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We present a theoretical study of the electronic excitations in doped tunneling semiconductor
superlattices of finite size. Raman scattering yields are obtained from the density-density response
function, providing mode dispersion relations and relative intensities. We find that as the intramini-
band and interminiband plasma modes carry most of the oscillator strength, other single-particle-
like excitations have nonvanishing intensities as well. Strong surface-related modes, associated with
charge depletion near the surface layers, are shown for finite wavelengths. The intraminiband plasma
mode exhibits a two-dimensional-like behavior for long wavelengths, and carries most of the oscilla-
tor strength for short ones, while one of the surface modes shows a nearly linear dispersion relation.
A novel tunneling mode has nonzero frequency and strength as the wave vector approaches zero.

Advances in materials growth, such as molecular-beam
epitaxy, have made possible the growth of semiconduc-
tor superlattices consisting of an alternating sequence of
thin layers, such as in the GaAs/Al Gai As system.
These structures have attracted much attention in recent
years due to their tunable electronic properties and po-
-tential applications on new electronic devices. The elec-
tronic properties of these superlattices have been investi-
gated extensively by experimental techniques such as in-
terband optical absorption, infrared scattering, electron
tunneling, and magnetotransport. i Inelastic light (Ra-
man) scattering has been particularly useful in the study
of single-particle and collective excitations, as it has pro-
vided a great deal of information on the rich structures of
these semiconductor systems. 2 More recently, this tech-
nique has also been used in the investigation of electronic
excitations in systems of highly reduced dimensionality. s

Most theoretical studies on superlattice systems have
adopted a so-called flat miniband model, in which the
charge carriers are assumed to be completely confined
into separate quantum wells. inelastic light scatter-
ing intensities from a semi-infinite array of such two-
dimensional electron-gas layers were calculated in the pi-
oneering work of Jain and Allen, although in the diag-
onal approximation, where intersubband transitions are
neglected for simplicity. Hawrylak and co-workers5 have
calculated the Raman yields for semi-infinite and finite
quantum-well arrays, including intersubband effects, al-
though still in the flat miniband (no-tunneling) configu-
ration. On the other hand, Katayama and Andos have
also presented self-consistent calculations for the ground
state and excitations of an infinite multiple-quantum-well
system, so that surface modes were not included, and dis-
persion relations were not presented. Using d-parameter
theory, Zhang, Ulloa, and Schaich" have investigated the
collective modes of a tunneting superlattice of finite size
in the long-wavelength limit, showing the appearance of
tunneling and surface modes. As the wave vector in-

creases, the frequency of the different modes is expected
to change since the electron layers in the finite superlat-
tice cease to respond in phase, affecting the depolariza-
tion fields induced in this interacting system. One would
expect strong mode dispersion, and even the possible ap-
pearance of new modes in the system, for nonzero wave
numbers. The behavior of collective modes in this system
in the finite wavelength regime is presented in this Rapid
Communication. We present results for Raman scatter-
ing intensities for varying momentum transfer, providing
a systematic description of the dispersion relations and
relative oscillator strengths of the difFerent modes in the
system.

Our calculations include tunneling, intersubband cou-
pling, and the effects of finite superlattice length, which
also include the effects of the strong charge depletion in
real structures due to Fermi-level pinning to mid-band-
gap levels. s We find that, in addition to the expected
series of intraminiband and interminiband plasma modes
in the infinite ("bulk" ) system there also exist several
surface-related modes. All the modes are strongly dis-
persed as the momentum transfer parallel to the superlat-
tice surface

q~~ changes. The intraminiband bulk plasma
mode exhibits a two-dimensional (2D) -like behavior in
the long wavelength regime (u oc ~qII), while a surface
plasma mode has a nearly linear dispersion relation due
to the drastic change of carrier density in the surface lay-
ers of the superlattice. This surface mode disappears in
the infinite wavelength limit. " Furthermore, our calcula-
tions show a tunneling mode, associated with the carrier
motion along the superlattice growth direction, with a
finite excitation energy and progressively stronger as qI~

approaches zero. We also find that the bulk intermini-
band mode has a dispersion relation with negative slope
in the small-wave-vector region, in agreement with pre-
vious calculations, and that its oscillator strength de-
creases rapidly for larger q~~, a somewhat unexpected re-
sult.
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We consider a doped semiconductor superlattice as N
quantum wells of width a separated by a series of finite
potential barriers of thickness 6, which allow carrier tun-
neling from well to well, and are deposited on a semi-
infinite uniform medium with a dielectric constant e. The
electronic motion parallel to the surface is assumed free-
like, with an overall density profile in the perpendicular
direction, calculated self-consistently, to account for the
surface depletion appearing due to Fermi-level pinning. s

The resulting level structure consists of a series of closely
spaced levels, reminiscent of the minibands in the infinite
system, together with surface Tamm-Eke states lying in
the miniband gaps and with localized wave functions.

The differential cross section due to charge-density ex-
citations is proportional to the loss function P(u, Q) for
a fixed polarization. If the incoming and scattered
light have frequencies and wave vectors (cu„q, , k', ) and
(w„q„—k,'), respectively, the loss function is related
to the density-density correlation function y(q~~, w, z, z')
by4 s P(w, Q) = f P(a, Q, z) dz, where

P(~, Q, z) = e '"" dz' e'"*'
[
—Imp(q~~, cu, z, z')],

~ = ~, —~„and Q = (q~~, k, ) = (q, —q. , k', + k;).
p(~, Q, z) is the contribution to the total Raman scatter-
ing intensity from the electron "layer" at position z and
for given (~, Q). The commonly used substitution, 4 s

k,' = k; = k + i/2A, where kc = w, Re~a, and c/A =
2cu, 1m+i, reflects the near specular geometry used in typ-
ical experiments. The density-density correlation func-
tion is obtained from a fully nonlocal microscopic re-
sponse theory within the random-phase approximation.
This calculation is performed using a basis set of lo-
calized Wannier functions for different minibands. The
wave function for the nth eigenstate for motion along the
superlattice growth (z) direction is written as C„(z) =

6" P (z), where P (z) is the Wannier function for
the o,th miniband centered at the jth quantum well.
The self-consistent linear response formalism leads to7

y(q~~, w, z, z') = A'(z) [B(1—VB) ].A(z'), wherethe A
vector and various matrix elements are given by A, (z) =
0;(z)4,'(z) B- (qadi ~) = E..l"'.~,"Ill-~,"'. l,"p
and

calculation of y and P in Eq. (1).
Here, we present results for a ten-period

GaAs/Al Gaq As superlattice deposited on a semi-
infinite substrate with the same dielectric constant as the
superlattice layers, e = 12.5. ' The period of the super-
lattice and doping density are taken to be d = a+6 = 226
A and p = 1.9 x 10~7 cm s, respectively. The phe-
nomenological level broadening parameter g is taken as

g —0.5 meV, and kd = 0.2. Energy levels and cor-
responding wave functions are calculated using a tight-
binding envelope-function approximation, and the poten-
tial associated with the carrier-depletion profiles is cal-
culated self-consistently in a two-miniband model. The
resulting levels are clustered into two groups of four and
five states, respectively, with wave functions extended
throughout the ten-layer structure, and forming incipi-
ent minibands in this finite-size system. Moreover, there
are also a series of surface-localized states detached from
the miniband groups, and lying in the miniband gaps.
Only one of these surface states is partially populated at
this doping level and gives rise to a series of interesting
surface-localized excitations, as we discuss below.

Figure 1 shows the loss function versus frequency for
several typical wave vectors. In the wave vector regime

q~~
& 0.2 (wave vectors are given in multiples of qo

2n x 10 s A. ~), three prominent intraminiband plasma
modes are seen with energy belo~ 20 meV, as well as
two interminiband modes at w = 40 meV. As the wave
vector decreases from

q~~
= 0.2, one more intraminiband

mode appears at w —9 meV, as the increasing weight of
vertical transitions make this surface-to-bulk excitation
more evident (see below).

To identify the nature of the different modes in the
system, the z-dependent intensity function P(~, q~~, z) is
calculated. In Fig. 2 we show results for

q~~
= 0.25, where

each curve corresponds to a different frequency mode as
indicated. Since P(we q~~, z) is the contribution to the to-
tal intensity P(we q~~)& Fig. 2 describes the amPlitude of
the given mode along the z direction, while propagating
along the superlattice planes with (a, q~~). Moreover, one

P. .O-

V., "(qadi) = dzdz'A, (z)U(q~~e z, z')A, (z'). (2)
1.0

q =0.500
Here, s = (o., i, P, j) is a compound index,

U(q((, z, z') = 2vre —q ~z —z
I

27ce 6 —1
q (z+z )e z z

cqii 6+ 1

is the 2D Fourier component of the Coulomb interaction
(including image charge effects in the second term), and
II~„ is the well-known 2D Lindhard polarization, gen-
eralized to include interlevel transitions between states
n and n'. II„„ is evaluated in a closed form using con-
tour integration, completing the set of equations for the

0.250
~ a 0 f6'7

~ I
V . l V V &a&a&a&a&a&a&a&»'a&a&a&a& a&a&a&a&a&a&a&a&a&a ~ !&
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FIG. 1. Raman-scattering intensities for various parallel
momentum transfer values (in units of qo = 27r x 10 A ).
Each curve is displaced vertically for clarity. Intensity is plot-
ted in arbitrary units. Peaks below (above) 25 meV are in-

traminiband (interminiband) modes.
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FIG. 2. Raman-scattering amplitudes from difFerent elec-
tron "z layers" along superlattice growth direction for q~]

——

0.25qp. Each curve corresponds to difFerent frequency mode
as indicated. Intensity shown in arbitrary units.
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FIG. 3. Dispersion relations for difFerent modes in Fig. 1.
Intraminiband plasma modes: surface [x, peak (1) in Fig. 1],
tunneling [K, peak (2)], and bulk [+, peak (3)] modes. is
surface-to-miniband transition. Interminiband modes shown
in inset. Low (high) -energy curve is surface-related (bulk)
mode.

can also trace the peak positions in Fig. 1 as function
of the parallel momentum transfer, obtaining the disper-
sion relation for each mode. This completes the physical
description of the modes in the structure.

Curve (a) in Fig. 2 indicates that the first mode in
the Raman scattering intensity curves [peak (1) in Fig.
1] is strongly localized in the surface layers. This mode is
then associated with the motion of the electrons on the
surface along the layer planes, while the interior "bulk"
layers remain nearly immobile. This surface in-plane mo-
tion mode exhibits a nearly linear dispersion relation (x
in Fig. 3). A similar "acoustic" mode has been found
theoretically [via calculations of the inelastic electron-
scattering (IES) yield s] in systems such as ZnO, and
InAs(110), i4 and observed experimentally in quantum-
well systems. 2 As qII decreases, the excitation energy of
the surface mode approaches zero, indicating a weaker
interaction between the electrons in the 2D-like surface
layer moving independently of the bulk. Notice that the
intensity of this mode also vanishes as the wave vector

approaches zero. This general behavior agrees with IES
yield calculation results for this system. s

Mode (6) in Fig. 2 [peak (2) in Fig. 1] carries a large
portion of the total oscillation strength in the intensity
curve, and is called a tunneling mode T. his is associ-
ated with the tunneling motion of the electrons along
the superlattice growth direction. ~ i In terms of energy
levels, this mode corresponds to transitions among the
bulk-related subbands which form the lowest miniband.
This mode reaches a finite value of 2.8 meV as qII goes
to zero, a value proportional to the bandwidth and other
structural parameters. The d-parameter theory and
IES calculations give similar results. As qII increases to
about 1.3, this mode enters the Landau damping regime,
it exchanges energy with the single-particle excitations,
and becomes broad and not well defined. The dispersion
relation for this mode is also shown in Fig. 3 (D curve ).

The third mode [peak (3) in Fig. 1] extends throughout
the superlattice, as seen in curve (c) in Fig. 2, and carries
most of the intensity at large wave vectors.

Classically, this intraminiband bulk plasma mode can
be viewed as the in-phase motion of all the electrons in
the system moving parallel to the surface. Its disper-
sion relation is shown by the + curve in Fig. 3. For
comparison, the dispersion relation for an ideal 2D elec-
tron gasi (2DEG) is also plotted in Fig. 3 (dotted curve),

w(qII) = [4mne qII/(e+ 1)m], where n is the 2D elec-
tron number density. For wave vectors smaller than 0.1,
equivalent to a wavelength of five times the total super-
lattice length, the dispersion of this "bulk" mode follows
closely the ideal 2DEG mode. However, as qII increases,
the "internal structure" of the superlattice makes this
mode depart from a 2D-like behavior, as one would an-
ticipate.

Our calculations also show a distinct mode weakly ap-
pearing as the wave vector decreases below 0.2 (0 in Fig.
3). This mode corresponds to the transition from the
highest occupied bulk subband state to the partially oc-
cupied surface state The .function P(w, qII, z) for this
mode shows it is basically localized in the surface layers
(not shown in Fig. 2). Moreover, as qII decreases the os-
cillator strength of this mode is increasingly stronger and
the energy approaches 7.8 meV for qII

—+ 0, which can be
identified as the single-particle transition energy of 7.2
meV shifted by Coulomb depolarization effects. s ~ The
qII

= 0 limit of this mode is also found by Zhang, Ulloa,
and Schaich in their d-parameter calculations. 7

The two interminiband plasma modes in Fig. 1 lie
above the anticipated interminiband single-particle tran-
sition range (between 20 and 38 meV), due to depolariza-
tion shifts. s ~ (Notice in Fig. 1 that single-particle fea-
tures in this window have nonzero strength only for small

qII and become rather broad at large qII. ) The two inter-
miniband modes dominate the spectrum for small wave
vectors (qII & 0.025). However, the decreasing impor-
tance of vertical transitions for larger q~~

lead to the weak-
ening of these two modes, relative to the intraminiband
features. This interesting shift in the oscillator strengths
is quite unexpected, and should be easily discernible in
experiments. Curves (d) and (e) in Fig. 2 indicate that
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the lower (or higher) interminiband mode is associated
with the collective transitions from the occupied surface
(or buLk) subband to the empty subbands. Their dis-
persion relations are given in the inset of Fig. 3. In the
region q~~

( 0.25, the energy of the surface-related mode
remains nearly constant, while the bulk-associated mode
exhibits a strong dispersion relation with negative slope,
as obtained in other calculations for a 2D electron gas,
and a superlattice system. s As

q~~
—+ 0, these modes ap-

proach 39.4 and 43 meV, respectively, which agrees with
our IES results (39.4 and 42.4 meV), ~s and with infrared
absorption results (39.8 and 42.5 meV). 7

In summary, we have investigated Raman-active exci-
tations in doped tunneling semiconductor superlattices

with depletion layers. Our calculation is based on a fully
nonlocal microscopic linear response theory. Surface and
tunneling modes are shown to exist for different wave vec-
tors. Even though plasma modes carry most of the os-
cillator strength, the single-particle-like excitations have
also appreciable weight, especially at low wave numbers.
We hope the results presented in this paper would stim-
ulate further interest in these systems.
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