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The collective excitations of a double heterostructure are examined in detail. Including the
important effects of the interfaces of the system the uncoupled modes are analysed, which are the
long-wave optical interface phonon modes, LO phonon modes, and intra- and intersubband plas-
mon modes. The electron—phonon interaction is discussed and the coupling functions are cal-
culated and discussed in graphical form. The resulting coupled modes, intra- and intersubband
plasmon-phonon modes, are calculated for different approximations of the polarization function,
the random-phase approximation, the plasmon-pol approximation, and the long-wave approxima-
tion. The dispersion curves of these modes are presented in graphical form for various cases. It is
shown that the Landau damping of the modes strongly depends on the layer thickness and the
concentration of the quasi-two-dimensional electron gas.

Die kollektiven Anregungen einer Doppelheterostruktur werden ausfiihrlich untersucht. Es werden
die ungekoppelten Moden, d. h. die langwellig-optischen Grenzfldchen-Phononen, die LO-Phononen
sowie die Intra- und Intersubband-Plasmonen unter Einbeziehung der Grenzflicheneffekte dis-
kutiert. Im Detail werden die Elektron-Phonon-Wechselwirkung analysiert, die Kopplungs-
funktionen berechnet und graphisch dargestellt. Die resultierenden gekoppelten Moden, die Intra-
und Intersubband-Plasmon-Phononen werden fiir mehrere Naherungen der Polarisationsfunktion,
der Random-Phase-Approximation, der Plasmon-Pol-Niherung und der langwelligen Néherung
berechnet. Die Dispersionskurven sind fur verschiedene Félle graphisch dargestellt. Es wird ge-
zeigt, dafl die Landau-Dampfung der Moden stark von der Schichtdicke und der Konzentration
des quasi-zweidimensionalen Elektronengases abhingt.

1. Introduction

In the last few years the interest in the investigation of interface properties of con-
densed media and of thin layer properties, especially of semiconductors, has been
highly increased. Solid state surfaces as well as interfaces between two media are
connected with a variety of interesting phenomena. On the one hand, their existence
results in completely novel effects and, on the other hand, the properties of the bulk
are changed. The advantages of the crystal growth techniques metal-organic chemical-
vapour deposition and molecular-beam epitaxy made it possible to produce a high
mobility quasi-two-dimensional electron gas (Q2DEG) in a variety of semiconductor
devices. The scope of studying Q2D confined charge carriers has been highly enhanced
by the advance made by the modulation doping technique. Selective doping of the
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wider gap semiconductor produces a high mobility Q2DEG in the smaller gap semi-
conductor. The Q2DEG is spatially separated from the parent ionized impurities and
hence the ionized impurity scattering is drastically reduced.

Double heterostructures (DHS or single quantum well) are important for a large
field of semiconductor devices. These microstructures are typified by a square-well
potential formed by a layer of the smaller gap semiconductor buried in the bulk of
the wider gap semiconductor (Fig. 1 and 2). Hence, the quasi-free electrons are con-
fined to the smaller gap semiconductor layer forming a Q2DEG. Since these DHS’s
are mostly composed of the weakly polar compound semiconductor materials of the
III-V series, both electron-electron and electron—phonon interactions take place.
Electron-phonon interaction in such materials is mainly polar in nature, that means
the long-wave optical lattice vibrations which are accompanied by macroscopic elec-
tric fields, couple to the electrons of the Q2DEG.

The interfaces of the system alter the spectrum of the long-wave optical phonens
of the bulk case. First, the bulk properties of the longitudinal optical (L.LO) phonons
are changed by the interference of incident and backscattered waves. This yields
a vanishing influence of these long-wave optical lattice vibrations at the boundaries
of the DHS. Second, new states in the spectrum of the long-wave optical phonons
occur: interface phonons. The electrons of the Q2DEG interact with both, 1.O and inter-
face phonons. Therefore, the collective excitations of the DHS are coupled states of
the charge-density fluctuations of the Q2DEG and the different long-wave optical
phonons.

In the last time a lot of papers appeared concerning with dielectric screening, col-
lective excitations, and electron—phonon interaction in semiconductor quantum wells
and superlattices [1 to 6, 11 to 13]. In these papers the optical phonon system is taken
into account in different ways. Some authors [1 to 6] treat the contribution of the
optical phonons only by a background dielectric constant (e,-approximation) or the
coupling is treated only to the ordinary 3D bulk LO phonons. In these works the im-
portant effect of the interfaces is neglected. Surface effects have been intensively
studied for the case of plasmons in semi-infinite metals [7 to 10], but only a small
part of works on collective excitations in semiconductor quantum wells and super-
lattices include the effect of the interfaces [11 to 13]. In [11] we gave a general treat-
ment of electron—phonon interaction and collective excitations in microstructures
using the continuum model for the long-wave optical phonons (both LO and interface
phonons). That means the complete long-wave optical phonon spectrum of the layered
structure must be taken into account to investigate the electron—phonon interaction.
The authors of [13] used another approach than in [11 and 12] to introduce the exis-
tence of the interfaces. Using the model of specular electron reflection they derived
the dispersion relation of the collective excitations in terms of the bulk dielectric func-
tions of the media including spatial dispersion.

Starting from the general treatment in [11] first results specified for a DHS are
published in [12]. The aim of this paper is to give a more detailed representation of the
electron—phonon interaction and collective excitations in DHS’s. Furthermore, the
influence of different approximations of the polarization function of the Q2DEG on
the resulting dispersion relation of the collective excitations is investigated. The
approximations studied are the long-wave approximation, the plasmon-pol approxi-
mation, and the random-phase approximation.

2. Electronic Subband Strueture

The DHS (Fig. 1) which is under consideration in this paper consists of a smaller gap
semiconductor (1) for e > z > 0 (for instance GaAs) which is symmetrically embedded
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Fig. 1. Schematic arrangement of the geometry of a
6ag- Al AS double heterostructure

between a wider gap semiconductor (2) for z > a and 0 > z (for instance Ga; _,Al As).
Due to the conduction band discontinuity at the two heterointerfaces at z = 0 and a
the electrons can move quasi-free in the z—y plane, but their motion is confined in the
z-direction. In the effective-mass approximation the one-electron motion is given by
the equivalent Schrédinger equation [14]

2
(_éh}ﬁ A+ Veff(z)) Yr,(®) = Ex(k)) i, xlx) m

with Veg(2) the effective confining potential of the DHS consisting of the potential
resulting from the conduction-band offset at the heterointerfaces, the Hartree poten-
tial, and the exchange-correlation potential. According to the symmetry of the DHS
the one-electron wave function has the form

(@) = Vlf ek gr(2) @)

where ®; and k) are two-dimensional position and wave vector in the z-y plane,
respectively. K refers to the subband index and 4 is the unit area in the x—y plane.
The confinement of the electron motion in z-direction (in order of the de Broglie
wavelength of the electron) leads to a sequence of Q2D subbands according to

Al
2m’
The envelope wave function gg(z) for an electron in the K-th subband is given by the
one-dimensional effective Schrodinger equation

Exly) = Ex - K=0,12... (3)

h2 d2
(M% =T Veff(z)> ¢x(2) = Expx(2) )
with
Jdz]p()? =1. ®)

For the analytic and numerical calculations in the following sections we are interested
in the simplest model potential neglecting band-bending and exchange-correlation
effects and in which the quantum well has infinite barriers,

{O; a>z>0, ()

o0; otherwise.

Ver(z) =

Within this simple infinite square well potential model the envelope wave function
is given by

px(z) = l/% sin (ﬂ%ﬂ), z) (7)

9%
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Fig. 2. Electronic subband structure of a double heterostructure formed by a thin layer of GaAs
embedded between two semi-infinite Gaq — »Al As semiconductors. In addition to the conduection
band (c) also the valence band (v) is plotted (schematically, not to scale). The band bending at the
heterointerfaces arising from the space charges is neglected

and the subband energies by
hin?

En = ——
57 9ma?

(K +1)%. (8)
The local density of states is
m
0z 8) =—3 % lpx()|® (€ — &x), (9)

where the unit step function 0(z) = 1 for & > 0 and 0 for # < 0. The density of states
for the DHS is then

A
0(&) :%,72« T 05 — &) (10)

The electronic subband structure and the density of states of a DHS are plotted in
Fig. 2. According to the local density of states the electron number density n(z) is
given by
kaT u — 51{

p— ;{: [px()}* In [1 -+ exp(—k—BT ] (1n

The sheet carrier concentration nzprg (electron concentration per unit area) is ob-
tained from (11) to

mkgT uw— g
- % In [1 + exp (— ™y )] . {12)

This equation determines the chemical potential u. In Tables 1 and 2 some results
are given for the subband energies and the chemical potential of a GaAs-Ga, _,Al,As
DHS.

n(z) =

N2DpEG =
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Table 1
Subband energies of a GaAs-Gai_ Al As DHS

a &, &, &,
(nm) (meV) (meV) (meV)
10 56.8 227.1 510.9
20 14.2 56.8 127.7
25 9.1 36.3 81.7
40 3.5 14.2 31.9
Table 2

Chemical potential of a GaAs-Ga;_ Al As DHS

72 DEG a u (meV)

(102 ¢m=2) (nm) T—0K T—TK

0.1 10 60.4 54.6
0.1 20 17.8 12.0
0.1 25 12.7 6.8
0.1 40 7.2 —0.5
0.5 10 74.8 744
0.5 20 32.3 31.6
0.5 25 27.2 25.4
0.5 40 17.9 15.0
1.0 10 92.9 92.8
1.0 20 50.3 48.6
1.0 25 40.8 39.0
1.0 40 26.9 25.2

3. Long-Wave Optical Phonons and Electron-Phonon Interaetion

The nature of the polar electron—phonon interaction is that the longitudinal part of
the electric field which is connected with the long-wave optical phonons (polarization
eigenmodes), interacts with the charge of the electron. The following investigation of
this type of electron-phonon interaction in layered media follows quite closely the
theory developed in [15]. Here we are only interested in this type of electron—phonon
interaction under the assumption that the other interaction processes, such as piezo-
electric interaction of electrons with acoustic phonons or the interaction via the
deformation potential of electrons with acoustic or optical phonons, are unimportant
for the interesting physics.

The coupling function of a single electron to the long-wave optical phonons of a
multilayer system is given by [15]
i ee2h )1/2 j 13
q ( 2dorqy) P10 1

This function describes the coupling strength of a single electron at the position 2
with the j-th long-wave optical phonon mode in the layered structure which has the
dispersion relation wy(q). E}(q), 2) denotes the longitudinal part of the electric field
connected with the j-th long-wave optical phonon mode. As shown in [15] the long-
wave optical phonons which interact with the electrons are the p-polarized LO

Pf(q(l’ 2) =
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phonons and the interface phonons. The transverse optical (TO) phonons do not inter-
act with the electrons. For the nonzero components of the p-polarized monochromatic
electric field we use the two-dimensional Fourier series,

. 1 ) X
El(x, t) =~ ¥ ellan@i—o) El(g), 2) . (14)
qii
Since the long-wave optical phonons are macroscopic normal modes, the lattice dy-
namical properties of the media of the DHS are completely described by its macroscopic
lattice dielectric function which we assume to be
2 __n2
£,((0) = ooy ”i;v e (15)
W7, — w2

where v = 1, 2 denotes the material (see Fig. 1), ex, 1s the optical dielectric constant,
w1, and wr, are the longitudinal and transverse optical (LO and TO) phonon frequency,
respectively. The amplitudes of the modes are orthonormalized according to

J‘dz 012(;) BY% ()

S Py, 2) P(q, 2) = 0 (16)
Wy

with
012 () =  Bewn ol —ot, a7
- (wy Eoor + 2 8001,((/)%1,——0).32'(%!)) — ((u%v — (1)]2( H))

and the ion plasma frequency

9 ooy
b, = (gj?é? (0} — k), (18)
where the polarization field is given by Pi(qy, z) = g (@1) E(qy, 2). xp(w) = &,(w) — 1
is the lattice dielectric susceptibility. In the following we discuss the interface and LO
phonons of a DHS in detail.

3.1 Interface phonons

The interface phonons discussed here are long-wave optical phonons which owe their
existence to the presence of the interfaces of the DHS. Their electromagnetic fields
are localized at the interfaces and decay exponentially from the interfaces in the
direction perpendicular to the interfaces. Therefore, we find (neglecting retardation
effects) with the boundary condition E(q), 2)|.— +» = 0 from Maxwell’s equations
for the longitudinal part of the electric field

Die—w@—a), z>a,
Eﬂ[(qH, Z) = ’tOiq [A{ edllz Bf e*QHZ]; a>z2 > Q, (19)
D3 e17; 0>z.

(1 is a normalization constant, I denotes interface phonons, and s is the index of the
different interface phonon modes. To derive the dispersion relation for the interface
phonons we make use of the boundary conditions for the fields. We require that

Eji(q, 2) and &,(w) dBf1(q), 2)/dz are continuous across the interfaces at z = 0, @ and
obtain [16]

(&1 + &) — (&1 — &)? Vz =0 (20)
with

y = e e, (21)
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For the field amplitudes in (19) we find

Df=—1,
A5 — &g — & ,
! 2e, 14 22)
g +e
Bs — 1 2, -1
t 2e, v

D; = 81+8gy“1.
€ — &

Due to the symmetry of the DHS the dispersion relation (20) of the interface phonons
is split into two different ones, one for the so-called antisymmetric interface phonon
modes and one for the symmetric interface phonon modes. For the antisymmetric
interface phonon modes the dispersion is

1 —y :
| —t =0, 23
&y(m) + &lw) 1 +y (23)

With the use of the lattice dieleciric functions (15) the explicit dispersion relation
follows:

1
o lq) = {Qm (Sf‘(w%l + 03s) + ed(wiz + of1) + [(ef (i -+ ) +
1 2

1/2
+ ed(wis + (U%l))2 — 4(ed +-£3) (2ofiwfs + s‘z‘w]z,gw%l)]l/z)} (24)

with
et = ec1(l +9), (25)

8? = £x2(l — 7) . (26)

For the field amplitudes (22) we find for the antisymmetric interface phonon modes

D =—1,
A __ YV
A} = T
(@7)
1
A -
By = T
D=1,
and for the normalization constant according to (16)
ar _ joud —9)
P LIS
(# (0 — oX+(q)? (of — w3, (q))* )}1’2
edoh — 0d) (0F — 03L(q))? + e — of) (0f — wis(qy)?

(28)
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The coupling function of a single electron with the antisymmetric interface phonons
of the DHS is obtained from (13), (19) and (24) to (28),

et \'? P
Ffi(QII,Z)=—( . ) .

24wa+(qy) g
e~ tnfz—a), z>a,

XAy e — ety a>e>0, (29)
— 0>z.

The implicit dispersion relation (20) containsalso the dispersion relation for the sym-
metric interface phonons. Their dispersion relation is found from (20) to be

1—}—7)20

& () + &(w) 1—

(30)

With the use of the lattice dielectric functions (15) the explicit dispersion relation
follows:

ms+(q)) = {”*—* (8§(w%1 + 0ks) + (ol + o) £
2(e} + 5)
+ [(f(@i1 + 0F) + (ol + 0f))? —
1/2
— 446+ o hodoks + ofaoh )] (31)
with
ef = exr(l — ), (32)
&5 = oz(l + 7). (33)
For the field amplitudes (22) we find for the symmetric interface phonon modes
Dg = _'1 3
JER 2
1 49
. (34)
B} = ——,
14
D} = —1,
and for the normalization constant according to (16),
s L +9)
Oqi — q”(
T { 26 X
v < (0t — 0fx(q)? (0F: — 0fs(g))? )}1’2
flof — of) (f: — 0§+ (q)? + i — i) (0h — ois(qy)?

(35)
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The coupling function of a single electron with the symmetric interface phonons of the
DHS is obtained from (13), (19), (31) to (35),

e.e2h 12 8+
I’§i(q;;,z)=—< . ) !

2dos: (@) @
e~ nk—a). z>a,
1
X J [y en?  e—ni7]; 2>0, 36
e L og>e> (36)
elli? 0>z.

For numerical work we have chosen a Gag;5Al)545-GaAs—Gag 5A)) 548 DHS. We
describe both media by the lattice dielectric function (15). In the case of the ternary
mixed crystal Gaq_.,Al;As the single-mode expression (15) is an approximation since
the lattice vibration behaviour of such mixed erystals is a complicated one (see for
instance [17]). The material constants [18, 19] for GaAs are taken to be

£a01 = 10.90, w11 = 5.496 x 1018371, o = 5.057 x 103 g1
and for Gag ,5Al) 55As
S0z = 10.22 wre = 6.979 x 10¥ st and wge = 6.731 x 1018g71,

In Fig.3 the dispersion curves of the long-wave optical interface phonons are
plotted. The dispersion curves start at ¢, = 0 and © = w1, w11, W2, OF Wy, respec-
tively. It is seen that the () modes approach the agsymptotic frequency wr, and
the (—) modes approach w;_, respectively. These frequencies follow for g — oo from
(24) and (31). Fig. 4 shows the spatial dependence of the coupling function I'f(g, 2)
(for s = A+, A—, S+, S—) of a single electron interacting with the four interface
phonon modes. Since the media are isotropic in the z—y plane I'j(g), z) is only a function
of g; = |q| and not of the direction of ¢;. The coupling function of the electron—inter-
face phonon interaction is mainly localized at the interface of the DHS. Furthermore
an interaction takes place even if the electron is outside the GaAs layer. Fig. 4 il-
lustrates the spatial symmetry behaviour in z-direction of the four different interface
modes. The (-+) modes occur in the reststrahlen branch of Ga;_,Al As, the (—)
modes in that of GaAs. Therefore, the (—) modes which are supported by the GaAs
layer would also occur ina free standing GaAs layer. In such a case, an electron outside
the GaAs layer in the vacuum interacts also with the (—) interface phonon modes.
This effect is used in EELS measurements. From (29) and (36) it is to be seen that the

R T 0 4
|
— 68 |
Yz “ar &>
- . 65 p%
I
= 56 3
Vet W, d54 Fig. 3. Dispersion relation of long-
' wave optical interface phonons
_ Y of a GaAs-Gay ,;Al ,;As DHS for
@;. - a thickness of @ = 20 nm of the
Wy ; 1 1 50 GaAs layer
a 5 10 T 20
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Fig. 4. Spatial dependence of the coupling
function I'f(g), 2) of the electron—(long-
wave optical) interface phonon interaction
of a GaAs-Ga,;Al, 5,As DHS for a thick-
ness of ¢ = 20 nm of the GaAs layer and
g =3 X 107 em™
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localization of the coupling function I'j(g), ) for the interface phonon modes increases
with larger values of the wave vector component g

3.2 LO phonons

Besides the interface phonons there exist also the bulk-like LO phonons in the spec-
trum of the long-wave optical phonons. The L.O phonons only occur at those frequen-
cies where the lattice dielectric functions of the semiconductors forming the individual
layers of the DHS vanish. With the lattice dielectric function (15) the frequency of
each longitudinal layer resonance is identical to that of the relevant bulk LO phonon.
But other properties, such as the spatial dependence of the electric field strength,
will be altered due to the existence of the interfaces. From Maxwell’s equations and
boundary conditions for the field components across the interfaces of the DHS 1t is
found that the electric field of the O phonons w1y is only different from zero inside
the layer (1) and that of the LO phonons mye is only different from zero in the sur-
rounding medium (2) [15]. Simple calculations result in the coupling function of a single
electron with the LO phonon modes wy; of medium 1

0; z>a,
. thory /1 1\\¥2 | sin (gT2)
0; 0>z,
with
m 7
g1 = v m; m=1,2,3, ... (38)

Herein &y, = &cop{twr,jor,)? denotes the static dielectric constant. The coupling func-
tion of a single electron with the LO phonon modes ws of medium 2 is given by

2k 1 1 \\122
FL‘Z(Q!I’ Qe 2) = — (igg‘i (”'— "‘*‘)) X

\VGso £z Es2

(sin (¢:(z — a)) "
SeltRES RS A >a,
| Vi + ¢
% 103 a>z>0, (39)
l S_iniiz,k 0>z
Vel + ¢ ’
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with Vi the unit volume and ¢, the z-
component of the three-dimensional wave
vector q. The LO phonons of media 1/2 are
2 7| composed of ordinary bulk LO phonons
which propagate to the interfaces of the
DHS and are backscattered from them.
At the interfaces of the DHS itself, i.e.
at z = 0 and z = a, the influence of these
modes vanishes due to the interference of
incident and backscattered waves. This is
the physical reason for the discreteness of
the z-component of the wave vector ¢ of
the LO phonons of the layer (1). According
ol 1 to the discussion above, [y is identical to
the well-known Frohlich coupling in the
| 3D bulk case [20] if we neglect the back-
s | 4 A scattered part. Their is an important dif-
[\ ference between the Frohlich coupling of
0 confined LO phonons in layered systems
V and of ordinary 3D LO phonons. Whereas

s - the 3D phonon wave vector of the 3D bulk
L.O phonons starts at |g| = 0, for the con-
F fined L.O phonons of a semiconductor layer
NI § 7 wave vectors smaller than |q] = m/a are
NN forbidden. In Fig.5 we have plotted the
g Vi spatial dependence of the coupling function
I'71(q), #)y of asingle electron interacting with
~50[- 60g75Aip5 A5 | GaAs | GopzsAlzsASH  the LO phonon modes wy, of the GaAs layer.
_2[‘] ; = 410 It is to be seen that the interaction strength

> ) vanishes outside the GaAs layer and at the

interfaces.

IS car. units)
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4. The Screened Potential

Up to now we have considered the interaction of a single electron with the different
kinds of long-wave optical phonons of the DHS. The important quantity Ij(g), z)
describes the coupling strength of the different long-wave optical phonons to the
charge of the single electron at the position z. This is the theory for a DHS equivalent
to the well-known Frohlich polaron in three dimensions. But in the case of a DHS
the electrons form a Q2DEG. Therefore, we must investigate a many-electron problem
in a layered structure where the electrons interact with the different kinds of long-
wave optical phonons. To solve this problem we have to calculate the longitudinal,
dynamically screened interaction potential of an electron with another one. In {11}
we have derived the Dyson equation for this screened interaction potential in the
“subband space”. It reads

W& x.rxla) ©) = Wrgrr(q) o) + 1
+ Lz;d, W gz, n(qil, @) P(L}/(q”, o) Wirgxq), o). (40)
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In this equation the bare interaction potential is given by

Wk x (@) ©) = VR g Q) + VErrgq), o), (41)

where V% g,k x,(q)) represents the bare electron—electron interaction (bare or direct
Coulomb) and VPKIIIKzKSKA(q”, ) the bare electron—phonon interaction. The bare elec-
tron—electron interaction potential is given by

2

Ve -7 o 42
KR, (q)) 2eqeoordl] fr.x.55.(9)) (42)

with the form factor
femrrlq) = [ dz [ d2’ @.(2) ¢g,(2) e~ g% (') @g,(2) . (43)

The electron-electron interaction potential contains the optical dielectrie constant
£x1 of that semiconductor containing the Q2DEG. The factor g4 includes the dielec-
tric sereening of the semiconductor background arising from high-energy electronic
excitations across the band gap. The bare electron—phonon interaction potential is
given by

2 w (qH) ;
peh ) = W] J : 44
BEER (), @) p JZ (0 1 i0) — ol fr,rx,5.(4) (44)
with ' .
firr Q) = My, (@) Mg (—q)) - (45)

Throughout this paper we only use retarded functions (§ — 0+*). The basic electron—

phonon interaction vertex is represented by the matrix element M’}('K(q”) of the
coupling function I7(qy, z) with the envelope wave function according to

Merlgy) = VA [ dz 9¥(2) Tilqy, 2) ox () - (46)

Therefore this vertex includes the spatial dependence of the envelope wave function of
the scattered electron (K — K’} in distinction to the coupling function I'(g;;, z). Within

the random-phase approximation [21, 22] the polarization function P_(Al'}{'(q”, ) is

P (g, ») zé . ”F(&{.'(kll)) — ny(Ex(ky + q)))
Kl (ko + 7’6) + SK’(k”) — EK(k{l -+ q”)

with the Fermi occupancy factor ny and &x(ky) = Ex(k)) — u. The dynamically
screened and finite-temperature interaction potential (40) contains all the information
needed in order to derive the dispersion relation of the collective excitations of the
DHS. But in general, it is quite difficult to obtain it exactly from (40). Therefore,
two approximations are made in the Dyson equation. At first we take into account
the assumption of the electric quantum limit. This means that only the lowest subband
is occupied. In that case we put K, = K, = 0 and define

Pglo)(q”, w) lf K =0 s
PRAgp, ) + PSxqp, o) if K>0.

(47)

2%y, 0) = { (48)

The full RPA expression of the polarization function X(I?(‘lll’ w) of a Q2DEG in the
zero-temperature limit was calculated by Wendler and Pechstedt [11].

For the subband indices we write for simplicity {K,0K,0} = {K,K,}. As a further
approximation we neglect the off-diagonal elements of (40). The form factors f%x (43)

and ffy}lK, f}'}i and f‘;ﬁ; (45) are easily calculated for a DHS. For the form factor of the
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bare electron—electron interaction (43) follows with (7)

1 1 4 dgo
fexlay) = (o )[( o) + (K - 2)° +W}_

2m)2 (K + 1) }z @)
((g12)* + @K)?) ((gyo)® + 72K -+ 2)?)
In Fig. 6 we have plotted f%x(q)) for (0-0) intrasubband scattering (K = 0) and for

(1~0) intersubband scattering (K = 1). It is to be seen that in a wide range of ¢, fn(q”)
is smaller than f8o(q;). Discussing the bare electron—phonon interaction we give at

first the result for the matrix elements M Ko(q“) For the matrix element of the inter-
face phonons of the DHS it follows:

— gl — (—1)F y]{

Zh 1/2 C&+
JM‘};E)—F(QH) = — ( 26511(%0) = [1 + ¥] (I — (—=1) )
a a
X [(qw)z TRAE T2F (e + (nK)z} %0)
e e\ O3
M (q)) = (2ws+( ]|)> 1y [L—21 (1 +(=DF) x
a (74
. [(91106)2 K Lo gt (nK)z} 1)

and for the matrix element of the LO phonons of the DHS (modes of the GaAs layer):

( e%wm( 1 1) 12 1 4m(K +1) (1 — (—=1)%+m)
[\ 28 \ew1i &a Vaf + (@™ w(&2 — m?) (K + 2)? — m?) '
M () =1 03 (52)
if Ks=m and K-+2Fm
if K=m and K+2=m
Due to the symmetry of the DHS only the symmetric interface phonon modes and
the LO phonon modes m = 1, 3, 5, ... cause the (0-0) intrasubband scattering and
only the antisymmetric interface phonon modes and the L.O phonon modes m =

= 2,4, 6, ... cause the (1-0) intersubband scattering. A similar result was obtained
in [23]. It is to be seen from (52) that the interaction strength with the LO phonons

decreases with increasing mode index m. According to (45) and (50), (51) f}‘}}}(q“) and
f%i}{(q”) are given by the square of My (qy) and M {q))), respectively. For the form

I 1 ]
) c

o4 i Fig.6. Form factorsf&,(qn) andflcl(qn)
Y ft B of the electron—electron interaction of
///_—_— a GaAs-Gay o5Aly ,5As DHS for @ =
| L 1 = 20 nm
0 5 70 75 20
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factor of the LO phonons we define
e = X Mig"(an) Mss"(—q) » (53)

where we perform the sum over m before integrating. The sum over m in (53) may be
converted to an integral and the result evaluated to give

ey o (11 R ,_lﬂlf&] _
TEr(q)) = degg) (sool esl) {(q”a) [(é'lnﬂ)2 + 7HK - 2)? * (ga)* + (K)*

— (@@ {1 — (=DFy]{3 — (=¥ y] X
5 [ @m)?* (K + 1) ”
L ((g@)? + @E)?) ((qy@)? + 72K + 2)?)

In many papers dealing with the same subject only the interaction of a strict 2DEG
with the bulk LO phonons is considered, neglecting any effect of the interface. To
compare the form factors f‘}%(q”), f‘%((q”) and fII}IK(q”) of the present paper with such
a form factor we will derive them. The starting point is the Frohlich polaron Hamil-
tonian which contains the coupling function (39) if we neglect the backscattered wave.

Performing the sum over ¢, (may be converted to an integral) and using for the en-
velope wave function of the strict 2DEG |¢(z)[2 = d(z) it follows:

1.0 o ezhwm (_L__L) =
P =g (o) (55)
In Fig. 7a the form factors f§if(q;) and fii(q)) are plotted and in Fig. 7b fi*(qy)
and fI{g)). Since these form factors represent the strength of the scattering process
of two electrons of the lowest subband, Fig. 7 a, b show at each value of the wave
vector component g, which is the dominant interaction process. Especially at low
values of g the dominant interaction for the (0-0) intersubband scattering is that
with the S +-interface phonon mode. At large wave vectors the dominant scattering
arises always from the interaction with the LO phonons.

(54)

5. Collective Excitations

The Dyson equation (40) for the screened interaction potential provides the defini-
tion of the total longitudinal dielectric function of the DHS. Using the two approxi-
mations described above the total longitudinal dielectric function is given by

€88 (g ®) = Vax(qy) (Wrilgy, ©) — 22 (qn, ) (56)
with V?;K(q”) = ¢o01 V& (q)). This dielectric function of the DHS is responsible for
a variety of excitations of the polaron gas including the different kinds of long-wave
optical phonons and their coupling to the charge-density excitations of the Q2DEG.
In the regions of the w — gy plane with Im si%l(q), @) = 0 the dispersion relation of
the coupled excitations follows from Re &iot(qy, w) = 0:

Wxklgy, ©) — 2% (g, ) =0. (57)

Since the dispersion relation contains long-wave optical phonons (both interface and
LO phonons) as well as charge-density excitations of the Q2DEG, it describes

(i) coupled intrasubband plasmon—phonon modes if K = 0 and

(i) coupled intersubband plasmon—phonon modes if X > 0.
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From the dispersion relation it can be seen that the neglect of the off-diagonal ele-
ments of the Dyson equation is equivalent to neglecting the mixing between intra-
and intersubband and between different intersubband excitations.

The full RPA excitation spectrum of a Q2DEQ, which is determined by (57) and
(48) with V¥k(q), ) = 0, is plotted in Fig. 8. The excitations can be separated in
collective intrasubband excitations, single-particle intrasubband excitations (the (0—0)
excitations are plotted) and in collective intersubband excitations and single-particle
intersubband excitations (the (1-0) excitations are plotted). The collective excitations,
intrasubband plasmons »$® and intersubband plasmons w}f’, are solutions of (57),
whereas the single particle excitations form the continuous areas in the w—g; plane.
These regions in the w—g) plane, in which Im y(¢q)}, w) is nonzero, are shown in Fig. 8

by the shaded regions given by

Vpq)] (__1 + q ) + Qro < o < vy (1 -+ %) 4+ Q. (58)

hQxe = Ex — &, denotes the subband separation, kr = (2zneppe)t/? is the Fermi
wave vector and vy = hky/m the Fermi velocity. The collective excitations inside the
single-particle continuum are Landau damped and (57) does not give the correct
results. In such cases the collective excitations of the DHS can be obtained from the
peaks of the energy-loss function which is proportional to Im (—1/eletal(gy, w)).

Only the collective excitations existing in the unshaded regions of Fig. 8 are not
Landau damped and therefore they should have long life-times.
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5.1 Coupled intrasubband plasmon—phonons

The dispersion relation of the coupled intrasubband plasmon-phonons is given by (57)
for K = 0. If we use (47) and (48) for the polarization function the full RPA spectrum is
obtained [12]. For numerical work we have chosen a Gag ;;Al) osAs-GaAs—Gag 5Al) 05 A8
DHS with the material parameters given in Section 3.1 and for the conduction band
mass of GaAs [18] we use m = 0.06624m,. Fig. 9 a to d show the full RPA dispersion
curves of the coupled intrasubband plasmon-phonon modes for different sheet carrier
concentrations and different thicknesses of the GaAs layer. Due to the symmetry
properties of the DHS the intrasubband plasmons couple only to the LO phonons of
the GaAslayer and to the symmetric interface phonons, but not to the antisymmetric
one. For high sheet carrier concentrations the dispersion curve of the uncoupled intra-
subband plasmon mode wy’ crosses the dispersion curves of the uncoupled phonon
modes wy,; and wg. resulting in four resonance split dispersion curves of the coupled
intrasubband plasmon-phonon modes. The coupled phonon-like modes start for gy = 0
at the frequencies wry, w11, and w1z as the uncoupled modes, too. This behaviour dif-
fers from that in the 3D case [24]. The coupled plasmon-like mode starts for ¢, = 0
at w = 0. For large values of ¢ the dispersion curves penetrate the single-particle
intrasubband continuum. It is seen from Fig. 9 that the strength of the plasmon-
phonon coupling increases with increasing sheet carrier concentration and decreases
with increasing layer thickness @ of the GaAs layer. But the influence of a thickness
variation does not change the resulting intrasubband mode spectrum dramatically.
The dependence on the sheet carrier concentration is much stronger. The dispersion
curves plotted in Fig. 10 are calculated in RPA, in the plasmon-pol approximation
(PPA), and in the long-wave approximation (LLWA). The polarisation functions for
the last two approximations are discussed in [11]. It is seen that for large values of
q) the RPA results deviate appreciably from the PPA and LWA ones. These reason is
that the PPA and LWA results are restricted to ¢, <€ w/vy and the strong spatial
dispersion included within RPA becomes important for large values of ¢. This more
exact results of our RPA calculations should be in principle measurable in spec-
troscopic experiments on collective excitations in DHS’s. The dispersion relation (57)
contains a lot of special cases. If we expand x{(q, ) in (48) to O(q}}) neglecting
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Fig. 9. Dispersion relation of the coupled intrasubband plasmon-phonons in RPA of the GaAs-
Gagp5Al 05As DHS (solid lines) for a) mepgpg = 1 X 10 em™2, ¢ = 20nm; b) nepre = 5 X

10 cm~2, ¢ = 20 nm; ¢) nepEg = 1 X 101 em~2, ¢ = 20 nm; and d) neprg = 5 X 10 cm™2,
@ = 25 nm. The dispersion relation of the uncoupled modes is given by the dashed lines

the contribution from the long-wave optical phonons (V2i(g), ) = 0) and use |p(z)|2 =
() in (43) the dispersion relation of 2D plasmons follows from (57) ([25]):

o = Yol + % vkef
with the 2D plasma frequency
n2pEGe’ 1z
= |— . 59
“p (27)’&808001 q”) ©9)

Using the LWA approximation (expanding to O(gf)) for (g, ) the dispersion
relation for the coupled excitation: strict 2D plasmon-3D Lo phonon follows from

10 physica (b) 141/1
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Fig. 10. Dispersion relation of the coupled intrasubband plasmon-phonons in RPA (solid lines

PPA (dashed lines), and LWA (dash-dotted lines) of the GaAs—Ga, Al o5As DHS for nopre =
=1 X 102 ¢em2, ¢ = 20 nm

Fig. 11. Dispersion relation of the intrasubband plasmon in RPA including the dynamical plasmon
phonon coupling (solid line), in the eg-approximation (dashed line), and without any phonon
contribution (dash-dotted line) of the GaAs—Gayq;AlyAs DHS for nepre = 1 X 1072 cm™2
@ = 20 nm

(57) with (55) [26]:

w: = {301 + op) + [(@h + 0p)? — dohwi]2) . (60)
This restrictive approximation is mostly used when dynamical phonon effects on the
plasmons in quantum wells and superlattices are treated [3]. The result (60) can also
be derived by negleetlng the interaction potential VPh(q”, w) =0 but replacmg
Eoo1 bY £(00) = gaor(0iy — 02)/(wh — ©?) in Violg) as done in[3]. If one omits the im-
portant effect of the interfaces, this results in the loss of dispersion curvesinthe spec-
trum of the collective exeitations. Another approximation use dvery often, the g -ap-
proximation for the phonon contribution of the DHS, neglects any dynamical
phonon contribution in the dispersion relation (57). In this case the RPA dispersion
relation of the Q2D intrasubband plasmons follows from (48) and (57) neglecting
T/Ph(qn, ) and replacing g3 in (42) by 4. In Fig. 11 we have plotted the dlspers-
ion curve of the plasmons including the dynamical phonon effect, the g.-approxi-
mation, and without any phonon contribution.

5.2 Coupled intersubband plasmon-phonons

In this section we discuss the (1-0) coupled intersubband plasmon—phonons. Their
dispersion relation is given by (57) for K = 1. In Fig. 12 a to d we have plotted the
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dispersion curves of the (1-0) coupled intersubband plasmon—phonon modes for dif-
ferent sheet carrier concentrations and different thicknesses of the GaAs layer. The
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Fig. 12. Dispersion relation of the coupled (1-0) intersubband plasmon-phonons in RPA of the
GaAs-Gayq5Al 05As DHS (solid lines) for a) #aprg = 1 X 1022 em™2, a = 20 nm; b) neppg =
=5 X 101 em~2, ¢ = 20 nm; ¢) naprg == 1 X 10 em™2, ¢ = 20 nm; d) napgg X 5 X 101 em~2,
a = 25 nm. The dispersion relation of the uncoupled modes is given by the dashed lines
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(1-0) intersubband plasmons w} couple only to the L.O phonons of the GaAs layer
and to the antisymmetric interface phonons, but not to the symmetric one. The
uncoupled phonon modes wy; and wy . are degenerated at g; = 0 This degeneracy
is lifted by the coupling of the intersubband plasmon mode 0y with the phonon
modes. For low sheet carrier concentrations it is possible that some of the coupled
intersubband plasmon-phonon modes do not penetrate the single-particle intersub-
band continuum. Consequently, these modes are undamped in the whole range of ¢,
(cf. Fig. 12 ¢). This is true since the intersubband modes are undamped within
the single-particle intrasubband continuum due to the approximation used. The
subband separation #£2;, varies as a function of the thickness a of the GaAs layer,
whereas the frequency region, in which the phonon-like modes exist, is relatively
fixed by the reststrahlen branches of the two media of the DHS. For high values of
a all the four coupled (1-0) intersubband plasmon-phonons modes lie above £,, and
penetrate the single-particle intersubband continuum. The influence of the sheet
carrier concentration and the layer thickness on the coupled intersubband modes is
significant resulting in the interesting fact that the damping of these modes strongly
depends on the concentration of the Q2DEG and on the thickness of the GaAs layer.
The dependence of the dispersion curves of the intersubband modes is more pronounced
than in the case of the intrasubband modes.

In Fig. 13 we have ploh‘oed the dispersion curves of the coupled (1-0) intersubband
plasmon—phonon modes using the LWA result for x(l)(q”, w) [11]. It is seen that the
LWA result appreciably differs from that obtained in RPA. The dispersion relation
(57) contains some special cases. If we expand #{!(qy, ») in (48) to O(gf}) and use for
(42)

Vit =5, — pmgy — yugh) + Olgh) (61)
with
7
o fj?;lj P szfdz 1) pol2) |2 — 21 1) @) » (62)
n e?
My = ;];;: . 2103 210 = | dz @F(2) 2gy(2) , (63)
—LZDEG e? ) % 8 R ,
n = 7Dy Bogsoon f dZJ dz’ @7 (2) @olz) |2 — 23 @f (2) @o(z)) , (64)
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N intersubband plasmon-phonons in RPA (solid
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if we neglect the phonon contribution, the explicit dispersion relation of the inter-
subband plasmons follows:

nQ 1 (1 .3 He
oy’ = {(1 + o) Do Qg + [ mlo (1 +5 “11) + ok (o; + Z) - Q%Oyn] qﬁ}
(65)

which was obtained in [3]. In the zero-order term, the extra term x,; Q3% is due to the
depolarization effect, which results from the resonance screening in the quantum well,
The linear term in g is just the electrostatic energy due to the density fluctuations
in the well. For the DHS one obtains

nepre €2 10a

_ a 66
*n hey EgEoor 2 (66)
NoDEG e 256a2
_ , 67
f 7y epfcc1 Slm? 67
2 4643
= — N2DEG € 6a, (68)

10y Egecor 8lat

The depolarization shift is seen in the Fig. 12 to 14. In Fig. 14 we have plotted the
dispersion curves of the uncoupled (1-0) intersubband plasmons using the RPA and
the LWA for yV(q, ») in (57) and using (65) with (66 to 68).

Within the LWA it is possible to calculate the dispersion relation of the coupled
excitations for the special case of intersubband plasmon-3D LO phonon coupling in
an explicite form. If we expand {V(q);, ) and take the first non-vanishing terms we
find from (55) and (57)

oy = {3 ((wf1 + Qi1 + oy — pug) + (@i + Q361 + oy — pudn)® —
T — 4Q%(0f + ooy — pad)VE) P (69)
Analogeous to the dispersion relation (60) this restrictive approximation (69)is the
mostly used one when dynamical phonon effects on the intersubband plasmons are
treated [3].
6. Concluding Remarks

In this paper we have presented a detailed survey of the collective excitations in
DHS’s. Using the theory of dynamical screening and electron-phonon interaction
in layered media [11] we discuss the un-

T " ' T coupled modes: long-wave optical phonons
| A (both interface and LO phonons), intra-
\‘70» /Q‘ and intersubband plasmons, and their
T coupling. In distinction to most works
E , N done in this field up to now, weinclude the
3

s

“\] Fig. 14. Dispersion relation of the (1-0) intersub-
\\ N band plasmon in RPA (solid line), LWA (dash-
infersubband \ J  dotted line), and calculated from the explicit dis-

cotinuum persion relation (65) (dotted line) of the GaAs—
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effects of the interfaces on the collective excitations. We have considered the disper-
sion curves in different approximations, RPA, PPA, and LLWA and showed that for
high sheet carrier concentrations and small thicknesses of the well width of the GaAs
layer the RPA results appreciably differ from those in PPA and LWA. The important
fact is shown that the Landau damping of the intersubband excitations depends
strongly on the thickness of the GaAs layer. Our results reduce to results of other
authors calculated previously in the appropriate limits. Some of the questions, which
are not answered in this paper, are:

(i) is the RPA result good enough to describe correctly the dispersion curves, and

(ii) how strong is the influence of the coupling between intra- and intersubband
and between the different intersubband excitations.
Whereas (i) demands the consideration of a two- or three-subband model which can
be done without any problems, (i) seems to be an outstanding problem for a Q2DEG.
Using the self-consistent STLS approximation of Singwi et al. [27], Jonson [28] found
that the RPA is a less satisfactory approximation for a strict 2DEG. But the inclusion
of the realistic DHS layer structure, as done in this paper within the RPA, is very
crucial within the self-consistent STLS approximation.
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