® This has
been shown quantitatively by use of a Schottky-
barrier arrangement on (110) surfaces of GaAs.®
Ramazn scattering by LO phanons is not allowed in
backscattering from those surfaces. Close to
resanznce, however, symmetry-breaking mecha=~
nisms are respensible for the observation of “for=
b.m en” LO-phonon scattering.® Electric-field-
rnduced scattering is dominant in most cases. It
grees :zhtatwels with a Franz-Keldish-type
theory \:r..c"l g-n es, in the limit of weak electric
ﬂe-ds E, zn E? betavior for the LO-phonon in-
tensity. As the barrier height £, is also propor-
ticnal to £7 (Schowtky model), the LO-phonon in-
tensity reflects directly E,, provided that the
light penetration depth is smaller than the deple-
ticn width., The usefulness of this method in de-
termining the Fermi-level pinning on clean and
covered GaAs (110) surfaces has been demon-
strated recently*®*? and will be discussed for Ge

!‘
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FIG. 2. Raman spectra of TO- and forbidden LO-
phonon scattering in GaAs at various Ge coverages.
T, is the growth temperature, and T, the sample tem-
perature durirg the measurements,
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on GaAs in the following.

The samples were prepared by cleaving single
crystals of nominally 7x 10'” cm™ Te-doped GaAs
bars in an UHV chamber with base pressure
<107 mbar, The sample temperature could be
varied from 100 to 700 K, High-purity Ge was
evaporated from an effusion cell. During evapo-
ration with a2 maximum growth rate of 0.05 A/s
the pressure did not exceed 1x 107® mbar. The
film.thickness has been controlled by a crystal
quartz monitor. The Raman measurements were
performed in situ. In order to fulfill the reso-
nance condition for forbidden LO~phonon scattere-
ing and to keep the light penetration depth small
we used the laser lines of a Kr'-ion laser and a
Stilben dye laser in the energy range around 3
eV, close to the E; gap of GaAs. The backscat-
tered light [ polarized (110)(110)] was collected
and analyzed with a double-grating spectrometer
and conventional pulse counting electronics.

Figure 2 shows three series of Raman spectra
of TO and forbidden LO phonons in GaAs at
various Ge coverages and different growth tem~
peratures T,. Each spectrum ranges from 30 to
40 meV. Ge thicknesses are given in monolayers
(ML), where one ML corresponds to the distance
of neighboring (110) planes, i.e., 2.0 A, All spec-
tra are normalized to the intensity of the TO-pho-
non mode, which does not depend on the surface
electric field. The measuring temperature T,
was 300 K with the exception of the uppermost
series, where T, =T, =100 K, to avoid annealing
effects.

In Fig. 3 the intensity ratio I o/Ito for each
series has been evaluated in terms of surface-

; Tg’
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o~ v 300K
USJ x 675K §
06 -
v §oc¥° °
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10?7 w10 102

ML (Ge)

FIG, 3. Barrier height E, 28 a fumction of Ge dep-
osition.
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Lorrier heighis E,1 As Iio/Ivc is in good approx-
imaticn presorticnal to £,,° the energy scale is
fived by vwo values. Ipo/I+o corresponding to
E,=0 eV ({lat band) is determined from the fresh-
1y cleaved CGaAs surface. To assure flat-band be-
ravior, we measured the coupled phonon-plasmaon
rmodes close to the surface at low temperatures.t*
To get a second calibratian point we attribute

115 ./ IT1o cf semitransparent metal Schottky barri-
ers to the literature value £,~0.65 eV.® These
samples have been prepared under the same con-
ditions as the heterojunctions. As the absolute
value of J; 5 depends strongly on T, (see Fig. 2),
the scaling procedure has to be performed for
each temperature separately. From this calibra-
ticn we find the following for the GaAs band bend-
ing at the interface: The barrier height increases
initizily with Ge coverage for all growth tempera-
tures investigated (100 K< T,<675 K). For T,
=103 K the band bending reaches a saturation
value ¢f ~0.6 eV at about 1 ML of Ge and remains
constant within experimental error up to the thick-
est Ge layers grown. This is in contrast to the
measurements at T, = 300 K, where the barrier
heicht drops drastically when the Ge coverage
exceeds about 8 ML, The lowest measured value
is £,~ 0.1 eV for a 250-A-thick Ge film deposited
at I', =€75 X. '

We have also investigated the nature of the
grown Ge films by analyzing Raman spectra ob-
tained with 1wy =2.41 eV which is close to the
E,+4a, resonance of Ge. Examples are shown in
Fig. 4. Films grown at low temperature (7, =100
K} do nct exhibit any sharp phonon structure.
Their Raman spectra are typical for amorphous
Ge'® (top curve in Fig, 4). This spectrum has
been ottained for a 140-A-thick Ge film with use
of a scartering configuration for which both first-
orier LO- 31d TO-phcnon Raman scattering in
GaAs are forkidden. QOtherwise the weak struc-
ture ¢f the amorphous film is dominated by the
sircenx TO-phonon mode of GaAs at 33.4 meV.
For Ge films grown at higher temperatures (T,
= 300 K) the ontical-phenon line of crystalline Ge
develeps nicelyv. The first hints of the Ge phonons
are gbserved already for films as thin as 3 to 4
ML, As shown in the lower part of Fig. 4 the in-
tensity of the Ge phonon line increases strongly
with film thickness, while the TO-phonon line of
CaAs decreases as a result of absorption of light
in the Ge film. Note the different energy scales
used in Fig. 4. The phonon Raman spectra demon-
strate directly that Ge films grown with a low
evaporation rate at room temperature already

GaAs {110) - Ge

Tg=100K

A =5145nm

70 ML

! | ]

sity {arb. units)

Raman Inten

Tg x675K
T =300K

FIG. 4. Raman spectra of thin GaAs-Ge heterostruce
tures grown at different temperatures. The arrows
mark the phonon peaks of the thin crystalline Ge layers.,
Note the shift to smaller energies with decreasing film
thickness which reflects the lattice dynamics of a thin
Ge slab,

have a crystalline nature. Comparing the line
shapes and intensities of the phonon modes with
published data'® shows, however, that room-tem-
perature-grown films are polycrystalline with a
grain size of the order of 10 pm. Overlayers of
similar thickness grown at T, =675 K exhibit
sharper, more symmetric and more intense pho-
non lines, indicating a much higher quality of the
epitaxial films.

A simple model is proposed to explain our re-
sults. It does not involve any chemisorpticn-in-
duced defects: The free, ideally cleaved GaAs
(110) surface minimizes its energy by recon-
struction. Dangling-bond energy states are swept
out of the direct energy gap. Consequently, no
band bending occurs.’* Chemisorption of Ge at-
oms can lift the surface reconstruction, giving
rise to dangling-bond states {both Ga and As un-
paired boands). The energy of these states is ex-
pected to lie within the band gap,'* causing sur-
face band bending. On the other hand, neither
Ge-Ga nor Ge-As bonds create electran states
inside the fundamental gap!*!* Thus, if we as-
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sume perfect epitaxiazl Ge growth, all interface
states will be removed after the deposition of ane
ver cf Ge. Ey, however, is further pinned
at probably slightly different energy at the free
Ce surface. Ccnsequently, for thin Ge films,
there exis:s still considerable band bending at
the Interface. With increasing Ge thickness, E,
at the interface decreases resz_lting finally in a
For the amor=-
n‘*o_' le“ls cn the other hand there remain enough
L“x.l.!‘cd d.xnslmg—bond states to cause Fermi-

In cox gl..axcn, we ha\e used resonant Raman
scattering to investigate the interface barrier
height between Ge and GaAs from the lowest cov-
erages, where photoemissian is believed to give
rel:able -c:...ha, up to Ge overlayers of more
than 223 & thicikness where real heterojunction
life starts. We {find strong evidence that the band
bending in Gaas induced by low coverages of Ge
is drastically reduced when epitaxial growth oc-
curs. The idea that Fermi-level pinning on GaAs
(110) is due to chemisorption-induced defects
seems nct to be generally applicable, because it
is unlizely that such defects are annealed during
epitaxial growth. This, however, would be nec-
essary to explain the small interface barrier ob-
served for thick epitaxial overlayers.

We want to thank X. Ploog and his group for
providing the effusion cells, and E. Umbach for
useful discussions cancerning photoemission ex=
periments. The work has been supported by the
Deutsche Forschungsgemeinschaft via Sender-
forschungshereich 128.

144

!See for example, A. G. Milnes and D, L. Feucht,
Heterojpunctions and Metal ~Semiconductor Junclions
(Academic, New York, 1972).

2A, D, Katnani and G. Margaritondo, Phys. Rev, B 28,
1944 (1983), and references therein,

W. Ménch and H. Gant, J. Vac. Sci, Technol, 17,
1094 (1980).

‘W, M8nch and H, Gant, Phys. Rev, Lett. 48, 512
(1982).

SW. Mdnch, R. S. Bauer, H. Gant, and R. Murschall,
J. Vac, Sci. Technol. 21, 493 (196")

®w, E. Spicer, P. W, ( Chve P, Skeath, C. Y, Su,
and I, Lindau, J, Vac, Sci. Technol, 16, 1422 (1979)
W, E, Spicer, I. Lindau, P, Skeath, and C. Y, Su, J.
Vac. Sci. Technol, 17, 1019 (1980).

'R, Merlin, A, Pinczuk, W. T, Beard, and C. E. E.
Wood, J. Vac. Sci. Technol 21, 516 (198")

8A. Pmczuk and E, Burstein Phys. Rev, Lett. 21,
1073 (1968).

R, Trommer, G. Abstreiter, and M. Cardona, in
Proceedings of the International Conference on Lattice
Dynamics, edited by M, Balkanski (Flammarion, Paris,
1977, p. 189,

104, J. Stolz and G. Abstreiter, Solid State Commun.
36, 857 (1980), and J. Phys. Soc. Jpn. 49, 1101 (1980},

H. J. Stolz and G, Abstreiter, J. Vac. Sci. Technol,
19, 380 (1981),

—ﬂF. Schiiffler and G. Abstreiter, Surface Studies with
Lasers, Springer Series in Chemical Physics Vol. 33
(Springer-Verlag, New York, 1983), p. 131,

R, P. Salathe, H. P. Weber and G, Badertscher,
Phys, Lett. 804, 65 (1980).

Hsee for example E, J. Mele and J. D. Joannopoulos,
Phys, Rev, B 17, 1816 (1978),

W. E. Pickett, S. G, Loule, and M. L. Cohen, Phys,
Rev. B 17, 815 (1978).

67, Pollmann and S. T. Pantelides, Phys, Rev. B 21,
709 (1980),



An dieser Stelle mSchte ich allen herzlich danken,
die zum Gelingen dieser Arbeit beigetragen haben.

Besonders erwdhnen mdchte ich:

M. Baumgartner, H. Brugger, R. Huber, W. Einberger,

H. Kirchstetter, F. Schiffler, G. Trinkle und Ch. Zeller,
die aktiv und engagiert im Rahmen ihrer Diplom- bzw.
Promotionsarbeiten mitgearbeitet haben;

Dr. K. Ploog und seine Mitarbeiter am Max-Planck-
Institut in Stuttgart, die einen GroBteil der hochwer-
tigen Halbleiterschichtstrukturen hergestellt haben und
auf viele unserer Sonderwiinsche eingegangen sind;

Alle Mitarbeiter von E 16, die in kollegialer Weise
durch vielseitige Unterstiitzung die Durchfiihrung unserer
Forschungsarbeiten ermdglichten;

Herrn Prof.Dr. F. Koch und Herrn Prof.Dr. M. Cardona,
die es mir ermdglichten, in diesem Forschungsgebiet
tdtig zu sein und die mit vielen Anregungen zu dieser
Arbeit beigesteuert haben.

Die Deutsche Forschungsgemeinschaft hat im Rahmen des
SFB 128 diese Arbeit finanziell unterstiitzt.



	Seite 1 
	Seite 2 
	Seite 3 
	Seite 4 
	Seite 5 
	Seite 6 
	Seite 7 
	Seite 8 
	Seite 9 
	Seite 10 
	Seite 11 
	Seite 12 
	Seite 13 
	Seite 14 
	Seite 15 
	Seite 16 
	Seite 17 
	Seite 18 
	Seite 19 
	Seite 20 
	Seite 21 
	Seite 22 
	Seite 23 
	Seite 24 
	Seite 25 
	Seite 26 
	Seite 27 
	Seite 28 
	Seite 29 
	Seite 30 
	Seite 31 
	Seite 32 
	Seite 33 
	Seite 34 
	Seite 35 
	Seite 36 
	Seite 37 
	Seite 38 
	Seite 39 
	Seite 40 
	Seite 41 
	Seite 42 
	Seite 43 
	Seite 44 
	Seite 45 
	Seite 46 
	Seite 47 
	Seite 48 
	Seite 49 
	Seite 50 
	Seite 51 
	Seite 52 
	Seite 53 
	Seite 54 
	Seite 55 
	Seite 56 
	Seite 57 
	Seite 58 
	Seite 59 
	Seite 60 
	Seite 61 
	Seite 62 
	Seite 63 
	Seite 64 
	Seite 65 
	Seite 66 
	Seite 67 
	Seite 68 
	Seite 69 
	Seite 70 
	Seite 71 
	Seite 72 
	Seite 73 
	Seite 74 
	Seite 75 
	Seite 76 
	Seite 77 
	Seite 78 
	Seite 79 
	Seite 80 
	Seite 81 
	Seite 82 
	Seite 83 
	Seite 84 
	Seite 85 
	Seite 86 
	Seite 87 
	Seite 88 
	Seite 89 
	Seite 90 
	Seite 91 
	Seite 92 
	Seite 93 
	Seite 94 
	Seite 95 
	Seite 96 
	Seite 97 
	Seite 98 
	Seite 99 
	Seite 100 
	Seite 101 
	Seite 102 
	Seite 103 
	Seite 104 
	Seite 105 
	Seite 106 
	Seite 107 
	Seite 108 
	Seite 109 
	Seite 110 
	Seite 111 
	Seite 112 
	Seite 113 
	Seite 114 
	Seite 115 
	Seite 116 
	Seite 117 
	Seite 118 
	Seite 119 
	Seite 120 
	Seite 121 
	Seite 122 
	Seite 123 
	Seite 124 
	Seite 125 
	Seite 126 
	Seite 127 
	Seite 128 
	Seite 129 
	Seite 130 
	Seite 131 
	Seite 132 
	Seite 133 
	Seite 134 
	Seite 135 
	Seite 136 
	Seite 137 
	Seite 138 
	Seite 139 
	Seite 140 
	Seite 141 
	Seite 142 
	Seite 143 
	Seite 144 
	Seite 145 
	Seite 146 
	Seite 147 
	Seite 148 
	Seite 149 
	Seite 150 
	Seite 151 
	Seite 152 
	Seite 153 
	Seite 154 
	Seite 155 
	Seite 156 
	Seite 157 
	Seite 158 
	Seite 159 
	Seite 160 
	Seite 161 
	Seite 162 
	Seite 163 
	Seite 164 
	Seite 165 
	Seite 166 
	Seite 167 

