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We discuss the single particle and collective charge carrier excitations of the two-dimensional
plasmas that occur in non-polar semiconductors and the microscopic mechanisms for the
resonant inelastic light scattering by the single particle and collective inter-subband excitations.
Two limiting cases are analyzed, the “flat-band” model which is a rough approximation to the
configuration used by Pinczuk et al., and the “bent-band” model in which Franz-Keldysh
effects play an important role, that is an approximation to the configuration used by Abstreiter
and Ploog. Unlike Raman scattering by optical phonons, the dominant contributions to the
light scattering by the single particle and collective charge carrier excitations come from scatter-
ing processes at optical energy gaps, such as the Eg + A¢ gap, that directly involve the charge
carriers, particularly in non-polar semiconductors. In II1--V compound semiconductors sizeable
contributions to the inelastic scattering by coupled LO phonon—collective inter-subband exci-
tation modes may be expected to come from electro-optic, deformation potential and Fréhlich
scattering processes at the £y and £y + A, gaps.

1. Introduction
Although the inter-subband excitations, of two-dimensional (2D} plasmas have
been studied extensively in silicon and in III-V compound semiconductors using

infrared absorption [1,2], emission [3] and photoconductivity [4], efforts to
investigate them by means of inelastic light scattering have, until very recently,
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been unsuccessful. Inelastic light scattering by the single particle and collective (e.g.
plasmon) excitations of three-dimensional (3D) plasmas has been observed in GaAs,
InP, and CdTe by Mooradian and co-workers [5—7] and in InAs by Slusher and
Patel [8], using photon energies below the Fy gap. Pinczuk et al. [9] have extended
such studies to resonant inelastic scattering by the spin-flip and non-spin-flip single
particle electron excitation in GaAs using frequencies in the vicinity of the £y + A,
gap. The theoretical cross-section for inelastic light scattering by spin-flip, as well as
non-spin-flip, single particle excitations of bulk plasmas in semiconductors has been
given by Hamilton and McWhorter [10]. It was recently pointed out by Burstein et
al. [11] that the cross-section for light scattering by single particle excitations is
strongly enhanced at energy gaps, such as the £y + A, gap, where the direct optical
interband transitions involves carrier occupied states in the conduction (or valence)
band. In fact, the experimental data at the Ey + Ay gap for bulk n-GaAs [9,12]
showed that the resonant inelastic scattering by single particle excitations can be
observed for surface carrier densities, as low as 5 X 10 /cm?, which are typical of
the carrier densities in surface inversion and accumulation layers. They therefore
suggested that it should be possible to observe the resonance enhanced inelastic
scattering by carriers in 2D plasmas and to obtain, thereby, information about the
energies of the single particle and collective inter-subband excitations and, in the
case of polar semiconductors, about the coupling of the inter-subband excitations
with LO phonons.

During the past year Abstreiter and Ploog [13], using a GaAs/Ga,Al;_,As
heterojunction, have observed resonant inelastic light scattering, at the £, + Aq gap,
by spin-flip single particle inter-subband excitations of electrons in GaAs accumula-
tion layer. In addition, Pinczuk et al. [14] have observed resonant scattering at the
Eq + Ay gap by spin-flip single particle and by collective inter-subband excitations
of the electron plasma in the GaAs layers of a multilayer GaAs/AlGaAs heterojunc-
tion supperlattice. The data obtained in these investigations reinforce our expecta-
tion that resonant inelastic light scattering can be used as a meaningful probe of the
electronic excitations of 2D plasmas in semiconductors.

We present in this paper a discussion of the theoretical considerations which
underly the observation of inelastic light scattering by the inter-subband excitations
of 2D plasmas in semiconductors. We will, among other matters, discuss: (i) the
single particle and collective excitations of a 2D plasma, (i) the coupling of the
inter-subband excitations with LO phonons in polar materials, (iii} the key
mechanisms for the inelastic light scattering by the single particle and collective
inter-subband excitations of 2D plasmas in non-polar semiconductors, and (iv) the
scattering matrix elements for two limiting cases, a “bent-band” model which corre-
sponds to the confined electrons in GaAs at a GaAs/GaAlAs heterojunction, and a
“flat-band” model which is a rough approximation to the confined electrons in the
GaAs layers of the multilayer GaAs/GaAlAs heterojunction superlattice.
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2. The single particle and collective excitations of 2D plasmas

As is well known, the motion of the electrons in an n-channel accumulation (or
inversion) layer at the surface of a semiconductor is quantized in the direction per-
pendicular to the plane of the layer, but remains free in the plane. As a con-
sequence, the energy levels of the electrons form a set of two-dimensional sub-
bands. The single particle (sp) and collective excitations of the 2D electron plasma
in the semiconductor (which we assume for present purposes has spherical energy
bands and is at low temperature) fall into two categories: infra-subband excitations
and inter-subband excitations (fig. 1).

The sp intra-subband excitations are “uncorrelated” electron—hole pair excita-
tions in which electrons with wavevector x; in a given subband o are excited from
states &,(k,) below the Fermi surface to empty states &,(x, + ¢,) above the Fermi
surface with wavevector (k; + g ) within the same subband. For both spin-flip and
non-spin-flip excitations, the excitations energies are given by:

2
Resoaldn) = Eolli) — &olin) = 3 [0+ 4 3] , )

where m" is the effective mass of the electrons.

The collective intra-subband excitations are correlated 2D plasma oscillations of
the electrons parallel to the surface e.g. two-dimensional plasmons, whose
frequency (neglecting retardation) is given by {15,16]
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where ng is the surface charge density: €; and e, are the dielectric constants of the
semiconductor and adjacent medium, respectively.
The sp inter-subband excitations are uncorrelated e—h pair excitations in which

Fig. 1. Schematic diagram of the subbands of the 2D electron plasma in an inversion layer
showing intra-subband (Ac = 0) and inter-subband (Ao = 1 and Ac = 2) excitations.
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electrons make transitions from states & ,(x,) in a given subband o below the Fermi
surface into empty states &(x)) in a different subband ¢'. For the case in which
the Fermi level &y lies below the o = 2 subband, i.e. the electrons only occupy the
o =1 subband, the energies of the spin-flip and non-spin-flip inter-subband excita-
tions are given by,
n* 2 2

710)00'(‘1//) = Aoo’ + ;‘m’i [(K// + ‘I//) - K//] (3)
where A, is the sp inter-subband excitation energy for g, = 0 which differs from
& (ks +qy)-- &,(xy) due to exciton and other effects.

The collective non-spin-flip inter-subband excitations have a macroscopic polar-
ization electric field perpendicular to the 2D layer and, therefore, have energies
which are greater than those of the corresponding sp inter-subband excitations {16,
18,19]. The frequencies of the collective modes in the limit ¢, 0 correspond to
the zeroes of €;(w), the dielectric constant of the 2D plasma layer for electric fields
normal to the layer. With electrons only occupying the lowest (0= 1) subband,
€,(w) is given by [16].

4nnse2 fin

€1(w) = em(@) + €lox = Em(w) + 2 (4)
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where e,(w) is the dielectric constant of the semiconductor medium: €. is the
contribution to €;(w) from the non-spin-flip inter-subband excitations; fy,, is the
oscillator strength of the o =1 to ¢ =# inter-subband transition; z,, is the corre-
sponding effective width of the 2D plasma; and Aiw,;, and v,,, are the energy and
damping constant of the ¢ =1 to ¢ =n inter-subband excitation. Thus, on this
basis, one finds that the frequency of the ¢ =1 to o =2 collective inter-subband
excitation, in the limit ¢, > O is given by

2 _ 2 477”s€2f12 _ 2 QJ2_1’2
w2 = Wiz +212m*ef(w112) Wiz St (5)
where €?(w];) is the contribution to € (w) at w = w];, from all other electronic
transitions (including the electron transitions to higher subbands) and, in polar
materials, from optical phonons; and €2, is the unscreened “plasmon’ frequency
of the ¢=1 to ¢ =2 inter-subband excitation whose magnitude is determined by
the macroscopic polarization electric field of the collective inter-subband excita-
tions of polar medium.

The w versus gy, dispersion curves of the 1 =2 and 1 - 3 plasmon in a non-
polar medium (e.g. Si) at low temperatures are shown in fig. 2. We note that the dis-
persion curves for the sp inter-subband excitations are very similar in character to
the dispersion curves for the corresponding sp inter-Landau-subband (e.g. cyclotron
resonance) excitations of a bulk plasma in an externally applied magnetic field [20].
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Fig. 2. Schematic diagram showing the w versus g s« dispersion curves for the single particle and
collective inter-subband (Ao = 1 and 2) excitations of a 2D plasma, and the corresponding dis-
persion curve (dashed line) for the single particle and collective infra-subband excitations. We
note that the collective inter-subband excitations are Landau damped in the region of the sp
excitations.

3. Coupling of charge carrier excitations with LO phonons

In polar materials, the collective excitations of a bulk electron plasma form
coupled modes with LO phonons which are admixtures of electron and lattice
oscillations [22}. A similar coupling also occurs between LO phonons and the
collective inter-subband excitations of the 2D plasma.

Consider, for example, electrons that are confined in a thin inversion layer at a
polar semiconductor—vacuum interface. Following Chen et al. [ 18] we may regard
this as a three layer (e.g. vacuum-—inversion layer—bulk medium) configuration. The
bulk semiconductor has a dielectric constant which, neglecting spatial dispersion
and damping, is given by

Gm((.t)) T € t Qg/(w%o - wZ) H

where Q2/e.. = wio — wko. The surface layer is regarded as an anisotropic dielec-
tric slab of thickness L, whose response to an electric field perpendicular to the
interface is described by,

el(w) = em(w) + €112(w) = em(w) + Q}12/(whiz — w?), (6)
where Q%,/en(w) = Wi, — w?i,, and whose response to a field parallel to the sur-
face is described by,

€7(w) = em(w) — Lfex/wo” . (M

(We are neglecting the contributions to €}(w) from inter-subband transitions to
subbands with ¢’ > 2.)
The dispersion relation of the normal modes that are localized at the thin inver-
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sion layer, whose wavevector component paraliel to the interface is such that gL <
1, is (neglecting retardation) readily shown to be given by,

el(w) [em(w) + 1] +q/L{ [€j(w) el (@) H [el(w) el ()] V? ~ em(w)} =0. (8)

There are four distinct modes. The first, which corresponds to e(w) + 1 =0, is
the surface optical phonon mode of the substrate. As g, 0, its field penetrates
deeply into the substrate and its frequency is unaffected by the thin inversion layer.
There are in addition two modes, S,(w) and S_(w), namely coupled LO phonon-
collective inter-subband excitations, that are the analogs of the L* and L~ coupled
plasmon-—-LO phonon modes in a bulk semiconductor. In the limit g, - O they have
fields that are entirely confined to the plasma layer and directed normal to the
interfaces. Finally, one also has the two-dimensional plasma oscillations whose field
is parallel to the interface and whose frequency vanishes in the limit g, - 0.

Our interest is in the S, and S_ coupled modes. Considering only the o =1 to
o =2 inter-subband excitation, the condition €,(w) = 0 yields the frequencies

wis = 3(wits + wio)  [(wifs — wio)® +44%Y2, ®)
where
A* = Q112 Qf,/em = (w%o - w”zro)(wflzz - wflz) .

When wij, ~ wro, one has w2 = wig + A% In the limit wj;, € wrp, one has
wl, = wlo and W?l_ = wl, + Q}o/em(0), ie. it is the static dielectric constant
€m(0) of the semiconductor medium that provides the screening of the collective
inter-subband excitation. In the opposite limit wy o < wi,, one has w2, = wi?,

2
\Q,P/(em+e“2(0))

2
Ql1z/ém(o)

2
Wi
Fig. 3. Schematic diagram showing the S, and S_ coupled modes of a 2D plasma in a polar semi-
conductor. The effect of the polaron type coupling of the sp inter-subband excitations with LO
phonons is shown in the circled frequency region.
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and
wi_ = who + Q}f(ew + €112(0))

which lies intermediate between whq and wio.

In addition to the coupling between the collective excitation and the 1O
phonons, there will also be a polaron-type coupling of the non-spin-flip sp inter-
subband excitations with LO phonons. This polaron-type coupling, which is similar
in nature to the polaron-type coupling of sp cyclotron resonance excitations with
LO phonons [21], will be particularly pronounced when wyy = wyo.

A plot of w2, and w?_ versus w?,,, the square of the sp inter-subband excita-
tion frequency, is given in fig. 3. In practice, one can sweep w,, through wj g by
varying the bias voltage across the inversion layer. The effect of the polaron-type
coupling of the non-spin-flip sp inter-subband excitation with LO phonons is also
shown in the figure.

4. Inelastic light scattering by a 2D plasma

We now discuss the inelastic light scattering by the charge carrier excitations of
an n-channel inversion (or accumulation) layer, in which an incident photon (e,
k;) is annihilated, a scattered photon (wj, k) is created and a charge carrier excita-
tion (wex, Gex) is either created (Stokes scattering) or annihilated (anti-Stokes
scattering). Energy is conserved in the light scattering process, so that wy=w; ¥
wex where the — and + signs correspond to Stokes and anti-Stokes scattering,
respectively. However, because of the quantization of the carriers perpendicular to
the surface, and also because L is very much smaller than the wavelengths of the
incident and scattered radiation in the inversion layer, only k,; = k;; F g4, the com-
ponent of the scattering wavevector parallel to the surface is conserved, i.e. gexs =
q/.

The inelastic light scattering by the sp and collective intra-subband electronic
excitations in a 2D semiconductor plasma is very similar to the inelastic light
scattering by the sp and collective excitation of a bulk plasma. An excellent review
of the latter has been given by Mooradian [23]. We will therefore only focus our
attention on the light scattering by inter-subband excitations. We will, in fact, con-
sider a backward scattering geometry in which g, = 0, namely a geometry in which
one does not observe inelastic light scattering by the intra-subband excitations. We
consider, in particular, resonant inelastic scattering at the Ey + Ag direct gap of a
diamond or zincblende type semiconductor, where both the conduction band and
the valence band are, apart from spin, non-degenerate. The scattering processes, i.e.
the sequences of electronic transitions, which contribute to the Stokes scattering by
the inter-subband excitations of an n-channel inversion layer in which only the
lowest {e.g., o = 1) conduction subband has carriers are shown in figs. 4, 5 and 6.
The spread in energy and wavevector of the valence band states that is indicated in
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o=3

=2

\/
o

Fig. 4. Schematic diagram showing the transitions involved in (a) the two-step scattering mecha-
nism and (b) in the three-step scattering mechanism.

(a)

the figures corresponds to the range of energies and wavevectors of the states of the
“bent™ valence band that take part in Franz—Keldysh (tunneling-assisted) optical
interband transitions,

The key mechanisms for resonant light scattering by the inter-subband excita-
tions of 2D plasmas in the non-polar semiconductors Si and Ge are the two-step and
three-step *‘carrier density™ scattering mechanisms, so called because they require
a non-zero carrier density in either the conduction band or the valence band [9],

o=3
o =2
o= i

Fig. 5. Schematic diagrams showing the transitions involved in the Fréhlich mechanism for light
scattering by collective inter-subband excitations. In (a) the excited electron is scattered into
the same subband. In (b) the excited electron is scattered into another subband. In (¢) the
excited hole is scattered into another valence band state.
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(a) (b)

Fig. 6. Schematic diagrams showing (a) the transitions involved in the electro-optic scattering
mechanism and in the 3-band deformation potential scattering mechanism, and (b) the transi-
tions involved in the 2-band deformation potential and Fréhlich scattering mechanisms.

and the Frohlich scattering mechanism which exhibits a strong resonance enhance-
ment at all optical gaps, particularly when there is an appreciable bending of the
energy bands. (Optical gaps at which the two-step and three-step “carrier density™
mechanisms are operative are listed in table 1.)

In the case of polar semiconductors which lack a center of inversion, such as the
II-V compounds, one must also include the deformation potential and electro-
optic scattering mechanisms which exhibit resonant enhancement at all optical gaps
and particularly at the £; and £/, + A, gaps.

We note that the two-step and three-step carrier density scattering mechanisms
and the Frohlich scattering mechanism involve two energy bands; the deformation
potential scattering mechanism involves either two or three energy bands; and the
electro-optic scattering mechanism involves three energy bands.

4.1. Scattering by single particle excitations

The two-step scattering process which is the only one that can lead to resonant
light scattering by sp spin-flip excitations is an “electronic Raman scattering”
process [24]. In the first step an electron is optically excited from the valence band

Table 1
Optical energy gaps at which resonant inelastic light scattering can occur via the two-step and
three-step carrier density mechanisms

Semiconductor Optical gap Eg (eV)
n-Si E, 4.35
p-Si Eb 3.35
n-Ge Eq 2.20
nGe Ey+ 4y 2.40
n-GaAs, p-GaAs Eo 1.51

n-GaAs Eo + Ap 1.85
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to a virtual vertical state associated with the o =2 conduction subband. In the
second step, an electron in the ¢ =1 conduction subband, with either the same or
the opposite spin as that of the “excited” electron, annihilates the hole in the
valence band. The interband electronic transitions that are involved in the two
steps, are shown in fig. 4a. The net effect of the two interband transitions is to
generate either a spin-flip or a non-spin-flip sp inter-subband (Ag = 1) excitation. In
the IV compounds, where there is a strong spin—orbit coupling, the cross-sec-
tions for light scattering by the spin-flip and non-spin-flip excitations via the two-
step mechanism are comparable in magnitude [10].

In the threestep carrier-density scattering process which only coniributes to
scattering the non-spin-flip charge carrier excitations, the first and second steps
involve the same interband transitions between the valence band and the ¢ = 2 and
o =1 conduction subband states that take part in the two-step scattering process
(fig. 4b). The third step involves the transfer of excitation, via coulomb interaction,
from the non-spin-flip interband excitation generated by the two interband transi-
tions, to another non-spin-flip sp excitation. (The third step can be viewed as
representing the screening of the sp non-spin-flip inter-subband excitation by the
other sp non-spin-flip inter-subband excitations.)

The polarization selection rules for the inelastic light scattering by sp excitation
in 2D plasmas via the two-step and three-step mechanisms are the same as those in
bulk plasmas. Namely, the backward scattering of light by spin-flip sp inter-subband
excitation appears in & L & spectra, whereas the scattering by non-spin-flip excita-
tions appears in & /&g spectra, where &; and &, are the polarization vectors of the
incident and scattered light.

On applying the formulation of Hamilton and McWhorter [10] to the scattering
by the sp inter-subband excitations of the 2D plasma, one obtains the following
expressions for the contributions to the scattering cross-sections of the sp spin-flip
and non-spin-flip ¢ =1 to o =2 intersubband excitations from the two-step and
three-step carrier density scattering mechanisms in the limit g, > 0:

d’Rgs

T (@) § |M)) 12 Im e 2(e)] (10)
2

4 Rost w (@ e)? 20 IMGkp) et leml® Tm[1/en(w)] (1)
d$? dew K/

where the sum is taken over electrons with wavevector k 5, and over the valence
band states that participate in the Franz—Keldysh optical interband transitions, and
we have made use of the relation,
e‘m(w)T lem(w)I? Im e ;2(w)]

I - = Imlepia(w)] = = = lem(w)P Im[
{ elw) ' ley(c)l? "

|M(x,)| is the scattering matrix element which contains the interband momentum
matrix elements |poyl; and |peyls, and the energy denominator for the optical inter-
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band transition that is iavolved in the first step of the two-step and three-step
carrier density mechanisms. (A discussion of |M{x,)| is given in section 5.}

The scattering cross-section for the sp spin-flip inter-subband excitations is
proportional to Imfe  5(w)]. The &; L & spectrum will therefore exhibit a peak at
the frequency w4 of the sp inter-subband excitations, whose width is 2v;, and
whose strength is proportional to the total number of electrons in the scattering
volume. For a given beam width of the incident radiation, the scattering intensity
will be proportional to ng, the number of carriers per unit area in the 2D plasma
layer.

The two terms on the left side of eq. (12) correspond to the contributions from
the two-step and three-step mechanisms, respectively, to the scattering by sp non-
spin-flip excitations. Since €,(w) = en(w) + €11(w) = €;12(w) at w = wyy, and,
therefore, €;12(w)/e(w) == 1, the contribution from the two-step mechanism is
largely canceled (“screened”) by the contribution from the three-step mechanism.
As in the case of sp non-spin-flip excitations in 3D plasmas, the net contribution to
the scattering cross-section is proportional to Im[1/e(w)]. The resonant light
scattering by sp non-spin-flip inter-subband excitations via the two-step and three-
step charge density mechanism is equivalent fo light scattering by charge density
fluctuations [28]. The “screening” of the sp non-spin-flip inter-subband excitations
by other sp non-spin-flip excitations will also greatly decrease the contribution to
the scattering cross-section from the Frohlich scattering mechanism. We will there-
fore only consider the role of the Frohlich scattering mechanism in light scattering
by the collective inter-subband excitations and their coupled modes with LO
phonons.

4.2. Scattering by collective excitations

In the three-step carrier density mechanism for Stokes scattering by collective
inter-subband excitations of the 2D plasma, the third step involves the transfer of
excitation from the sp non-spin-flip inter-subband excitation to the collective inter-
subband excitation (i.e., an inter-subband electron—hole pair is annihilated and a
collective excitation is created) via coulomb interaction with the macroscopic field
E o of the collective excitation.

In the Frohlich scattering mechanism for resonant light scattering by collective
excitations, which is applicable at all optical gaps (fig. 5), the first step involves the
creation of an electron-hole pair by an optical interband transition. The second
step invyves the scattering of the electron (hole) in the intermediate state via the
Frohlich interaction with the macroscopic field. In the light scattering at the £ +
Ag gap, the electron may be scattered into a state within the same subband or into
another subband. The electron contribution (figs. 5a and 5b) and the hole contri-
bution (fig. 5¢) have opposite signs. However, unlike the case of scattering in a bulk
semiconductor with flat energy bands where the ele~tron and hole contributions
cancel in the limit g - 0, the electron and hole contributions to the scattering by
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the collective excitations of the 2D plasma in an inversion layer do not cancel. The
non-cancellation is due, on the one hand, to be sizeable perpendicular component
of the wavevector of the macroscopic field of the collective inter-subband excita-
tion, e.g. Giex ~ 21/L & 10°% cm™!, and on the other hand, to the spatial separation
of the excited electron and hole in the intermediate state that results from Franz—
Keldysh optical interband transitions when the energy bands inolved are bent
[25--28].

As in the case of the inelastic light scattering by the collective excitations {e.g.
plasmons) of bulk plasmas, the contributions to the scattering cross-sections of the
collective inter-subband excitations from the three-step charge density scattering
mechanism and the Frohlich scattering mechanism are both proportional to £ fy.

In the 11—V compounds, the electro-optic and deformation potential scattering
mechanisms also play roles in resonant light scattering by the collective inter-sub-
band excitations and their coupled modes with LO phonons. They are particularly
important at the £y and £ + A, gap where in the case of bulk plasmas they yield
a strong resonance enhancement of the light scattering by LO phonons and their
coupled modes with plasmons [29,30].

The electro-optic (three-band) and deformation potential {(two- and three-band)
scattering processes at the £y (and £y + A;) gap are shown in figs. 6a and 6b. Since
the conduction band does not have a minimum at this gap, the states in the conduc-
tion band do not form well-defined quantized subbands.

In the electro-optic (three-band) scattering mechanism (fig. 6a) the first step
involves the creation of an electron-—hole pair. The second step involves the inter-
band scattering of the electron (also hole) into another band by the macroscopic
electric field of the coupled LO phonon-—collective inter-subband excitation mode.
The third step involves the recombination of the electron and hole. In this mecha-
nism which requires the absence of a center of inversion, the electron and hole con-
tributions to the scattering matrix elemenis do not cancel. It should be noted that,
apart from the fact that it involves three bands, the electro-optic mechanism differs
from the three-step carrier density and the Frohlich mechanism in that the “scatter-
ing” of the electron (hole) in the electro-optic mechanism involves an interband
matrix element in which the macroscopic field acts on the orbital (periodic) part of
the electron wavefunction; whereas the scattering of the electron (hole) in the
three-step and Frohlich mechanisim involves an intraband (Frohlich) matrix element
in which the macroscopic field acts on the envelope part of the electron wavefunc-
tion.

In the deformation potential (two-band and three-band}) scattering mechanism
(fig. 6b) the first step involves the creation of an electron—hole pair. The second
step involves the scattering of the electron (hole) into another state, in either the
same energy band or another energy band, by the coupled LO phonon—collective
inter-subband excitation mode, via the deformation potential interaction with the
optical phonon content of the coupled mode which acts on the orbital part of the
electron (hole) wavefunction. The third step involves the recombination of the elec-
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tron—hole pair. Since the deformation potentials of the valence and conduction
bands (i.e. the modulation of the electronic energy states by the periodic deforma-
tion of the lattice) are in general different, the electron and hole contributions to
the scattering cross-section do not cancel.

Scattering via the wavevector and electric field dependent Fréhlich mechanism
is also quite strong at the £ and £; + A, gaps, particularly when there are sizeable
surface space charge fields. In this connection it should be emphasized that the
electro-optic and deformation potential mechanisms for scattering by coupled LO
phonon—coliective inter-subband excitation modes are “‘allowed” scattering mecha-
nisms, and their polarization selection rules are different from those for the Froh-
lich scattering mechanism which is a “forbidden” i.e. wavevector dependent scatter-
ing mechanism. Moreover, in contrast to the Frohlich mechanism, the electro-optic
and deformation potential mechanism are relatively insensitive to band bending
effects.

5. The scattering matrix elements

We turn next to a discussion of the interband optical transitions and the asso-
ciated momentum matrix elements that are involved in the resonant inelastic light
scattering at the £y + Ay optical gap by the sp and collective inter-subband excita-
tion of a 2D electron plasma. For this purpose we consider two limiting models for
the confinement of the 2D electron plasma. In the first, which we call the “flat-
band” limit the electrons are confined within a slab of thickness L by potential
walls of essentially infinite height. This is a rough approximation to the confined
electronic plasma in the GaAs layers of the multilayer GaAs/GaAlAs heterojunc-
tion superlattice which was used by Pinczuk et al. {14]. In the second limit which
we will call the “bent-band” limit, the electrons are trapped at a surface by means
of a uniform electronic field that sets up a triangular potential well. This limitisa
rough approximation to the confinement of electrons in an n-channel accumula-
tion layer in GaAs at the interface of the GaAs/Ga, Al;_,As heterojunction which
was used by Abstreiter and Ploog {13]. We note that in the “flat-band” limit, the
motion of both electrons and holes perpendicular to the slab is “quantized™,
whereas, in the “bent-band” limit, only that of the electrons is “quantized”.

At T' the wavefunctions for the conduction and valence band states in both
models can be written, within the effective mass approximation, in the form

Y(x) = expliny - x) 9,,6(2) Ypolx) .

Here n stands for conduction (c) or valence (v) band; ¥,,,(x) is the relevant Bloch
function atx =0; and &,,(z) is the envelope function associated with subband ¢
in the conduction or valence band. For both models the wavevectorx , of the elec-
trons parallel to the plane of the 2D plasma is a good quantum-quantum number.
The scattering cross-sections |M(x,)| for the two-step and three-step carrier
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density mechanisms, in the limit ¢ > 0, has the form,

Vpsleg (el pilvi{Dylexpliks - 2)| B X oo lexp(—ik; - 2)ID,)
[&g t &y ol //) - hwi]

where {vqlp|ce) is the momentum matrix element for interband transitions at the
Eq + Aq gap of bulk GaAs; « and § designate the spins of the excitated electrons in
the conduction band, which are different in light scattering by spin-flip excitations,
but are the same in light scattering by non-spin-flip excitations; ¢, and ¢, are the
envelope functions for the electrons in the ¢ and ¢’ conduction subbands, which are
different in the two-step and three-step carrier density mechanisms; ¢y is the enve-
lope function for the valence band hole, which involves quantized levels only in the
flat-band model; &, is the band gap atk ;= 0; &; + &, ¢4'(K) is the energy separation
of the excited electron in the ¢’ conduction subband and the hole in the valence
band; and in the “bent-band” model, the sum is taken over the valence band states
E, which participate in the Franz—Keldysh tunneling-assisted optical transitions. In
the dipole approximation, i.e. exp(ik, - z) = 1, the matrix elements for the envelope
functions reduce to overlap integrals; specifically

(D lexpliks - )P ol exp(—~ik; - 2)1Dy) = (DD H Do |By) (14)

|Mx )l = (13)

In the “flat-band” model, the envelope functions for the quantized levels of
both the conduction and valence band are given by

®,,4(z) = (z/L)"?* sin(noz/L) .
The corresponding energies of the quantized levels are given by

8 oliy) = Bt nthlo® + k3
) = TnRo
e AT

, (15)

mh?o* hzx/% (16)

Bl = = gt " 2m
ey v

The wavevector componénts k), ki normal to the interfaces are confined to the
value mo/L for both bands, independent of the effective mass. Thus (P /| Py» =0
unless o’ = 0. The selection rule is analogous to the selection rule Al =0 that applies
to the Landau level quantum number for optical interband transitions in an
externally applied magnetic field. Since one of the two interband transitions in the
two-step and three-step carrier density mechanisms involves Ao = 1, the contribu-
tions from these mechanisms to the scattering by spin-flip and non-spin-flip sp
inter-subband excitations are forbidden at this level of approximation. However,
there are several ways by which the Ao =1 selection rule for the interband transi-
tions may be broken. For one thing the potential barriers that confine the electrons
are actually of the order of 1 eV or less. Thus ¢V is equal to o(m + 83"\/L, where
the phase 85" will depend on the effective mass of the carriers which controls the
penetration of the wavefunction beyond the barrier and will, therefore, be differ-
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ent for the conduction and valence bands. As a consequence, (@ |®,,) is non-zero
when o # ¢'. The electric quadrupole or magnetic dipole contribution to the matrix
elements of the envelope function, which depend on the effective wavevector of the
EM radiation within the slab, i.e. k;, ~ 27/L, is also non-zero when o # ¢’

In the Frohlich mechanism for scattering by the collective excitation at the o +
4o gap, both of the optical interband transitions involve Ao = 0, specifically, when
the electron and hole in the intermediate state both undergo intra-subband scatter-
ing. The individual electron and hole contributions to the scattering matrix
elements will therefore be non-zero. However, in this case one must still invoke the
effect of the finite perpendicular component of the wavevector of the collective
excitation to achieve a breakdown in the cancelation of the electron and hole con-
tributions.

We turn next to the “bent-band’” model in which the electrons are trapped at the
surface by an applied electric field F. {The surface space charge field in an accumu-
lation, or inversion layer, is actually highly non-uniform.) The energies of the sub-
band is given by

2,2
‘%ca('(//) =Ag+ Z_n’:i = gg +

2m,

2,222\1/3 2,2
(8 th) xo+f2 Ky (17)

c 2m,

where A, is the energy of the subband o at ,=0; x, is the oth zero of the Airy
function A;(z), and z is the direction of the normal to the surface. The envelope
functions ®.,(z) for the electrons constitute a set of orthogonal Airy functions.
The envelope function for the ¢ =1 (ground state) subband is nodeless. The 0 =2
(first excited) subband has a single node and each higher subband has an additional
node. Holes, on the other hand, are accelerated into the bulk by the electric field;
their motion normal to the surface is not quantized, but rather has a continuous
distribution of energies. The energy of a hole measured with respect to the valence
band edge is given by & ;) = &, + h%«}/2m,, where &, is the total energy asso-
ciated with the motion perpendicular to the surface, and the classical turning point
of the hole orbit is zo = &,/eF,. The envelope function ®,(z) for the hole is a linear
combination of

Toy3 {[2/3(2eEqm,)?] [(z + 26)** ]}

which depends on the boundary condition that. one imposes on the envelope func-
tion at the interface z = 0.

When one evaluates the overlap function (&, ]®.) (®.4 [P, using the envelope
functions for the “bent-band” model, one finds that, unlike the corresponding
overlap function for the “flat-band” model, it is non-zero. This is essentially due to
the sizeable perpendicular component of the electron wavevector that is introduced
by the localization of the electron wavefunction at the surface. The magnitude of
the electron wavevector is typically k; = (2m.A,)Y?/h. That the overlap function is
non-zero can also be viewed as a breakdown of the selection rules by the electric
field-induced spatial separation of the electron—hole pairs in the intermediate state,
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i.e. Franz—Keldysh interband transition between the bent valence band and the
conduction subbands.

We note one further difference in the character of the light scattering between
the ““flat-band™ model and the “bent-band” model, namely a quantitative differ-
ence in the widths of the resonance excitation (i.e., intensity versus w) curves. In
the case of the “flat-band™ model, the width of the resonance excitation curve for
g, =0is (B%k}4/2) (mi* +my') + 2y, [14], which is comparable in magnitude to
the width of the resonance excitation curve for scattering by sp charge carrier exci-
tations in bulk semiconductors [12]. On the other hand, in the case of the “bent-
band” model, the width of the resonance excitation curve is appreciably greater due
to Franz—Keldysh effects.

A brief comment is in order regarding the resonant inelastic light scattering at
the £, and £, + Ay gaps of HII-V compound semiconductors. Since, as noted
earlier, the conduction band states that participate in the inelastic light scattering
processes at the F, and E; + A gaps are not quantized into clearly defined sub-
bands, the matrix elements for inelastic light scattering by the coupled LO
phonon—collective inter-subband excitations of 2D plasmas, via the Frohlich,
electro-optic and deformation potential mechanisms, are similar in character to the
corresponding matrix elements for the inelastic light scattering by the collective
excitations of bulk semiconductors. In the “flat-band” limit, the major difference
between the 2D plasma and the 3D plasma resides in the different magnitudes of
(1ex,» the perpendicular component of the wavevector of the excitation that partici-
pates in the light scattering. In the 2D case, g o =~ 27/L and in the 3D case ¢y =
q.=kig t k. In the “bent-band” limit the difference is due to differences in the
magnitude of the band bending that occurs in the 2D plasma and in the surface
space charge region of the bulk semiconductor.

6. Concluding remarks

It is evident that resonant inelastic light scattering is a useful spectroscopic probe
for investigating the charge carrier excitations of 2D plasmas in semiconductors,
whose full potential has not yet been exploited. The use of resonant light scattering
should be particularly advantageous in studying the interaction of the sp and collec-
tive excitations with LO phonons in polar semiconductors. This would be much
more difficult to do using infrared absorption, particularly in the region of the
restrahlen frequencies where the dielectric constant of a polar semiconductor is
highty dispersive.

In the analysis of the resonant light scattering by inter-subband excitations in
2D plasmas, which we have carried out thus far, we have for simplicity only treated
the scattering by charge carrier excitations when ¢, = 0. We are now looking into
the scattering by the charge carrier excitations when g, # 0. On the basis of the
dispersion curves for the charge carrier excitations (fig. 2), it is obvious that the
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widths of the sp inter-subband scattering peaks for g, # 0 will be appreciably
larger than those for g,=0. Also, at the magnitudes of ¢, which are readily
achievable, namely 2 X 10° cm™, we may expect that the collective inter-subband
excitations will be appreciably Landau damped. Moreover, the coupling of the
collective inter-subband excitations with the 2D plasma oscillations will also
manifest itself. It may even be possible to observe the light scattering by the intra-
subband excitations.

Of even greater interest is the effect of an externally applied magnetic field on
the nature of the sp and collective excitations, and on the character of the light
scattering spectra. In the simplest situation, namely that in which the magnetic field
is directed normal to the surface, the magnetic field will quantize the motion of the
carriers parallel to the surface, so that the two-dimensional subbands will coalesce
into Landau levels which have a zero-dimensional density of states. The spin
degeneracy will also be lifted. The charge carrier excitations will involve changes in
the Landau (orbital) and spin quantum numbers, as well as ¢. Furthermore, there
will be selection rules regarding the changes in the Landau and spin quantum num-
bers [31] that are permitted in optical interband transitions, which apply equally to
the “*bent-band” and the “flat-band” models.
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