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Chapter 1
Introduction

From the theoretical point of view, semiconductor superlattices (SSL) are ide-
ally suited to study a variety of optical and electronical properties of semi-
conductors. One of the most interesting properties of ideal SSL, i.e. infinite
arrays of electronically coupled identical quantum wells, is, that by varying
the structural parameters the effective dimensionality of the carrier system
can be tuned to all values between two and three. In such a system, the carri-
ers may move freely within the planes perpendicular to the growth direction,
following the bulk dispersions. Due to the translational invariant confine-
ment potential, electronic bands also emerge in the growth direction. Since
the periodicity along this axis is much larger, these 'minibands’ are much
smaller than those in the in-plane directions. Their width is controlled by
the electronic coupling between the wells, which is dominated by the lengths
of wells and barriers. In the case of thin barriers (only a few monolayers),
the coupling between the wells is strong and one obtains wide minibands
(>~ 100meV). Thus, the behaviour of the carriers and the resulting excitonic
interaction are almost identical to those in a three-dimensional bulk system.
For thick barriers (more than a few tens of monolayers) small minibands
(<~ 10meV) emerge and the free motion in the growth direction becomes of
minor importance. The system almost behaves two-dimensionally. There-
fore, the effective dimensionality of the SSL lies between two and three (2.z).

The dimensionality may be further controlled by applying an external ho-
mogeneous electric field along the growth direction. This field destroys the
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translational invariance and thus the comlpete delocalization of the states.
It lifts the degeneracy of the states. Increasing the field, the extension of the
states becomes smaller and the minibands break up into Wannier-Stark (WS)
series of transitions which are dominated by the transitions between the elec-
tron and hole states which are centered at the same well. The system then
behaves as a series of uncoupled quantum wells, i.e. two-dimensionally.

Thus, SSL with eventually applied electric fields allow for the investigation
of optical and electrical effects in homogeneous systems as well as in systems
of more or less disturbed symmetry. Of course, there also exist effects which
are specific for such a system of electronically coupled quantum wells. Prob-
ably, the most prominent ones are the Bloch oscillations of carriers on an
observable time-scale [1]. These oscillations in a homogeneous electric field
of strength F' have a period T which is determined by the real-space peri-
odicity d of the lattice 75 = i/eFd. Due to the short periodicity in bulk semi-
conductors, nonrealizable field strengths would be necessary in order for T
to become shorter than the dephasing times inherent to real systems. Thus,
Bloch-oscillations have not yet been observed in bulk semiconductors. In SSL
the necessary fields are much smaller since, characteristically dssz, >~ 50dp.x
and therefore these oscillations have indeed been observed by a couple of
experimental groups [2-4]. They are of special technical interest, as the os-
cillating carriers lead to oscillating dipole moments which emit radiation in
the terahertz (THz) range, a frequency range which is hardly accessible with
other technical methods. Thus, Esaki and Tsu [5] already suggested in 1970,
to use SSL as emiters of THz-radiation where the frequency can easily be
tuned by the strength of the applied electric field.

Another advantage of SSL compared with single quantum wells or bulk se-
miconductors, is the tunability of their fundamental absorption resonance.
Whereas without applied electric field the absorption edge is given by the
exciton below the miniband, at high fields noticeable absorption commences
at the central WS-exciton attached to the center of the miniband. Thus, with
the field, the dominant resonance may be shifted by half the width of the
miniband, an extraordinary large range of energy. This property is required,
for example, in electro-optical modulators or self-electro-optical effect de-



vices [6-9], where a field is used to select the wavelength of transmitted or
absorbed light.

The theoretical studies of SSL are especially interesting since with modern
epitaxial techniques it is possible to realize and investigate SSL with identi-
cal structural parameters as used in the theory. However, in the epitaxially
grown SSL, the wells and barriers are usually not ideally perfect. In general,
the layer at the border from well material to barrier material is not strictly
built from one material, but is a mixture with areas of both well and bar-
rier material. Thus, there are areas where the wells and barriers are one
monolayer shorter or wider than the regular value. This disorder influences
the signals in two ways, ’additively’ and ’internally’, which can be treated
separately if the areas of the border layer consisting of only one material are
larger than the excitonic Bohr-radius (>~ 100 A). In this case, the system can
be regarded as a set of uncoupled realisations of multiple-quantum-well sys-
tems with different distributions for the widths of wells and barriers (compare
Fig.1.1). These different realisations lead to different optical and electroni-
cal signals, which are additively superimposed in the experimental detector.
Beside this 'additive’ modification of the observed signals, the disorder also
changes the individual signals of single realisations ’internally’. Due to the
varying widths the quantum mechanic coupling between the wells differs lo-
cally. This affects the single-particle states as well as their excitonic interac-
tion. Generally, the various in-plane areas of the structure are not strictly
individual, but are coupled through the excitonic interaction. This therefore
leads to internal disorder in this direction as well. Nevertheless, the larger
the size of the homogeneous areas, the less important it should become.

Beside the inherent disorder of usually no more than one monolayer, the
structural parameters may be well controlled in the epitaxial growth [10].
Thus, it is also possible to produce systems where the widths of the wells
or barriers intentionally deviate from the regular values. This allows for
a comparison between theory and experiment with the identical disorder
configuration, which is hardly possible for any other disordered systems.
With the structural parameters, the ratios decisive for the influence of disor-
der in semiconductors, the ratio between excitonic Bohr-radius and disorder
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Figure 1.1: Sketch of a SSL with disordered layers between wells and barriers.

\4

Dark gray: barrier material, light gray: exciton wave function as a function
of the relative in-plane coordinate () and the center-of-mass Z-coordinate.
R, is the excitonic Bohr-radius, the broken lines separate the areas without
in-plane disorder.

lengths (the thickness of wells and barriers) and the ratio between exciton
binding energy and disorder energy (variation of energies in wells of differ-
ent thickness), may be varied over a wide range.

This study will try to give a comprehensive general idea of the most impor-
tant electro-optical effects in SSL. Firstly, Chapter 2 will present the basic
theoretical concepts. This will be done in a general representation which
applies to all systems investigated throughout this study. Some theoretical
details specific for ideal or disordered SSL or for the choice of basis states
will be presented in the corresponding sections. Chapter 3 will discuss ideal
superlattices. Linear absorption results will be used in order to explain the
typical features of the energy spectra of electronically coupled quantum wells
which will help to understand the results for disordered SSL. Furthermore,
THz signals will also be a point of discussion. A special point here will be the
modification of electron-phonon scattering rates due to the electric field, the
intracollisional field effect, which so far has been neglected in the theoretical
treatments of SSL. It will be illustrated that up until now this influence of



the electric field has been widely underestimated and that it leads to charac-
teristics which may be highly interesting for possible technical applications.
The study of ideal SSL will be completed with various comments on the de-
pendence of THz spectra on the excitation conditions, which has been very
controversially discussed in recent years [11-13].

The results obtained for ideal SSL will then be used in Chapter 4 to derive
the differences impressed by inherent or intentional disorder. Again, the
discussion will be introduced with linear absorption spectra. Here, first the
influence of monolayer fluctuations and the finite size of real systems are ex-
plained. Then an interesting example for intentional disorder, a SSL with
interchanging smaller and wider wells, will be presented. It will be shown
that these systems may be used for the (experimental) preparation of well
resolvable locally indirect excitons, a type of excitons offering a wide field of
new physics. Secondly, the influence of monolayer fluctuations on THz sig-
nals will be investigated. It will be demonstrated that the inhomogeneous
dephasing due to these fluctuations leads to a dephasing time which is linear
in the field. Finally, it will be explained with four-wave-mixing signals that
disorder does not only lead to inhomogeneous dephasing caused by its addi-
tive character, but, additionally, if the disorder is internal, to a homogeneous
dephasing of excitonic resonances.



Chapter 2
Theoretical Concepts

The following chapter will introduce the basic theoretical concepts used for
the description of all systems investigated in this study. The equations of
motion for electron and hole distribution functions (diagonal density-matrix
elements) and the polarizations (non-diagonal density matrix elements) are
set up. These equations comprise the coherent answer of the electronical
system on incoming light, which is treated on the Hartree-Fock level, as well
as the incoherent contributions which lead to a dephasing of the polariza-
tions and relaxation of the carrier distributions, which are treated on the
Markov level. The only mechanism of the latter type included here is the
scattering between carriers and longitudinal optical phonons. In this study
only low excitation processes, where carrier-carrier scattering and screening
are negligible [15-19], will be considered.

At this stage, the equations are given in terms of a generic set of basis func-
tions. They can easily be specified for the individual systems investigated
here. The states and corresponding quantum numbers, analytic forms of
matrix elements and possible simplifications due to symmetries for ideal and
disordered SSL will be given in the respective sections.

Throughout this work, propagation effects will be neglected. The structures
are assumed to be optically thin, i.e. to be much shorter than the optical
wave length. As far as superlattices are concerned, this might be doubtful.
In the two-dimensional limit of electronically uncoupled multiple-quantum-
well structures, where the only interaction between different wells is medi-
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ated through the electromagnetic field of photons emitted from one well and
absorbed in another, propagation effects have been observed [20,21]. In the
three dimensional limit of bulk semiconductors, propagation is also known to
have a certain impact [22-24], but only in optically thick samples. However,
so far there has been no report on experimental evidence for a strong impact
of propagation effects in electronically coupled multiple-quantum-well sys-
tems. One reason for this, is that the dominant coupling between the wells
here is the electronical one and not the optical one. Another may be, that,
as will be shown later, except for strong electronic coupling (wide minibands)
most of the physics of SSL may be well described within samples not much
longer than about ten wells. The length of such a reduced structure is usu-
ally not much more than 100 nm , which is shorter than half a wavelength
of light with energy close to the fundamental gap. For systems with wider
minibands, higher numbers of periods must be considered, bu, however, to
obtain wide bands the SSL period also must be shorter, so that this remains
more or less valid for those structures as well.

2.1 Hamiltonian and Wave Functions

The Hamiltonian H for the electronic system of a semiconductor, including
possible internal or external potentials W of the types investigated here and
the interaction with a classical light field and with phonons may be arranged
as the sum of two terms:

H; describes the bare carrier system and its interaction with the light:
Hl = Hw + Hcoul + Hcl- (22)
In this case,
H,=H¢ + H
:[HS + Wm (re) + Wew(re)] + [Hg + Wm (rh) + Wex(rh)]
= afucler +) aldld; (2.3)

33’
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is the single-particle Hamiltonian for electrons and holes. Hg(h) comprises
the kinetic energy and the potential of the undisturbed lattice for electrons
(holes). In this study the internal potentials W (r.)):» will be the confinement
potentials of heterostructures and the external potential W (r.4))., will be
given by a homogeneous electric field. ¢; (c/) and d; (d}) are the annihilation
(creation) operators of electrons and holes with the quantum numbers i and
j. The quantities af; (a},;) denote the matrix elements of H." in a generic
basis of single-particle states {¥¢(r.)} ({¥%(rs)}).

H,,, describes the Coulomb interaction:

coul E ‘/;1121314 i1 12 CizCiy

zlzzzsu
1
5 D Visisiondy,dl,djydy,
71727374
- Z V;Uz]lwczldgldjzclza (24)
11127152

with
Vit = / dr dr'" W} (1)U, () Vo (1, 7/) U, (1) 0, (). 2.5)

Here, terms not conserving the number of each carrier type (impact ioni-
sation and Auger recombination) as well as the interband exchange interac-
tion have been neglected. This monopole-monopole approximation [25] is
justified in the cases regarded here, where the exciton binding energy (less
than 20meV) is small in comparison to the fundamental gap (more than ap-
proximately 1eV) [26]. In addition, the dipole-dipole interaction between
excitons which are localized in different wells [27] is also neglected.

The term
Ha=—Y_ |ul B (eld] + ui B~ (t)dsc, (2.6)
!‘7
describes the dipole interaction of the carrier system with a classical light

field [28]

E(t) = E*(t) + E~(t) = Eo(t)e™*" + Ey(t)e ™=, (2.7)
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for which we apply the rotating wave approximation. Here, uzh is the optical
interband dipole matrix element between electron and hole states

15} = po < wg | wh > (2.8)

Ey(t) denotes the amplitude and w,, the central frequency of the laser field.

H, is the phononic part of the Hamiltonian:
H,=H,+H,. (2.9)

The free-phonon dynamics is described by

H, =) fwgblba, (2.10)

q

where b}, (bq) are the creation (annihilation) operators of a phonon with the
wave vector being q and wq the corresponding phonon dispersion. For sim-
plicity, we will only consider a single dispersionless bulk LO phonon branch
(wq = wo = wro, Yq). Previous investigations [28-30] have shown that the
total electron-phonon scattering rates in heterostructures with similar di-
electric constants in wells and barriers as, for example, in the Al,Ga,_,As —
Al,Ga,_,As system studied here, can be sufficiently approximated using these
assumptions. Finally, H,, is the carrier-phonon interaction [15, 28]:

H, = Z [sz'qczchz + g“, cT chi]

+Z |8l + g5 qdlibad; | (2.11)
J.3'»a
The quantities g are the matrix elements of the phonon electrostatic potential
given by [28]
Gira =00} { W

eiar i

W), gl =90t (0 v ), (2.12)

go = [tnen (£ = 3)]"". (2.13)

€0

Here, ¢, and ¢, denote the optical and static dielectric constants of the 'ef-
fective’ (heterostructure-) medium, and V is the normalization volume.

There are two preferable choices for the wave functions ¥. The first one is to
choose them as eigenstates of the total internal potential:

HY" + Win(resn) | 0571 (o) = 205 (xepn). (2.14)
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The second one is to choose them as eigenstates of the total single particle

Hamiltonian HY", also including the external potential:

HY" + Win(t)e/n + Wea (Tepn) | U577 (repn) = /MW7) (vepn). (2.15)

i/j

Both choices have certain advantages. Which one ought to be favoured de-
pends on the type of W,, and what quantities are to be investigated. If the
external potential is weak and may be treated as a perturbation, the first
choice may lead to a numerically simplier treatment. For strong external
potentials, the second one will, in most cases, be more appropriate.

If the external potential and, therefore, HY" is time dependent, as for ex-
ample in the case of an applied alternating electric field, the eigenstates of
H¢/"(t) are also time dependent. In a calculation of time dependent observ-
ables in these states, as the polarization, it would be necessary to calculate
the states and the corresponding matrix elements after each change of the
potential. This may however become extremely time consuming. Therefore,
it is often preferable to treat these kinds of problems within the time inde-
pendent eigenstates of Hy + W,.

2.2 Equations of Motion

Following standard procedures [15,25,26,31-33], it is straight forward to set
up the equations of motions for the interband polarizations

Vii=(djei), Yy =(cldf) (2.16)
and the electron and hole density-matrix elements

Cir = (den), Dy = (didy). (2.17)

The diagonal elements of the electron (hole) density matrix give the electron
(hole) occupation probabilities. Generally, due to the loss of translational
invariance, the density matrices also contain offdiagonal elements. These
intraband polarizations describe the coherence between different electron
(hole) states.
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In time dependent Hartree-Fock approximation, the equations of motion for
Y, C and D due to H; are the semiconductor Bloch equations [15, 25, 26].
They describe the coherent answer of the electronic system on excitations by
light. In the generic basis states they are:

d 1 .
%leh = %{Z [gjhlhéllw + gzlzzéjljz} Y}ziz

12,2
+Z Z/{iz,j2 [51'12'25]'1]'2 - Ci2i15j1j2 - Djzjl(siﬂ'z] }a (218)

12,52

d 1
2 o = E{Z [€5.60s — b Binia] o

13,04

Z ul2]1}/;;11 11J1Y3122} }a (219)
d 1 b h
%Djljé = ih Z [5J2J45]1J3 - 5]3]16]2]'4} Djyj4
j35j4
Z (Us132 Vi, — U5, Vi } (2.20)
where
’iiz_ i1i2 + hQZZQ = U/Ziz - Z ‘/;li3i2i4ci3i47 (221)
i3;i4
gjhljz_ @51 s + hQ;luz = a?u’z - Z V}zjz;jljsDjsjm (2-22)
j3sj4
uiljl M11J1E+( ) + Az'11'1 = ru‘zl]1 Z‘/Zl]zh’m J2t2- (223)

12,J2

Here, 7Q°" is the self-energy matrix due to the electron-electron (hole-hole)
interaction, A is the internal-field matrix due to the electron-hole interac-
tion, and ¢/ denotes the renormalized field.

The results of this coherent part of the equations of motion, as obtained by
applying the Hartree-Fock approximation, are independent of the choice of
representation. A change between two representations (for example between
the states obtained by equation (2.14) and those obtained by equation (2.15))
may be achieved by applying the unitary transformation U connecting the two
representations to the equations.

The next step includes the additive contributions in the dynamic equations
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due to the interaction between carriers and optical phonons as modeled by
the term H, in equation (2.1).

The phonon-interaction contributions in the equations of motion for Y, C
and D due to H, lead to a hierarchy of coupled dynamic variables, which has
to be broken at a certain order (in the interaction potential). In the present
analysis, phonon-assisted density matrices of the form <c;‘ch,-/> shall not be
treated as additional dynamic variables, as this would lead to extremely time-
consuming non-Markovian calculations. Hence, the approach is restricted
to the two-particle density matrices Y, C and D by employing the Markov
approximation [34-36].

In evaluating the equations of motion and applying the Markov approxima-
tion, one obtains:

d v 71'{
P Jii =~z
dt w B
(e;cp) E : (h,cp)
Z Y;”?’Wlusmh YJaZleuagwl
02,13,14 J2,93:J4
+ E Y: gJZaJI:qW e,cp) § : Y. g22,zl,qW(h, cp) (2 24)
J2i2 _ex 13127171 J2t2 " hx j3j27151 .
12,13,J2 i1,41,9 J2,73,%2 J1,J1,d
d C T
d ", h
H2 i3;i4;i5

W(e cp) +I)Cfum (5i315 Cz315) W(e N +1)6’1423 ((5i1i5 - Ci1i5)

13117415 12130415

e,c 1 e,c
+I/Vz(3z1£1)z5 )01315 (5i412 01412) M/z(zzgi)% 1)01125 (61423 Ci4i3) }

+Z Z{YthA ecp)(+) _YV* A(ECP)( )* }, (225)

Jii Jit1 T J1i2
with
(e cp) e
i4i3i2i1 § : 2 :914,23,iqglz,11,iqp( & + thO)

1 1 1 1
« [(nq+5i§>(6m—ci4,-2>+<nq+f§>oi4i2 . @26)

'516126112)31(4’"1 Z Z Re{gzlaz27quS;z47q} :I: ZIm{gll 7l2aqul’>yl4aq}]

1 1
XD(&S — &y T mtho)(’l’Lq —+ 5 + mi), (m = :|:1) (227)

e,cp)(£ . e * *
Aglilp)( )= Z 27’Im{gi2,i1,iqg;'12,j1,iq}D(‘g?z - 5?1 - thO)sziw (2‘28)

i2aj27q
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and
D(e)A(t) = [—zg + W&(a)] A(t), (2.29)

where P denotes the principal value. The corresponding equations for the
holes are obtained from those for the electrons by performing the following
substitutions:

C+ Dyi+jech (2.30)

The physical picture behind the Markov approximation is that one assumes
the carriers stay in their state for the duration of a scattering process, i.e.
at least for the time corresponding to the phonon energy Awro via the time-
energy uncertainty relation (about 200 fs for GaAs). Of course, this is only
true if these states are eigenstates of the total Hamiltonian H. Should this
not be the case, the carriers 'move’ from one state into another due to the ac-
tion of the potentials not included in the part of the Hamiltonian to which the
U’s are eigenstates. For example, if the ¥’s are Bloch waves ¢, corresponding
to an undisturbed bulk semiconductor and ., is a statically applied homo-
geneous electric field, the carriers are driven through the Brioullin zone by
the field, whereby the stronger the field is the faster they are driven. Accom-
panied by this change of state is a change of the corresponding energy. If the
field is strong enough, a situation may be reached where, within the scat-
tering time, the carrier has changed to a state with an energy much differing
from the one demanded by the energy conserving ¢-function in the above
equations. In such a case, the calculated scattering times will become very
doubtful.

In order to reduce this error, it is necessary to choose the states ¥ as adequate
to the problem as possible, i.e. to include as many terms of the Hamilto-
nian in their calculation as possible. Therefore, generally, the eigenstates
of Hy + W;, + W,, (equation (2.15)) will lead to results for the incoherent
contributions which are exacter than those of Hy + W, (equation (2.14)).
In equations (2.26), (2.27) and (2.28) this dependence of the results on the
choice of representation enters with the single particle energies /. Trying
to transform the equations from one representation into another fails, since
the arguments of the functionals D will not be transformed correctly.



18 Chap. 2 Theoretical Concepts

2.3 Observables

A variety of observables may be calculated from the solutions of the equa-
tions of motion for the density matrices. The most interesting ones are con-
nected to the total dipole moment P, which is the sum of the interband part
P™er and the intraband part Pire

P:Pinter + Pintra (231)
Pmter_z ,U,ze;LY;; _ uw )*sz] ’
P”’”“—Z 1 Ciar + Z WDy, (2.32)
1,3/ 7,5

with (inter-) intraband dipole matrix elements (u" (2.8)) u, u*

u§§=—e<\If Z‘\If> u?j’?:—e<\11ﬂz‘\y;s>. (2.33)

The linear absorption is given by [15]

a(w) = %Im { VP E(U(Ji) } : (2.34)

with the background refractive index n, the speed of light ¢ and the crystal
volume V. This linear absorption is a good ohservable for low excitation
only. Then, the polarization P is linear in the exciting field and therefore
a(w) is independent of E(w). In this case, for each frequency w, a(w) gives
the fraction of the incoming intensity that is absorped per unit length.

Absorption signals serve only relatively poor information about relaxation
processes. In these spectral signals, relaxation processes which lead to dif-
ferent decay times for different parts of the polarization, for example inter-
miniband and intraminiband relaxations in SSL, only lead to a specific line
width, which is dominated by the initially fastest mechanism. Moreover it is
usually impossible to distinguish between homogeneous and inhomogeneous
line width. The former originates from a decay of the coherence impressed
by the light pulse. The latter is caused by the interference of undamped sig-
nals which come from regions of the material with slightly different potential
and therefore somewhat different oscillation frequencies and which cannot
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Figure 2.1: Schematic plot of multiple pulse experiments.

be separated in the detector. More appropriate to these problems are time
resolved investigations. The most common ones allowing to monitor pro-

cesses on a subpicosecond timescale are four-wave-mixing experiments.

In self-diffraction geometry (Fig. 2.1), two laser pulses E(t)e!**i—«1?) and
Es(t)e!trke—wrat) are focused from the directions k; /2 on the material at times
t: and t,. The signal diffracted into the direction 2k, — k; is then detected. In
order to build a model of these experiments, the total optical field

E(t) = By (t)eMamont) 4 By(t)eltriomor (2.35)

must be inserted into the semiconductor Bloch equations and the Fourier
component of the polarization to the wave vector 2k, — k; must be calculated.
This will be done here by developing the density matrix elements in a Fourier

series as, for example:

ZY"/m i(nky T tmkor) (2.36)

and, assuming weak excitations only, solving the equations for the compo-
nents Y (~1/2) iteratively in the exciting field [14]. I.e. for the elements A®/™
only those contributions which are maximal of the order ETE}* are taken
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into consideration. The four-wave-mixing signal can be detected either time
resolved
‘2

Itrrwy = ‘P(flm(ta |, (2.37)

or time integrated as a function of the delay between the two pulses 7 = t,—1;:

Irrrwm = / ‘P(flp)(t, 7—)|2dt7 (2.38)
with
PR = gy, (2.39)

isj
Starting from the groundstate of an unexcited semiconductor, C;y = D;; =
Y;i = 0, only Fourier components of the interband polarization with odd pow-
ers of the optical field |m| + |n| are excited. The first nonlinear interband ef-
fects are of third order in the optical field (jm|+ |n| = 3). For the electron and
hole density matrix elements, only components with even powers of the field
enter. For them x®-processes are therefore those with the lowest order in
the exciting field. One of the most interesting ones is the radiation gener-
ally emitted in the THz-frequency regime from the time dependent dipole
moments between locally separated states belonging to the same band. Its

amplitude is given by:

Irp,(t) o C?—;Pi”tm(t), (2.40)
with Pire (which is a real quantity) given by eq. (2.32). This kind of ex-
periment is performed using only one pulse, i.e. E;, = E; and k; = ky
(see Fig. 2.1). Since the intraband polarizations C;» (D;;) oscillate with the
transition energies ef((jh)) - sf,((';.?), only the coherences between different states
(z #4' (j # j')) contribute, whereas the carrier distributions (: =+ ( = j')) do
not. The THz-radiation is therefore an ideal measure of the intraband coher-
ence, without any background from the carrier distributions. In a representa-
tion, as, for example, in the plane-wave description where no intraminiband
polarizations occur as these have no driving terms in the equations of motion,
the intraband-dynamics is accounted for by the matrix elements of HZ", q¢/%.
Then, the THz-signal has to be evaluated from the total current J

s (0o 53 ), (2.41)
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J(t)=e

Y Cwit > Djvj] : (2.42)
i J

where v is the component of the group-velocity parallel to the direction of
the intraband dipoles.



Chapter 3
Ideal Superlattices

Firstly, the following section will present two theoretical possibilities of de-
scribing ideal SSL with eventually applied electric fields. Following this, the
linear optical properties of these systems will be studied and will supply char-
acteristic features typical for many systems of reduced dimensionality. This
discussion will help to understand nonlinear properties of the ideal super-
lattices as well as linear and nonlinear properties of disordered systems of
coupled quantum wells.

Following this, the THz-signals emitted from the Bloch oscillating carriers
will be investigated. Here, special attention is paid to the dephasing caused
by to the coupling between carriers and longitudinal optical phonons. Un-
der 'ideal’ conditions this is the dominant incoherent process in SSL. 'Ideal’
conditions means that the excitation density is low, so that carrier-carrier
scattering is negligible and that the structures are ideal, so that no inhomo-
geneous dephasing caused by disorder may arise. Since the spectra of SSL
with applied homogeneous electric fields are unbound, even at zero temper-
ature for all states, phonon emission and consequently, dephasing is possi-
ble. Here, some characteristics of the relaxation rates, will be demonstrated.
From the theoretical point of view, it will be pointed out, how important it
is to pay attention to the choice of representation when describing scattering
within the Markov approximation.

Finally a detailed look will be given to the dependence of the THz signals on
the excitation conditions. Contradicting recently published statements that
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the semiconductor Bloch equations would fail to describe these dependen-
cies [11,12] correctly, it will be demonstrated that the THz signals may be
dominated by beating between the 1s and the 2s bound states of the mini-
band exciton, with the energetic distance between Wannier-Stark 1s-excitons
or by free-particle Bloch oscillations.

3.1 Theoretical Aspects

Since the early nineties several groups have succeeded in calculating the lin-
ear absorption spectra of semiconductor superlattices (SSL’s) including ap-
plied electric fields, having taken the fully three-dimensional Coulomb prob-
lem into account. Different approaches have been applied, each of which
presents certain advantages in studying distinct aspects of the problem. Lin-
der et al. [37,38], starting from the single-particle eigenstates of the prob-
lem (i.e. Wannier-Stark (WS) states along the growth and field direction,
multiplied by two-dimensional plane waves (PW’s)), proposed a direct di-
agonalization of the superlattice Hamiltonian including Coulomb interaction
within the Hartree-Fock approximation. This method allows for a detailed
study of the contribution of specific states to the absorption spectrum, which
is important in investigating, for example, Fano resonances occurring due to
the coupling of WS excitons with the continua of energetically lower lying WS

transitions.

Following a different approach, Whittaker [39] proposed a calculation of the
absorption spectrum based on a real-space description. This leads to a differ-
ential equation which may be integrated numerically. The advantage of this
method is that one can focus on an arbitrarily small region of the spectrum,
thus avoiding any numerical restrictions to the energy resolution.

Both methods are clearly limited to the analysis of static electric fields. In
order to analyze the coherent and incoherent ultrafast phenomena in dynam-
ically driven SSL’s, Meier, Rossi et al. [28,40] applied the semiconductor
Bloch equations. With this approach they successfully studied not only lin-
ear and non-linear absorption in superlattice systems, but also the influence
of carrier-phonon scattering on Bloch oscillations and terahertz radiation.
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Expanding the electron-hole states in terms of three-dimensional PW’s it is
also possible to investigate the influence of time-dependent fields. How-
ever, at the level of the commonly employed Markov approximation, one
ignores the drift in k-space induced by the external field during the collision,
i.e. the intracollisional field effect (ICFE). In principle, non-Markovian cal-
culations [41, 42] are possible, are, however, due to their high demands on
computer-time, quite impracticable

In order to study the significance and the characteristic features of the ICFE
in SSL the results of two approaches which yield equivalent results for the
low field dynamics and for the coherent dynamics at all field strengths will be
compared. In one approach the equations of motion are developed in terms
of WS states, thus implicitly taking into account the dominant contribution
to the ICFE [43,44] (except for small corrections due to the Coulomb interac-
tion) since WS states are eigenstates of the problem including the field. These
results are opposed to calculations using eigenstates of the superlattice with-
out field, i.e. superlattice Bloch states, which completely neglect the ICFE.
This comparison will allow an extraction of the ICFE’s main features.

For an ideal SSL, consisting of infinitely many wells of length d,,, which are
separated by barriers of length d,, the internal (confinement) potential for
electrons (holes) is given by

(3.1)

Ve o 3n pd— % < |y <nd+ %

0 : else.

Veh) is the confinement potential for electrons (holes), where electron (hole)
energies are positively counted from the conduction (valence) band edge of
the well material. d is the lattice period, d = d,, + d, and z is assumed to be
the growth direction.

The external potential is here a static and homogeneous electric field F' ap-
plied along the growth direction:

Wez(tesn) = £eFz. (3.2)

In the PW approach, the equations of motion are developed in eigenstates of
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the SSL without field Hg/ by Wm(re(h), i.e. superlattice Bloch states

e/h 1, -r pr€ h
U, (x) = f e u(2), (3.3)
with
e/h /h ge/h WEL o /h
e/h e e e e
[H / + Wm(re/h)] \Ijku/u = 8k1//u\11k1//u = !2me/h + ekz'//ll \I]ku/u' (34)

The z-parts f,:/ f /u(z) are periodic with the superlattice period d. v (u) is the
electron (hole) miniband index and k; the wave vector of the in-plane mo-
tion. The superlattice Bloch functions and the miniband dispersions e;,,/,
are determined using the Kronig-Penny model [45].

In the WS description, again plane waves are used for the free in-plane mo-
tion, the growth and field direction is described in Wannier-Stark states ¢,:

e/h _ 1 zk ry .e/h
‘Ijk”pu/u( )_\/Z " ”¢py/“( )’ (35)
p w/d ' k.
e ? [ ! e ! 1k,z p€
cbpﬁ'}u(z):% / exp | — / (//Z(k) pﬁ’;u) dk, | e*=f/0 (2)dk., (3.6)
—7/d 0
with
m/d
e/h d e/h ' dk’ 37
6p owv/pu— 27'('/ x/d I//M( ) ( : )
6;/}’; ” egl/j? , +peFd (3.8)

and p € {0,£1,+2,...}. The development of the WS states is restricted here
to linear combinations of single-particle eigenstates of the field free semicon-
ductor superlattice of only one miniband. Thus, field-induced intersubband
coupling (Zener transitions) is neglected, which is a reasonable approxima-
tion [4,46] for the parameters used in this study. At very high fields this
coupling may become more important but, nevertheless, it will not domi-
nate the properties investigated here.

Should the Zener transitions be neglected, the WS states are eigenstates of
Hﬁ,/ h,
R2k?

e/hye/h __ e/h e/h I e/h e/h
H, \IIkI\PV/N kypv/u - lypv/n | 9 /h+€p:0,l//u+p6Fd \IlknzW/u' (3.9)
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The states with different p are related to another by

Setuyu(2) = 650, (2 = (' = p)d). (3.10)

The unitary transformation for a change from the PW to the WS representa-
tion is given by:

Gruyu2) ZUZL/N [ £ ()] (3.11)

e/h i e/h e/h
Ukzpu/u—exp [e_F/O ( V/u(k') pV/u> dk’z] ) (3.12)

Once again, it is worth stressing, that the existence of such a unitary transfor-
mation means that both approaches must yield identical results for the co-
herent (Hartree-Fock) part of the equations of motion. It is well known [47]
that the limiting case F' = 0 cannot be described properly in the WS picture,
as it would require an infinite set of WS eigenstates to be taken into account.
Thus, the unitary transformation is also only defined for nonvanishing fields.
In a numeric solution of the equations of motion it is necessary to restrict
oneself to a finite set of basis states. Of course, on a finite subspace the
transformation U is not unitary. However, the equations in the two repre-
sentations are solved individually, using an amount of states which is high
enough so that a further increasement does not lead to any changes in the
evaluated signals. I.e. the signals obtained with the two approaches are cal-
culated with an accuracy high enough that they are visually indistinguishable.

In both approaches, the field induced renormalization of the band structure,
the quantum-confined Stark effect (QCSE), is neglected. The electric field
modifies the quantum wells and the single particle eigenenergies of these
modified wells are somewhat different from those of regular ones [45, 48].
In contrast, here, the energy ¢, (3.7) is independent of the field, and the
usual WS ladder peFd is adjusted to this energy (equation (3.8)). To account
for this effect, either the parts f(z) of the eigenstates, which are here always
calculated for the field-free case, would have to be replaced by the states
corresponding to modified wells and the corresponding eigenenergies would
have to be altered, or, equivalently, the modified problem has to be expanded
in terms of linear combinations of the states used here. However, the red
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shift due to the QCSE in SSL is only a minor effect in comparison to single
quantum wells, where it is the dominant modification of the absorption edge.
Here, this effect is covered by the dramatic changes induced by the transition
from delocalized to localized states. The QCSE is also most prominent in wide
quantum wells which are larger than the (bulk) excitonic Bohr-radius. The
structures investigated here do not fulfil this condition.

As for the Zener transitions, the QCSE is equivalently neglected in the WS
and the PW description.

The explicit form of the Hamiltonian and the equations of motion is obtained
in the PW approach identifying

= (k,V), .7 — (_knu’)v (313)
and in the WS approach

i — (ky,p,v), J = (k,p, ). (3.14)

The matrix elements of HY" in the PW representation are given by

e € .
v =€k + 1€F = Vi] diaacr s,

aﬁu,k,w: [8}12“ —1eF - Vk] 5kk'6MN' (315)

if, as already done for the WS states, interminiband Zener transitions are

neglected. Using the same level of approximation in the WS representation,
the matrix elements of H,, are the single-particle energies ejE/lfl -

In the PW representation the polarizations and distribution functions only
depend on the relative wave vector (if, as done throughout this study, the

momentum of the photon is neglected):
Yorukrw = Y1) uo (3.16)

and similarly for C and D. The same is true for the in-plane motion in the
WS representation. In the latter approach, the exclusive dependence on the
relative wave vector for the growth direction leads to a dependence on the
relative WS index p only:

Y*klli”ﬁ%khp"/ - Y(kﬂ*ku),(p’fp),uw (3.17)
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Using the simplifications due to symmetry (3.13) and (3.14), it is straight-
forward to specify the general equations of motion for the density matrix
elements as given in section 2.2 to the PW and the WS representation. For
example, the matrices of the renormalized energies £°/* (equation (2.22)) and
the renormalized fields U (equation (2.23)), which enter the semiconductor
Bloch equations, become in the WS approach:

e __.e
51( ,p1,p2,V1I/2_6k ,pz,U15P15V1V2 + th ,D1,V1V2
Il Il Il

=& — P3,P1
=et OO = O VIS (&) = K)Ct pyvss  (3-18)

” »P3,V3,V4

_h
gku,Pl,m,uluz =Cky 2 Opy Opapiz + th” P15 2

—h 1
=t Onis = O VI (K = X)) Dic s (3:19)

ki P33 ;4
— eh +
Z/{k” ,Pl,Vl,ul__ru’pl,ulu1E (t) + Aku,lllﬂl
—— eh P2,P1 — !
==t BV = Y VIR (kg = K()Yid s (3:20)

” »P2,V2,U42

Here the dipole matrix elements have been assumed to be kj-independent.
The Coulomb matrix elements are given by

P1,P2 _ 1) —
anznam (kH kH) = E :< \IIk||2,p1+P'1,ﬂ2\Ijknhp'l,m

P1,ph

Veoul \Ilk”g Ph,m3 ‘Ilk|\4,p2+p'2 4 >

x(ky = Ty + ki) (ke — ks + keja)- (3.21)

The corresponding equations in the PW representation are obtained by delet-
ing all dependencies on p, changing from k to k, and replacing ¢(/*) with the
matrix elements of Hy, a(*/? (equation (3.15)). It is worthwhile stressing,
that the equations derived so far in the two approaches can be transformed
into each other using the unitary transformation Ue/ f ., and that therefore

they are totally equivalent.

As can be seen from equations (3.16), no intraminiband polarizations occur
in the PW description. Here, the z-dynamics is carried by the driving gradi-
ent term ieF - Vi in (3.15). Therefore, in order to calculate the THz-signals,
equation (2.41) must be used in the PW- and equation (2.40) in the WS pic-
ture. However, due to the equivalence of the semiconductor Bloch equations
in both representations, both must lead to the same THz-signals, provided
that no incoherent contributions are included.
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The electron-phonon contributions to the equations of motion are obtained
from the corresponding general equations (2.24) and (2.25) and in using the
same substitutions as already done for the semiconductor Bloch equations.
The important point here is, that these contributions are not equivalent in
the two representations due to the applied Markov approximation. The
physical picture behind the Markov approximation is that one assumes the
carriers to stay in their state for the duration of a scattering process. Of
course, this is only true if these states are eigenstates of H. Particularly in
this case, the carriers move due to the field through the mini-Brillouin zone.
If one developes the problem in terms of PW'’s, the carriers are described as
moving from one Uy, k. to another Wi ke - The transition rate increases with
increasing fields. Therefore, this approach becomes less and less appropriate
the higher the field. In contrast, the WS picture implicitly accounts for this
intracollisional field effect (at least on the single particle level) since the WS
states are single particle eigenstates of the Hamiltonian H,,. These eigen-
states include the electric field, and, therefore, the WS approach is expected
to more accurately account for the electron-phonon relaxation process in the
high-field regime.

To simplify the further discussion, here are some lines of the explicit form of
the electron-phonon coupling in the WS representation*:

a
dt

Ck” P1,V1V2

— z E ge5U3V1 E
h kil ak” »P2,9
H»

ki] P2,V3,9 P34
~e,UaV4% D(wee~
( k“ 7k1| sP3,—P1—P3,d (wk” ak’“ 7p37y271/4,q)0k"| P1+P2+P3,V3V4 nq
__ 643k D(wee 1
gkll X ,p3,p1,9 (wkll,k’u ,P3,V4,V3,q)0k\l7p1+p2+p37”4”2( + nq)>

~€E,VAV5% ee—
+ Z gk|| Ki|:p3,p2 *;D4,qD (wk” XK p3,va,vs ,q) Ckll P1+P2+P3—P4,V4V2 Ckh »P4,V3V5

D3,P4,V4,V5
~h,p1 pox hh— *
+ Z gk’“ K||,03,p2 —p4,qD (wkh K| 53,1102 ,q) Ykh »y~P1—P2+p3+tpa,p1v3 Ykll P4 H2b2
D3sP4s 11,142
+..., (3.22)

*More details about the explicit forms of the equations in the WS representation can be
found in Ref. [49]
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where
hwies =¢y, — &5 + fiwg =
k||,k1|,p,V1,V2,q_ k\lap’:'jl k1|ap+p’)’/2 q
h2
e
(kll kll ) peFd+ e, — €, T hwg,
hh+t h _
hwk”ﬂkh ,p,“15“2;q_ k||;P';N1 6k1‘ p+P',M2 :I: hwq -
h2
h
(k” k| %) — peFd + €pm0uy — p o T hwq.  (3.23)

By means of equation (3.10) the products of the matrix elements of the
phonon electrostatic potential [28] exzp(iq-r) between WS states can be writ-
ten:

e,ri1v2 €,V3Vy — * Zqu:ad .
gk”,kn Pl,q(gkn K|, pzypsyq) go q? Jplﬂ“h”?ﬂ‘h Jp2,V3,V4,qz 5(k|| kH + q||)’

Jpl,lll,lfz,qz = f dZ¢P=0,V1(Z +p1d)¢p=0,m (z)eiqzz' (3-24)

The meaning of the various terms in equation (3.22) can be more easily rec-
ognized by looking at the coupling constants. Their miniband indices have
the same dependency as would have the 'absolute’ WS indices correspond-
ing to single creation or annihilation operators. For example, the first two
lines in (3.22) describe processes in which the coherence between the states
v1 and v, is 'scattered’ into a coherence between the states v3 and v4 due to a
phononinduced transition from state v; to v; and at the same time and with
the same phonon a transition from state v, to v4. Lines one and three de-
scribe processes where a coherence between the states v, and v, is 'scattered’
into one between v, and v, due to two transitions, firstly from v, to v; and
then from v; to a v,. The relaxation of the distribution functions is given by
eq. (3.22) with p; = 0 and v; = 1. The other terms describe the relaxation
of the intraband polarizations.

[t is important to emphasis that, should the analysis be restricted to only one
combined miniband, the only relaxation mechanism for the total intraband
polarization is provided by transitions between different WS levels. The re-
laxation of the in-plane momentum does not influence the total intraband
polarization.

As for the semiconductor Bloch equations the expressions for the carrier-
phonon contributions in the PW approach may be derived from those in the
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WS representation by changing k; to k and deleting all dependences on p.
However, due to the applied Markov approximation, a transformation with
the unitary transformation U,:/ Zu I is no longer possible, since it would also
imply replacing sgfu/ ’;) by the matrix elements of H,,, a(*/? (equation (2.3)) and
not, as necessary here, by el(f/ ") 1f one restricts oneself to the energetically
lowest electron and hole minibands and neglects the interband polarizations

one recovers the expressions given by Rossi et al. [28]:

40| =Y [GiwCk — G xCic] (3.25)

H, k'
“(ng+1F L) (1-Cu)blel — et + hwg),  (3.26)

_ 2 e
G =23 |96 1
q,t

having the form of the standard Boltzmann scattering equations.

3.2 Linear Absorption

In this section numerical results are presented for the case of an GaAs/AlAs
superlattice of 34 A well width and 17A barrier width. The confinement po-
tential Voe(h) for the electrons (holes) is taken to be 990 meV (530 meV') and the
effective electron mass in the well (barrier) material 0.067 my (0.150 m,). The
corresponding values for the heavy holes are taken to be 0.377 mq (0.508 my),
respectively. In the perpendicular direction the effective masses for the elec-
trons (holes) are taken to be 0.0735mq (0.115my).

To simplify the discussion only the lowest electron and hole miniband have
been considered. With the above parameters, the resulting combined mini-
band has a width of A = 23meV. The investigation is limited to the low-
excitation regime (uoE < Er, where Ex ~ 3.75meV is the three-dimensional
exciton binding energy of GaAs). For these conditions numerical calculations
of F. Rossi [19] including electron-electron scattering have proven that the
latter interaction may be neglected.

As mentioned above, the SBE’s in the PW and WS representations are totally
equivalent on the Hartree-Fock level. Therefore, both approaches provide
the same linear-absorption spectra. Figs.3.1 and 3.2 show some absorption
spectra for the above given parameters. Here a phenomenological dephasing
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time T, of 600 fs has been used. This means, that the incoherent contribu-
tions to the equations of motion have not been explicitely included, but have
been replaced by a term —Y/7,. This simplifies the numerics extremely and is
sufficient to study the general spectral properties of the superlattice system.
Theoretically, an infinite set of WS states is necessary to describe the zero-
field case. However, numerically correct zero-field absorption lines may be
obtained in the WS approach by applying a very small field, which provides
a Bloch oscillation time T = ii/eFd < T,.

Figs.3.1 and 3.2 reveal all the typical features of superlattice electro-absorp-
tion. Since the combined miniband width is larger than the two- and three-
dimensional exciton Rydberg energies, it is possible to investigate the quasi
three-dimensional absorption behavior of the delocalized miniband states,
as well as localization effects induced by the electric field.

For a vanishing field one recovers the miniband-absorption of the completely
delocalized states. This spectrum is dominated by the sharp line of the mini-
band exciton which has a binding energy of about 6 meV, which is between
the value for the ideal two- and three-dimensional systems which in this
case would be 15.0meV and 3.75meV, respectively. At the upper bound of
the miniband (F; in Fig.3.1) the combined density of states has a M;-type
saddle-point. Here, the effective masses of the miniband have opposite signs
with respect to the in-plane masses. The resonances corresponding to bound
states of the exciton associated with this saddle-point are strongly broadened
due to the coupling to resonant continuum states. For the miniband width
of this structure, the resonance corresponding to the 1s state of this exciton
only leads to a broad and slight increase of oscillator strength in the up-
per region of the miniband [39]. Principly, resonances corresponding to the
higher bound states of this exciton may also be seen as small oscillations be-
low E;, hoever, here they are covered due to the too short dephasing time.
The features become a little more pronounced for wider minibands, where
the shift of oscillator strength from the upper parts of the miniband to the
(Ey-) miniband exciton is not as pronounced.

At low fields (here <~ 10kV/cm) the miniband Franz-Keldysh oscillations
[37], shifting, except for corrections due to the Coulomb interaction, with
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Figure 3.1: Excitonic linear absorption spectra for an ideal SSL as calculated
with the WS or the PW approach, for electric fields between 0kV/cm and
10kV/em. The dash-dotted line is the single particle zero-field spectrum.

The vertical displacement between any two spectra is proportional to the
difference of the corresponding fields. The WS transitions (maxima marked
with dotted lines) are labelled by numbers. The dashed lines mark the min-
ima due to the Franz-Keldysh effect. Eyuy depicts the lower (upper) edge of

the combined miniband.
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Figure 3.2: As Fig.3.1; here with reference to fields between 0kV/cm and
110kV/em.
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F?/3 from the lower and higher miniband edge, E, and E; respectively, toward
the center of the combined miniband, clearly modify the oscillator strength
of the WS transitions (Fig.3.1). Here, the delocalized miniband states lead
to a behaviour known from bulk semiconductors. The field leads to a wing
below the (mini-) band edge and oscillations inside the band, both increasing
with the field [53-57]. At high fields the excitonic WS ladder dominates the
spectra (Fig.3.2). Raising the field, the energetic distance between the WS
transition increases. This is accompained by an increasing localization of the
WS states. The degeneracy between the states, which leads to the formation
of the miniband in the field free case, is lifted and the probability amplitude
of the states becomes centered on one well. The amplitude in adjacent wells
decreases. When the energetic separation eF'd between neighbouring states
is larger than about half the miniband width the states are almost completely
localized on one well. This occurs at lower fields for particles with higher
effective masses, as heavier particles have a lower propability to 'tunnel’
through the barriers and therefore have smaller minibands. Thus, the holes
first become localized (here the width of the heavy hole miniband is ~ 2 meV,
the one for the electrons is ~ 21 meV). When the holes are localized, the
absorption corresponding to the WS transition p is predominantly given by
the overlap between the wave function of the hole in well p’ and the part of

the electron wave function ¢¢_,_which is in the same well (p). With increasing

€

P'+p
fields, this part of the electron wave function becomes smaller, as it also does
with increasing [p|. Thus, the oscillator strengths of WS transitions to p # 0

decreases with increasing field and increasing |p|.

At fields where the electrons are also localized, i.e. at fields at which only the
central WS transition p = 0 lies inside the former combined miniband (here
for F >~ 35kV/cm), the system has become effectively two-dimensional.
The reduction of the effective dimensionality due to the applied field may
also be noticed at the binding energy of the p = 0 WS exciton. It rises from
~ 5meV at 20kV/cm to =~ 9meV at the highest fields in Fig.3.2. Since one
deals with wells of finite width and depth, one of course cannot reach the
value for an ideal two-dimensional electron gas.

In the WS approach the peaks may be attributed to single particle transitions
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Figure 3.3: Linear absorption of an ideal SSL for F = 22.5kV/cm as calculated
with the WS approach. In order to calculate the solid line, the Coulomb
induced coupling between all WS states has been included; for the dashed
line only that between WS states with positive indices. The dotted line was
calculated by excluding states with negative indices altogether.

between the states with the corresponding quantum numbers. The excitonic
peak with WS index p is predominantly produced by Y,. Therefore, the WS
approach is ideally suited for a detailed study of the contributions by specific
transitions. In the PW approach the WS exciton peaks cannot be associated
with specific transitions, but are resonances of the total polarization.

Another feature that may be viewed in Figs.3.1 and 3.2 is that the excitonic
lines are not symmetrical, but have Fano-type shapes. They fall off sharply
at the high energy side and slowly at the low energy side. In addition, the
oscillator strength at the high energy side is even reduced to below the level
of the continuum of the energetically lower transition. To visualise these
features more clearly, Fig.3.3 depicts an example for the same structural pa-
rameters as above, with, however, a smaller dephasing (7; = 1.0ps). Fano
resonances are possible under three conditions. Firstly, a discrete state, as,
in this case the bound states of the excitons, must be energetically degener-
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ated with a continuum (here, the ones of the lower WS transitions). Secondly,
it must be possible to excite both from the same ground state. Thirdly, the
discrete state and the continuum must be quantum mechanically coupled, as
here through the Coulomb interaction [51,52]. That one actually deals with
Fano resonances can be proven by controlling whether the characteristic fea-
tures described above vanish when the coupling is switched off. This may be
carried out in the WS approach by putting the Coulomb matrixelements be-
tween the state investigated and the energetically lower ones to zero. Thus
the third condition for a Fano resonance is no longer fulfilled. Fig.3.3 shows
that the Fano-features for the transitions with p < 0 do indeed vanish as they
do when the energetically lower continua are removed and therefore the first
condition is broken.

3.3 Terahertz Emission

In order to compare the incoherent dynamics within the WS and the PW ap-
proach and thus, work out the specific features of the ICFE in SSL’s, the cor-
responding THz-signals will be investigated. These provide a good probe for
the loss of intraband coherence in the system. Since the intraband polariza-
tions Cy and Dy oscillate with the transition energies peF'd, the coherences
between different WS states (p # 0) contribute in equation (2.40), whereas
the carrier distributions (p = 0) do not.

These signals are also interesting since the possible use as tuneable emitters
of THz radiation is one of the most promising technical applications of SSL’s.
Since this possibility was first discussed by L. Esaki and R. Tsui [5] in the
early seventies much progress towards the realisation has been made. The
first experimental observations of the radiation were made by a couple of
groups [2-4]. However, in all investigations so far, only a few oscillations
of the electronic wave packets and thus of the THz radiation have been ob-
served. One possible explanation for this is that the wave packets dephase
due to electron-electron and electron-phonon scattering. Another one is the
dephasing of the emitted signal due to disorder. The latter will be discussed
in the next chapter. Since the electron-electron scattering can be suppressed
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by using weak excitations, the electron-phonon coupling should be of mayor
importance. However, the following will show that this mechanism may also
be suppressed.

From equations (2.40) and (2.41) one can see that in the two approaches
the incoherent dynamics are treated in different ways. In the PW-approach
one takes into consideration transitions in k-space, based on the interpreta-
tion that a wave packet, created by a laser pulse, moves through the mini-
Brillouin zone. Carriers originally created at k, = 0 (and arbitrary k) are
driven by the field towards k, = 7/d where they have an additional energy
corresponding to the miniband width. The carriers are then Bragg-reflected
and again move from —7/d to n/d. Without incoherent processes the elec-
tronic wave packet has the same form after each Bloch-oscillation period
Tp = 2wh/(eFd). The oscillating carriers lead to an oscillating current which
results in the THz-radiation. Emission and absorption of phonons eventu-
ally leads to a destruction of the wave-packet. The carriers become more
homogeneously distributed over the mini-Brillouin zone so that the maxi-
mum current, and thus the THz radiation amplitude, decreases.

On the other hand, in the WS description, instead of the moving carriers,
the oscillating coherence between stationary states, i.e. the inter-WS-state
polarizations, are considered. This coherence is destroyed if, due to emis-
sion or absorption of a phonon, a carrier 'jumps’ into a different WS state
which is predominantly localized in a different well. This jump is accompa-
nied by an additional phase exp(ig.pd) (eq. (3.24)). These phases destroy the
coherence impressed by the laser pulse and lead to destructive interference
of the different polarizations. As mentioned earlier, the in-plane relaxations
do not disturb the total intraband polarization in ideal SSL and thus, have no
influence on the THz-signal.

In order to make the discussion for the following numerical analysis as sim-
ple as possible, a temperature of 10 K is chosen, so that phonon-absorption
is negligible (phonon energy 7w, = 36.4meV’). The superlattice structure is
the same as used above for the linear absorption analysis. The structure
is excited with a Gaussian pulse, Ey(t) < exp(—(t/T)?), and T = 100fs. For
the sake of simplicity, firstly single-particle THz-signals are investigated and
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the influence of the Coulomb interaction is included later on. The discussion
begins with results in the high-field regime obtained with the WS approach.

Here, the equation (3.22) contains some crucial dependencies for the scatter-
ing probability. Firstly, the inter-WS-transitions are enhanced if the phonon
energy is close to or slightly larger than a multiple integer of the WS split-
ting. In this case there is no need for a transfer of high in-plane momentum
q. Since the electron-phonon coupling matrix elements g are proportional to
1/q (equation (3.24)) and these matrix elements even have to be squared in
the equation for the scattering rate (equation (3.22)), these resonant transi-
tions are strongly favored. Secondly, from energy and in-plane momentum
conservation, one finds that phonon emission is preferred for states close to
ky = 0 and that its probability decreases as kﬁ for large k. Thirdly, the
electron-phonon coupling constants in the WS representation are strongly
field-dependent. Increasing the field, the WS states become more and more
localized. Consequently, the coupling and the matrix elements of the phonon
potential between different WS states, which are the important ones for the
THz-damping, become smaller. This coupling also decreases with increasing

pr — pil.

These features are demonstrated in Fig.3.4 which shows THz-signals ob-
tained with the WS approach. Here the electric field has been tuned and
the laser energy fw; has been kept fixed at the first excited WS level (hwy =
g1 = €& + el + eFd). Thus, all carriers photoexcited into the p = 1 level have
vanishing in-plane momentum. Under these conditions, the THz-signal is
dominated by C,_., i.e the coherence between two WS states predominantly
located in neighboring wells whose time-dependence is given by exp(+ieFd).
It is to be noted that C, is only the complex conjugate of C_,, whether relax-
ation processes are taken into account or not. The contribution of the holes is
negligible since they are almost completely localized due to their high mass,
even at low fields, and, therefore, compared to the electrons, have very small
intraband dipole matrix elements. The small overlap and the corresponding
small dipole matrix elements are also responsible for the vanishing contribu-
tion of intraband polarizations with |p| > 1 which oscillate with p-times the
frequency of C; or D,. Therefore, it is sufficient only to look at C;.
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The emission of phonons, and accordingly the dephasing of the coherences,
work best when the WS splitting eFd is equal to or slightly larger than the
phonon energy hwy (here: F >~ 72kV/cm). When the field is further in-
creased (i.e. the ratio eF'd/(hwy) is increased), the electrons which have been
excited in the level p need an increasing amount of in-plane momentum trans-
fer to relax to the adjacent energetically lower level (p — 1). Thus, the cor-
responding coupling decreases and the dephasing of the THz-signal becomes
slower. This may be observed in the top three curves in Fig.3.4. An exponen-
tial fit to the envelope of the THz-signal leads, for example, to a dephasing
time 7 of approximately 1.5 ps for eF'd/(fiwy) = 1.68 and decreases to 7 = 0.5 ps
for eF'd/(hwo) = 1.12.

When the WS splitting becomes smaller than Aawy, (1 > eFd/(hwy) > 0.5,
72kV/em > F > 36kV/em), the carriers are forced to move at least to the
second nearest level, requiring a high amount of in-plane momentum trans-
fer. The coupling between states located on wells with [p; — ps| > 1 is very
small for the range of fields regarded here, as may be estimated from their
small oscillator strengths in Fig.3.2. Therefore, there are basically no tran-
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sitions between these levels and consequently almost no dephasing at all.
The relaxation which may be observed in the first few hundred femtoseconds
in the curves for eF'd/(fiwy) = 0.979 and 0.839 in Fig.3.4 is caused by those
carriers excited by the high energy tail of the laser pulse into the p = 1 level
with sufficient in-plane momentum to be able to relax to the p = 0 level.
Since the WS states are orthogonal, the corresponding electron-phonon cou-
pling constants have their maximum at a small nonzero ¢ instead of at ¢ = 0.
Therefore this initial relaxation is even faster than that for the resonant field
eFd >~ hwy.

When the field is further decreased and the WS splitting becomes equal to
0.5Awy, the coupling strength increases and transitions with vanishing transfer
of in-plane momentum are again possible, however now between states with
lpi — py| = 2. Therefore, the relaxation time once again increases (up to 7 ~
1.7ps for eFd/(hiwg) ~ 0.5). This is less than at the resonance at eF'd/(fiwy) ~ 1,
due to the coupling between the necessary states being much smaller for
the structure regarded here, even at these lower fields. Decreasing the field
further, the relaxation again breaks down as it did below the first resonance.

At even lower fields, the energetic separation between the resonances in the
relaxation rates (peF'd = Fhw,) decreases. Since the maximum of inter-WS
coupling occurs not at ¢ = 0 but at a finite ¢ which depends on the specific
transition, the resonances are no longer resolvable. The coupling between
the states increases and becomes roughly equal for all states within the mini-
band. States outside the miniband region then have negligible coupling and
excitation densities so that the well-known result of the PW-description is
recovered: a strong dependence of the relaxation on the miniband width but
not on the field [28].

These results are summarized in Fig.3.5, where THz-relaxation times as a
function of the field for the WS and the PW-approach are compared. Here a
constant excitation energy of 15meV above the center of the combined mini-
band has been applied. For high fields the resonances at eF'd = 0.5hwy and at
eF'd = hw, are again visible in the WS relaxation times. On the other hand, the
PW-relaxation times are almost the same for all fields (7 ~ 550 fs) as expected
from the continuous miniband spectrum and the electron-phonon coupling
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Figure 3.5: Inverse decay times ! of single-particle THz signals vs. the ratio
between WS splitting eF'd and phonon energy hw,. The times are obtained
by an exponential fit to the THz envelopes. Stars: PW approach, dots: WS
description. The solid lines serve only as a guide to the eye. The excitation
energy was kept 15 meV above the center of the combined miniband.

matrix elements, which, in this approach are field-independent. Again it
is worth noting, that these decisive differences between the two approaches
are due to the intracollisional field effect which, when performing the Markov
approximation, is neglected in the PW approach. With increasing fields the
resulting deviations become more significant and, as demonstrated in Fig.3.5,
are quite dramatic in the SSL for fields within the WS localization regime. For
low fields, here F' <~ 30 kV/cm, both approaches lead to almost the same re-
laxation times and converge to the same zero-field result. For small fields the
relaxation times in the WS approach no longer exhibit any resonances and are
approximately 660 fs for FF = 15kV/em and 780 fs for FF = 25kV/em. Such a
limited increase of the relaxation time due to ICFE in this band-dominated
regime is well known from bulk analysis [59].

The Coulomb interaction only indirectly enters the equations for the elec/-
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Figure 3.6: Comparison between THz relaxation times in the WS approach
with and without Coulomb interaction. The notation and excitation condi-
tions are the same as in Fig.3.5. Open circles: with Coulomb interaction,
closed circles: without Coulomb interaction.

tron-phon/-on scattering through its influence on Y, C' and D in the coherent
part. Therefore, it carries no significant influence on the relaxation of the
THz-signal. This is shown in Fig.3.6, with a comparison of the results with
and without Coulomb interaction. The relaxation times in the WS approach
are plotted as in Fig. 3.5. The resonances still occur at the same ratios of WS
splitting to phonon energy and are as pronounced as before.

This all indicates, that the influence of the electron-phonon scattering on
THz-signals may be suppressed by tuning the electric field into the WS lo-
calization regime and away from one resonance at fiw;o = peF'd. However,
one should keep in mind that the amplitude of the THz-radiation strongly
decreases in the WS localization regime, as do the oscillator strengths of the
decisive transitions with p # 0.

To conclude this section it ought be mentioned that during the last few years,
there have been very controversial debates on whether the frequency of the
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THz signals seen in experiments should be that corresponding to the single
particle energy separation, should follow the renormalized single particle en-
ergies £, i.e. the energy separtion between the WS excitonic lines, or be that
corresponding to the exciton binding energy [11-13]. In the first case the
frequency would rise as the energy separation peF'd linearly with the field.
In the second, it would do the same in the WS localization regime (compare
Fig. 3.2), however not for low fields where the coupling between the WS and
the miniband exciton leads to anticrossings in the linear absorption. In the
last case, it would be almost field independent.

Indeed, it depends crucially on the excitation conditions as to which be-
haviour may be observed. The oscillations with the exciton binding energy
can only be expected for low fields, when exciting exactly at the miniband
exciton or somewhat below. Then only excitonic correlations between mini-
band states are excited, but no free carriers. The time evolution of C and D
and therefore of the intraband polarization is then dominated by the terms
U*Y and UY*, which oscillate with the exciton binding energy. If, in addition,
the continuum of the miniband or of one of the energetically lower WS tran-
sitions are excited, which can not be suppressed in the high field regime, a
high amount of intraband polarizations to certain WS indices are excited. All
intraband polarizations to the same p, irrespective of the in-plane momen-
tum, have the same oscillation frequency peF'd/%, whereas the exciton is built
as a resonance of interband polarizations which oscillate with k;-dependent
frequencies. Therefore, the frequency of the intraband coherence will domi-
nate the signal for these cases. Only for fields where pronounced WS excitons
already occur, but the WS separation is not yet too high, a beating with the
renormalized single particle energies is to be expected. It is then possible
to excite two energetically adjacent WS excitons predominantely without the
continuum in between.

These features are demonstrated in figures 3.7, 3.8 and 3.9. Fig. 3.7 shows
a fan-chart of absorption versus applied field as calculated with the WS ap-
proach for the same structural parameters and dephasing times as used in the
theoretical study of Ref. [11] and the experimental study of Ref. [12]. Dark
colours represent strong absorption. The structure is a GaAs/Aly3Gag 7 As-
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Figure 3.7: Calculated fan-chart of the linear absorption for the structure
investigated in Refs. [11-13]. Dark colours sybolise high absorption. The
dashed lines mark maxima due to the WS excitons, the solid lines (a) and (b)
the central laser energies as used in Figs.3.8 and 3.9, respectively.

superlattice with d, = 97A and d, = 17A. The confinement potential Voe(h)
for the electrons (holes) is taken to be 243 meV (131 meV) and the effective
electron mass in the well (barrier) material is taken to be 0.067 mq (0.091 mny).
The corresponding values for the heavy holes are 0.377 mg (0.409mg). In the
perpendicular direction the effective masses are 0.0690 mq (0.112m,) for the
electrons (holes). These parameters yield a combined miniband width for the
lowest electron and heavy-hole miniband of 7meV'. This is the only miniband
considered here, since the authors of Ref. [12] also observed no influences
on the THz-signals by other bands. The experimentally observed relaxation
times are T, = 0.8 ps for the interband polarization and 7} = 1.2ps for the
intraband dynamics. These values were also used in the calculations here,
i.e. the relaxation processes were modelled using the 75-time approximation
and not by explicit scattering terms.

Figs.3.8 and 3.9 show gray-scale fan-charts of the frequency resolved THz sig-
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nals for excitation at (a) 1.532 eV and (b) 1.537 eV, respectively, using Gaussian
laser pulses Ey(t) o exp[—(t/2T)?], with T = 100 fs in case (a) and T = 300 fs
in case (b). In case (a), the excitation is a few meV below the miniband ex-
citon. Thus, the Thz-signal oscillates at low fields with the binding energy
of the miniband exciton (~ 5meV’). At fields of more than ~ 2.5kV/em the
p = —3 WS transition has shifted below the excitation energy. At this point
the continuum states of this transition and transitions with p < —3 are ex-
cited and the THz-signal oscillates predominantely with the single-particle
separation eF'd, thus rising linearly with the field. In case (b), the excitation
is in the miniband. Here for low fields again, the THz-frequency follows the
WS splitting. At higher fields (> 4kV/cm), the pronounced p = 0 WS exciton
and the neighbouring p = —1 exciton are excited. The THz-frequency now
roughly follows the anticrossing behaviour of these renormalized transition
energies. The maximum oscillation energy in this regime does not seem to
exactly follow the separation which may be extracted from Fig. 3.7. This is
probably due to the admixture of frequency components of the higher bound
states of the p = —1 WS exciton and the Fano broadening of the p = 0 exciton.
In altering the excitation conditions (mostly by using longer pulses), this may
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be improved on.

These theoretical results are in the details somewhat different from the ex-
perimental ones presented in Ref. [12]. This is however not too surprising,
since the excitation conditions in this experiment are different. A 100 fs laser
pulse was also used, however, it has been spectrally filtered in such a way
that the effective linewidth has been much smaller (about a factor of 3).

As already demonstrated in the previous study of linear absorption (Figs.3.1
and 3.2), for very high fields as regarded in the investigation of the ICFE,
the differences between the frequencies of the renormalized energies and
the single particle energies vanish. This is caused by the fact that the WS
excitons are no longer influenced by the miniband exciton. Therefore, the
results of this section remain valid, despite whatever excitation conditions

were at hand.

In addition to the excitation conditions, the relation between the dephas-
ing times for the intraband coherence 77 and the interband coherence T3
also strongly influences the observed behaviour. Let 7,, denote the oscil-
lation period corresponding to the exciton binding energy, and Ts as usual
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the Bloch frequency corresponding to the single particle WS separation eF'd.
If Top, > Ty, > T3, the excitonic contributions are damped out before hav-
ing finished even a single oscillation. Only oscillations with T survive and
produce the frequency of the THz-signal (compare for example Ref. [58]).
Following the same argumentation, it is obvious that for opposite dephasing
times only oscillations with 7,, will be seen in the THz signal and, similarily
the dominant contribution may be determined if only one of the dephas-
ing times T/, is greater than T, or T. If T ~ T, ~ T}/, the dominating
signal is determined by the excitation conditions as discussed above. For
pulse-durations much longer than 7,, and 75, continuously new coherence
is created. In this case again, the spectral position of the excitation is of
importance and not the dephasing times.



Chapter 4
Disordered Superlattices

This chapter will investigate the influence of disorder on the electro-optical
properties of electronically coupled multiple-quantum-well systems. The
disorder is firstly introduced by varying the width of the wells and, secondly,
since only systems with a finite number of wells, known as short period semi-
conductor superlattices (SPSSL), will be considered also by the confining bar-
riers at the ends of the structures, which destroy even for identical wells the
translational symmetry. The width and height of the barriers will be kept
identical.

SPSSL are ideally suited to investigate disorder theoretically as well as ex-
perimentally. On the one hand, it is possible to study a specific disorder
potential, so that no statistical assumptions which hide detailed information
about individual systems and always imply certain approximations are neces-
sary. On the other hand, today SPSSL for a given set of structural parameters
may be grown [10]. This allows for a comparison between theory and ex-
periment at the identical disorder configuration, which is hardly possible for
any other disordered system. Last, the structural parameters may be var-
ied over a wide range, obviously theoretically more so than experimentally.
This enables a study at realistic or idealised systems for which the ratios de-
termining the consequences of disorder in semiconductor systems consider
values in any interesting range. One of these ratios is that between disorder
length, given here by the widths of wells and barriers, and the binding length
(excitonic bohr radius). The second ratio is that between disorder energy, i.e.
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Figure 4.1: Schematic representation of the ratios determining the influence
of dissorder in semiconductor systems.

the variation between the energies corresponding to different isolated wells,
and the binding energy (excitonic Rydberg). These ranges are sketched in
Fig.4.1.

If the disorder length is much longer than the binding length ((b), (d)) the
center-of-mass motion of the excitons is determined by the disorder po-
tential, while the relative motion is not affected by the disorder (compare
Fig.1.1). However, this potential differs for excitons in different regions of
the structure. Thus, one deals with 'regular’ excitons which own a certain
distribution of binding energies. This leads to an inhomogeneous broaden-
ing of the excitonic resonances, i.e. the resonances are built additively from
contributions originating from excitons in different areas of the sample. The
inhomogeneous line width is determined by the ratio between the disorder
energy, the variation between the energies in different regions of the poten-
tial, and the binding energy. If the disorder energy is much smaller than the
binding energy (d), which is realized, for example by the interface roughness
of heterostructure interfaces, the line width is small. If, in addition, the ratio
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between the disorder length and the binding length is small (c), almost no
influence of the disorder will be noticeable at all.

The conditions discussed so far ((b), (c), (d)) have already been widely inves-
tigated (see for example Refs. [60—64] and references therein). In contrast,
the situation (a), where the disorder is high and its length scale is small, has
not attracted much attention so far due to heavy numerical and/or analytical
problems involved. Such a situation exists when the exciton overlaps several
regions with highly different potential. Here this occurs, when the excitonic
Bohr radius is larger than several wells with strongly different width. Then,
the (ground state-) single particle energies in the different wells vary by more
than the exciton binding energy. The exciton is built as a resonance of in-
terband polarizations which oscillate locally with highly different transition
energies. This ought to lead to an interference of the polarizations and thus
to an internal homogeneous decay of the exciton [65] in addition to the in-
homogeneous one discussed above, an effect which up to now has not been
studied explicitely. In contrast, if the structure is regular, the oscillation fre-
quency of the polarizations is independent of the local position and therefore
no such internal interference ought to occur.

In the following sections, first the influence of disorder on linear absorption
will be investigated. Here, the the case where the well width switches be-
tween only two values will also be discussed. This structuration leads to
dimerisation and the formation of locally indirect excitons. Second, THz-
signals in disordered systems will be analysed, and afterwards, four-wave-
mixing signals. The latter are an ideal measure for the influence of disorder
in excitonic systems. They allow to distinguish between homogeneous and
inhomogeneous dephasing [14], the first leads to an exponential decay of the
time resolved signal, and the second one to the formation of photon echos.
The corresponding dephasing times may also be extracted from these signals.

Since in this chapter the dephasing due to disorder shall be investigated,
instead of having explicitely taken the incoherent contributions to the equa-
tions of motion, electron-phonon and electron-electron scattering into ac-
count, they have been modelled having applied the 7,-time approximation.
This yields a well defined influence of these contributions, which may then
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be separated from purely disorder-induced effects.

4.1 Theoretical Aspects

The internal potential W, applied here, is the confinement potential of a fi-
nite number N of quantum wells of different well width d,,,, (n =1,2,... ,N)
which are separated by barriers of equal width d, and height Voe/ " The ends
of the structure are given by barriers long enough, that there is a vanishing
probability for the states to tunnel through. The external potential is given by
a homogeneous electric field applied along the growth direction z, W,, = eF'z.
As in the treatement of ideal SSL in terms of Wannier-Stark states, the prob-
lem is expanded in terms of single particle eigenstates of H,, = Hy+W;, +W,,.
The free in-plane motion is again described by plane waves. For the growth
direction, the eigenstates are calculated by applying a transfer-matrix tech-
nic [66]. Here, even in the case of applied electric fields, the single particle
eigenstates and energies are calculated for the actual potential and not, as
done in the WS approach for ideal SSL, by linear combination of field-free
eigenstates of only one miniband and using the nonrenormalized miniband
energies. Therefore, the QCSE as well as the Zener coupling between elec-
tronic minibands or between heavy-hole minibands are implicitely taken into
account.

For each well, only one electron and one heavy-hole confinement-state ¢ are
taken into account, and on the whole, N SPSSL electron and hole eigenstates.
In the field-free case, these are the N energetically lowest states. This cor-
responds to the consideration of only one electron and one heavy-hole mini-
band in ideal SSL. When a field is applied, states of higher minibands may
shift between the N lowest states of the first miniband. Then, by looking
at their explicit shapes, their node-structure, their symmetry and their en-
ergetic position those N states are chosen which originate from the lowest

miniband.

e 1 ik r "
‘I’i((jh)),k” (Ten)) = ﬁeﬂ PEITI) i) (Zen) ) i(j) =1,2,...N. (4.1)
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Of course, this reduction to NV states is not necessary, however it simplifies
the numerics and the interpretation of the results.

The explicit forms for the equations of motion and matrix elements are ob-
tained from those presented in the theoretical chapter 2 by replacing the
quantum numbers as:

1 — (k”,i), ] — (—kH,j). (42)

The matrix elements of HY" in this representation are the single-particle en-
e/h

kyi/j
vector of the in-plane motion, however, due to the loss of translational in-

ergies ¢,/ ... Again, the dynamic variables depend only on the relative wave
variance in this direction, a reduction for the growth direction as the transi-
tion to the relative WS index in the case of ideal SSL is no longer possible:

Yfk(lj’khi — Y(kh =k ),5 (4. 3)

and correspondingly for C and D.

4.2 Linear Absorption

The following shall compare the results for SPSSL to those for ideal SSL as
presented in section 3. Of course, in order to do so, one must first illustrate
that it is indeed possible to reach the limit of ideal structures with the above
described approach, respectively what are residuary features of the short
periodicity.

Fig. 4.2 shows linear absorption for SPSSL with varying numbers N of identi-
cal quantum wells. The structure consists of GaAs-wells of width d,,,, = 95 A
Vn (i.e. 36 monolayers (ML)), which are separated by Aly3Gay7As barri-
ers of width d, = 14A(5 ML). The structure is closed by barriers of 100 A

Aly3GagrAs. The effective masses are those described in section 3.3. The
interband dephasing time 75 was chosen to be 400 fs.

For an increasing number of wells, the spectrum approaches that of an ideal
SSL. Due to their high mass, the energetical separation between the hole
states is much smaller than that of the electrons. The miniband widths in an
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Figure 4.2: Linear absorption of SPSSL consisting of 2,6 or 12 identical quan-
tum wells.

ideal system would measure ~ 2 meV for the holes and ~ 22 meV for the elec-
trons. Therefore, for V = 6, the spectrum consists of six fairly well separated
groups of transitions from all hole states to one of the electron states (see
also Fig.4.3) which causes the small wiggles in the 'miniband’. When the
maximum energy separation between these groups of transitions becomes
smaller than the broadening of the lines, the absorption becomes indistin-
guishable from that of an ideal SSL (here for N >~ 10). However, even for
lower numbers of wells, some typical features of SSL-absorption are already
present. The Coulomb interaction shifts oscillator strength to the base of
the 'miniband’ and leads to the formation of a 'miniband’ exciton and an en-
hanced absorption in the 'miniband’ region in comparison to the continuum
above. As well as this, the width of the 'miniband’ is almost the same when
using N = 6 or N = 12. Thus, the influence of disorder on excitonic effects in
SSL ought to be a possible subject for discussion, even if there are still some
features in the absorption caused by too small numbers of wells.

Since these calculations evolve an enormous amount of computer time and
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Figure 4.3: Linear absorption for a SPSSL consisting of six wells with d,, =
38 ML (solid line), d,,, = 38 £ 1 ML (dashed line) and d,,, = 38 +2 ML
(dotted line). The lines on the upper edge mark the single particle transition
energies.

memory capacity, some following investigations will make use of this suffi-
cient description with a small N. The number of necessary dynamic variables
rises with N2 and the number of Coulomb matrix elements even with N*. This
limits the possible length of the structures to not more than approximately
N =12.

Fig.4.3 demonstrates the typical influences of monolayer-fluctuations in the
well widths. Here, the absorption of the structure with six identical wells
is compared to that of structures where d,,, at most varies by +1 ML (a) or
+2 ML (b). In case (a), the disorder causes only slight deviations from the
ideal absorption. The most obvious changes concern the 'miniband’ exciton.
Its line is slightly broadened and more assymetric than in the regular case.
These are typical consequences of disorder as one might also expect them for
isolated quantum wells. For such systems, in case (a) one would deal with
three types of quantum wells: two wells with 37 ML, two with 38 ML and two
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with 39 ML width. The wider the well, the lower the energy for the ground
states. The energy is nonlinear in the well width. In contrast, the exciton
binding energy is much less dependent on the well width [45]. Thus, one
would obtain three additive and energetically nonequidistant excitonic lines.
Since here, the homogeneous broadening of these lines is larger than their
distance, one expects to observe an assymetric broadened excitonic line. In
this case, however, the line for the 39 ML-well would be energetically be-
low that of the regular 38 ML-wells. In both cases (a) and (b), such a wing
to lower energies does not occur. This is due to the fact, that one does not
deal with an ensemble of uncoupled wells, but with electronically coupled
ones. For identical quantum wells, the coupling leads to a hybridisation of
the degenerate single quantum well levels. This evolves the miniband. If
the quantum well levels are not degenerate, the hybridisation and the re-
sulting 'miniband’ become smaller. This reduced hybridisation compensates
(here almost perfectly) the lowering of the single particle energies due to in-
creasing well width. Thus, in this case, no wings to lower energies occur.
The absorption edge is at the same position in both the ordered and the dis-
ordered cases, however the exciton becomes an assymetric wing to higher
energies. These effects of the disorder become much more obvious for the
case (b) when applying fluctuations of two ML.

In conventionally MBE-grown superlattices fluctuations of one ML are usual,
higher fluctuations are only rare. The interface ML between wells and bar-
riers is made of islands of well and barrier material. When these islands are
larger than the excitonic Bohr-radius, the structure almost behaves as an en-
semble of noninteracting SPSSL-realisations with one ML fluctuations (com-
pare Fig.1.1). In this case, the signals from different regions of the structure
are superimposed additively in the total signal and lead to an inhomogeneous
broadening.

Fig.4.4 compares the absorption of a structure with identical wells to that
of an ensemble of individually disordered SPSSL. In both cases, the struc-
ture consists of 10 wells. A dephasing time 7, = 500 fs has been applied for
the disordered systems. For the regular SPSSL, the absorption is drawn for
T, = 500 fs and for T, = 300 fs. In the disordered case, the width of the wells
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Figure 4.4: Linear absorption for the same SPSSL as in Figs.4.2 and 4.3. Here
for ten wells and an applied electric field of 5 kV/cm. Solid line: regular wells
and an applied dephasing time T, =500 fs, dashed line: ensemble-average of
40 realisations with d,,, = d, £ 1 ML and T, =500 fs, dotted line: regular
wells and T, =300 fs.

have been randomly chosen from the set {37,38,39} ML. The structural pa-
rameters are the same as those applied in Figs.4.2 and 4.3. This structure
has been investigated in Refs. [67,68], where the authors were interested in
the inhomogeneous dephasing of THz-signals due to disorder. In this study,
this will also be examined in the next section. Therefore, the spectra have
been calculated including the electric field, 5&V/em, which will be applied
later.

In this case, the disorder leads to a very small wing to lower energies. This,
however, is merely a remainder of the calculation procedure. The well widths
have been varied without maintaining the length of the total structure con-
stant as would be done in a realistic structure. Thus, structures which differ
by =N ML to the ideal one are possible and the longer ones have slightly
lower transition energies. The single realisations of structures with identical
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total length as regarded in Fig.4.3, do not show a wing to lower energies,
consequently, the same must also be true for an ensemble. The line of the
'miniband’ exciton is much stronger broadened than in the case of single re-
alisations and all other signatures are rather washed out.

The spectrum for the ensemble looks as a spectrum for a single SPSSL cal-
culated using a shorter dephasing time would look, i.e., when assuming a
stronger homogeneous dephasing (compare the dotted line in Fig.4.4). The
most decisive difference is that in the latter case the stronger (symmetri-
cally) broadened 'miniband’ exciton leads to a wing to lower energies. Of
course, the (almost) complete compensation between reduced hybridisation
and the lowering of the energies in isolated wider wells cannot be expected
for arbitrary SPSSL. It shurely fails in the limit of decoupled quantum wells.
However, for cases as regarded here, where the miniband width is greater
than the disorder energy it helps to maintain a sharp absorption edge and
serves a possible mean to distinguish between homogeneous and inhomoge-
neous dephasing. Nevertheless, the latter distinction is difficult if one does
not have a reference spectrum of a single realisation. Thus, it remains very
hard to distinguish between homogeneous and inhomogeneous broadening
by means of linear absorption spectra alone. One way might be to perform
spatially resolved measurements with a resolution high enough for the ob-
tained signal arising from one disorder realisation only.

A very special and interesting example for intentionally introduced disorder
in SSL is the introduction of a ’super-structure’. When the well width is
not randomly varied, but alternately between only two values, d,,, = d,, +
(—-1)"6,, one again obtains a superlattice, however now with a structurated
unit-cell. The periodicity of the new lattice is twice as long as in the ideal
case and the mini-Brillouin zone twice as short (compare Fig. 4.5 and Fig.
4.6).

The original minibands are folded back into the reduced mini-Brillouin zone
and two minibands evolve from each original one. Since the unit-cells are
elctronically coupled, the degeneracy of the new bands at the edges of the
reduced mini-Brillouin zone is lifted as demonstrated in Fig.4.6, i.e., the

bands dimerise.
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Figure 4.5: Electron and hole confinement potentials for a finite
GaAs/Aly3Gag 7 As ’super-structure’ consisting of five unit-cells of length d,
each with one 80 A-well, one 120 A-well and two 10 A-barriers. Also shown
are the energetically lowest confinement states of the lower (solid line) and
upper (dashed line) electron and heavy-hole 'miniband’.

Between these new minibands new types of transitions are possible. The
transitions (a)-(d) in Fig.4.6 form four combined minibands and for each, one
miniband exciton should be possible. Thus, four more or less pronounced
excitonic lines should arise in the absorption.

Fig. 4.7 shows the linear absorption for such a super-structure consisting of
ten GaAs-wells with d,,,, = [100 + (—1)"20] A and 10A Aly3Gag 7 As-barriers.
The single particle transition energies depicted in this graph clearly show the
formation of four combined 'minibands’. Their widths are: A, ~ 5.8 meV/,
Ay =~ 13meV, A, =~ 6.1meV and Ay ~ 14meV . The dimerisation between the
two electron 'minibands’ is ~ 18 meV/, the one for the holes is ~ 3.9meV. The
step-like character of the high-resolution single particle spectrum is caused
by the finity of the structure and would vanish for structures with more unit-
cells. The wiggles in the absorption of the 'miniband’ (b) are the excitonic



60 Chap. 4 Disordered Superlattices

}

i i
101

; || ||

(D)

£ j

> | |@ ©| |@ ®) ]

5

5 [V
5\1_/1_
-1 . (l) . 1

k (d)

Figure 4.6: Schematic plot of the minibands in a SSL with alternating
well width. The miniband width and dimerisation energies are roughly
similar to those in the case of a GaAs/Aly3Gag7As-SPSSL with d,, =
100 A+(—1)"20 Aand dy = 10 A. d = dy p+dy+dy ni1+dy. (a)-(d) mark the pos-
sible types of transitions.

counterparts to these steps (compare Fig.4.2).

The spectrum is dominated by the excitonic lines X, and X,. These corre-
spond to the transitions (a) and (b) in Fig. 4.6. Looking at the wave functions
in Fig. 4.5, one notices that the transitions of type (a), are between states
predominantely localised in the wider wells and that of type (b) are between
those predominantely localised in the smaller wells.

The transitions of type (c) are between holes localised in the short wells and
electrons localised in the wide wells, whereas those of type (d) are between
holes in the wide wells and electrons in the short wells. Thus, one might
refer to the corresponding excitons as being 'locally indirect’. Their Coulomb
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Figure 4.7: Linear absorption for the super-structure from Fig.4.5 includ-
ing Coulomb interaction and applying To= 600 fs (solid line) and without
Coulomb and T,= 2 ps (dashed line). The lines in the upper half of the dia-
gram depict the overlaps between the single particle states, grouped corre-
sponding to (a)-(d) in Fig.4.6. The length of the lines denotes the correspond-
ing oscillator strength. X,;,. are the excitons associated to the ‘'minibands’

(a), (b) and (c).
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Figure 4.8: Linear absorption for the super-structure from Fig.4.5 applying
To= 600 fs. Solid line: all transitions (a)-(d) included, broken line: only
transitions (a) and (b), dotted line: only transitions (c) and (d).

interaction is predominantely given by the attraction between the charge of
the electron in one well and that of the hole in the neighbouring well, whereas
for the 'direct’ excitons X, and X, it is dominated by the attraction between
charges localized in the same wells.

The (squared) overlaps between the electron and the hole wave functions de-
termines the interband transition strengths and, therefore, are also a mea-
sure for the excitonic oscillator strength. This explains the dominance of the
transitions and excitons of type (a) and (b) (compare also the amplitudes of
the corresponding single particle transitions in Fig.4.7).

In Fig.4.7, only the exciton X, occurs, not however, X,. This is predominan-
tely caused by the finiteness of the structure regarded here. In order to make
this point clear, Fig.4.8 depicts the absorption which arises due to the 'locally
direct’ transitions (a) and (b) alone (dashed line) and that due to the ’indi-
rect’ transitions (c) and (d) (dotted line). These curves have been calculated
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by switching off the transitions and Coulomb matrix elements correspond-
ing to transitions of the types (c) and (d), or (a) and (b), respectively. The
transitions of type (c) lead to a clear excitonic line, whereas those of type (d)
only cause a number of wiggles at the position of the corresponding 'mini-
band’. These wiggles are the excitonic lines corresponding to the transitions
from all states of the energetically lower heavy hole 'miniband’ to one of the
(five) states of the energetically higher electron 'miniband’. Compared to the
transitions (c), the coupling between these excitonic lines is too weak for the
formation of a 'miniband’ exciton. This is understandable when looking at
the minibands of an infinite structure, Fig.4.6: The transitions of type (c)
with the lowest transition energy are those between electrons and holes in
the center of the mini-Brillouin zone (k,. = k., = 0). These are optically
allowed vertical transitions. The energetically lowest transitions of type (d)
would be between holes in the center of the Brillouin zone and electrons
at the edge of the Brillouin zone. These transitions are optically forbidden.
Thus, for an infinite structure, the lower edge of the miniband (d) is not
formed by the transitions with the lowest energetical distance, but by those
with the lowest distance vertical in k,-space. In this case, these are transi-
tions with |k, .| = |k, | = 7/d. In a finite structure as regarded here, &, is not
a good quantum number. Transitions are allowed between all confinement
states. However, in this case also, the energetically lowest transitions have
a low oscillator strength (compare Fig.4.7) and thus, the shifting of oscilla-
tor strength to the lower edge of the 'miniband’ (d) is reduced. In contrast,
for the transitions (c), the transitions with lowest energy have the highest
oscillator strength. Therefore, the excitonic oscillator strength can be more
easily shifted to the bottom of the 'miniband’, what leads to the formation of
a clearly resolvable excitonic line. For a longer structure consisting of more
unit-cells, an exciton corresponding to the miniband (d) also ought to occur.
This exciton would be associated to the energy separation between single par-
ticle states at the boundary of the Brillouin zone, i.e., shifted with respect to
the lowest transition energy by the width of the lower hole 'miniband’.

One might have expected that the exciton X, would also not arise in the
absorption since it lies in the continuum of the transitions (a). As the exci-
ton X, it might couple to this continuum and be strongly Fano-broadened.
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From Fig. 4.7 no significant Fano broadening for this line can be detected.
However, couplings between the 'minibands’ of types (a), (b) and those of
types (c), (d) occure. If not, the absorption of the structure would be the
sum of their individual contributions, which, as demonstrated in Fig.4.8, is
obviously not the case. Contradictory to what one might have expected this
coupling does not lead to a less pronounced exciton X, but even increases its
amplitude in comparison to that in the decoupled case. Quite a high amount
of oscillator strength is shifted from both, the energetically higher parts of the
continuum of the transitions (b) and the exciton X, to this exciton, whereas
such a shift from X, to X, seems to be suppressed. The coupling between the
bands with opposite character, one being locally direct and one being locally
indirect, seems to be of a different type than the one between bands of the
same character. The latter one leads to a pronounced Fano-broadening and
a decreasing oscillator strength for the higher transitions (b) and (d). The
former leads to increasing oscillator strength for the exciton X, and, at least
for the case regarded here, no significant Fano broadening.

In infinite structures, the ’spatially indirect’ excitons X, and X, are built
from transitions between states of the mini-Brillouin zone with the same sign
for the curvature. The k,-dependence of the transition energies is therefore
smaller than that for (a) and (b). For the idealised case of parallel minibands,
reached for equal electron and hole masses and potentials and neglecting the
differences in the curvatures between the upper and lower dimerized mini-
bands due to the finiteness of the barrier hight, the k,-dependence would
even vanish. Thus, the excitons X, and X, originate from transitions of a
wider k,-range than X, and X,. This delocalisation in k,-space corresponds
to a localisation in real space. In order to check how far this holds in the the
case of the finite structures regarded here, which yield strongly nonparallel
minibands, an electric field is applied along the growth direction. The larger
the excitonic Bohr radius, the higher the potential drop of the electric field
over the exciton and the more pronounced the influences of the field should
be.

Fig.4.9 shows the excitonic absorption of the structure of Fig.4.5 for differ-
ent applied electric fields. With increasing fields, the 'minibands’ of the lo-
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Figure 4.9: Linear absorption for the super-structure from Fig.4.5 and dif-
ferent applied electric fields. The vertical lines (a)-(d) mark the centers of
the corresponding combined 'minibands’. The slanted lines mark the ap-
proximate positions of the single particle transitions +1/2(c) (dotted lines)
and +1/2(d).
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Figure 4.10: Linear absorption for the super-structure from Fig.4.5 and an
electric field of 12kV/em. Solid line: all transitions (a)-(d) included, dashed
line: only transitions (a) and (b), dotted line: only transitions (c) and (d). In
the upper half the overlaps between the single particle states are depicted.
The length of the lines is proportional to their oscillator strengths. The num-
bers and letters give the Wannier-Stark index and the type of the transition,
respectively.
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Figure 4.11: Electron and hole confinement potentials for the super-structure
of Fig.4.5 and an electric field of 12kV /ecm. Also included are confinement
states of the lower (solid line) and upper (dashed line) electron and heavy-
hole 'miniband’.

cally direct transitions (a) and (b) evolve into the usual Wannier-Stark series.
Firstly, the lines of the excitons X, and X, are broadened and reduced in
their oscillator strengths as has been demonstrated for ideal SSL in Fig.3.1.
In Fig.4.5 this may be observed for X, in the lines for fields up to 2kV/cm.
Since the 'miniband’ (b) is wider than (a), it requires higher fields in order
to shift the Wannier-Stark transitions out of this 'miniband’ and destroy the
delocalised character of the states. Therefore, for X, the decrease and broad-
ening is visible up to 4 kV/cm. For even higher fields the Wannier-Stark char-
acter dominates. For the direct ‘'minibands’ (a) and (b), the spectra are then
dominated by the transitions between electron and hole states which are lo-
cated in the same well, the p = 0 Wannier-Stark transitions. As explained
for ideal SSL, their energy lies at the center of the combined 'miniband’,
i.e. the corresponding excitons are shifted with respect to the corresponding
'miniband’ excitons to higher energies by half the width of the miniband. Ad-
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ditionally, Wannier-Stark transitions with p # 0 and less oscillator strengths
occur at energies pefd from the center of the 'miniband’. The corresponding
excitonic lines may be found in the spectra at energies which are lowered
with respect to the single-particle transition energies by the exciton binding
energies (here ~ 5meV). In contrast to the study of the ideal SSL, here the
p = 0 excitonic lines are slightly shifted for high fields. This is caused by the
QCSE. For the transitions between the states in the wider wells (a) this leads
to a red-shift of approximately 3meV. For the transitions (b), it results in a
blue-shift of approximately the same amount. These different dependencies
for the groud-states and the energetically higher states is well known from
the analysis of quantum wells [69,70].

The field-dependence of the locally indirect transitions (c) and (d) differs from
this well known behaviour of the locally direct transitions. Since they are
transitions between states which are localised in adjacent wells, they shift
from the center of the combined miniband with

(pd + dyn/2 + dy+ dy,+1/2)eF = eFd(p+1/2) (4.4)

and no central (p = 0) Wannier-Stark peak occurs. The corresponding exci-
tonic lines may be found in Fig.4.9 when looking approximately at the exciton
binding energy below the single-particle energies. These have been drawn
in Fig.4.9 as a guide to the eye and exactly in Fig.4.10 for F = 12kV/cm. The
notation used in these pictures labels the peaks by letters for the type of tran-
sition (a)-(d) and by numbers which give their distance from the center of the
corresponding 'miniband’ in multiples of eF'd. For the indirect transitions
(c) and (d) no clear influence of the QCSE can be derived from the figures,
since for them all transitions are dominated by the field-induced shift with
(p£1/2)eFd.

In the graph for F = 12kV/cm a clear line originating from the transitions
(d) may also be found. In the Wannier-Stark localisation regime, due to
the lifted degeneracy between the states, the energetic splitting between the
transitions with the same Wannier-Stark index due to hybridisation almost
vanishes. Additionally, for high fields, the oscillator strength is condensates
in the transitions with the lowest Wannier-Stark index (here |p| = 1/2). Thus,
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the wiggles which were the only structure of the transitions (c) in the field-
free case are shifted together and now build a clear resolvable excitonic line.
Thus, the field and the different shifting of direct and indirect excitons helps
to obtain a higher resolution for the indirect excitons.

The Wannier-Stark ladders originating from different 'minibands’ lead to
(anti-) crossings of the transitions. This effect leads, for example, due to
the crossing with —1/2(c) to the reduction of the excitonic line 0(a) at 8 kV/cm
in comparison to its amplitude at 4 kV/em and 12 kV/cem.

The field-dependent broadening of the excitonic lines for the indirect excitons
is not weaker than for the direct excitons. In the case regarded here, the
conditions are too unlike the ideal case, where these excitons are expected to
reveal Frenkel-type character.

The ’locally indirect’ excitons are very interesting for further investigations.
The existence of excitons of different character might lead to the formation of
a new type of biexcitons. Four-wave-mixing could supply more information
on the different types of couplings between the bands of same and different
character. For this aim a comparison to excitons in doping superlattices might
also be helpful. The different field-dependence of the excitons should also
lead to interesting characteristics in the THz and four-wave-mixing signals.

4.3 Terahertz Emission

In section 3.3 it was shown that the dephasing of THz signals due to electron-
phonon interaction may by strongly suppressed by tuning the field into a re-
gion where the phonon energy Awro is far from a Wannier-Stark transition
energy peFd. Also, the influence of electron-electron scattering may be ne-
glected when using low excitation. Nevertheless, in all experiments so far,
the observed THz signals have shown a dephasing which leads to a vanishing
signal after a few oscillation periods. This may be explained by inhomoge-
neous dephasing due to interface-roughness which is inherent to all epitaxi-
ally grown heterostructures. A theoretical investigation on this influence of
monolayer-fluctuations on the THz signal using a simple one-dimensional
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Figure 4.12: Normalised frequency resolved THz signals for SPSSL with dif-
ferent numbers of identical wells N. The dotted line marks the energy cor-
responding to the WS splitting in an ideal SSL eFd, F = 5kV/cm.

single-particle model was carried out by Ref. [67]. He placed a wave packet
of Wannier-states into randomly generated realisations of confinement po-
tentials of SPSSL with one ML fluctuations, and monitored its ensemble av-
eraged time evolution. He found that, almost independent of the applied
field, the signals vanished after about five oscillations.

The following controls these results in the three-dimensional model, includ-
ing the Coulomb interaction, and for dynamically created wave packets.

Fig. 4.12 depicts THz spectra for the structural parameters applied in Fig.
4.4 and a field of 5kV/cm for different numbers of ideal wells N. Here and
in the following of this section, a Gaussian pulse E(t) = exp[—(t/T)?] with
T = 60ps, which was centered at iw; = 1.545¢V, i.e. approximately in the
center of the combined miniband, was applied. The results of Fig. 4.12 were
calculated using 77 = 75/2 = 1ps. Corresponding to the discussion in section
3.3, no excitonic oscillations are visible for these excitation conditions. These
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conditions were chosen, because the case in which the THz-frequency linearly
follows the electric field is the interesting one for technical applications.

For N = 2, the oscillation frequency is given by the beating between the two
electron states. Increasing N, the dominant frequency approaches that of the
WS-separation eF'd. Speaking in terms of moving carriers, with increasing N
there are more and more nodes of the 'miniband’. For high numbers N, the
carriers may move throgh the miniband and one gains the Bloch-oscillating
behaviour known from ideal SSL. For low N, the results are hardly explain-
able in terms of moving carriers. The single-particle energy separation is
given by two mechanism: First, the hybridisation of levels of the single wells
which are degenerate in the field-free case, and second, the Wannier-Stark
splitting eF'd. The first mechanism leads to an energy separation for the com-
plete structure, which yields, at the most, the miniband width for N — oo
and zero field. Increasing N, this separation becomes distributed over more
and more states. Thus, the part which comes on two adjacent wells is re-
duced. On the other hand, the Wannier-Stark separation is independent of
N and therefore dominates for high N. Here, for N >~ 10, almost only the
oscillations with eF'd remain. Some contributions from higher transition en-
ergies are still visible. These come from the states predominantely localised
in the well at the ends of the structure, where the energies are influenced by
the bordering 'buffer’ layers. The small admixtures of frequencies close to
the WS separation even at very low numbers N are the contribution of the
holes. As in the study of ideal SSL, the contribution of the holes is negligible
due to their high mass and their resulting small intraband-dipole matrix ele-
ments. Due to their small ‘'miniband’ width, their energy separation is given
almost exclusively by the field.

These results show, that the finite length of N = 10 which has been used for
the results presented below should be sufficient to allow conclusions also for
longer structures.

In Fig. 4.13 time-resolved THz-signals for regular structures are compared
to those of ensembles of 40 realisations with one ML fluctuation. In these
calculations the dephasing was switched off (77 = 75 = o). (a) displays the re-
sults of single-particle calculations, (b) those including Coulomb-interaction.
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Figure 4.13: Time resolved THz signals for the SPSSL of Fig.4.12 and N = 10.
(a): without Coulomb interaction, (b): including Coulomb interaction. Solid
lines: ten identical wells, dotted lines: ensemble of 40 realisations of ten
wells with one ML fluctuation.

In both cases, as in the simplified investigation of Ref. [67], the disorder
destroys the signals after approximately five oscillations. In each realisa-
tion, the well widths are somewhat different and, therefore, also the corre-
sponding transition energies eF'(d,+d. ). The signals oscillate slightly differ-
ent, which leads to an interference in the ensemble-average. This behaviour
should be almost field independent, since the energy variations +eF'a, where
a is the thickness of one ML, increase linearly with the field, just as the WS-
separation eF'd. Speaking in terms of dephasing times, this means that the
interface roughness leads to inhomogeneous dephasing time which increases
linearly with the field.

The amplitudes of the signals for ideal structures in Fig. 4.13 are not con-
stant. This is caused by the finiteness of the structures and would disappear
for infinite structures.
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A possible way to pass by this disorder induced dephasing of the THz signals
could be to perform spatially resolved measurements. If, in comparison to
the average width of the islands of the interface-roughness, the region of the
structure from which the signal is obtained is smaller, one might obtain a
signal which does not interfere with those of other realisations for the con-
finement potential, and could therefore gain much longer effective dephasing
times.

4.4 Four-Wave-Mixing

The investigations in section 4.2 have shown, that a distinction between ho-
mogeneous and inhomogeneous dephasing is almost impossible when ap-
plying only linear absorption. Much more appropriate for this aim are four-
wave-mixing experiments. In these experiments a diffracted signal may only
be observed if the polarization, created by the first pulse, still exists by the
time the second pulse arrives. If the polarization induced by the first pulse is
destroyed, the amplitude of the diffracted signal sinks with increasing delay
between the pulses. Thus the amplitude of the diffracted signal gives a di-
rect measure for the dephasing. The time-resolved four-wave-mixing signals
Itrrwar dephase the same as the polarizations do, i.e., with the total dephas-
ing which is given by homogeneous plus inhomogeneous dephasing. If these
dephasings can be described by dephasing times 7}, and Tihom, ITrRFw(t) iS
proportional to exp[—2t/Thom — 2t/Tinnom)- An inhomogeneous dephasing, as
in the case of disorder, causes the formation of photon-echos [14,15]. The
first pulse generates polarizations which initially all have the same phase and
which oscillate with spatial-dependent frequencies. With increasing time,
polarizations get out of phase and decay inhomogeneously. If an identical
pulse hits the probe after a delay 7, it conjugates those polarizations which
have not yet dephased homogeneously. Once again, after the time 7, all
the remaining polarizations return to be in phase. Thus, one obtains a pro-
nounced signal, the so-called photon-echo, at a time 27 after the arrival of
the first pulse. At time of the echo, the effect of the inhomogeneous dephas-
ing has disappeared and the amplitude of this echo is given by the amount
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of polarization which has not dephased homogeneously during the time 27.
Therefore, the echos decrease with exp[—27/T},,,| and supply a good mean in
order to extract the homogeneous dephasing time without any influences of
inhomogeneous dephasing. Where there is strong inhomogeneous dephas-
ing, only a signal at ¢t = 27 remains. Its shape is in the single particle case
given by the distribution of the transition energies [14], which, of course,
is independent of the delay. Therefore, the time-integrated signal in the
single particle case is given by Iy pw = const. exp[—47/Thom|. The Coulomb
interaction especially then modifies the decay as long as the pulses overlap.
It renormalises the field and the energies (compare equations (2.21)-(2.23)).
This in turn, changes the generation of polarizations and densities and leads
to beatings in the signals dominated by the beating between the 1s and the
2s bound state of the exciton. Especially as long as the pulses still create
polarizations and densities, these effects do not allow to describe the four-
wave-mixing signals in terms of dephasing times. However, the renormalisa-
tion terms are nonlinear. They roughly dephase proportional to exp(—2t/T5)
for the terms YY™* and proportional to exp(—t/T, — t/T;) for the terms YC
and Y D, which is faster than the dephasing of the linear polarization term
(x exp(—t/T;). Thus, the influence of the renormalisation terms ought to
become of minor importance with increasing time delay and the shape of
the echos should once again become independent of the delay and the am-
plitudes of the echos should again provide a measure for the homogeneous
dephasing.

Disorder is usually known to lead to inhomogeneous dephasing. However, as
explained in the introduction to this chapter, for high ratios (>~ 1) between
disorder energy and exciton binding energy and small ratios (< 1) between
disorder length and excitonic Bohr-radius (the case (a) in the introduction),
the internal interference of polarizations with locally different oscillation fre-
quencies might lead to a homogeneous decay of the excitons [65].

To check this by means of SPSSL a few simplifications are necessary. First, the
homogeneous dephasing which is not caused by disorder, is simulated by a
dephasing time 75, = T} = 1 ps. If the photon echos decay faster than with this
decay constant, the effect must be caused by homogeneous dephasing due to
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disorder. Second, for numerical reasons, a structure with only four wells will
be investigated. The required CPU-time rises with N* and, for calculations
to long times and with a small dephasing time, the in-plane continuum has
to be precisely resolved. The latter is also necessary since the observed ef-
fects are rather slight. This leads to long durations of the calculations and
inhibits N >~ 4. Thirdly, for SPSSL with realsitic material-parameters it is
very difficult to simulate systems which fulfil the conditions for the situation
(a). What is necessary is that the exciton ranges over several wells. In order
to achieve this, the coupling between the wells must be strong, which yields
large miniband-widths and, respectively, high separations between the hy-
bridisated well levels. All these levels and the continua inbetween must be
resolved with high accuracy, which, due to numerical restrictions, is almost
impossible. In order to avoid this problem here, the excitonic interaction has
been reduced by placing the dielectric constant ¢, at three times its value.
Thus, the excitonic Bohr-radius R* « ¢ is enlarged by the same factor and
the excitonic Rydberg E* « 72 is reduced by a factor nine. A typical exciton
wave function for these parameters (and N = 6) is shown in Fig. 4.14.

This diagram shows the absolute square of the 'miniband’-exciton wave func-
tion as a function of z. and z,. The structure is a regular SPSSL with six GaAs
wells of 95A width, which are separated by 14A Al,3;Gag,As barriers. This
kind of structure has already been discussed in section 4.2. The probability
amplitude decends within the barriers and towards the edges of the struc-
ture, for the holes, due to their higher masses, faster than for the electrons.
It is obvious that, for this choice of ¢y, the exciton ranges, at least as z, is con-
cerned, over approximately four wells and thus fulfils the condition 'binding-
length > disorder-length’. Since the exciton binding energy is reduced by a
factor of nine, which for this structure produces E* ~ 0.6 meV, the condition,
that the energy-variation due to the disorder must be larger than the exci-
tonic Rydberg, can easily be fulfilled. In order to gain pronounced effects, the
following results have been calculated for fluctuations of the well widths of
+5 ML. For these fluctuations, the single particle energies of isolated wells
vary by approximately 3 meV (see Fig.4.15).

Fig. 4.15 depicts the linear absorption for the parameters used here. De-
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Ze

Figure 4.14: Absolute square of the ground-state exciton wave function in a
SPSSL of six 95 A-wells and 14 A-barriers as function of the absolute electron
and hole confinement coordinate z, and z,, respectively. The dotted lines
mark approximately the positions of the heterostructure- interfaces. The
dielectric constant was reduced by a factor three. The amplitude was reduced
by a factor four between areas with different shades of colour.

spite the reduction of the Coulomb interaction there are still pronounced
excitonic lines. Since the Coulomb contributions usually dominate the four-
wave-mixing signals [14] by orders of magnitude, even with the reduction
of the excitonic effects, the signals should still be appropriate in order to in-
vestigate the expected effect. The individual spectra decouple in pronounced
excitonic lines, corresponding to transitions between one of the electron lev-
els and all the heavy-hole levels. This grouping of the transitions has already
been demonstrated in Figs.4.2 and 4.3. Here, the grouping is more pro-
nounced since, due to the artificially reduced Coulomb interaction, the cou-
pling between the transitions is smaller. As in the cases investigated above,
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Figure 4.15: Linear absorption for a SPSSL with 14 A-barriers and five regular
95 A-wells (solid line) and two different realisations with at most five ML
fluctuations (dotted and broken-dotted lines). The dielectric constant has
been reduced by a factor three. T, = 1 ps.

the disorder does not lead to a significant wing of the absorption below the
'miniband’ edge. Even for the high fluctuations of +5 ML, the shift at the
low energy side of the spectra is less than approximately 0.5 meV, whereas
the energies of the resonances inside the 'band’ deviate up to 3meV from
those in the regular case. The wiggles in the high energy part of the spectra
are caused by the numerics. However, they vanish at a higher resolution of
the in-plane continua, or when applying shorter dephasing times.

The following four-wave-mixing results were obtained assuming two Gaus-
sian pulses with E(t) = exp[—(¢/T)?] and T = 200 fs, both with a central laser
frequency of fiw;, = 1.54eV. Since the effects that will be studied below in the
four-wave-mixing signals are quite small, it is important to stress, that it has
been controlled that, for these conditions and all regarded delays between
the pulses, the calculated signals were numerically stable. Even at a higher
resolution of the in-plane dispersions or time steps, no (visual) changes of
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Figure 4.16: Time-resolved four-wave-mixing signals for the parameters of
Fig.4.15. Solid lines: four regular wells, dotted lines: four wells with width-
fluctuations of +£5 ML.

the signals occured. The pulses almost exclusively excite the energetic regions
where the in-plane dispersions are well resolved (up to =~ 1.55¢V’). Thus, the
wiggles in the absorption lines in Fig.4.15 have no analogies in the four-
wave-mixing signals. Deviations in these signals occur only after the signals
are no longer under observation.

In Fig. 4.16 time resolved four-wave-mixing signals for a structure with reg-
ular wells are compared to ones for a disordered structure. Indeed, the echos
at ¢t = 27 decay faster in the disordered case. The effect is not very strong,
which is partially due to the shortness of the structure. In this case, the
excitons may only cover a limited number of wells, and, therefore, the num-
ber of frequencies which are combined in the excitons is rather small. In
addition, the disorder reduces the coupling between the wells and, there-
fore, the extension of the excitons. In Fig. 4.17 the line corresponding to
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FWM-signal (arb. units)

Figure 4.17: Time-resolved four-wave-mixing signals for different delays t,
the structural parameters of Fig.4.15 and four wells with width-fluctuations
of 3 ML. Each line is calculated by averaging the results of six independent
realisations. The dotted line illustrates the decay due to the dephasing time
T, used.

a decay with no disorder, i.e. prorpotional to exp[—2t/T}om], is included.
Again, the echos decay faster than this factor. The echos have almost iden-
tical shapes for the larger delays. Thus, the approximation of the decay by
Irrpwy = const. exp|—AT [ Thom] and Izrpwy = const. exp|—27/Thom] should be
possible.

The parts of the signals away from the echo position would vanish if the in-
homogeneous dephasing was higher. This can be achieved by either looking
at longer structures, where signals emitted from excitons located in various
regions of the potential are inhomogeneously superimposed, or considering
an ensemble of different disorder realisations. However, this would imply
very long computer sessions and an immense amount of memory space. Since
the echo itself is not influenced by the inhomogeneous dephasing, it is also
not influenced by this consideration. At its position, all polarizations are in
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phase and taking an ensemble of realisations does not lead to any interfer-
ence at the exact echo position. At ¢ = 27 a coherent ensemble average, i.e.
adding the complex signals of the different realisations before taking the ab-
solute square, as done by a detector, simply leads to the average of the echo
amplitudes, but, however, not to any changes due to interferences. Thus, it
is sufficient to look at only one realisation in order to draw conclusions on
the homogeneous dephasing. However, in order to resolve the echos more
clearly, in the Fig.4.17 an ensemble average for six independent realisatons
has been used.

The structure with regular wells also leads to the formation of echos (Fig.
4.16). These decay almost exactly with the homogeneous dephasing time
inserted in the calculations. These echos would vanish if an infinite SSL was
to be considered. In this case, a perfect miniband would exist and there were
no disturbing effects due to the 'buffer’-layers at the edges of the structure.
The single particle (Bloch-) states would be homogeneously delocaliced over
the whole structure. With N = 4 one chooses only four nodes of the mini-
Brillouin zone. These four energies are of course hardly distinguishable from
a set of disordered energies, and this energy 'disorder’ leads to the formation
of the echos. The situation investigated here therefore only borders the ideal
case where an ideal SSL must be compared to an infinte array of wells with
disordered width’s.

The oscillations in the time resolved signals are not caused by beating be-
tween 1s- and 2s-exciton states, as the beating usually seen in such signals
does. Here, due to the small exciton binding energy, the corresponding os-
cillation period would be more than 10 ps. The beating is between the disor-
dered levels (the different exciton lines in Fig.4.15). Due to the destructive
interference for times ¢ # 7 this beating is more pronounced in the regular
case. The four nodes chosen from the 'miniband’ have a more regular spac-
ing than the four energies in the disordered case. However, this beating does
not disturb the echos, since at its position, all polarizations are in phase. The
same applies for oscillations due to excitonic beating. That the latter cannot
be the reason for the deviations from a dephasing purely caused by the in-
serted homogeneous dephasing times, may also be derived from Fig.4.16.
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The exciton binding energies do not vary a great deal between the disor-
dered and the ordered cases. Thus, if the deviations were due to excitonic
beating, they would also occur in the regular sample, which they however do
not.

More pronounced effects might be observed, e.g., in quantum wires where
the fluctuation of the wire radius supplies the disorder potential. Also, this
kind of structure may be more easily treated by applying, for example, a
tight-binding approach as used in Ref. [71]. One needs not consider the
in-plane momentum, which reduces the numerical difficulties enormously.
Much larger structures may be considered and the parameters may be varied
over a wider range.



Chapter 5
Conclusions

This study attempts to give a comprehensive general idea on the most impor-
tant electro-optical effects in electronically coupled multiple-quantum-well
systems. Effects up to second order in the exciting optical field have been dis-
cussed for ideal semiconductor superlattices and the influence of disturbed
periodicity has been investigated for signals up to third order in the field.

A general theoretical approach applicable to homogeneous as well as to dis-
ordered systems has been presented. It is based on the semiconductor Bloch
equations. In the applications discussed here, these are developed in the
real space single particle eigenstates for the growth direction, assumed to
also be the direction of externally applied static and homogeneous electric
field. The free motion perpendicular to this direction is described in terms
of plane waves.

For ideal superlattices including external electric fields the single particle
eigenstates are Wannier-Stark states. It has been explained how the gen-
eral description is specified for these states and what the differences to the
commonly applied description in three-dimensional plane waves (superlat-
tice Bloch states) are. By means of this theoretical background linear absorp-
tion and THz signals in ideal superlattices have been discussed. The former
have been used to explain the possible reduction of the effective dimension-
ality of these systems with increasing fields, from almost three to two. Ap-
plying the advantages of the Wannier-Stark approach, it has been explained
how the coupling between different Wannier-Stark steps leads to the forma-
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tion of Fano-shaped excitonic lines. The discussion of THz-signals has been
concentrated on the investigation of the intracollisional field effect. Applying
the Markov approximation, this modification of the electron-phonon scatter-
ing rates due to the applied electric field has been neglected when describing
the superlattice in terms of plane waves. This approach does not take into
account the field-induced drift of the carriers through the mini-Brillouin zone
during the scattering time. The Wannier-Stark approach implicitely accounts
for this effect, at least on the single-particle level, since the Wannier-Stark
states are eigenstates of the problem including the electric field. Compar-
ing the damping of THz signals as obtained with the plane wave and the
Wannier-Stark approach it has been shown that the intracollisional field ef-
fect leads to strong modifications in the high-field regime. In contrast to the
almost field-independent scattering rates in the plane wave approach, reso-
nances of increased scattering occur in the Wannier-Stark approach at fields
where the phonon-energy is a multiple integer of the Wannier-Stark split-
ting eF'd. For fields below these critical values the intracollisional field effect
strongly suppresses the electron-phonon interaction. Both approaches have
been shown to converge for small fields and it has been demonstated that the
Coulomb interaction is only of minor importance for these processes. Clos-
ing the investigation of ideal superlattices, the dependence of THz signals
on the excitation conditions has been discussed. It has been demonstrated
that, depending on the spectral position and width of the pulses and on the
interband and intraband dephasing times, the THz signals are dominated
by beatings of different origin. For most excitation conditions the THz sig-
nals oscillate with the frequency corresponding to the single particle energy
separation eF'd, however, depending on the applied field, it is possible to
predominantely excite also beatings between the 1s and 2s bound states of
the miniband exciton or beatings between 1s bound states of energetically
adjacent Wannier-Stark excitons.

The results for ideal superlattices have then been applied to calculate the dif-
ferences induced by disorder. The disturbances that have been regarded were
fluctuations of the well widths and the finiteness of the structures. First, their
influence has been checked in linear absorption. It has been proven, that the
limit of ideal superlattices may be reproduced fairly well if the number of
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identical wells times the homogeneous braodening is comparable or greater
than the miniband width. Due to the electronic coupling between the wells,
the disorder induced by varying the well widths does not lead to an as pro-
nounced wing below the miniband edge as would be expected for isolated
quantum wells. In single realisations of disordered multiple-quantum-well
systems, the disorder mostly influences the line of the miniband exciton. It
becomes assymetrically broadened to the high energy side and its maximum
oscillator strength is reduced. Ensembles of different disorder realisations
provide a good description of realistic systems where the interface layer be-
tween well and barrier material is usually built from islands of both. In this
case, the absorption edge is also almost undisturbed. All other features be-
come inhomogeneously broadened and rather faded. As a very interesting
example for intentionally disordered superlattices, systems in which the well
width alternates between two values have been presented. This structuring
of the unit-cell leads to a dimerisation of the minibands. Two minibands
evolve from each original and new types of transitions and excitons arise. It
is explained that these systems yield locally indirect excitons with proper-
ties higly interesting for further investigations. Their coupling to the usual,
locally direct minibands is different from that between direct excitons. Ap-
plying an electric field, the indirect excitons form a Wannier-Stark ladder
without a peak associated to the center of the former miniband, in contrast
to the locally direct excitons, where this line dominates the spectrum in the
Wannier-Strak localisation regime. Additionally, it has been demonstrated,
that electric fields may also be used to identify the indirect excitons more
clearly.

For THz signals the monolayer fluctuations inherent to realistic superlattices
have been shown to lead to inhomogeneous dephasing of THz signals with a
dephasing time proportional to the field.

Finally, four-wave-mixing signals for some idealised disordered short period
superlattices have been presented. They have been used to demonstrate
that disorder generally leads in electronically coupled systems not only to
inhomogeneous dephasing, but also to a homogeneous decay of the excitonic

resonances.



Chapter 6
Zusammenfassung

Aus theoretischer Sicht eignen sich Halbleiter-Ubergitter geradezu ideal zur
Untersuchung einer Vielzahl optischer und elektrischer Eigenschaften von
Halbleitern. Halbleiter-Ubergitter, das sind Stapel von unendlich vielen,
identischen Quanten-Filmen, die voneinander durch so diinne Barrieren ge-
trennt sind, dass die Ladungstrager nicht auf einem einzelnen Quanten-Film
lokalisiert bleiben. Eine der herausragendsten Moglichkeiten, die sie bieten,
ist, dass iiber die Strukturparameter die effektive Dimensionalitit des La-
dungstragersystems auf alle Werte zwischen zwei und drei eingestellt werden
kann. Die Ladungstrager konnen sich innerhalb der Quanten-Filme frei be-
wegen. lhre Energie ist dabei durch die Dispersion des Volumenmaterials
bestimmt. Da das Potential auch in Wachstumsrichtung translationsinvari-
ant ist, entstehen auch in dieser Richtung Binder. Wegen der wesentlich
grofieren Periodizitatslange entlang dieser Achse sind diese 'Minibander’ viel
schmaler als die in der Ebene der Quanten-Filme. IThre Breite ist durch die
Starke der elektronischen Kopplung zwischen den Quanten-Filmen bestimmt
und diese hingt entscheidend von der Dicke der Filme und der Barrieren
dazwischen ab. Fiir diinne Barrieren (einige wenige Monolagen) ist die Kop-
plung stark und es entstehen breite Minibander (> 100 meV’). In diesem Fall
verhalten sich die Ladungstriager und die entsprechende Coulomb-Wechsel-
wirkung nahezu wie in einem Volumenhalbleiter. Fiir sehr dicke Barrieren
(mehrere zehn Monolagen) sind die Minibander sehr schmal (<~ 10meV)
und die Bewegung in Wachstumsrichtung ist stark unterdriickt. In diesem
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Fall ist das Verhalten der Ladungstriager nahezu wie in einem zweidimen-
sionalen System. Die effektive Dimensionalitit des Ubergitters liegt somit
zwischen zwei und drei (2.z).

Die Dimensionalitat kann durch Anlegen eines externen elektrischen Feldes
entlang der Wachstumsrichtung noch weiter beeinflusst werden. Dieses Feld
zerstort die Translationsinvarianz und verringert damit die vollige Delokali-
sierung der Zustande. Es hebt die Entartung der Zustinde aus verschiedenen
Topfen auf. Mit steigendem Feld nimmt die Ausdehnung der Zustinde in
Wachstumsrichtung ab und aus den Minibandern entwickeln sich Wannier-
Stark Leitern. In ihnen dominieren die Uberginge zwischen Elektronen und
Lochern, die in demselben Quanten-Film lokalisiert sind. In diesem Grenzfall
verhilt sich das System wie ein Stapel ungekoppelter Quanten-Filme.

Somit kénnen mit Halbleiter-Ubergittern und angelegten elektrischen Fel-
dern optische und elektrische Eigenschaften von homogenen Systemen und
von Systemen mit mehr oder minder gestorter Symmetrie untersucht wer-
den. Es gibt allerdings auch Eigenschaften, die fiir solche elektronisch gekop-
pelten Vielfach-Quanten-Film Systeme typisch sind. Die wohl herausragend-
ste stellen die Bloch-Oszillationen der Ladungstrager dar, die hier auf einer
dem Experiment zuganglichen Zeitskala ablaufen. Die Periode T dieser Os-
zillationen ist in einem homogenen elektrischen Feld der Starke F' durch die
Periodizitatslange im Ortsraum d bestimmt 7p = h/eFd. In einem Volu-
menhalbleiter ist die Periodizitatslange durch die Wigner-Seitz Einheitszelle
gegeben. Zum Beispiel fiir GaAs sind dies nur zwei Monolagen. Daher
ist die Bloch-Oszillationsdauer fiir realistische Feldstirken hier wesentlich
langer als die iiblicherweise auftretenden Dephasierungszeiten. Deshalb sind
in Volumenhalbleitern bis heute keine Bloch-Oszillationen beobachtet wor-
den. In Ubergittern sind die notigen Felder wesentlich schwicher, da hier
die Ortsperiode in der Regel grofier als 50 Einheitszellen ist. So ist es auch
bereits einigen Gruppen gelungen, diese Oszillationen zu detektieren [2-4].
Sie sind von besonderem technischen Interesse, da die Bloch-oszillierenden
Ladungstrager zu oszillierenden Dipolmomenten fiihren, die eine Strahlung
im THz Bereich abstrahlen. Dieser Frequenzbereich ist nur schwer mit an-
deren technischen Methoden erreichbar. Die Ubergitter haben zudem den
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Vorteil, dass bei ihnen die Frequenz sehr einfach iiber das elektrische Feld
geregelt werden kann.

Ein anderer Vorteil der Ubergitter im Vergleich zu einzelnen Quanten-Filmen
oder auch Volumenhalbleitern ist, dass bei ihnen die Absorptionskante iiber
einen sehr weiten Bereich verschoben werden kann. Ohne ein angelegtes
elektrisches Feld ist die Absorptionskante durch das Minibandexziton be-
stimmt. Bei sehr hohen Feldern beginnt dagegen die wesentliche Absorp-
tion erst am Exziton des zentralen Wannier-Stark Ubergangs, der energetisch
in der Mitte des Minibandes liegt. Somit kann durch ein elektrisches Feld
die Absorptionskante um die Halfte des Minibandes verschoben werden,
also um einen auflergewohnlich hohen Energiebereich. Diese Eigenschaft
ist zum Beispiel in elektro-optischen Modulatoren und bistabilen Schaltern
erwiinscht [6-9], in denen durch ein Feld die Wellenlidnge des absorbierten
oder transmittierten Lichts geregelt wird.

Was die theoretischen Untersuchungen von Halbleiter-Ubergittern beson-
ders wertvoll macht, ist, dass es heute moglich ist, Ubergitter mit genau den
in der Theorie berwendeten Parametern zu wachsen und zu untersuchen. In
diesen epitaktisch gewachsenen Strukturen sind allerdings die Barrieren und
Quanten-Filme nicht ganz perfekt. Normalerweise wird die Monolage der
Grenzschicht zwischen den Materialien nicht von einem Material gebildet,
sondern sie setzt sich aus Inseln beider Materialien zusammen. So entste-
hen Bereiche, in denen die Barrieren und die Filme um eine Monolage von
den erwiinschten Dicken abweichen. Diese Unordnung beeinflusst die Sig-
nale auf zwei Arten: ’additiv’ und ’intern’. Diese beiden Arten sind entkop-
pelt, wenn die Inseln der Grenzschicht, die aus nur einem Material gebildet
werden, grofler sind als der Bohr-Radius des Exzitons. Dann verhalt sich das
System wie ein Ensemble von verschiedenen, untereinander nicht wechsel-
wirkenden Realisierungen von Mehrfach-Quanten-Film Strukturen mit un-
terschiedlichen Dicken der Barrieren und Filme (siehe Fig.1.1). Die ver-
schiedenen Realisierungen erzeugen verschiedene Signale, die ’'additiv’ im
Messgerat iiberlagert werden. Abgesehen von diesem ’additiven’ Einfluss
verandert die Unordnung auch 'intern’ die Signale einzelner Realisierungen.
Die veranderten Schichtdicken verandern auch ihre quantenmechanische Kop-
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plung. Dies beeinfluss t die Einteilchen-Zustinde und ihre Coulomb-Wech-
selwirkung.

Abgesehen von dieser unvermeidbaren Unordnung einer Monolage, kann
man die Strukturparameter im epitaktischen Wachstumsprozess genau kon-
trollieren. So konnen auch gewollt ungeordnete Strukturen erzeugt werden.
An diesen kann dann gezielt der Einfluss von Unordnung untersucht wer-
den und mit theoretischen Rechnungen fiir dieselben Strukturparameter ver-
glichen werden. Dies ist ein Vergleich, der fiir kaum ein anderes ungeord-
netes System so realistisch moglich ist.

Diese Arbeit versucht, eine Ubersicht iiber die wesentlichen elektro-opti-
schen Eigenschaften von elektronisch gekoppelten Mehrfach-Quanten-Film
Strukturen zu geben. Fiir ideale Halbleiter-Ubergitter werden Effekte bis zur
zweiten Ordnung im anregenden Feld diskutiert. Fiir Strukturen, in denen die
Periodizitit gestort ist, werden Effekte bis zur dritten Ordnung untersucht.

Es wird eine theoretische Beschreibung vorgestellt, die sowohl auf die geord-
neten als auch auf die ungeordneten Strukturen anwendbar ist. Sie griindet
auf den Halbleiter Bloch Gleichungen, fiir die die Wachstumsrichtung in den
Einteilchen-Eigenzustianden im Ortsraum und die freie Bewegung innerhalb
der Quanten-Filme in ebenen Wellen entwickelt werden.

Fiir ideale Ubergitter mit angelegten elektrischen Feldern sind die Zustinde
fiir die Wachstumsrichtung, die auch die Richtung des elektrischen Feldes
ist, Wannier-Stark Zustande. Es wird dargelegt, wie die allgemeine Beschrei-
bung fiir diesen speziellen Fall aussieht und worin die Unterschiede zu der
tiblicherweise verwendeten Entwicklung in ebenen Wellen fiir alle drei Raum-
richtungen bestehen. Danach werden lineare Absorptionsspektren vorge-
stellt. An ihnen wird die Reduzierung der Dimensionalitat durch das elek-
trische Feld von fast drei zu zwei erklart. Mit Hilfe der Vorteile der Beschrei-
bung mit Wannier-Stark Zustanden wird gezeigt, wie die Kopplung zwischen
verschiedenen Wannier-Stark Stufen zur Ausbildung von Fano-Resonanzen
fiihrt. Die Untersuchung von THz-Spektren konzentriert sich auf den Intra-
collisional Field Effekt. Diese Verianderung der Elektron-Phonon Streuraten
wird vernachlassigt, wenn man die Markov Niherung bei der Berechnung in
einer Darstellung in ebenen Wellen verwendet. In dieser Vorgehensweise
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wird nicht beriicksichtigt, dass sich die Ladungstrager wegen des angelegten
elektrischen Felds wahrend der Streudauer durch die Brillouin Zone bewegen.
Da die Wannier-Stark Zustinde Eigenzustinde des Ubergitters einschliellich
des elektrischen Feldes sind, wird dieser Effekt in dieser Beschreibung zumin-
dest auf der Ebene von Einteilchen Prozessen automatisch berticksichtigt. Ein
Vergleich der mit beiden Beschreibungsweisen berechneten Streuraten zeigt,
dass der Intracollisional Field Effekt im Hochfeldfall die Streuraten drastisch
verandert. Es entstehen Resonanzen, wenn die Phononenenergie ein ganz-
zahliges Vielfaches der Wannier-Stark Aufspaltung eFd ist. Fiir Felder unter-
halb dieser Bereiche starker Elektron-Phonon Wechselwirkung unterdriickt
der Intracollisional Field Effekt stark die Streuung. Es wird gezeigt, dass
beide Beschreibungen fiir kleine Felder zu denselben Ergebnissen fiihren und
dass die Coulomb-Wechselwirkung auf diese Vorginge keinen bedeutenden
Einfluss hat. Eine Untersuchung der Abhingigkeit der THz Signale von den
Anregungsbedingungen beschliefit die Betrachtung idealer Ubergitter. Dabei
wird gezeigt, dass die THz Signale abhangig von der Anregungsenergie, der
Breite der Pulse und den Dephasierungszeiten von Schwingungen unterschied-
lichen Ursprungs dominiert werden. In der Regel schwingen die Signale mit
der Frequenz der Wannier-Stark Aufspaltung. Unter bestimmten Bedingun-
gen konnen aber auch vorzugsweise Schwingungen zwischen den gebundenen
1s und 2s Zustanden des Minibandexzitons oder zwischen 1s Zustanden ver-
schiedener Wannier-Stark Stufen das Signal dominieren.

Mit Hilfe der Ergebnisse fiir ideale Ubergitter werden dann die von Unord-
nung verursachten Abweichungen herausgearbeitet. Die Storungen, die hier
untersucht werden, sind zum einen Abweichungen von den idealen Dicken
der Quanten-Filme und zum anderen die Endlichkeit der Strukturen. Mit lin-
earen Absorptionsspektren wird gezeigt, dass der Grenzfall idealer Ubergitter
durch Strukturen gut simuliert werden kann, in denen die Zahl der Quanten-
Filme multipliziert mit der Linienbreite grofier ist als die Minibandbreite.
Da die Filme elektronisch gekoppelt sind, fiihren Abweichungen der Schicht-
dicken im Gegensatz zu ungekoppelten Filmen nicht zu einem Auslaufer der
Absorption unterhalb der Bandkante. In isolierten Unordnungsrealisierun-
gen treten die starksten Abweichungen im Spektrum in der Linie des Mini-
bandexzitons auf. Sie wird asymmetrisch zur hochenergetischen Seite hin
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verbreitert und seine maximale Oszillatorstarke wird abgesenkt. Auch in En-
sembles verschiedener Unordnungsrealisierungen wird die Absorption nicht
unter die Bandkante des geordneten Falls abgesenkt. Alle anderen Signa-
turen werden inhomogen verbreitert und undeutlicher. Als ein besonders
interessantes Beispiel fiir gezielt ungeordnete Ubergitter werden Strukturen
vorgestellt, bei denen die Dicke der Quanten-Filme abwechselnd zwischen
zwei Werten variiert. Diese Strukturierung der Einheitszelle fiihrt zu einer
Dimerisierung der Minibander. So entstehen vier neue Biander aus jedem
urspriinglichen kombinierten Miniband und neue Arten von Ubergingen und
Exzitonen werden moglich. Es wird gezeigt, dass in diesen Systemen raum-
lich indirekte Exzitonen auftreten. Die Kopplung dieser Exzitonen an die
tiblichen, direkten Exzitonen unterscheidet sich von der zwischen Exzitonen
desselben Typs. Legt man ein elektrisches Feld an eine solche Struktur an, so
bildet sich aus den indirekten Exzitonen eine Wannier-Stark Leiter ohne eine
Linie in der Mitte des urspriinglichen Minibandes im Gegensatz zu den di-
rekten Exzitonen, bei denen diese Linie die Absorption fiir Felder im Bereich
der Wannier-Stark Lokalisierung dominiert. Das elektrische Feld kann auch
dazu benutzt werden, die indirekten Exzitonen deutlicher hervorzuheben.

Fiir THz Signale wird gezeigt, dass Abweichungen der Schichtdicken von einer
Monolage, wie sie in realistischen Ubergittern iiblich sind, zu einem inhomo-
genen Zerfall des Signals fiihren. Die Dephasierungszeit ist dabei linear im
angelegten Feld.

Abschlielend werden Vier-Wellen-Misch Signale fiir idealisierte, ungeord-
nete Mehrfach-Quanten-Film Strukturen vorgestellt. Mit ihnen wird gezeigt,
dass Unordnung im Allgemeinen in elektronisch gekoppelten Systemen nicht
nur zu inhomogenem Dephasieren, sondern auch zu einem homogenen Zerfall
der exzitonischen Resonanzen fiihrt.
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