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Abstract. The dielectric function and the density—density correlation function are calculated
for a compositional superlattice of type Il, which consists of alternate electron and hole layers (a
two-component plasma) in an inhomogeneous dielectric background. The dielectric background
of the electron gas is considered to be different from that of holes and the finite width of an
electron (hole) layer is considered to allow both intrasubband and intersubband transitions. Our
model superlattice consists of electron plasma, hole plasma, lattice vibrations of the background
of the electron gas and lattice vibrations of the background of the hole gas. Electron—electron,
electron-hole, hole-hole, electron—phonon, hole—phonon and phonon—phonon interactions take
place in our model superlattice. Our calculation is applied to the,l@a,As/GaSh_,As,
superlattice. Variation of plasmon—phonon coupled modes and their lineshapes wihand

unit cell width has been investigated in order to study the effects of semiconductor to semimetal
or vice versa phase transitions. It is found that phase transition prominently affects the plasmon
modes, while phonon modes remain almost unaffected. The inhomogeneity in the background
of the electron—hole gas also produces a significant change in plasma frequencies. Lineshapes
of coupled plasmon—phonon modes for both semimetal and semiconductor phases are calculated
and are computed with those of the homogeneous background. Significant changes in peak
height and half width are observed due to inhomogeneity in the dielectric background and the
semiconductor to semimetal phase transition.

1. Introduction

There has been immense interest in type-Il superlattices because of an extraordinary band
edge relationship at the interface and the co-existence of electron and hole gases [1-6].
The best known example of a type-Il superlattice is (InAs)jGaAs)/(GaSb)_,(GaAs),.

At the misaligned bandgap InAs/GaSb superlattice interface, electrons flood from the GaSb
valence band to the InAs conduction band, leaving holes behind, and the process produces a
dipole layer consisting of two-dimensional electron and hole gases. The calculated subband
structure shows a strong dependence on the period of the superldjt{@e&]. The energy

gap decreases with increasidgand the semiconductor to semimetal transition takes place
atd = 170 A. The electron concentration has been measured as a function of InAs layer
thickness and a sudden increase of an order of magnitude has been observed for layer
thickness= 100A [9]. Such an increase indicates the onset of electron transfer from GaSb
to InAs. Far-infrared magneto-absorption experiments confirm a negative energy gap which
suggests a semimetallic superlattice [10, 11]. The existence of a semiconductor to semimetal
transition, which results in electron transfer from the GaSb layer to the InAs layer, when
the InAs quantum well thickness reaches a threshold, was confirmed experimentally and
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theoretically [12,13]. The electron mobility for InAs quantum well thickness from 150

to 200 A ranges between 1.5 and02x 10° cn? V-1 s1 at 4.2 K [14]. The conduction

band minimum of InAs exists below the valence band maximum of GaSb, which yields
the transfer of electrons from a GaSb layer to an InAs layer. The process results in a
system where electrons and holes are mostly confined to adjacent layers. Therefore a type-|
superlattice can be considered as a one-dimensional (1D) periodic array of electron and hole
layers embedded in a dielectric medium which offers two different backgrounds for electrons
and holes. The aim of this paper is to perform a theoretical study of electronic as well as
ionic collective excitations and light scattering for a type-Il superlattice, in order to see
how the inhomogeneity in the background of the electron (hole) gas and the semiconductor
to semimetal phase transition affect these properties. There have been a large number of
experimental as well as theoretical studies on collective excitations and light scattering in
semiconductor superlattices [5,15-34], ever since the discovery of superlattices, because
of their central importance in analysing and understanding several technological aspects of
superlattices. The intrasubband plasma frequencies for a model type-Il superlattice of 2D
electron and hole layers has been calculated by Das Sarma and Quinn [32]. However, their
work did not consider the finite width of an electron/hole layer and the inhomogeneity in the
background. The work was then extended by Tselis and Quinn [17] by assigning finite width
to electron (hole) layers in a homogeneous dielectric background. The theoretical study of
intrasubband plasmons in a two-component system in a homogeneous background with the
possibility of tunnelling between layers of zero width has also been performed [33]. Tzoar
and Zhang [25] have performed a theoretical study on the Raman scattering cross section
for a system of strictly 2D layers of electrons and holes in a homogeneous background.
We present, in this paper, a calculation of plasmons and plasmon—phonon coupled modes
and the line shapes of plasmon—phonon coupled modes for thimGaAs/GaAs Sh;_,
superlattice. The superlattice has been modelled as a 1D sequence of electron (hole)
layers which are embedded alternately in an inhomogeneous dielectric host medium. The
lattice which consists of electrons is different from that containing holes, in a unit cell.
Therefore, our model structure consists of four components, viz. electron plasma, hole
plasma, phonons belonging to the lattice of.(Ba_,As and the phonons of the Ga/&b,_,

lattice. Also, we assign a finite width to an electron layer and a hole layer in order to
take into account both intrasubband as well as intersubband plasmons. Our calculations
incorporate electron—electron, hole—hole, electron—hole, electron—phonon, hole—phonon and
phonon—phonon interactions for both intrasubband and intersubband transitions. Ours is
a much more detailed and accurate calculation of plasmon—phonon modes and their line
shapes for a type-Il superlattice as compared with those reported in the past [17, 19, 25].
Further, we study the variation of plasma frequencies and their line shapesrtwith énd

with d, in order to see the changes in plasma frequencies for the semimetal to semiconductor
or vice versa phase transition. The frequencies and line shapes have also been computed
by considering a homogeneous background for the electron/hole gas to compare them with
our calculated results. We present our calculations of collective excitations in section 2.
The calculation and results on line shapes of coupled plasmon—phonon modes are given in
section 3. We summarize our work in section 4.

2. Frequencies of collective excitations

The In_,Ga.As/GaSh_,As, superlattice consists of electrons imlpGaAs layers and
holes in GaSh ,As, layers. The superlattice offers a two-component plasma in an
inhomogeneous background. The electron and hole plasmas interact with each other in
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addition to their interaction with lattice vibrations of,InGa.As and GaSp.,As,. The
frequencies of plasma oscillations and the plasmon-phonon coupled modes can be given
by the zeros of the dielectric function of the system. A general expression for collective
excitations in a type-Il superlattice can be given by [33]
€ €D
€21 €22
The suffix 1 corresponds to theln Ga,As layer while 2 corresponds to the GaSpAs,
layer of a unit cell.A represents a composite subband index. &héerms yield intralayer

interactions, Whilee,.*j terms give interlayer interaction&i*j can be expressed as follows
[34]:

—0. 1)

ij
whereT}} is the structure factor which takes care of periodic structure along-thés. P;;
is the total polarizability (sum of electronic and ionic parts) of a layer ¥pe= 2ne?/q is

the 2D bare Coulomb interaction. We conside 0 (intrasubband transitions) and= 1
(intersubband @8- 1 transitions) for our calculation.

2.1. Intrasubband plasmons

The electronic part of polarizability involves both intrasubband and intersubband transitions.
However, energies involved in intrasubband transitions are many times smaller than those
involved in intersubband transitions. For example, energies involved in intrasubband
transitions are smaller than 20 meV, whereas the intersubband energy gap between the
ground subband and the first excited subband is of the order of 100 meV for the InAs
layer. Therefore, the coupling between intrasubband plasmons and intersubband plasmons
is weak and it can be neglected. After neglecting the coupling between intrasubband and
intersubband transitions, (1) can be simplified for intrasubband plasmons:

[€°(g. @, k)| = {1+a(PL + Pu) H1+ 82(PS + Pa) |
—yO(Pz‘L + Pgi)(Pfe + Pli) =0 3)

whereq andk, are the components of wave vector along and perpendicular to an electron
(hole) layer. The polarizabilite®? and PJ, are defined as

PY(q. w) = ~sed” (4)
e €100mi[3q202, — 0(0 + iye)]
2
nshq
PY(q, w) = — s (5)

€200m3[ 39207, — (@ +iy)]
ns. andng, are the number of electrons and number of holes per unit area, respectively.
vre (vpp) andm; (m3) are Fermi velocity and the effective mass in layer one (two) of a unit

cell, respectively.c1,, andeyy, are the optic dielectric constants of layers 1 and 2 of a unit
cell. Py; and P,; are given by

2¢,.2 2
) _ 9 (a)Ll - a)T]_) ( dq )
Pll (qv (,()) = (0)%1 — a)(w T |'}/ph)) 47'[62 (6)
2(,.2 2
] _ 4 (w7, — 7)) dz )
e ) = a@ T iy <4ne2 "
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whered, andd, are thicknesses of layers 1 and 2 of a unit cell, (w;2) andwr; (wr2) are

the longitudinal and transverse optical phonon frequencies of a@a.As (GaSh_,As,)

layer, respectively. y., v, andy,, are the damping constants for the electron plasma,
hole plasma and phonons, respectively. For calculation of coupled modes of plasmons and
phonons, we take, = y, = y,, = 0. a%(q, k), B%g, k) and y°(p, k) are defined as
follows:

2 2
. k) = (25 ) [ H30) - o [2- Sta. 1)) ®
2 2
£(g. k) = —( = )[Hzoz(CI) — F@)[1-S(g. k)] (©)
0 21e?\? 0 0 2
Pla. k) = () o B[R, k) + 570, 1) (10)
where matrix elemenﬂg(q) is defined as
di/2 d;/2 ,
H(q) = / de | dre YY) D
—d; )2 —d; /2

¢t and¢’ vary over the width of an electron (hole) Iaye‘?;} (¢) is given by (11) on replacing

qlt' —1'| by q(t —1"). H};(q) and F};(q) have been calculated using infinite potential well
wave functions as the envelope functions for both electron and hole layers in a unit cell.
It is to be mentioned that an infinitely deep potential well model does not properly take
into account certain effects such as those arising from charge transfer. However, it can be
used to calculate matrix elemelq‘lisfi(q) and F3 (g) because the matrix elements are not so
sensitive to the choice of single-particle potential. The explicit valueﬁ,?gfq) and Flﬁ,(q)

are given in [34].5(q, k;) and R(q, k) are defined by

S(q, kz) _ sinh(gd) (122)
coshgd) — codk.d)
R(q, kz) _ 1 — coshgd) .
coshgd) — cogk,d)

Equation (3) has two terms on the right-hand side. Two brackets in the first term contain

the intralayer dielectric functions for @a In,As and GaSh.,As, layers, respectively, of

a unit cell, while the second term yields the interlayer interaction between the collective

excitations in two layers of a unit cell. The effects of electron—electron interaction and hole—

hole interaction appear througt? P, and g°P)),, respectively. ¢°° — y°) P2 PS consists

of electron—hole interactions, for intrasubband transitim%Ploe + Py;) and ﬂO(onh + Py)

contain plasmon-phonon coupling, white’8° — %) P2 P9, and(a°8° —y°) Py; P,; involve

plasmon—plasmon and phonon—phonon couplings, respectively. On substituting (4)—(7), (3)

become a fourth-order equationdrf and it has four roots which involve plasmon—phonon,

plasmon—plasmon and phonon—phonon coupling. The intralayer coupling yields two coupled

plasmon—phonon modes in each layer. We represent these four coupled moded hy L

In order to see separately the effect of plasmon—plasmon couplings in a simple manner,

we takew — O limits of (6) and (7) to solve (3) for smalf atk,d — 0 andk,d — .

k.d — 0O refers to the case of strong coupling among the layers, whie— = refers

to the case of weak coupling among the layers. We obtain two roots of (3), which yield

frequencies of two coupled plasmon—plasmon modes.

1/2
(g, 0) =|:47162{ Toe Dot }/{ﬂdﬁﬂdzﬂ (133)

€100M]  €250M5 €200 €200

(120)
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2neng.d 12
ofta. ma) = | 2L (130)
1€100
27 02 and I €100 1/2
wp(g. 0) = [(#)/(H W—“)] g (130)
20015 NgeMo€200
B 2w e?ng,d 12
wp(g. 7/d) = (—h) (13d)
my€200

where €1, and ey, are static dielectric constants of @@y_.As and GaSh. ,As,,
respectively. The plasmon—plasmon coupling provides a full barg for 2D acoustic
plasmons. It is obvious from (13-(137) thatw} (¢, 0) depend on the intrinsic parameters
of both the layers of a unit cell, while}, (¢, =/d) andw, (¢, /d) depend on the intrinsic
parameters of Gan,_.As and GaSp_,As,, respectively. However, bothf,(q, k,) depend

on (x, y) andd. w*(q, 7/d), »,(q, 0) andw, (g, w/d) exhibit d/?>-dependence, while
w}(q, 0) showsd~Y2-dependence. Thex( y)-dependence has been taken into account
througheio,, €200, mj andms3 in the following simple manner:

€100 = (1 — x)ex (INAS) + xe (GaAs (14a)
€200 = (1 — y)exo(GasSh + yeo(GaAs (14b)
m] = (1 —x)m:(INAS) + xm}(GaAs (15a)
m3 = (1 — y)m;(GaSh + ym;,(GaA9g (15b)

wr1 (wr2) and wry (wr2) also depend weakly one( y). We however treat them as
independent ofx, y) in our calculation. It has to be mentioned that (14) and (15) are valid
for small values ofx andy.

We computed k-L, coupled modes by modelling the QGa;_,As/GaSh_,As,
superlattice in terms of the following values of parameters [35-39](InAs) = 12.3,
€x(GaSh = 144, ,(GaAy = 109, mi(InAs) = 0.026n., m;(GaSh = 0.3m,,
mi(GaAy = 0.07m,, m;(GaAsy = 0.7m., wr1 = 2691 meV, w1 = 2953 meV,
wrs = 2822 meV, w;, = 3014 meV, ng, = ng, = 7 x 101 cm™2. It has to be
mentioned that the Gén,_,As/GaAs Sh,_, superlattice exhibits semimetal properties for
(x, y) < 0.25 and it exhibits semiconductor properties for, y) > 0.25. Further,
the transition from semiconductor to semimetal phase also takes place on changing
For example the InAs/GaSbr (= y = 0) superlattice transforms from semimetal to
semiconductor phase faf < 170 A. Therefore, the transition from semiconductor to
semimetal phase or vice versa can be studied in our calculations by varyingahoth (
andd. Our computed results show that the change 4rahd Ly on changing bothx(, y)
andd is almost negligible. However, Land L, exhibit a significant change withx( y)
and withd. It is found that for changing = y from 0 to 0.5 and keeping = 420 A
andg = 1.31x 10° cm™%, L; roughly reduces by 17%, whereas teduces by 23% for all
values of cog.d). w} (g, k.) andw;, (g, k;) are plotted as function of = y in figure 1
for gd; = 0.265, gd, = 0.2882 andk,d = 3.9513. Bothx andy are varied from 0 to 0.5.
At higher values ofx and y, the validity of (14) and (15) may become questionable and
also the type-ll nature of Gén;_,As/GaSh_,As, may not hold. The figure shows that
a)f,(q, k.) decreases on increasingand they are almost proportional tg.Yx. wx(q, k;)
is much softer thamw} (¢, k;). The effect of semiconductor to semimetal phase transition
(in terms of variation ofd) on w3 (g, k) at fixed values oft andy can be understood
from (122)—(13d). Further, on computingﬁ&(q, k.) as a function ofd for x = y = 0,

g = 131x10° cm! andk, = 9.357 x 1° cm™? [35], we find thatw} (g, 0) decreases
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Figure 1. Intrasubband electron and hole plasmon frequenc&efs(q, k;) (solid curve)
and (g, k;) (dashed curve) plotted as functions of, ¢) at ¢ = 1.31 x 10> cm!,
k., = 9.357x 10° cm™! andd = 420A.

as Y+/d, while v, (g, 0) increases as/d, on increasing/, which is supported by (13). It
should be mentioned that the values of plasma frequencies are larger for the semiconductor
phase and are smaller for the semimetal phase of a type-Il superlattice. .

Our computed k-L,4 are plotted in figure 2 as functions@ff atx = y = 0,d; = 200A
andd, = 220A for —1 < cogk,d) < 1. The values of other parameters are taken to be the
same as those used above. The figure shows thanht L, form bands of 2D plasmons.
The band of L is wider than that of L. All the plasmon modes ofi.go to zero as linear
functions ofg, while in the case of band,Lthe plasmon modes which are lineargrand
tend to zero ag — 0 appear for cag.d) not close to unity. The other modes go to a
constant value ag — 0. The figure also shows that the plasmons efand L, bands
increase on increasingl. This suggests that, at a fixdevalue, plasma frequency increases
on increasing;.

We have also studied the effect of inhomogeneity in the dielectric background by
calculatingw, andw}, for a homogeneous dielectric background of an electron (hole) gas.
It is noticed that the effect of inhomogeneity in the dielectric background is more prominent
in the , band, while it is less significant in the}; band. The effect of inhomogeneity
increases the value ab; and it decreases the value of,, as can also be seen from
(13a)—-(14).

The solution of (3) with the use of the — 0 limit of (4) and (5) yields two values
of w (w}, andwy,) which are coupled phonon—phonon modes. The computatien,pf
and w}, exhibits a weakg-dependence, for all possible values of @o&). Also, wj,
and w, do not show any significant change on varyingand y in the range of 0-0.5.
This suggests that phonon frequencies are more or less unaffected during semiconductor
to semimetal or vice versa phase transition. Our results show that the computed values of
w}, wp, 0}, andwy, are approximately equal to those of-iL,, respectively. We further
noticed that the computed values ®f, and »}, significantly differ from the values of
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Figure 2. The coupled intrasubband plasmon-phonon modes-l() and the coupled
intersubband plasmon—phonon modes-iJ) are plotted as functions afd, for d = 420 A
andx = y = 0. The upper bound of 4=L4, 11 and b belongs to co&.d) = 1, whereas the
lower bound of { and |y belongs to co&,d) = 1.

bulk phonon frequencies;1 and w;», respectively. We find thabr1 < wp, < w1
andwrz < w}, < wro. This suggests thab;, and w,, represent the interface phonon
frequencies which are produced by the coupling between lattice vibrations of two adjoint
layers of different dielectric constants, in our model superlattice. Our findings are supported
by experimental measurement of phonon frequencies in InAs/GaSh superlattice 37]. L
and L4 are also plotted as functions gfin figure 2.

2.2. Intersubband plasmons

After neglecting the coupling between intrasubband and intersubband transitions, (1) takes
the following form for intersubband plasmons £ 1):

le'(q. @, k)| = 1+ a*PL + Py + B P}, + B°Py + o' BLPL Py, + a®B Py P,
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+atBOPL Py + o°B0Py; Py — V1<P21hplle + P, Py + Py Plle) — Py Py

(16)
whereal(q, k.), B1(q, k,) andy(q, k,) are defined as
1 2m e 1 1

(g, k) = —( )[Hu(q) — Fh@[1-5(¢. k)] (17)

2 2
BHa. k) = —( ik ){Hi(q) — Fh@[1-S(q. &)1} (18)

2me?\?
yi(g, k) = ( e ) Fllz(‘I)Fle(‘I)I:R(Qs k) + 8%(q, kz):l- (19)

The explicit values of the matrix elements;, H,, Fi;, F, Fi, and Fy, are defined
by (11) and these are evaluated in [34}} and P}, are given by

2nseE10e
Plle = — > - (20)
€100[Efg, — @(@ +17,)]
—on.E
Pl = @

€100[EZy, — o(0 +iyn)]
S, R, P;; and Py; are defined earlier by (32, (12b), (6) and (7), respectivelyEqq.

and Eg, are the energy band gaps between the ground subband and the first subband for

electrons and holes, respectivelif;o. and E1¢, can be calculated using an infinitely deep

potential well model for the electron and hole layers. We however found that the computed

values of E1q. using the infinitely deep potential well model show a large discrepancy in

comparison with experimentally measured values as a functiafy §85]. This suggests

that the calculatedq.,, using an infinitely deep potential well model require modifications

to incorporate important effects, such as those arising from charge transfer in the self-

consistent single-particle potential. To remain simple, we modified the calcutated,

to the following empirical relation which fits well the experimentally measured values of

Eie/n:

Aepn @. (22)

desn— dgy

We estimatet, = 17.7514x 10° meVA1, B, = 4361082x 10° meVA 2, 4, = 5.2258x

10° meV A1 andB, = 37.796x 10° meV A2 to fit the experimentally measured values of

E1q. andEqq, [35]. Similar to the case of (3), we naotice that (16) involves plasmon—plasmon,

plasmon—phonon and phonon—phonon interactions. Equation (16) consists of coupling

among intersubband electron and hole plasmons, and the lattice vibrations gb#As

and GaAgSh,_, layers. The computed four roots of (16) are also plotted as functions of

g in figure 2. The coupled intersubband plasmon—phonon modes are representety by |

We notice from figure 2 that the bands af I,, L3 and Ly (which correspond to phonon

frequencies) overlap each other. The band;@Merlaps the band of4for our choice of the

values of parametersg Bnd |, approximately represent coupled plasmon—plasmon modes

for intersubband transitions, while And b approximately represent the interface phonon

modes. The plasmon—plasmon coupled modgsand w;) for intersubband transitions are

given by the roots of (16) on taking static limit df;; and P,;, while phonon—phonon

coupled modesafs andws) are given by the two roots of (16) on substituting static limits

of P}, and B,. It is to be noted here thats and w4 slightly differ from w,, and w},

because of the different nature of electron (hole) transitions involved in the two cases. We

Eoe/n =
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computew;—w, as functions ofd for ¢ = 1.31x 10° cm%, k, = 9.357 x 1¢° cm™* and

x =y =0. o1 andw, show a strong/-dependence, whiles andw, weakly depend ow.

w1 andw, are plotted as functions af in figure 3, for 100A< d < 800A. For very small
values ofd (<1OOA or so) tunnelling between the layers, which is not considered in this
paper, may become important and significantly change our results. Similarly, for very large
values ofd (=800 A or so) the modelling of an electron (hole) layer as a infinite potential
well may not be properly justified. The figure shows thatandw, decrease on increasing

d. w; exhibits relatively stronged- dependence tham,. The figure shows thab,; andw;
decrease rather rapidly for 100< d < 600 A at given values ofy, k, and (, y). It can

be seen from the figure that for larger valuesipfandd, intersubband plasma frequencies
reduce drastically and they even become comparable with intrasubband plasma frequencies.
Our computed values ef; show very good agreement with experimentally measured values
of w, for different values ofd; [35]. The reported experimental values of are for the
InAs/AISb superlattice, whereas our computgdvalues are for the InAs/GaSb superlattice.
The experimental values @f; vary in the range of 160-125 meV, whereas our computed
values vary from 146 to 111 meV, for 150< d; < 200A at g = 1.31 x 10° cm™* and

k, = 9.357x 10° cm™ L.

320

i

N
®©
g

1

ency (mev)
8
<

N
o
S

Intersubband plasma frequ

40+ m

Figure 3. Intersubband plasma frequencies; (and w;) are plotted as functions af for
g=131x10° cm™1, k. = 9.357x 10° cm™L.

3. The line shapes of plasmon—phonon coupled modes

The lineshapes can be given by the imaginary part of dynamical polarizgbilityw, z, z’)
which can be obtained by solving the integral equation [24]

x(q, o, 2, 2) = P(q, w, 2. 7) ~I—//du d,V (g, o, z1, 22)x (¢, @, 22, Z') (23)
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where P(q, w, z, 7/) is the polarizability in the absence of Coulomb electron—electron
interaction,V, which is given as

21 é?
Vg, z,2) = ( > exp(—qlz — Z'|). (249)
For our model superlattice structure of typedican be taken as follows:
z=1Id+R; +t (24b)

wherel is the unit cell index whereasis the layer index within a unit cell. Each unit cell
consists of two layers which are represented by two valuésiie confinement of electrons
(holes) in a layer generates the subband structure. Both intrasubband and intersubband
transitions are possible between different subbands. For intrasubband transitions in the
ground subband and intersubband transition between the ground subband and the first excited
subband, we obtain [24, 34]

Xi’}(q, w, 1,1 t,1t)= Pi;(q, o, t, )88 +ZZ//dl‘1dt2Vij(q, I, I, t, 1)
Lo

Pi(q. @. 1. ) xjj(q. @ 11 I' 12, 1) (25)

with
2

27
Viitg, 1, I', t, 1) = < ¢ )exp(—q|(l —IYd+Rij+ (1t —1)) (26)

whereR;; = R; — R; and P}; is the total (electronic and ionic) polarizability of tih layer.
The lineshapes of different coupled plasmon—phonon modes are given by [34]

L(q, k:, 0) = —'m[xfl(q, o, k) + x1o(q, @, k) + x21(q. @, k) + x3(q, o, k)
+x11(q. . k) + xi2(q. o, k) + x21(q. @, k) + x3(q. o, kz)] (27)

Wherex%(q, k,) are obtained by Fourier transforming (25) with respect to the layer index.
Each term on the right-hand side of (27) is simplified in termsP8f PS, PL, P}, Py
and P,;. We obtain

X% = %[—(Pfe + Py ) (1= v, (P, + P§)1S,) A% ] (28)
o= o [ (P Po) (1w (P + o)1) k] 29)
o= o v (PR + Pu) Py PS, + P %] (30)
o= T [-u (P + Pu) Fhuna(Ph + Pa) 4% @)
o= o [ v (P8 + Pa) (P + P ) 3] (32
Xa1= % :—vq <P21h + PZi)lelwzl(Plle + Pli)Aﬁl: (33)
X3o = % (ch + PZz)< (Ploe + Pli)L(fl)Agz] (34)
oo = o[~ (Ph o+ Pa) (1w (Ph + Pu) )] (35)
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Figure 4. A plot of —Im L(q, w, k.) as a function of» for d = 420A, k. = 9.357x 10° cm?
andg = 1.31x 10° cm™L.

with
Al = AT = | (n| exp(—ik.t)|m)|? (36)
where A}; can be obtained fron#; on replacing ¢d;) by ik.d;. L}; are defined as

Ll = B~ Fj[1-w,(q. k)] @)

where

wiplg, k) = | ERaIRD eXplikd) | expgIRy 1) exp—qd)
U= | Cexplikod) — exp—qd) | exp(—ik.d) — exp(—qd)

]. (38)

pPY, PL, Py, Py, Py and Py have been defined earlier.

Equation (27) describes the lineshapes for different coupled plasmon—phonon modes,
which appear in the scattered light spectrum of a superlattice of type Il. The peak positions
of these lineshapes represent the frequencies of different coupled plasmon—phonon modes
originating from the interaction between intrasubband plasmons, intersubband plasmons
and the phonons. As is obvious from (27), our calculated valuek(g@f w, k,) consists
of four components of polarizability, vizx{;, xi, x3; and x3,, each of which has two
components. We have computedy, o, k.) as a function of» usingg = 1.31x 10° cm‘i,

k., =9.357x 10° cm', y, = 0.2, y; = y,» = 0.1 meV for two values of/, i.e.d = 160A
(semiconductor phase) anfl = 420 A (semimetal phase) at different values aof, (y).

The values of other parameters have been taken as the same as used previously. Our
computed—Im L(g, w, k,) for x = y = 0 andd = 420 A are plotted in figure 4. The

figure demonstrates that the lineshapes gflk, Lo, 14, L4 and Ls are well resolved. The
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Figure 5. A plot of —Im L(g, , k,) as a function ofv for d = 1604, k, = 9.357x 10° cmL
andg = 1.31x 10° cm™L.

lineshapes ofil and b overlap with those of . and Ly. The lineshapes atjl-I3, L, and |
have relatively larger peak height, whereas lineshapeg aht Ls have a small peak height.
The lineshapes of 4 and Ly are shown in the inset for clarity. All these lineshapes could
be observed in the light scattering experiments. Lineshapes of coupled plasmon—phonon
modes obtained for the semimetal phase are also calculated for homogeneous background
to compare our calculation for inhomogeneous background. No significant change due to
inhomogeneity in the background is observed.

The lineshapes for the semiconductor phase of a type-Il superlattiee = 0 and
d = 160A) are shown in figure 5. On comparing figures 4 and 5, we notice the following:
(i) there is an insignificant change in the peak positions and peak heights of L4 and
I, modes on changind from 420A to 160 A. (ii) The positions of Iy and L, are shifted
towards lower energy values, while the positionszodihd |, modes are shifted to the higher
energy-side on decreasing (iii) The peak heights of L and L, show a small change,
while the peak heights ofland I, have been reduced drastically on decreasing the value
of d from 420 to 160A. Our computed lineshapes ofland L, qualitatively agree with
the experimentally measured phonon lineshape in the InAs/GaSb superlattice [37]. Also,
our computed lineshape of hows good qualitative agreement with the experimentally
measured lineshape of the intersubband electron plasma in the InAs/AISb superlattice [35].
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4. Conclusion

We have performed a model calculation of the dielectric function and density—density
correlation function for a compositional type-ll @n;_,As/GaAs Sh,_, superlattice by
taking into account the difference in dielectric background of electron and hole gas and the
finite width of an electron (hole) layer. Our calculation consists of 12 possible interaction
terms and it is a more accurate analysis than those performed in theaﬁa&hl and w,
exhibit a strong dependence on (y), d and the inhomogeneity in the dielectric background,
whereaswpih, w3 andwy4 show insignificant change on varying,(y) andd. Our computed

w[fh, w3 and w4 are closer to interface phonon modes than LO bulk phonon modgs.

and »9 depend on the intrinsic parameters of both layers in a unit cell, whesgaand

w» depend on the intrinsic parameters of GaSks, only. The lineshapes of4l. Lo, I3,

l4, Lgy and Lg are well resolved. The lineshapes efdnd L overlap with those of L and

L3. Also, the lineshapes of4l. I3, L, and |, have a reasonably large peak height and half
width which can be measured experimentally. The lineshapes,ofil. L4 and b show
insignificant change on changing while the positions of L and L, shift towards lower
energy and the positions of and |, shift towards the higher-energy side on decreaging
The peak heights of L and L, show a small change, while the peak heights0ahd L
reduce drastically on decreasidgirom 420 to 160A.
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