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Abstract. The densilydensity correlation function has been calculated for a modulation-doped 
GaAs/AIAs superlattice. The superlattice is modelled to be an infinite periodic sequence of 
layers which consists of two dissimilar layen. one of GaAs and the other of M A S ,  per unit 
cell. The conduction electrons nre assumed to be confined to CaAs layen. Our calculation 
shows t h l .  although the electron gas is confined io the GaAs layers, the plasma oscillations 
can interact with the lattice vibrations of both GaAs and AIAs. The interaction between AlAs 
lattice vibntioWand.the plwnons significantly contributes to the light-scattering specuum. It is 
therefore nrgued that the experimentally measured frequencies of the coupled plasmon-phonon 
modes and their lineshapes for a modulation-doped GaAsIAlAs superlattice cannot correctly 
be described by the previous theoretical calculations which have been performed for a layered 
electron gas embedded in a homogeneous dielectric background. For the special case of a 
homogeneous dielectric background. our results. however, agree with the previously reporled 
calculations. 

1. Introduction 

The collective excitations, electronic as well as ionic, and the light scattering for collective 
excitations in semiconductor superlattices have been subjects of immense interest, ever 
since the discovery of this class of novel materials [I-171. Extensive investigations, both 
experimental as well as theoretical, have been performed mainly for superlattices of type 
I, such as GaAs/Al,Gal-,As. Further, modulation-doped as well as undoped superlattices 
have been prepared to study the plasmons, the phonons, the plasmon-phonon coupled modes 
and the intensity of light scattered by these collective oscillations. Although numerous 
theoretical studies on plasmons and coupled plasmon-phonon modes in modulation-doped 
superlattices of type I exist, these studies have been performed by modelling the type I 
superlattices as an infinite one-dimensional (ID) array of either a purely two-dimensional 
(ZD) electron gas or the electron gas layers embedded in a homogeneous polar dielectric 
host medium of dielectric constant E ( @ )  12-1 I]. However, the actual host medium which 
supports a layered electron gas (LEG) in a compositional superlattice is not homogeneous. It 
consists of alternate layers of two dissimilar polar semiconductors such as AIAs and GaAs 
in the case of the GaAdAIAs superlattice. The host medium, therefore, supports two kinds 
of lattice vibration. One consists of bulklinterface longitudinal and transverse modes of the 
GaAs lattice, while the other belongs to bulWinterface longitudinal and transverse modes of 
AIAs. The light-scattering experiments performed on the undoped GaAdAIAs superlattice 
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clearly exhibit these two categories of lattice vibrational modes [I  21. The plasma oscillations 
of the LEG can therefore interact with vibrational modes of both the GaAs and the AlAs 
layers. As the electron gas is mainly confined to the GaAs layers, plasma oscillations 
predominantly interact with lattice vibrations of GaAs. However, for certain values of the 
electron density, the width of a GaAs layer and the frequency and wavevector of light, the 
lattice vibrational modes of AlAs can also interact with the plasma oscillations to produce 
a significant change in the spectrum of the scattered-light intensity. 

In this paper we report a theoretical calculation of the density-density correlation 
function (DDCF) for a modulation-doped GaAdAIAs superlattice which is modelled to be a 
I D  periodic sequence of layers. Each period consists of two layers: one of GaAs and the 
other of AIAs. The conducting electrons are assumed to be confined in GaAs layers and 
to behave like free electrons with effective mass m’. We further assume that the electron 
density is reasonably high in order to give rise to both intrasubband and intersubband 
plasmons. The unit cell of the system is constructed by taking two adjoining layers. 
Our calculation demonstrates that the intensity of scattered light for a LEG embedded in 
a heterogeneous dielectric background (HTDB), which comprises lattice vibrations of both 
GaAs and AIAs, consists of coupled intrasubband-plasmon-interface-phonon modes and the 
coupled intersubband-plasmon-interface-phonon modes. The frequencies and the lineshapes 
of these coupled plasmon-interface-phonon modes differ in a very obvious manner from 
the frequencies and the lineshapes of coupled plasmon-phonon modes which have been 
obtained previously from the calculated DDCF for a LEG embedded in a homogeneous 
dielectric background (HMDB) [3, IO]. Our calculation further shows that the plasma 
oscillations, which predominantly interact with lattice vibrations of GaAs for small electron 
densities and larger thicknesses of the GaAs layer, can also exhibit a strong interaction 
with the lattice vibrations of AlAs layers for a reasonably high electron density and small 
thickness of the GaAs layer. Thus, the interaction of plasma oscillations with the lattice 
vibrations of AlAs significantly contributes to the light-scattering spectrum of a modulation- 
doped GaAdAIAs superlattice. Therefore, the existing calculations of the scattered-light 
intensity, which have been performed previously for a LEG in a HMDB, cannot correctly 
describe the experimental results on the light scattering in a modulation-doped compositional 
semiconductor superlattice such as a GaAs/AIAs superlattice. The remaining part of our 
paper is organized as follows. We present the calculation of the DDCF in section 2. In 
section 2. we discuss our results. Our work is then summarized in section 4. 
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2. Density-density correlation function and the lineshapes 

The lineshapes for scattered light are determined from the imaginary part of the dynamical 
polarizability x(q ,  U ,  z ,  z‘) which can be obtained by solving the integral equation [ 101 

Here, P ( q ,  o, z ,  z‘)  is the polarizability in the absence of the Coulomb electron-electron 
interaction V which can be given as 

~ ( q ,  z ,  z’) = (ke2/q)exp(-q lz  - z’l). (2) 

We solve equation (1) for our model superlattice structure which consists of alternate 
layers of GaAs and AlAs along the z axis. We take dl as the thickness of the GaAs layer 
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and d2 as the thickness of the AlAs layer. The length of the unit cell along the z axis, 
which is the sum of dl and d2 is taken to be d .  The ordinate of the lth layer can be defined 
as 

z =Id  + Ri + t (3) 

with 

- id. 2 '  < t < id. 
Here Ri is the distance of the ith layer of the lth unit cell measured from its bottom. As 
there are two layers in a unit cell, i can take two values. Further, the confinement of 
electrons in a GaAs layer generates the subband structure for electrons. Therefore, both 
intrasubband as well as intersubband transitions between different subbands are possible. 
One can use the diagonal approximation to decouple the different subband transitions [IS]. 
For the n to m subband transition, we can transform equation (1) into [ 101 

X;'"(q, o, I ,  I ' ,  I ,  t ' )  = p;'"(q, o, t ,  t')811dij 

with 

vi,(q, I ,  l' ,  t ,  t') = (2ne2/q)exp[-q[(l - l')d + Rij  + ( I  - t')l] (5 )  

where Ri j  = Ri - Rj .  P;"' is the total (electronic and ionic) polarizability of the j th layer. 
Equation (4) is a matrix equation and x;'" is a 2 x 2 matrix in i and j .  Further, each 

element of this 2 x 2 matrix forms a matrix in subband indices n and m. The size of the 
matrix in n and m is determined from the number of subbands which are to be considered 
in the calculation. For simplicity, we consider only two subbands (the ground and the first 
excited subband) and confine ourself to intrasubband transitions within the ground subband, 
and intersubband transitions between the ground subband and the first excited subband. We 
thus consider 0 --f 0, 0 + 1 and 1 --t 0 transitions. Each element of the matrix in i 
and j decomposes into two terms, one of which corresponds to intrasubband transitions, 
while the other corresponds to the intersubband transitions. Equation (4) can be simplified 
with the use of discrete Fourier transforms to obtain the lineshapes for different coupled 
plasmon-phonon modes. The lineshapes can be given by [I 1) 

L ( q , k , , o )  = Im[xE(q, o , k , ) + x ~ ( q , o , k , ) + x ~ ( q . w , k , ) + x ~ ( q , ~ . k , ) + x P ~ ( q . o , k , )  

+ x P d ( q . w , k , )  + x ~ ~ ( q , o , k , ) + x ~ ~ ( q , w , k , ) l .  (6) 

Each term on the right-hand side of equation (6) can be written in terms of the 20 electronic 
polarizability ( P z )  for intrasubband transitions, the ZD electronic polarizability (PE) for 
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with 

R(q ,  k , )  = -IcoSh(qd) - ll/[cosh(qd) - cos(kZd)] (134 

S(q, k z )  .= sinh(qd)/[cosh(qd) - cos(k,d)]. (13b) 

As the main aim of this paper is to demonstrate the importance of proper inclusion of 
the effect of heterointerfaces in the dielectric background of the LEG, we here ignored the 
interaction between the intrasubband plasmons and the intersubband plasmons in order to 
avoid further complexity of our calculation. We believe that the inclusion of these effects 
will not significantly alter our main results. Further, as we are interested in the collective 
excitations which can be observed in the light-scattering experiments, we use the following 
long-wavelength limit of the random-phase approximation value of Pp,", PE, PI;  and Pz: 

(140) 2 pE(q,o) = -w /Elc"[&2$) - 

Pli (q .o)  = - ~ ~ , E I O / E I W [ E ~ ~  - 4 w  +iydl 

Pli(q, 0) = - (q2(W:  - &)/[& - O(0 + iYph)l)(d1/4ne~) 

+ ive)l 

( 1 4 ~  

(144 

01 

(14~)  

%(q ,  w )  = -I&& - &,/roL - 40 + ivph)lKd2/4ne2) 

n, is the 2D carrier density. ye and Yph are the phenomenological broadening5 for plasmons 
and phonons, respectiveIy. E I W ,  WLI  and q . 1  are the optical dielectric constant, the 
longitudinal optical phonon frequency and the transverse phonon frequency, respectively, 
for GaAs. EZW, wu and wrz are the optical dielectric constant, the longitudinal optical 
phonon frequency and the transverse phonon frequency, respectively, for AIAs. Elo is the 
energy band gap between the ground subband and the first subband. 

3. Results and discussion 

The lineshapes for different coupled plasmon-phonon modes, which appear in the scattered- 
light spectrum, can be given by equation (6) for a modulation-doped GaAs/AIAs superlattice. 
The peak positions of these lineshapes represent. the frequencies of different coupled 
plasmon-interface-phonon modes originating from the interaction between intrasubband 
plasmons, intersubband plasmons and lattice vibrations of GaAs and AlAs layers. The 
frequencies of coupled intrasubband plasmon-interface-phonon modes are given by the zeros 
in equation (lo), while those of the intersubband plasmon-interface-phonon coupled modes 
are yielded by the zeros in equation (1 I). As is obvious from equation (6). our calculated 
L(q ,  o, k,) consists of four components of polarizability, i.e. XI,. x12, XZI and XU, while 
L(q,  o, k , )  for a LEG embedded in a HMDB consists of one polarizability component [9,10]. 
As a special case, our calculation reduces to previous performed theoretical calculations of 
coupled plasmon-phonon modes and their lineshapes for a LEG in a HMDB [9,10]. The thud 
and fourth terms on the right-hand side of equation (IO) and the third, fourth and fifth terms 
on the right-hand  side^ of equation (I  I )  are the contributions from the lattice vibrations.of 
AIAs. For all values of the intrinsic parameters of a superlattice, our L(q, o, k,) computed 
using equation (6) differ significantly from the previously computed L(q,  o, k z )  of a LEG 
embedded in a HMDB [9,10]. 
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In order to demonstrate the importance of proper consideration of the lattice vibrations 
of AlAs in the theoretical study of coupled plasmon-phonon modes for a modulation- 
doped GaAs/AIAs superlattice, we computed the peak position and the peak height of 
different coupled plasmon-phonon modes, for several values of ns. The peak positions of 
the intrasubband plasmon-interface-phonon coupled modes L1, LZ and L3 and the peak 
positions of the intersubband plasmon-interface-phonon coupled modes Zl, I2 and I3 are 
plotted as functions of n, in figure 1. For the computation, we used El0 = 21.1 eV, 
EIW = 10.9, EZW = 8.2, OLI = 295 cm-l, q . 1  = 273 cm-’, U L ~  = 405 cm- , 
q . 2  = 364 cm-I, dl = 200 A, dz = 204 A, qd = 1, 2kzd = 5.656, m’ = 0.068me, 
ye = 1.26 cm-I and ypi, = 0.81 cm-I. In our numerical computation, we used 2k,d in 
place of k,d, for the reasons mentioned in [9] .  From figure 1, we note the following. 

(i) L I ,  Lz, L3, I ! ,  12 and I3 vary with n,, demonstrating that the plasma oscillations 
interact with lattice vibrations of both GaAs and AlAs, although the electron gas is confined 
to GaAs layers. 

(ii) Our computed L(q,  o, k z )  consists of coupled plasmon-interface-phonon modes; it 
does not exhibit coupled plasmon-bulk-phonon modes. 

(iii) 12 and 13 show stronger n-dependences than do LZ and L3. respectively, indicating 
that the interaction between intersubband plasmons and interface phonons is stronger than 
that between intrasubband plasmons and interface phonons. 

(iv) L I ,  Lz, L3, ZI and 12 increase on increasing n,, while 13 decreases on increasing 
nSr as can be seen from the figure. 

(v) The lattice vibrations of GaAS interact more strongly, in comparison with the lattice 
vibrations AlAs. with both types of plasmon. 

We plot the frequencies of the coupled phonon-phonon modes in figure 2(a), of the 
coupled intrasubband plasmon-phonon modes in figure 2(b) and of the coupled intersubband 
plasmon-phonon modes in figure 2(c), as functions of qd, for all possible values of cos(k,d). 
We used n, = 4.2 x 10” cm-’ to compute both the coupled intrasubband and the coupled 
intersubband plasmon-phonon modes. The bands of coupled phonon-phonon modes which 
are shown in figure 2(a) consist of low-energy interface phonon modes, observed in the 
light-scattering experiments performed by Sood er al [13]. However, the semiclassical 
calculations of phonon modes, which employed the matching of electrostatic potential at 
the periodic heterointerfaces of a superlattice, gives rise to four interface phonon bands 
[6,16]. For q tends to zero, the energies of two of the bands (the low-energy interface- 
phonon modes) approach the transverse bulk-phonon energies, while the energies of the other 
two bands (the high-energy interface-phonon modes) approach the energies of longitudinal 
bulk phonons. From our calculation, we obtain only low-energy interface phonons. This 
might be due to the several simplifying approximations used in our calculation. A more 
elaborate calculation may give rise to bands of all four interface-phonon modes. However, 
our calculation of the DDCF is quite general in nature and it can easily be extended to 
explore all types of the interface- and bulk-phonon modes in a superlattice structure. 
The interaction of low-energy interface phonons with the intrasubband and intersubband 
plasmons can be visualized from figures 2(b) and 2(c). It is obvious from the figures that 
the interface phonons show a stronger interaction with intersubband plasmons than with the 
intrasubband plasmons, for all values of qd and k,d. We have noted the changes in the 
GaAs-like interface phonon frequency due to the interaction with intrasubband plasmons 
(AL2)  and with intersubband plasmons (AI2) and the changes in the AIAs-like interface 
phonon frequency because of the interaction with intrasubband plasmons (AL3) and with 
intersubband plasmons (AI,) for several values of qd, k,d and n,. We find that, for given 

1 
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3m I 
Figure 1. Plots of L1 (U), I t  (0). Lz (01, h (01, 13 
(A) and Ls (A) versus carrier demity ns. 

Figure 2 The energies of (a )  GaAs-like and AI&- 
like phonon modes. (b)  coupled intrasubband-plasmon- 
interface-phonon modes L,, Lz and L3 and (c) coupled 
intersubband-plasmon-interface-phonon modes 11, 12 
and I s  plotled as functions of yd for all possible values 
of cos(k,d). 

values of ns and qd, A&, A22, AL3 and AT3 exhibit their maximum values at k,d = 0. 
For k,d = H, ALz ,  AI,, AL3 and AI3 are almost zero, for all values of qd and ns.  We 
further noted that, for k,d = 0, ALz  varies between 1 and 3 cm-I, a Z z  Y 2 cm-I, AL3 
varies between 4 and 0 cm-I and AI3 ~ ~ - 1  cm-', on varying qd from 0.01 to 3.5 at 
n, = 4.2 x 10l2 cm-,. Also, the bands of Lz and L3 overlap with the bands of I2 and Z3 
respectively, for a certain range of qd-values, at small n,. 

L(4,  o, k r )  from equation (6) for a LEG embedded in a HMDB is plotted as a function 
of U in fig'ure 3(a)  for ns = 4.2 x 10" c d  and in figure 3(b) for ns = 1.26 x 10l2 cm-'. 
The values of the rest of the parameters are those which have been used to obtain 
figure 1. Figures 3(a) and 3(b) clearly demonstrate the effect of proper consideration 
of the HTDB (the dielectric mismatch at the heterointerfaces) in the calculation of the light- 
scattering spectrum. From the figures, one can clearly distinguish between the intrasubband- 
intersubband plasmon lineshape for a LEG in a HMDB and the corresponding plasmon 
lineshape for a LEG in a HTDB. The difference is much more obvious for higher values 
of ns, as can be seen from figure 3(b).  We note that both intrasubband and intersubband 
plasmon frequencies for a LEG in a HTDB are higher than those for a LEG in a HMDB. Further, 
the change in the intersubband plasmon frequency is larger than that in the intrasubband 
plasmon frequency. This further illustrates that the intersubband plasmons interact more 
strongly with the lattice vibrations of dielectric background. Also, we note from figure 3 
that the peak heights of various lineshapes for a LEG in a HMDB are higher than those for a 
LEG in a HTDB. 
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110 180 2 20 2 60 300 110 380 
Frequency Shift Icrd’) - 

Figure 3. (a) The imaginary pm of L ( q , k , ,  0) for a LEG in a HMDB dielectric background 
(dotted) and for a LEO in a K ~ B  dielectric background (-) plotted as a function of o for 
ns = 4.2 x 10” c C 2 .  (b) The imaginary part of L(q. kz. 0) for a LEO in a HMDB (. . . . . .) and 
for a LEG in a -E (-) plotted as B function of 0 far ng = 1.26 x lo’* cm-’. 

, /  

0 
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4. conclusions 

We calculated L(q,  0, k2) for a modulation-doped GaAdAIAs superlattice which is modelled 
.to be a ID infinite array of electron gas layers embedded in a HTDB which consists of 
.alternate layers of two dissimilar polar dielectrics. We found that, for all values of n,, the 
positions and heights of peaks of various lineshapes which belong to coupled plasmon- 
phonon modes of a LEG in a HTDB significantly differ from those of a LEG in a HMDB. 
The calculated light-scattering spectrum for a LEG in a HTDB consists of coupled plasmon- 
interface-phonon modes, while the calculated light-scattering spectrum for a LEG in a HMDB 
exhibits coupled plasmon-bulk-phonon modes. Also, the lineshape which corresponds to 
a intrasubband/intersubband plasmon mode of a LEG in a HTDB clearly differs from that 
of a LEG in a HMDB. Although the AlAs lattice vibrations interact with both intrasubband 
and intersubband plasmons, their interaction with intersubband plasmons is more prominent. 
The lineshapes belonging to LZ and LS approximately coincided with those belonging to ZZ 
and I3 respectively, for small values of n,. In conclusion, we have shown that the calculated 
light-scattering spectrum of a LEG in a HTDB significantly differs from the calculated light- 
scattering spectrum of a LEG in a HMDB. It will be desirable to understand the existing data 
[ZO] as well as to cany out fresh experiments to look for the predicted effects. 
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Appendix 

The H;m(q) are defined by 

Fy(q) is given by equation (Al) on replacing qlt --f’l by q(t - r‘). @nlnm(t) is the product 
of the envelope functions of the nth and mth subbands. q y ,  If;’, FiY, 4;?, A” and A’’ 
are evaluated using the following infinite deeppotential-well wavefunctions [19]: 

@A(Z) = (2/di)sinz[(A + I)n(Z/dj + + ) I  (A21 
where A is the composite index. For the 0 + 0 transition, A = 0 and for 0 + 1 or 1 + 0, 
h = 1. On evaluating equation (Al), one obtains 
Hj$(q) = U i [ l / X l +  (1 +&a)/Yil - 2u:{n2[(A 4-2)’- A 2 1 / ~ ~ ~ ~ J Z [ 1  - (-l)AeXp(-ui)]. 

(A3) 

F$(q) = AA(4)4A(-4) (A4) 

JA(q) = ~ i n ~ { [ ( A + 2 ) ~  -Az l /x~y~] [ l  - (-l)iexp(-ui)] 645) 
with ui = qd,, x i  = U: + n2(h + 2)2 and y i  = U: + rr2AZ. AW and Ao’ can be obtained 
from F F  and F:;, respectively, on replacing uj by ik&. 

Similarly, one obtains 
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