
CHAPTER - III



PLASMON-PHONON COUPLED MODES AND THEIR LINESHAPES 
IN A COMPOSITIONAL SUPERLATTICE OF TYPE-II

The dielectric function and the density-density correlation function are calculated for a compositional 

superlattice of type II, 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 ofthe electron gas and lattice vibrations of the back

ground 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 

Irij jGaAs/GaSb, yAsy superlattice. Variation of plasmon-phonon coupled modes and their lineshapes 

with (x, y) and 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 

plasm0nmodes,whilephononmodesremainalmostunaffected. The inhomogeneity in the background 

of the electron-hole gas also produces a significant change in plasma frequencies. Lineshapes of 

coupled palsmon -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.

3.1 Introduction

There has been immense interest in type-II 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-II superlattice is (InAs)lx(GaAs)y(GaSb)ly(GaAs)y. 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 ofthe superlattice (d) [7,8], The energy gap decreases with increasing d and the semiconductor 

to semimetal transition takes palce at d = 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
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layer thickness = 100 A [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 

semimetaffic 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 theoretically [ 12,13]. The electron mobility for 

InAs quantum well thickness from 150 to 200 A ranges between 1.5 and 2.0 x 105 cm2 V*1 s4 at 4.2 K 

[14], The conduction band minimum of InAs exists belowthe 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-II superlattice can 

be considered as a one-dimensional (ID) 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 

chapter is to perform a theoretical study of electronic as well as ionic collective excitations and light 

scattering for a type-II 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-II 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 chapter, a calculation of plasmons and plasmon-phonon coupled modes and the line 

shapes of plasmon-phonon coupled modes for the GaJnIxAs/GaAsySbly superlattice. The superlattice 

has been modelled as a ID 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 Ga In. As and the phonons of the 

Ga Asy Sbj lattice. Also, we assign a finite width to an electron layer and a hole layer in order to take
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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 amuch more detailed and accurate calculation 

of plasmon-phonon modes and their line shapes for a type-II superlattice as compared with those 

reported in the past [ 17,19,25]. Further, we study the variation of plasma frequencies and their line 

shapes with (x, y) and 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 com

puted 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 3.2. The calculation 

and results on line shapes of coupled plasmon-phonon modes are given in section 3.3. We summarize 

our work in section 3.4.

3.2 Frequencies of collective excitations

The frij jGaxAs/GaSb1 yAsy superlattice consists of electrons in InlxGaxAs layers and holes in 

GaSb] y Asy layers. The superlattice offers a two-component plasma in an inhomogeneous background. 

The electron and hole plasmas interact with each other in addition to their interaction with lattice 

vibrations of In, x GaxAs and GaSb, yAsy. 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 atype-II superlattice can be given by [33],

I
I x

6,
X *

Gi 6,

=0. (3.1)

The suffix 1 corresponds to the InlxGaxAs layer while 2 corresponds to the GaSb, yAsy layer of a unit 

cell. X represents a composite subband index. The e,/ terms yield intralayer interactions, while <=/ 

terms give interlayer interactions. <=/ canbeexpressedasfollows[34].

e/ = &,~VqP«\q,(o)T,\qM, (3.2)

where T,/ is the structure factor which takes care of periodic structure along the z-axis. />/ is the 

total polarizability (sum of electronic and ionic parts) of a layer and Vq = Ine11 q is the 2D bare 

Coulomb interaction. We consider X = 0 (intrasubband transitions) and X-l (intersubband 0-» 1
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transitions) for our calculation.

3.2.1 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 

intersuband 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, (3.1) can be simplified for intrasubband plasmons :

e° (q,a>,k')\= + +

-r W + P,)(Ple° + Pi,) = 0, (3.3)

where q and kz are the components of wave vector along and perpendicular to an electron (hole) layer. 

The polarizabilities Ptf and P2° are defined as

Pu<Q,a>) =
-n«q1

1
2

q2V2fi~ <9(03 + 1*) > (3 4)

P»\q,<o) -rh>q

eiM 2
1 , ,-qvjh-a)((D+i*) (3.5)

nse and nsh are the number of electrons and number of holes per unit area, respectively. vfe (yjh) 

and m* (m*) are Fermi velocity and the effective mass in layer one (two) of a unit cell, respectively, 

e and e 2. are the optic dielectric constants of layers 1 and 2 of a unit cell. Ph and P2t are given 

by

Px,{q,G>)
—q2(fi}2ii — <X)2n) f di 

(a)2n-a)(o) +ifrh)) \4ne2) ’
(3.6)
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n , . -q2((D2L2-0}1T2) ( dl
P'->(q,m) = —--- -----------— ----r ,(o n - a>(a> +i/ph)) \4tw2J ’ (3.7)

where d} and d2 are thicknesses of layers 1 and 2 of a unit cell. a>n{o)n) and mn(<On) are the 

longitudinal and transverse optical phonon frequencies of a In, xGaxAs(GaSb, yAsy) layer, respectively. 

Y', Yh and 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, = //• = /„»= °. a°(q,kz), 

f?{q,k) and yQ(q,k) are defined as follows .

a\g,k) = -[ {#?,(?) - - ■%•*■)]},
(3.8)

/*’(«.*•> = -f^l {HlM - -%.*■>]},

V <1
(3.9)

r 2 ne2^
f1 to. fc) = - — \Fn(q) K (?>[*(?, k) + S\q, fc)] _\ q J

(3.10)

where matrix element /£* (q) is defined as

(3.11)

t and /' vary over the width of an electron (hole) layers. 0/) is given by (3.11) on 

replacing q\t’-t’\ by q(t-t’). ]~fv(q) and p'y{q) are calculated using the foUowing infinite deep- 

potential well wave ftmction [34]

'Pi(z) = (2/d!)sin2 (2 + 1) n (z! d> + \ 12) (3.12)

where X is composite index. For o -» 0 transition, X = 0 and for 0 -> 1 or 1 -» 0, X = l,on 

evaluating (3 11), one obtains

1 (l + e$to) 
— + 1------- L - 2 u.<
Xx yx

^l_(_l)Aexp(~«i)J

3~2[(2 + 2)2 -2Z] 

Xxyx

(3.13)
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similarly

(3.14)
/%(<?) = / \q)f \-q)

fX{q) = u,K1^{X + 2f-X1^y x^|[l-(-l)Aexp(-M,)] (3.15)

with

», = qd, xx = Ui' +tt2(A+2)2 and yx = u,1 +k1X‘ .

S(q, k) and R{q, kz) are defined by

S(q,k.) sinh (qd)
cosh(qd) - cos(kd) ’ (3.16)

R(q, kz) =
1 - cosh(c/<7) 

cosh(qd) - cos (kd) (3.17)

Equation (3.3) has two terms on the right-hand side. Two brackets in the first term contain the 

intralayer dielectric functions for Ga]xInAs and GaSb, yAsy layers, respectively, of a unit ceil, while the 

second term yields the interlayer interaction between the collective excitations in two layers of a unit 

cell. The effects of eiectron-electron interaction and hole-hole interaction appear through a0/*,® and 

J3°P2l, respectively. (a°/3° - ?'0)/J,®/>2° consists of electron-hole interactions, for intrasubband 

transitions. a°(P®+Pu) and ^(P^+Pt,) contain plasmon-phonon coupling, while 

-/°)P1®P2® and (a°fi°-y°)PiPv involve plasmon -plasmon and phonon-phonon couplings, 

respectively. On substituting (3,4)-(3.7), (3.3)becomeafourth-orderequationin o2 andithasfour 

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 

modes by L,-L4 In order to see separately the effect of plasmon-plasmon couplings in a simple 

manner, we take ® -» 0 limits of (3.6) and (3 7) to solve (3.3 ) for small q at kd 0 and kd->nr.

kd _» o refers to the case of strong coupling among the layers, while kd -> n refers to the case of 

weak coupling among the layers. We obtain two roots of (3.3), which yield frequencies of two coupled 

plasmon-plasmon modes.
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co'piqfi) Am1 n«-------— +
SiM i

risk
e2«w%

£ 10 , £ 20 , 
---------- Ml 4--------------dl

€2® € j®

-an
(3.18)

G)jSa*nld)
2 jw2n*d
m* i €i®

1/2

1, (3.19)

f 2 m1nnd' 
V e:JK*i J 1+

*
llskftl 1 €l«•N

V m.m i e2®y

1/2

% (3.20)

r2mznJ' 

V fftl

1/2

(3 21)

where eand e2„ are static dielectric constants of GaxIn]xAs and GaSbj yAsy respectively. The

Plasmon-plasmon coupling provides a full band {cQp) for 2D acoustic plasmons. It is obvious from
+

(3.18)- (3.21) that (q, 0) depend on the intrinsic parameters ofboth the layers of a unit cell, while

0)P 0/> ft Id) and CQp{q,ft Id) depend on the intrinsic parameters of Gajn, xAs and GaSblxAsy, 

respectively. However, both (^)~{q,k) depend on {x, y) and d. 0}p{q,ftld) CQp{qfi) and 

(Qp(q,ftld) exhibit dm -dependence, while(q,0)shows dm -dependence. The (x, y)- 

dependence has been taken into account through e e2«, m\ and m*2 in the following simple manner

61. = (1 - x) e«(InAs) + x e *{GaAs) (3.22a)

e 2. = (1 - y) e «{GaSb)+y e «{GaAs) (3.22b)

m\= (1 - x)m*e {InAs) + xm] {GaAs) (3.23a)

/«*=(!- x )m*k {InAs) + xm*h {GaAs) (3.23b)

fife, (fife,) and (on) (fife,) also depend weakly on (x, y). We however treat them as independent of 

(x, y) in our calculation. It has to be mentioned that (3.22) and (3.23) are valid for small values of x and

y-
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We computed L,-L4coupled modes by modelling the Galnlx As/GaSbljyAsysuerIattice in terms of the 

following values ofparameters [3 5-39]: (InAs) = 12.3, <=„ (GaSb) = 14.4, (GaAs) = 10.9,

m’e(InAs) = 0.026/we, /w*h(GaSb) = 0.3/we, m*e(GaAs) = 0.07/we, m*h(GaAs) = 0.7/we, (<yn) = 

26.91 meV, con =29.53 meV, (&>«) = 28.22meV, con =30.14meV, ne = n^ = 7x 10n cm'2. It 

has to be mentioned that the GaxIn, xAs/GaASySbJy superlattice exhibits semimetal properties for (x, 

y) < 0.25 and it exhibits semiconductor properties for (x, y) > 0.25. Further, the transition from 

semiconductor to semimetal phase also takes place on changing d. For example the InAs/GaSb (x=y= 

0) superlattice transforms from semimetal to semiconductor phase for d < 170 A Therefore, the transition 

from semiconductor to semimetal phase or vice versa can be studied in our calculations by varying both 

(x, y) and d. Our computed results show that the change in L3 and L4 on changing both (x, y) and d is 

almost negligible. However, Lj and L2 exhibit a significant change with (x, y) and with d. It is found that 

for changing x =y from 0 to 0.5 and keeping d = 420 A and <7= 1.31 x 105 cm'1, Lt roughly reduces 

by 17%, whereas L2 reduces by 23% for all values of cos(kd). Q)p (q, k) and oop (q, k) are plotted 

as function ofx = y in fiigure 3.1 for qd; = 0.265, qd2 = 0.2882 and kd= 3.9513. Bothx andyare 

varied from 0 to 0.5. At higher values of x andy, the validity of (3.22) and (3.23) may become 

questionable and also thetype-II nature of GaxIn, xAs/GaSb, yAsymay not hold. The figure shows that
4. ___ _

COp (<?■ A) decreases on increasing x and they are almost proportional to 1/^/x. Q)p(q, k) is much 

softerthan (jQp{q, k). The effect of semiconductor to semimetal phase transition (in terms ofvariation 

of d) on (j)p {q, k) at fixed values of x and y can be understood from (3.18)-(3.21). Further, on
4.

computing Qfp {q, k) as a function of d for x=y=0,q= 1.31x 105cm'' and k = 9.357 x 10’cm' 

1 [3 5], we find that (Qp (q, 0) decreases as l/^JJ, while (Qp (q, 0) increases as Jd, on increasing d, 

which is supported by (3.18)-(3.21). 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-II superlattice.

Our computed L, - L4 are plotted in figure 3.2 as functions ofqdntx=y=Q,d]= 200 A and 

d2=220 Afor-1 < cos(kd) < 1. The values of other parameters are taken to be the same as those 

used above. The figure shows that L, and Inform bands of 2D plasmons. The band ofL2 is wider than 

that of Lj. All frie plasmon modes of L, go to zero as linear functions of q, while in the case ofband L2 

the plasmon modes which are linear in q and tend to zero as q -» 0 appear for cos (kd) not close to 

unity. The other modes go to a constant value as q -» 0. The figure also shows that the plasmons of L, 

and L2 bands increase on increasing qd. This suggests that, at a fixed rf-value, plasma frequency increases 

on increasing#.
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8

Fig.3.1 Intrasubband electron and hole plasma frequencies, cop (q,kc) 
(solid curve) and <Dp (q,kz) (dashed curve) plotted as function? of 
(x,y) at q=1.31xl05 cm"1, k„=9.357xl05 cm'1 and d*=420A.
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We have also studied the effect of inhomogeneity in the dielectric background by calculating 

CDp and (jjp 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 (Qp band, while it is less 

significant in the (jQp band. The effect of inhomogeneity increases the value of Q)p and it decreases 

the value of oop, ascanalsobeseenfrom(3.18)-(3.21).

The solution of(3.3) with the use of the ® o limit of(3.4) and (3.5) yields two values of

mUX)Ph an<* COpi) wWch are coupled phonon-phonon modes. The computation of mPh and 

(Qph exhibits a weak ^-dependence, for all possible values of coslkd). Also, (Qph and (Qph do not 

show any significant change on varying * and 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 (q , (jQp, Q)ph and (Qph are approximately equal to 

those ofL, -L4, respectively. We further noticed that the computed values of (jph and (j)ph significantly 

differ from the values of bulk phonon frequencies con and con, respectively. We find that 

fljn < Q}ph < (On and Gki < (Qph < (On. This suggests that Q)ph and Q)ph 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 superiattiee. Our findings are supported by 

experimental measurement of phonon frequencies in InAs/GaSb superlattice [3 7]. L, and L4 are also 

plotted as functions of# in figure 3.2.

3.2.2 Intersubband plasmons

After neglecting the coupling between intrasubband and intersubband transitions, (3.1) takes the following 

form for intersubband plasmons ( X =1):

I e1 I = 1+alpte+aoPl,+/3lP2lh+0°P* + alplP1tP2lh+ao

+ a^PuPv - y1 (P1lP)e^P2lhPu + P2,P)e) -r°P2,

(3.24)

where a l(q, k), ft *(q, k ) and y ’(q, k) are defined as

v q (3.25)
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Fig.3.2 The coupled intrasubband plasmon-phonon modes (L1-L4) and 
die coupled intersubband plasmon-phonon modes (I1-I4) are 
plotted as functions of qd, for d=420A and x=y=0. Hie upper 
bound of L2-L4, Iiand I2 belongs to cosOmIHi whereas the 
lower bound of Ij and I4 belongs to cos(kzd)=l.
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P' («,*.) = {#>)~ F'n^t1-%,*>>]} (3.26)

r\q,k.)=fI,(,)K(,|%t)+S'(,,i)]. (3.27)

The explicit values of the matrix elements jfn, }fn, p\x, p\2, p\2 and p\x are 

defined by (3.11) and these are evaluated in [34], P,* and P2h are given by

2n«En
\e e i^Ew2-a)(m + iyi) j (3.28)

p \ ~~2ifhhEi 10A

^\ex^-Q}{g> +/»] (3.29)

S, R, Pu and P,( are defined earlier by (3.16), (3.17), (3.6) and (3.7), respectively. E10e and 

Em are the energy band gaps between the ground subband and the first subband for electrons and 

holes, respectively. E10e and Em can be calculated using an infinitely deep potential well model for the 

electron and hole layers. We however found that the computed values of Em using the infinitely deep 

potential well model show a large discrepancy in comparison with experimentally measured values as 

a function of d} [3 5]. This suggests that the calculated EWe/b 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 calculated P10eih to the following 

empirical relation which fits well the experimentally measured values of El0e/b:

At I h Be I h 
£,=—+-
',0e,h c£,* d\,k

(3.30)

We estimated = 17.7514 x 103 meV k\ B = 436.1082 x 103 me V k\A, = 5.2258 x 103 

meV A1 mdBh=37.796 x 103 meV k2 to fit the experimentally measured-values o£E10e and£J0h[35], 

Similar to the case of (3.3), we notice that (3.24) involves plasmon-plasmon, plasmon-phonon and 

phonon-phonon interactions. Equation (3.24) consists of coupling among inter subband electron and 

hole plasmons, and the lattice vibrations of In, xGaxAs and GaA^Sb, layers. The computed four roots
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of (3.24) are also plotted as functions of q in figure 3.2. The coupled intersubband plasmon-phonon 

modes are represented by I,-I4. We notice from figure 3.2 that the bands of I,, I2, L3 and L4 (which 

correspond to phonon frequencies) overlap each other. The band of Ij overlaps the band of L4 for our 

choice of the values of parameters. I, and I4 approximately represent coupled plasmon-plasmon modes 

for intersubband transitions, while I, and L, approximately represent the interface phonon modes. The 

plasmon-plasmon coupled modes (cox and coi) for intersubband transitions are given by the roots of 

(3.24) on taking static limit of Pu and P2i, while phonon-phonon coupled modes ( cos and co*) are 

given by the two roots of (3.24) on substituting static limits of P\„ and P2l It is to be noted here that 

CDs and 04 slightly differ from Q)ph and Qjph because of the different nature of electron (hole) 

transitions involved in the two cases. We compute m-co* as functions of d for q= 1.31 x 105cm_1,kz 

= 9.3 57 x 105 cm'1 and x=y~ 0. cox and co% show a strong d-dependence, while m and co* weakly 

depend on d. cox and cos are plotted as functions of d infigure 3.3, for 100 A < d < 800 A. Forvery 

small values of d (< 100 A or so) tunnelling between the layers, which is not considered in this chapter, 

may become important and significantly change our results. Similarly, for very large values of d (>800 

A or so) the modelling of an electron (hole) layer as a infinite potential well may not be properly 

justified. The figure shows that cox and coi decrease on increasing d. cox exhibits relatively stronger d- 

dependencethat m. The figure shows that ax and coi decrease rather rapidly for 100 A < d < 600 

A at given values of q, kz and (x, y). It can be seen from the figure that for larger values of d4 and d2 

intersubband plasma frequencies reduce drastically and they even become comparable with intrasubband 

plasma frequencies. Our computed values of m show very good agreement with experimentally measured 

values of m for different values of d, [3 5], The reported experimental values of m are for the InAs/ 

AlSb superlattice, whereas our computed cox -values are for the InAs/GaSb superlattice. The 

experimental values of cox vary in the range of160-125 meV, whereas our computed values vary from 

146to 111 meV,for 150 A < d, < 200 Aat<y= 1.31 x 105 cm'1 and £= 9.357 x 105cm'1.

3.3 The line shapes of plasmon-phonon coupled modes

The lineshapes can be given by the imaginary part of dynamical polarizability x (q, co, z, z') 

which can be obtained by solving the integral equation [24]

x(q,m,z.z') = P(q,a>,z,z') + ^ jdxcLV(q,co,Zx,Zx)x(q,co,Zx,z'),
(3 31)
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Fig.3.3 Intersubband plasma frequencies (®i and m2) are plotted as 
functions of d for q=1.31x!0s cm1, lv=9.357xl05cm .
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where P{q,m,zyz') is the polarizability in the absence of Coulomb electron-electron interaction, V, 

which is given as

V(q,z,z) =
/'2ne2'S[

\ q J
exP(-^|z-z'|). (3.32a)

For our model superlattice structure of type II, z can be taken as follows:

Z^Id+R+t, (3.32b)

where / is the unit cell index, whereas / is the layer index within a unit cell, Each unit cell consists of two 

layers which are represented by two values of/. The 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]

(3.33)

with

Vt/(q,I,I' (-q|(I-r)d+Ri.+(t-t,)|), (3.34)

where R.y=R.- R_ and P* is the total (electronic and ionic) polarizability oftheith layer. The lineshapes 

of different coupled plasmon-phonon modes are given by [34]

L(q,k,co ) = -Im[jtl,(q,O),h) + (?,©,&) + k.) + x°n(q,m,k,)

+Xn ®>k) + Xu (4>‘m ■fc) + Xn (9,'(O:fe) + Jti (tf>1*0]> (3 •35)

where (q, k) are obtained by Fourier transforming (25) with respect to the layer index. Each term

on the right-hand side of (3,35) is simplified in terms ofP]e°, Pa°,P,el ,Pa', Pu and Pa. We obtain

0 ___ 1
.Xu— Oi

:
(3.36)
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Xu=or[-(^+AXi - YtPj+p.) L'n) A'u
}c I ■

0 _ 1 
^!2-01 -v,(^+P„)K2MO^)v4°

Xu' 3\-v.lptl+p.)F'a<«<ptl+p1,)A
n

Xu=a: ,1
tr * *

1 1

i5i
jc«=nrrv'(/’>*+/>») F>-(0^) .4]

o 1
X?.2 = 0 -(P^+P^l-V^l+Pu) i°n) A

x'n=nrf-(^+^“X1 ■- v, (/>,:+/>.) i;,) A:
f€~ 1 *>

with

(3.37)

(3.38)

(3.39)

(3.40)

(3.41)

(3.42)

(3.43)

(3.44)

XX X
where /[tj can be obtained from p on replacing (qd) by ikd. jTy are defined as

(3.45)

where

m(q,k’) =
exp(-^|/2,/|) exp (ikd) 
exp (ikd) - exp(-qd)

exp(^]/^,J[) exp(-qd) 
exp {-ikd) - exp(~~qd) (3.46)

po p i no pi p and p have been defined earlier.1 le’ 1 le> 1 2h> 1 2h’ 1 ,, u,,u 1 21

Equation (3 3 5) describes the lineshapes for different coupled plasmon-phonon modes, which 

appear in the scattered light spectrum ofa superlattice oftype II. 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 (3.35),
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our calculated values of L (q,a>, k,) consists offour components of polarizability, viz. Xn’Xa Xn 

and each of which has two components. We have computed L(q,co, k) as a function of a> using

g=l,31xl05 cm'1, kz=9.357x105 cm'1, y. - 0.2, p, s = 0.1 meV for two values of d, i. e. d= 160

A (semiconductor phase) and d= 420 A (semimetal phase) at different values of (x, y). The values of 

other parameters have been taken as the same as used previously. Our computed - Im L {q,m,k) for 

x = y=o and d- 420 A are plotted in figure 3.4. The figure demonstrates that the lineshapes of L,,

L2,14, L4 L4 and L3 are well resolved. The lineshapes ofl, and I2 overlap with those of L3 and L4. The 

lineshapes at L,, I3, L2 and I4 have relatively larger peak height, whereas lineshapes of L4 and L3have 

a small peak height. The lineshapes of L3 and L4 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-II superlattice (x = 0 and d-160

A) are shown in figure 3,5. On comparing figures 3.4 and 3.5, we notice the following: (i) there is an 

insignificant change in the peak positions and peak heights of L3, Ir L4and I2 modes on changing d from 

420 A to 160A, (ii) The position of L5 and L2 are shifted towards lower energy values, while the 

positions of I3 and I4 modes are shifted to the higher energy-side on decreasing d. (iii) The peak 

heights of Lj and L2 show a small change, while the peak heights of I3 and I4 have been reduced 

drastically on decreasing the value of d from 420 to 160 A. Our computed lineshapes of L3 and L4 

qualitatively agree with the experimentally measured phonon lineshape in the InAs/GaSb superlattice 

[37], Also, our computed lineshape of I4 shows good qualitative agreement with the experimentally 

measured lineshape of the intersubband electron plasma in the InAs/AlSb superlattice [35],

3.4 Summary

We have performed a model calculation of the dielectric function and density-density correlation 

function for a compositional type-II GaxInl xAs/GaAsySbl y superlattice by taking into account the dif

ference 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 the past (jQp, <0\ and m exhibit a strong dependence on (x, y), d and the inhomogeneity
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fig. 3.4 A plot of -Im
L(q,a),l^) as a function of <o for d=420A , 

kr9.357ilO
!cmJ and q=1.31xlO

scm
~\

-!m L(q,kz&>) (arb. units)
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in the dielectric background, whereas Q)ph (Oi and m are show insignificant change on varying (x,y) 

and d. Our computed Q)ph (Di and co, are closer to interface phonon modes than LO bulk phonon 

modes, (q and (qx depend on the intrinsic parameters of both layers in a unit cell, whereas (Qp and 

ah depend on the intrinsic parameters of GaSb,^Asy only. The lineshapes of L„ L2, I4, L4 and L3 are

well resolved. The lineshapes of Ij and I2 overlap with those ofL4 and hy Also, the lineshapes ofLp 

I3, L2 and I4 have a reasonably large peak height and half width which can be measured experimentally. 

The lineshapes of L3,1,, L4 and I2 show insignificant change on changing d, while the positions of Lj and 

L2 shift towawrds lower energy and the positions of I3 and I4 shift towards the higher-energy side on 

decreasing d. The peak heights of Lj and L2 show a small change, while the peak heights of I, and I4 

reduce drastically on decreasing d from 420 to 160 A.
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