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Abstract.
A review of coherent phenomena in photoexcited semiconductors is presented. In particular, two

classes of phenomena are considered: On the one hand the role played by optically-induced phase
coherence in the ultrafast spectroscopy of semiconductors; On the other hand the Coulomb-induced
effects on the coherent optical response of low-dimensional structures.

All the phenomena discussed in the paper are analyzed in terms of a theorctical framework based
on the density-matrix formalism. Due to its generality, this quantum-kinetic approach allows a realistic
description of coherent as well as incoherent, i.e. phase-breaking, processes, thus providing quantitative
information on the coupled —coherent vs. incoherent— carrier dynamics in photoexcited semiconductors.

The primary goal of the paper is to discuss the concept of quantum-mechanical phase coherence
as well as its relevance and implications on semiconductor physics and technology. In particular, we
will discuss the dominant role played by optically induced phase coherence on the process of carrier
photogeneration and relaxation in bulk systems. We will then review typical field-induced coherent
phenomena in semiconductor superlattices such as Bloch oscillations and Wannier-Stark localization.
Finally, we will discuss the dominant role played by Coulomb correlation on the linear and non-linear
optical spectra of realistic quantum-wire structures.

PACS numbers: 78.47, 42.65.R, 78.65, 72.20.D
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1. Introduction

The resonant excitation by coherent optical radiation of an electronic transition in a semiconductor, e.g.
a valence- to conduction-band excitation, creates a quantum-mechanical coherent superposition of the
initial and final states of the transition, called optical polarization. The non-linear optical properties
of this coherent superposition, together with its time evolution, can be used to provide a semsitive
measurement of many fundamental parameters of the semiconductor material [1] including elastic and
inelastic scattering, energy level splittings between nearly degenerate states, energy relaxation, as well
as associated information such as Landé g-factors and band-mixing.

In general, non-linear laser spectroscopy is a very established and well understood means to probe
these phenomena [2, 3, 4, 5, 6, 7, 8, 9]. However, the description of the non-linear optical response of a
semiconductor crystal can be considerably more complex than for simple isolated and non-interacting
atoms [8). This is particularly true for the case of the ultrafast optical spectroscopy used for the study
of the sub-picosecond dynamics of photoexcited carriers in bulk systems as well as in semiconductor
heterostructures {1, 10, 11].

The life-time of the coherent quantum-mechanical superposition generated by an ultrafast laser
excitation, called “dephasing time”, determines the typical time-scale on which coherent phenomena
can be observed. Such dephasing time reflects the role played by the various “incoherent”, i.e. phase-
breaking, mechanisms in destroying the phase coherence induced by the laser photoexcitation. Since
semiconductors are characterized by very short electron-hole dephasing times, of the order of few
hundreds of femtoseconds (8], coherent phenomena manifest themselves only through ultrafast optical
experiments with sub-picosecond time resolutions [1]. On this time-scale, the ultrafast evolution
of photoexcited electron-hole pairs will reflect the strong coupling between coherent and incoherent
dynamics, thus providing invaluable information on the non-equilibrium relaxation processes occurring
in the semiconductor, e.g. carrier-carrier and carrier-phonon scattering.

The aim of this paper is to review the basic aspects related to coherent phenomena in
semiconductors. In particular, we will focus on the ultrafast —coherent vs. incoherent— carrier
dynamics as well as on Coulomb-correlation effects in photoexcited semiconductors.

The paper is organized as follows. In the remainder of this section, after a brief historical
account of coherent experiments in solids, we will try to gain more insight into the concept of
coherence by introducing a simplified description of the light-matter interaction in terms of a two-
level model. In section 2 we will discuss the theoretical approach commonly used for a realistic
description of both coherent and incoherent phenomena in various semiconductor structures, e.g. bulk
systems, semiconductor superlattices, quantum wells and wires. Section 3 deals with ultrafast carrier
photoexcitation and relaxation in bulk semiconductors; In particular, we will discuss the dominant
role played by coherence on the carrier photogeneration process. In section 4 we will review and
discuss typical field-induced phenomena in superlattices, namely Bloch oscillations and Wannier- -
Stark localization, as well as their dephasing dynamics. Section 5 is devoted to the analysis of the
coherent optical response of quasi-one-dimensional systems; More specifically, we will discuss the strong
modifications induced by Coulomb cotrelation on the linear and non-linear optical spectra of realistic
quantum-wire structures. Finally, in section 6 we will summarize and draw some conclusions.

1.1. Historical background

Coherent phenomena in atomic and molecular systems have been investigated for a long time [2]. The
first spin echo experiment [12] was performed in 1950 on protons in a water solution of Fet*t ions.
Pulses in the radio frequency range were generated by means of a gated oscillator with pulse widths
between 20 ps and a few milliseconds. With these pulses dephasing times of the order of 10 ms have
been measured.

In the 19605 echo experiments were brought into the visible range [13, 14]. A Q-switched ruby laser
produced pulses of approximately 10 ns duration which were used to observe photon echoes from ruby.
In this case the dephasing times were of the order of 100 ns.

As already pointed out, for the observation of any coherent dynamics the pulse width has to be
shorter than the typical dephasing time. Since in semiconductors electron-hole dephasing times are
much shorter ~—they are in the range of a few picoseconds down to some femtoseconds—, coherent
experiments in semiconductors had to wait until the development of suitable lasers able to generate
sub-picosecond pulses.



1.2 Ulirafast spectroscopy in semiconductors

The physical phenomena governing the ultrafast carrier dynamics in photoexcited semiconductors can
be divided into two classes: coherent phenomena, i.e. phenomena related to the quantum-mechanical
phase coherence induced by the laser photoexcitation, and incoherent phenomena, i.e. phenomena
induced by the various phase-breaking scattering mechanisms. The above classification in terms
of coherent and incoherent phenomena is not purely academic; It corresponds to rather different
experimental techniques for the investigation of these two different regimes.

From an historical point of view, the optical spectroscopy in semiconductors started with the analysis
of relatively slow incoherent phenomena (compared to the electron-hole dephasing time-scale). The
investigation of nonequilibrium carriers started with the analysis of the incoherent energy-relaxation
processes in the late 1960s using cw-lasers [15]. In the 1970s pulse sources for the study of photoexcited
cartiers became available [16] and this initiated time-resolved studies of the energy-relaxation process.
Many experiments based on different techniques have been performed [1j: band-to-band luminescence
[17, 18] which monitors the product of electron and hole distribution functions, band-to-acceptor
luminescence [19, 20, 21} which provides information on the electron distribution functions only, and
pump-and-probe measurements [22, 23, 24, 25, 26] where the measured differential transmission is
proportional to the sum of electron and hole distribution functions.

The theoretical analysis of these relaxation phenomena is commonly based on the semiclassical
Boltzmann theory. The Boltzmann equations for both electron and hole distribution functions are
commonly solved by means of semiclassical Monte Carlo simulations [27, 28, 29].

In addition to the analysis of incoherent energy-relaxation processes, the ultrafast optical
spectroscopy has allowed the investigation of coherent phenomena. As already pointed out, a coherent
laser field creates, in addition to a non-equilibrium carrier distribution, a coherent polarization. The
investigation of the coherent dynamics in semiconductors started in the 1980s. Different aspects have
been investigated [1]: the optical Stark effect (30, 31, 32, 33], the dephasing of free carriers [34]
and excitons [35, 36, 37}, quantum beats related to various types of level splittings [38, 39, 40, 41},
charge oscillations in double-quantum-well systems {42, 43] and superlattices [44], many-particle eflects
(45, 46, 47, 48], and the emission of coherent THz radiation {49, 50].

These experiments cannot be analyzed within the framework of the Boltzmann equation. The
reason is that this coherent polarization reflects a well-defined phase relation between electrons and
holes, which is neglected within the semiclassical Boltzmann theory. Any proper description requires a
quantum-mechanical treatment where, in addition to the distribution functions of electrons and holes,
also the interband polarization is taken into account as an independent variable. Several approaches
have been used in the literature {8]: Bogoliubov transformations [51], nonequilibrium Green’s functions
[52, 53, 54, 55, 56], band-edge equations based on the real-space density matrix [57], and the density
matrix formalism in momentum space [58, 59, 60, 61, 62, 63, 64].

During the last decade the time resolution has been further improved down to few tens of
femtoseconds [65]. On such extremely short time-scale coherent eflects can no longer be neglected and
are found to play a dominant role also for the case of typical incoherent measurements such as time-
resolved and time-integrated luminescence. In such conditions, the carrier dynamics is the result of a
strong interplay between coherent and incoherent phenomena. Therefore, the traditional separation
t between coherent and incoherent approaches for the theoretical investigation of photoexcited
semiconductors is no longer valid. What is needed is a comprehensive theoretical framework able
to describe on the same kinetic level both classes of phenomena as well as their mutual coupling.
To this purpose, a generalized Monte Carlo method for the analysis of both coherent and incoherent
phenomena has been recently proposed [66, 67, 68, 69, 70}. The spirit of the method is to combine the
advantages of the conventional Monte Carlo approach [27, 28, 29] in treating the incoherent, i.e. phase-
breaking, dynamics with the strength of a quantum-kinetic approach in describing coherent phenomena
{8]. In particular, the coherent contributions are evaluated by means of a direct numerical integration
while the incoherent ones are “sampled” by means of a conventional Monte Carlo simulation in the
three-dimensional k-space.

t From an historical point of view, the theoretical approaches commonly used for the interpretation of coherent
phenomena provide a rather qualitative description of phase-breaking processes in terms of phenomenological energy-
relaxation and dephasing rates. On the other hand, incoherent phenomena were traditionally investigated in terms
of semiclassical Monte Carlo simulations, which provide a microscopic description of the non-equilibriumn scattering
dynamics.
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This theoretical approach has ben applied successfully to the analysis of various ultrafast optical
experiments, e.g. four-wave-mixing studies of many-body effects in bulk GaAs [71, 72]) and luminescence
studies of the hot-carrier photogeneration process (73, 74, 75).

1.8. The meaning of coherence

In order to clarify the concept of phase coherence, let us consider the simplest physical model for
the description of light-matter interaction, i.e. an optically driven two-level system (1, 2]. Within a
two-level picture, a ground state a with energy €a and an excited state b with energy ¢p are mutually
coupled by a driving force, e.g. an external field, and/or by their mutual interaction, ¢.g. Coulomb

correlation. The two-level-system Hamiltonian

H=H,+H (1)
is the sum of a free-level contribution

H, = eaaha, + ebaLab (2)
and of a coupling term

H' = Up,alas + Uspahay - (3)

Here, the usual second-quantization picture in terms of creation (a') and destruction (a) operators has
been introduced [8]. The two terms forming the coupling Hamiltonian H will induce transitions from
state a to b and vice versa according to the coupling constant Uy = Usy.

As a starting point, let us consider a single-electron system. f1 the absence of interlevel coupling
(U,p = 0), we have two stationary states,

oth = esp () bty 1t = ean (~7E°) e (@

(|0) being the vacuum state), corresponding to a single electron in level a or b, respectively. On
the contrary, in the presence of interlevel coupling, the state of the system is, in general, a linear
superposition of the non-interacting states in equation (4):

[$(t)) = ca(t)la(t)) + cp(1)Ib(2)) 5 (5)
whose coefficients obey the following equations of motion:

d U I.(Ea, — £ )t

it t_?lbe:cp( i b )Cb

d _ Uba i(Eb -"fa)t

ECb = —‘,K‘CIP ( N ca . (6)

Again, we see that in the absence of interlevel coupling (U = 0) there is no time variation of the
coefficients, i.e. if the system is prepared in state |a) or |b} it will remain in such eigenstate. On the
contrary, the interlevel coupling induces a time variation of the coefficients.

The above two-level model provides the simplest description of light-matter interaction in atomic
and molecular systems [2] as well as in solids [8]. The coupling term in equation (3) has the same
structure of a field-dipole interaction Hamiltonian and the driving force u can be regarded as a coherent
light field. We will now consider two limiting cases: the ultrashort- and continuous-excitation regimes.

An ultrashort optical excitation can be described in terms of a delta-like light pulse: U,p(t) = nb(t).
In this case, the equations of motion (6) can be solved analytically: Due to this excitation, the two-level
system will undergo an instantaneous transition from its ground state {ca = 1,cp, = 0} to the excited
state {¢a = cosa,cp, = —isin a}, with a = 1. Therefore, after the pulse the system will remain in the
excited state

[9(2)} = (cos a)la(t)) + (—isin a)[b{t)) , Q)

which is a coherent quantum-mechanical superposition of the two non-interacting states. In addition
to a finite occupation probability chll = sin2a of the excited state, there exists a well defined phase
coherence between the ground- and the excited-state contributions, i.e. a part from their amplitudes,
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the coefficients ca and ¢}, differ in phase by 3. This is what is generally meant by optically induced
phase coherence.

Let us now consider a continuous optical excitation resonant with our two-level system: U, (t) =
Use™tt with hwy = ¢p — €a. Also for this case, equations (6) can be solved analytically. In particular,
for the initial condition at t = 0 given by the ground state {ca = 1, ¢}, = 0}, the solution is given by

1 L1
[%(2)) = cos(gwrt)|a(t)) — isin(Gwrt)ib(?)) (8)
where wg = -?%“ is the so-called Rabi frequency. Compared to the previous case, the continuous

excitation gives rise to a periodic population and depopulation of the excited state according to
fepl? = sinz(-._l;wgt). This purely coherent phenomenon is known as “Rabi-oscillation regime”. As
for the previous case, the excited state in equation (8) reflects a well-defined optically-induced phase
coherence.

As mentioned above, the interievel-coupling Hamiltonian in equation (3) may also describe, in
addition to an optical excitation, some interlevel coupling due, e.g. to Coulomb interaction. Also in
this case, in the presence of this interlevel coupling the quantum state of the system will result in a
coherent superposition of the two stationary states in (4). Again, this coupling will induce a well-defined
phase coherence between the two levels.

From the above considerations we see that coherent phenomena can be divided into two basic
classes: optically-induced and Coulomb-induced phenomena. In order to describe the optical response
of an electron gas within a semiconductor crystal, the above analysis, based on a single two-level
system, has to be replaced by a statistical-ensemble approach, i.e. a description based on a collection
of independent t{wo-level systems. Any statistical ensemble of quantum systems is properly described
by its single-particle density matrix [64]

Pant = (af,.an) , (%)
where n denotes a generic set of quantum numbers. Its diagonal elements f, = p,, provide the average
occupation numbers while the non-diagonal terms describe the degree of phase coherence between
states n and n’. For the case of our two-level system, ppnr reduces to a two-by-two matrix: the
diagonal elements fa = paa and f), = pp, describe, respectively, the average occupation of levels a and
b, while the non-diagonal terms p = pp, and p* = p_, reflect the average degree of phase coherence
between the ground and the excited state. Starting from the Heisenberg equations of motion for the
creation and destruction operators, 1.e.

d d
ih—al =gt he— g ==
u‘idtan ={al,H], :hdtan = [a,, H] , (10)
we obtain the following equations of motion for the above density-matrix elements:
d d 2.
/b= — gfa= 3R (Wapr)
d _ Cb — €a Uba

They are known as optical Bloch equations [1, 8] in analogy with the equations first derived by Bloch
f76] for the spin systems. This statistical-ensemble description reduces to the previous one for the case
of a so called “pure state”, i.e. the case in which all the two-level systems forming the ensemble are
in the same quantum-mechanical state |¢). In this case, the above set of kinetic equations and the
equations of motion (6) are totally equivalent. However, as we will discuss in section 2, the density-
matrix approach introduced so far allows, in addition to the study of coherent phenomena, the analysis
of incoherent phenomena, which is not possible within a simple Schrédinger-equation formalism.

The optical Bloch equations (10) provide the simplest description of light-matter interaction. Let
us consider again the case of a continuous optical excitation resonant with our two-level system:
U,p(t) = Use™=t. If we choose as initial condition at time £ = 0 the state {fa = fo, fp = 0,p =0},
the solution of the above optical Bloch equations is given by:

falt) = fu cos™(5unt)

£b(8) = fosin®(Gunt)

p(t) = % [é“""+= - e_i“'_‘] , (12)
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where wf = wy + wg. As for the case of a single two-level system, the above solution describes
a Rabi-oscillation regime. In particular, the interlevel density-matrix element p originates from the
superposition of the two frequency components wt and w—. They differ from wy, by the Rabi frequency
wgr. Such modification of the two-level frequency wy, due to its coupling with the external field is known
as “Rabi splitting” [6].

I we now rewrite the interlevel density-matrix element p in (12) as

p(l) = —%ﬂe“‘”"'sin(wgt) , (13)

we see that, a part from the quantum-mechanical phase factor corresponding to the energy separation
hwy = €}, - €a, its amplitude exhibits Rabi oscillations according to sin{wgt). More specifically, we
obtain:

[p|? o sin*(wrt) cosz(%wgt) sin’(%wmﬂ) x fa(t)fp(t) (14)

i.e. the quantity |p|? is proportional to the product of the two occupation numbers, thus reflecting the
total {or macroscopic) dipole moment of the two-level system at time t. This elucidates the link between
optically-induced phase coherence and polarization: a coherent optical excitation gives rise to a coherent
guantum-mechanical superposition of the two states which results in a macroscopic polarization of the
system. Such polarization field is fully described by the non-diagonal matrix element p in (12).

The above simplified description of light-matter interaction neglects any kind of incoherent, ie.
phase-breaking, phenomena. As we will see in section 2, such dephasing processes will lead to a decay
of the interband polarization p, thus destroying the optically induced phase coherence in the carrier
system.

As a final remark, let us discuss the concept of phase coherence in connection with the choice of
representation. On the basis of the density-matrix formalism considered so far, the phase coherence
is described by the non-diagonal density-matrix elements pns in (9). However, this separation in
diagonal and non-diagonal terms is clearly representation dependent: what is diagonal in a given basis
is in general not diagonal in a different basis and vice versa. If one considers, as basis set, the eigenstates
of the total Hamiltonian H (which includes the external driving force), the density matrix p in (9) is
always diagonal, i.e. no phase coherence. Thus, in order to speak of phase coherence, we need to regard
the total Hamiltonian K as the sum of the system Hamiltonian H, plus a driving-force term H' (see
equation (1)). Provided such separation between system of interest and driving force, the non-diagonal
density-matrix elements within the representation given by the eigenstates of H, will describe the
degree of coherence induced in the system by the driving force H'.

Two typical cases, discussed respectively in sections 4 and 5, may help in clarifying the meaning
of coherence. The first case is that of a semiconductor superlattice in the presence of a constant
and homogeneous electric field: As we will see, within the Wannier-Stark representation the Bloch-
oscillation dynamics is the result of phase coherence between the various Wannier-Stark states; On
the contrary, within the Bloch representation the same phenomenon is purely described in terms of
carrier populations, i.e. no off-diagonal density-matrix elements. The second case is that of Coulomb-
induced phase coherence: Within a free-particle representation, even at the simplest Hartree-Fock level,
Coulomb interaction induces phase coherence between free-carrier states. This is clearly not the case
within an exciton basis, where the density matrix is diagonal.

2. Theoretical background

In this section we will review in a systematic way the basic ideas used in the theoretical analysis of
ultrafast carrier dynamics in semiconductors. The approach we are going to present is based on the
density-matrix formalism introduced in section 1.3.

2.1. Physical system

In order to study the optical and transport properties of semiconductor bulk and heterostructures, let
us consider a gas of carriers in a crystal under the action of an applied electromagnetic field. The
carriers will experience their mutual interaction as well as the interaction with the phonon modes of
the crystal. Such physical system can be described by the following Hamiltonian:

H=H.+Hp,+H..+H, +Hp, . (15
PP
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The first term describes the noninteracting-carrier system in the presence of the external electromagnetic
field while the second one refers to the free-phonon system. The last three terms describe many-
body contributions: they refer, respectively, to carrier-carrier, carrier-phonon, and phonon-phonon

interactions.
In order to discuss their explicit form, let us introduce the usual second-quantization field operators

¥'(r) and ¥(r). They describe, respectively, the creation and the destruction of a carrier in r. In

terms of the above field operators the carrier Hamiltonian H, can be written as

(—ihVe - SA(x, 1))
2my,

H. = / dr®i(r) +ep(r,t) + VI(r)| B(x) . (16)

Here, V/(r) denotes the periodic potential due to the perfect crystal while A(r,t} and ¢(r,t) denote,
respectively, the vector and scalar potentials corresponding to the external electromagnetic field. Since
we are interested in the elecirooptical properties as well as in the ultrafast dynamics of photoexcited
carriers, the electromagnetic field acting on the crystal —and the corresponding electromagnetic
potentials— will be the sum of two different contributions: the high-frequency laser field responsible
for the ultrafast optical excitation and the additional electromagnetic field acting on the photoexcited
carriers on a longer time-scale. More specifically, by denoting with the labels 1 and 2 these two
contributions, we can write

A(r:t) = Al(rst) + A—2(rl t) ’ ﬁo(r1 t) = Sal(r!t) + (pz(r,i) (17)

and recalling that

E(r,t) = ——i—(—%A(r,t) — Vrp(r,1), B(r,t) = Vr x A(r,t) (18)
we have
E(r,t) = Ei(r,t) + Eo(r, 1), B(r,t) = By{r,t) + Ba(r,t) . (19)

Equation (18), which gives the electromagnetic fields in terms of the corresponding vector and scalar
potentials, reflects the well known gauge freedom: there is an infinite number of possible combinations
of A and ¢ which give rise to the same electromagnetic field {E,B}. We will use such freedom of
choice for the laser field (term 1}: we assume a homogeneous (space-independent) laser field E;(t) fully
described by the scalar potential

pi1(r,t) = —E; () -r. (20)

This assumption, which corresponds to the well known dipole approximation, is well justified as long
as the space-scale of interest is small compared to the light wavelength. The explicit form of the laser
field considered here is

Ey(t) = E*(1) + E~(8) = Ey()e+ + Ej(t)e™* @y

where F,(t) is the amplitude of the light field and w; denotes its central frequency.
With this particular choice of the electromagnetic potentials describing the laser field, the
Hamiltonian in {16) can be rewritten as

Hc = Hz + Hc! 1 (22)
where

(—iAVy — £A5(r, 1))’

- + epa(r, t) + Vi(r)| ®(r) (23)

HC = ] dr®i(r)
describes the carrier system in the crystal under the action of the electromagnetic field 2 only, while
H, = e/dr'I't(r)tpl(r,t)'I'(r) (24)

describes the carrier-light (¢l) interaction due to the laser photoexcitation.



In analogy with the carrier system, by denoting with bfl.l and by , the creation and destruction
operators for a phonon of mode A and wavevector q, the free—phonon(}{amiltonian takes the form

Hy =Y hwqablbqs (25)
qx

where wqa is the dispersion relation for the phonon mode A.
Let us now discuss the explicit form of the many-body contributions. The carrier-carrier interaction

is described by the two-body Hamiltonian
H.= [ dr f B (1) B (2 Woaolr — ) E()E(r) , (26)

where V.. denotes the Coulomb potential.
Let us now introduce the carrier-phonon interaction Hamiltonian

H,, = f de B (x)V,p () B (r) , (27)
where
Vep = Z [S.ququcl‘q'r + §axbaxe-iq'r] (28)
qr

is the electrostatic phonon potential induced by the lattice vibrations. Here, the explicit form of the
coupling function jqa depends on the particular phonon mode X (acoustic, optical, etc.) as well as on
the coupling mechanism considered (deformation potential, polar coupling, etc.).

Let us finally discuss the phonon-phonon contribution Hp,. The free-phonon Hamiltonian Hy in
(25), which describes a system of noninteracting phonons, by definition accounts only for the harmonic
part of the lattice potential. However, non-harmonic contributions of the interatomic potential can play
an important role in determining the lattice dynamics in highly excited systems [77], since they are
responsible for the decay of optical phonons into phonons of lower frequency. In our second-quantization
picture, these non-harmonic contributions can be described in terms of a phonon-phonon interaction
which induces, in general, transitions between free-phonon states. Here, we will not discuss the explicit
form of the phonon-phonon Hamiltonian Hp, responsible for such a decay. We will simply assume that
such phonon-phonon interaction is so efficient to maintain the phonon system in thermal equilibrium.
This corresponds to neglecting hot-phonon effects [78}.

It is well known that the coordinate representation used so far is not the most convenient one in
describing the electron dynamics within a periodic crystal. In general, it is more convenient to employ
the representation given by the eigenstates of the noninteracting-carrier Hamiltonian —or a part of
it— since it automatically accounts for some of the symmetries of the system. For the moment we will
simply consider an orthonormal basis set {@a(r)} without specifying which part of the Harniltonian
is diagonal in such representation. This will allow us to write down equations valid in any quantum-
mechanical representation. Since the noninteracting-carrier Hamiltonian is, in general, a function of
time, also the basis functions ¢, may be time-dependent. Here, the label n denotes, in general, a set
of discrete and/or continuous quantum numbers. In the absence of electromagnetic field, the above
wavefunctions will correspond to the well known Bloch states of the crystal and the index n will reduce
to the wavevector k plus the band {or subband) index ». In the presence of a homogeneous magnetic
field the eigenfunctions ¢, may instead correspond to Landau states. Finally, for the case of a constant
and homogeneous electric field, there exist two equivalent representations: the accelerated Bloch states
and the Wannier-Stark picture. Such equivalence results to be of crucial importance in understanding
the relationship between Bloch oscillations and Wannier-Stark localization and, for this reason, it will
be discussed in more detail in section 4.1.

Let us now reconsider the system Hamiltonian introduced so far in terms of such ¢n representation.
As a starting point, we may expand the second-quantization field operators in terms of the new
wavefunctions:

¥() =) dalr)a, , Ti(r) =) én(r)al . (29)

The above expansion defines the new set of second-quantization operators al, and a,,; They describe,
respectively, the creation and destruction of a carrier in state n.
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For the case of 2 semiconductor structure (the only one considered here), the energy spectrum of
the noninteracting-carrier Hamiltonian (23) —or a part of it— is always characterized by two well-
separated energy regions: the valence and the conduction band. Also in the presence of an applied
electromagnetic field, the periodic lattice potential V! gives rise to a large energy gap. Therefore,
we deal with two energetically well-separated regions, which suggests the introduction of the usual
electron-hole picture. This corresponds to a separation of the set of states {¢n} into conduction states
{#7} and valence states {$?}. Thus, also the creation (destruction) operators af (a,) introduced in
equation (29) will be divided into creation (destruction) electron and hole operators: ¢! (c;) and d}
(d;)- In terms of the new electron-hole picture, the expansion (29) is given by:

¥(r) = Z é;(r)e; + E ¢;“(r)d}

Fle) = 3 o)l + 347 ()d; - (30)

i
If we now insert the above expansion into equation (23), the noninteracting-carrier Hamiltonian takes
the form

H: = ZE&:C}C"A‘ + zf:,rd}dja = H: +‘ H;: ' (31)
i ii'
where
. —ihVy — £A,)°
it =+ [ arait [( WVe =281 4 e 4V - | 60 (32)

are just the matrix elements of the Hamiltonian in the ¢-representation. The & sign refers, respectively,
to electrons and holes while ¢, denotes the conduction-band edge. Here, we neglect any valence-to-
conduction band coupling due to the external electromagnetic field and vice versa. This is well fulfilled
for the systems and field-regimes we are going to discuss in this paper. As already pointed out, the
above Hamiltonian may be time-dependent. We will discuss this aspect in the following section, where
we will derive our set of kinetic equations.

Let us now write in terms of our electron-hole representation the carrier-light interaction

Hamiltonian (24):

Hy=-) [,uf}‘E" (O)cld] + ui B (0)d;e.] - (33)
i

The above expression has been obtained within the well known rotating-wave approximation {8] by
neglecting intraband transitions, absent for the case of optical excitations. Here, ,uf;‘ denotes the

optical dipole matrix element between states ¢ and q&}'.
Similatly, the carrier-carrier Hamiltonian (26) car be rewritten as:

1 t 1
H. = E z Vii‘;:ia.-.c'-lc‘-_‘c,'scl"

iiiataig

1 cc gt Jt
+5 2 Viiidhdhdidi,

J1¥ajaja
- Z ii?li:‘:cgld}ldhc‘:l (34)
LTEES P BY
where
Vit = [ ar [ 67,0061,V — ), )ou(o) (39)

are the Coulomb matrix elements within our ¢-representation. The first two terms describe the repulsive
electron-electron and hole-hole interaction while the last one describes the attractive electron-hole
interaction. Here, we neglect terms that do not conserve the number of electron-hole pairs, i.e. impact-
ionization and Auger-recombination processes [79], as well as the interband exchange interaction. This
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monopole-monopole approximation is justified as long as the exciton binding energy is small compared

to the energy gap.
Finally, let us rewrite the carrier-phonon interaction Hamiltonian introduced in equation (27}

H, = Z [in-,qxc.! bgaci + gfi".q%c!‘bzlic‘}

i0,qA
h t he t pt
-2 [ﬂji'.qxdjqudﬂ+$’j:".q»\dj'qu“j] (36)
Ji'gx
with
e - elh= iq- h
-‘J’H{::p = 9qa ] drg;!™ (r)e Tl (r) . (37)

In equation (36) we can clearly recognize four different contributions corresponding to electron and hole
phonon absorption and emission.

2.2. Kinetic descriplion

Our kinetic description of the ultrafast carrier dynamics in semiconductors is based on the density-
matrix formalism introduced in section 1.3. Since this approach has been reviewed and discussed in
several papers [64, 80} and text-books {1, 8], here we will simply recall in our notation the kinetic
equations relevant for the analysis of carrier dynamics in semiconductor heterostructures, generalizing
the approach presented in [64] to the case of a time-dependent quantum-mechanical representation.

The set of kinetic variables is the same considered in [64]. Given our electron-hole representation
{5}, {d)}‘}, we will consider the intraband electron and hole single-particle density matrices

fo={dey, Hy= (dtd;.) (38)
as well as the corresponding interband density matrix
Py = {d;ci) - (39)

Here, the diagonal elements ff; and f}',— correspond to the electron and hole distribution functions of
the Boltzmann theory while the non-diagonal terms describe intraband polarizations. On the contrary,
the interband density-matrix elements p;; describe interband (or optical) polarizations.

In order to derive the set of kinetic equations, i.e. the equations of motion for the above kinetic
variables, the standard procedure starts by deriving the equations of motion for the electron and hole
operators introduced in (30):

c; = /drq&f‘(r)‘l’(r) , d; = jdrc#;-"(r)'l"(r) . (40}
By applying the Heisenberg equation of motion for the field operator ¥, ie.

d 1

¥ =—[2.H], (41)
it is easy to obtain the following equations of motion:

d 1 1 .

'Et‘cl' = "_—h‘ [Cl‘| H] + i—h‘ ;Zﬁ:‘c‘"

d 1 1 A

=% =7 [4H + 7 ;Zﬁ'di’ (42)
with

. d .
zh =in f dr (E oln (r)) Ay . (43)

As for the case of equation (31), here we neglect again valence-to-conduction band coupling and vice
versa. Compared to the more conventional Heisenberg equations of motion, they contain an extra-term,
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the last one. It accounts for the possible time dependence of our ¢-representation which will induce
transitions between different states according to the matrix elements Zy. .
By combining the above equations of motion with the definitions of the kinetic variables in (38-39),

the resulting set of kinetic equations can be schematically written as:

d., d,. d .,

0 = i tfia
H é

leJ: - dtfj'j' +dt :m

H ¢

d d d

ijlil = Epjlil +;§pj|i: . (44)
H &

They exhibit the same structure of the equations of motion (42) for the electron and hole creation and
destruction operators: a first term induced by the system Hamiltonian H (which does not account for
the time variation of the basis states) and a second one induced by the time dependence of the basis

functions ¢.
Let us start discussing this second term, whose explicit form is:

d .
Efl'li; ": lh Z[ [P llis - I3I| lzil] falg
l;l‘
d h A
E Fifa| < h Z [2111461113 - Ja.‘h Ji-’i] st.H
¢ 3k
d
E{pjlil = ﬁ E[ Jiia ‘1‘2 513261112] Pjyi, - (45)
¢ iaj2

As we will see in section 4.1, these contributions play a central role for the description of Zener tunneling

within the vector-potential representation.
Let us now come to the first term. This, in turn, is the sum of different contributions, corresponding

to the various parts of the Hamiltonian. The total Hamiltonian can be regarded as the sum of two
terms, a single-particle contribution plus a many-body one:

H= H.lp +Hpp = (H: +Ha+ Hp) + (Hcc + Hcp + pr) . (46)

The explicit form of the time evolution due to the single-particle Hamiltonian H,, (non-interacting
carriers plus carrier-light interaction plus free phonons) is given by:

d I . .
affli, = g{ Z [ff,s'.‘si.ia - fe,iléizi.] fivia
sp iafy
+Z 'ﬂ'le‘l n.npn':] }
_‘{fh _ Z[ B g 2
dt’ival — 'h fJ:Jc J1ds = €535 %ada] Jjse
&p Jsjs
+ Z [U'Uzpzm - m:PJm] }
d — e
dtp.‘h'l - lh Z [61112 iz +€f|i26jlj=l] Pj.i,
p i2ja

+ EUIJM LT Ju: ftzil J172 f;;h‘sfxl';'] } (47)

iz
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with Us,j, = —uih E(¢)-

This is a closed set of equations, which is a consequence of the single-particle nature of H,p. In
addition, we stress that the structure of the two contributions entering equation (44) is very similaz:
one can include the contribution (45) into (47) by replacing ¢ with ¢+ Z.

Let us finally discuss the contributions due to the many-body part of the Hamiltonian: carrier-
carrier and carrier-phonon interactions {the phonon-phonon one is not explicitly considered here). As
discussed in [64], for both interaction mechanisms one can derive a hierarchy of equations involving
higher-order density matrices. In order to close such equations with respect to our set of kinetic
variables, approximations are needed. The Jowest-order contributions to our equations of motion are
given by first-order terms in the many-body Hamiltonian: Hartree-Fock level. Since we will neglect
coherent-phonon states, the only Hartree-Fock contributions will come from carrier-carrier interaction.
They simply result in a renormalization

h afh
At = = Vs L Sl (48)
isls

of the single-particle energy matrices ¢“/® as well as in a renormalization

AU, = —Z s'i}l.izi:pi:l': (49)
iafz

of the external field U. { We stress that the Hartree-Fock approximation, which consists in factorizing
average values of four-point operators into products of two density matrices, is independent from the
quantum-mechanical picture. It is then clear that the above kinetic equations are valid in any quantum-
mechanical representation.

All the contributions {o the system dynamics discussed so far describe a fully coherent dynamics,
i.e. no scattering processes. In order to treat incoherent phenomena, e.g. energy relaxation and
dephasing, one has to go one step further in the perturbation expansion taking into account also
second-order contributions (in the perturbation Hamiltonian H,i). The derivation of these higher-
order contributions, discussed in [64], will not be repeated here. Again, in order to obtain a closed set
of equations (with respect to our set of kinetic variables (38-39)) additional approximations are needed,
namely the mean-field and Markov approximations. As for the Hartree-Fock case, the mean-field
approximation allows to write the various higher-order density matrices as products of single-particle
ones. The Markov approximation allows to eliminate the additional higher-order kinetic variables, e.g.
phonon-assisted density matrices, providing a closed set of equations still local in time, i.e. no memory
effects [81, 82, 83, 84, 85]. This last approximation is not performed in the quantum-kinetic theory
discussed in [64] where, in addition to our single-particle variables, one considers two-particle [79] and
phonon-assisted [84] density matrices.

While the mean-field approximation is representation-independent, this is unfortunately not the
case for the Markov limit. This clearly implies that the validity of the Markov approximation is strictly
related to the quantum-mechanical representation considered.

The above kinetic description, based on intra- and interband density matrices, allows us to evaluate
any single-particle quantity. In particular, for the analysis of the ultrafast carrier dynamics in
photoexcited semiconductors two physical quantities play 2 central role: the intra- and interband total
{or macroscopic} polarizations: ‘

h e
Pe,h(t) = EME!A ;{ (), Pt = Zﬂ?;‘pji(t) ' (50)
w if

where M*/* and p** denote, respectively, the intra- and interband dipole matrix elements in our ¢-repre-
sentation. The time derivative of the intraband polarization Pel® describes the radiation field induced
by the Bloch-oscillation dynamics (which for a superlattice structure is in the TeraHertz range) while
the Fourier transform of the interband (or optical) polarization P*® provides the linear and non-linear

optical response of the system.

t The explicit form of the renormalization terms considered in this paper accounts for the Fock contributions only, i.e. no
Hartree terms. The general structure of Hartree-Fock contributions, relevant for the case of a strongly non-homogeneous
system, is discussed in [64].
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3. Coherent ultrafast dynamics in bulk semiconductors

In this section, we will discuss the dominant role played by optically-induced phase coherence on the
ultrafast generation and relaxation of photoexcited carriers in bulk semiconductors. In particular,
we will compare the description based on the theoretical approach discussed above with the more

conventional picture based on the Boltzmann theory.

3.1. Bloch model

In order to study the ultrafast carrier dynamics in bulk systems, let us consider a two-band
semiconductor model. For the case of a homogeneous system, the only relevant terms of the single-
particle density matrix in k-space are the diagonal ones. This property, due to the translational
symmetry of the Hamiltonian, reduces the set of kinetic variables {38-39) to the following electron and
hole distribution functions (intraband density-matrix elements)

/At gt
=(dke) » e={d"xd 1) (51)
together with the corresponding polarizations (interband density-matrix elements) }
Pk = <d-kck> : (52)

The explicit form of the kinetic equations (44) within the above two-band picture is given by
d & & & & £ € .3
/=% - kz [Wkrkfk (1 - fk.) - Wik S (1 - fk)]

&gt =00 =3 [Whosp (1= 1) - Wit (1= 2)]
ke

gfpk:'i [(efc+ch )Pk+Uk (l‘flcc—ffk)]

- Z [Pap— W pie] - (53)

with the generation rate

9K = % |t - Ufcf’k] - %)

Here, the incoherent contributions are treated within the usual Markov limit as described in [64, 67, 70).
Within such approximation scheme, the incoherent contributions to the polarization dynamics exhibit
the same structure as for the distribution functions in terms of the following in- and out-scattering
rates

Wix=3 5 2 {ka (l_fl;‘)"'wl:'kfﬂf] ' (55)

v=eh

where Wi{lt are the usual scattering rates of the semiclassical Boltzmann theory. This Boltzmann-like

structure of the scattering term in the polarization equation is the starting point of the generalized
Monte Carlo method discussed in section 1 [66, 67, 68, 69, 70].

The above kinetic equations are known as semiconductor Block equalions (SBE):. As we can
see, here the carrier photogeneration is a two-step process: The external field U/ induces a coherent
polarization p which, in turn, generates electron-hole pairs via its coupling with the field according to
equation (54). The generation rate is thus determined by the interband polarization py which, in turn,
is influenced by the various density-dependent scattering mechanisms, e.g. carrier-carrier processes.
Therefore, in contrast to the semiclassical case discussed below, the generation rate within the SBE
model is clearly density dependent.

t Here, the standard clectron-hole picture introduced in section 2.1 has been applied to our plane-wave states. In
particular, due to the charge-conjugation symmetry, the hole states are still labeled in terms of the corresponding valence-
electron states, i.e. kb = —k*.

1 In the absence of Coulomb correlation and scattering, the SBE in ($3) reduce to the optical Bloch equations introduced
in section 1.3, i.e. they describe a collection of independent (non-interacting) two-level systems.
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8.2, Bolizmann model

The conventional Boltzmann model is obtained from the above SBE by performing an adiabatic
elimination of the interband polarization p), i-e. by inserting a formal solution of the polarization
equation into the generation rate (54) and then performing a Markov limit with respect to the electron
and hole distribution functions [67, 70]. This corresponds to assuming that the carrier distributions
are slowly-varying functions on the time-scale of the laser photoexcitation, i.e. the carrier generation
and relaxation are treated as independent processes. Within such approximation scheme, except for
phase-space-filling effects, the generation rate entering the semiclassical Boltzmann equations (BE) for
electrons and holes is fully determined by the temporal and spectral characteristics of the laser puise.
Contrary to the SBE case, all effects related to the optically induced phase coherence —and to its

temporal decay— are neglected.

8.8, Cohereni carrier photogeneration

In order to compare the different models of carrier dynamics in photoexcited semiconductors, let us
review some simulated experiments [74] based on the generalized Monte Carlo solution of the SBE
[66, 67, 68, 69, T0] discussed in section 1. The corresponding BE has been solved, for comparison, by
a standard ensemble Monte Carlo (EMC) simulation {27, 29]. Both BE and SBE have been solved
numerically for the case of GaAs bulk excited by a 150 fs laser pulse.

In figure 1 the generation rate at different times as obtained from the SBE is plotted as a function of
the carrier wave vector for three different densities. At the lowest density the behavior is essentially the
same as in the case without carrier-carrier scattering: Energy-time uncertainty leads to an initially very
broad generation rate; with increasing time the line narrows and, in the tails, exhibits negative parts
due to a stimulated recombination of carriers initially generated off-resonance [67, 70]. After the pulse,
the distribution function of the generated carriers is in good agreement with the BE result. Scattering
processes destroy the coherence between electrons and holes which is necessary for the stimulated
recombination processes. As a consequence, with increasing density the negative tails are strongly
reduced and the generation remains broad for all times resulting in a much broader carrier distribution
than in the BE case.

9.4. Comparisen with experiments

Hot carrier luminescence has proven to be a powetful technique to study the ultrafast dynamics of
photoexcited carriers in semiconductors (18]. In band-to-acceptor (BA) luminescence experiments
{19, 21, 86, 87}, due to their high sensitivity, carrier densities as low as several 10}* cm™3 have
been reached. Thus, the transition between a dynamics dominated by carrier-phonon scattering to
a dynamics dominated by carrier-carrier scattering (with its consequences for the generation process
discussed zbove) is experimentally accessible.

In the BA luminescence experiment reviewed here (73, 74, 75], a2 3 pm thick GaAs layer doped
with Be acceptors of a concentration of 3 x 10'® em™2 is excited at a photon energy of 1.73 eV by
transform limited 150 fs pulses from a mode-locked Ti:sapphire laser. Time-integrated luminescence
spectra are recorded [73]. The right column of figure 2 shows measured BA luminescence spectra for
three different values of the carrier density. At low density we observe an initial peak of the generated
carriers (marked bold) and pronounced replicas due to the emission of an integer number of optical
phonons. With increasing density the peaks become broader and at the highest density only a slight
structure related to the phonons is still visible.

These measured spectra are compared with corresponding simulated experiments based on the BE
and SBE models [74] (left and middle column in figure 2). We find several pronounced differences
between the two models. In the semiclassical model the unrelaxed peak is cleatly visible up to the
highest density in contrast to the coherent model, where, in agreement with the experiment, this peak
is strongly broadened. At the higher densities the semiclassical spectra exhibit an increase in the
broadening of subsequent replicas which is not present in the Bloch-model calculations as well as in the
experimental results.

To illustrate this difference quantitatively, in figure 3 we have plotted the full width at half maximum
(FWHM) of the three highest peaks in the spectra. From the semiclassical model we obtain a strong
increase in the density dependence of subsequent peaks. This behavior can be easily understood: Due
to the emission time of an optical phonon of about 150 fs, the carriers populate subsequent replicas at



15

increasing times and, therefore, the efficiency of carrier-carrier scattering processes in broadening the
peaks increases. However, the measured spectra exhibit a different behavior which is quantitatively

reproduced by the SBE model: Already the unrelaxed peak exhibits a strong increase with increasing
density and the density dependence of all replicas is approximately the same. The reason is that the
broadening of the generation process as discussed above obviously dominates over the broadening due to
subsequent scattering processes. As discussed in [75], this is due to the fact that the generation process
is strongly influenced by the decay of the interband polarization which, in turn, is due to electron plus
hole scattering, while the broadening of the electron distribution during the relaxation process is due
to electron scattering only. t

‘The above theoretical and experimental analysis constitutes a clear demonstration of the importance
of dephasing processes for the analysis of luminescence spectra. The density dependence of the spectra
in the interesting transition region between carrier-phonon and carrier-catrier dominated dynamics
can only be explained by a coherent modeling of the carrier generation inciuding the dynamics of the
interband polarization. The main mechanism determining the width of the peaks is the broadening
of the generation rate. It can be shown that for band-to-acceptor spectra the broadening of the
recombination process, neglected in the present model, plays a minor role [74). However, for band-
to-band spectra also this phenomenon should be taken into account. For the case discussed above the
background due to band-to-band luminescence has been found to be of negligible importance [75].

4. Bloch oscillations and Wannier-Stark localization in superlattices

Ever since the initial applications of quantum mechanics to the dynamics of electrons in solids, the
analysis of Bloch electrons moving in a homogeneous electric field has been of central importance.
By employing semiclassical arguments, in 1928 Bloch [88] demonstrated that, a wave packet given by
a superposition of single-band states peaked aboui some quasimomentum, ik, moves with a group
velocity given by the gradient of the energy-band function with respect to the quasimomentum and
that the rate of change of the quasimomentum is proportional to the applied field F. This is often
referred to as the “acceleration theorem™:

Rk = eF . (56)

Thus, in the absence of interband tunneling and scattering processes, the quasimomentum of a Bloch
electron in a homogeneous and static electric field will be uniformly accelerated into the next Brillouin
zone in a repeated-zone scheme (or equivalently undergoes an Umklapp process back in to the first
zone). The corresponding motion of the Bloch electron through the periodic energy-band structure,
shown in figure 4, is called “Bloch oscillation™; It is characterized by an oscillation period 75 = h/eFd,
where d denotes the lattice periodicity in the field direction.

There are two mechanisms impeding a fully periodic motion: interband tunneling and scattering
processes. Interband tunpeling is an intricate problem and still at the center of a continuing debate.
Early calculations of the tunneling probability into other bands in which the electric field is represented
by a time-independent scalar potential were made by Zener [89] using 2 Wentzel-Kramers-Brillouin
generalization of Bloch functions, by Houston [90] using accelerated Bloch states (Houston states), and
subsequently by Kane [91] and Argyres [92] who employed the crystal-momentum representation. Their
calculations lead to the conclusion that the tunneling rate per Bloch period is much less than unity
for electric fields up to 108V /cm for typical band parameters corresponding to elemental or compound
semiconductors.

Despite the apparent agreement among these calculations, the validity of employing the crystal-
momentum representation or Houston functions to describe electrons moving in a non-periodic (crystal
plus external field) potential has been disputed. The starting point of the controversy was the original
paper by Wannier [93]. He pointed out that, due to the translational symmetry of the crystal potential,
if ¢(r) is an eigenfunction of the scalar-potential Hamiltenian (corresponding to the perfect crystal plus
the external field) with eigenvalue ¢, then any ¢(r+nd) is also an eigenfunction with eigenvalue e+nAe,
where Ac¢ = eFd is the so-called Wannier-Stark splitting (d being the primitive lattice vector along the
field direction). He concluded that the translational symmetry of the crystal gives rise to a discrete
energy spectrum, the so-called Wannier-Stark ladder. The states corresponding to these equidistantly

t For the case of bulk GaAs considered here, due to the different clectron and heavy-hole effective masses, the hole-hole
scattering is about 5 times larger than the electron-electron one.
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spaced levels are localized states, as schematically shown in figure 5 for the case of a semiconductor
superlattice.

The existence of such energy quantization was disputed by Zak [94], who pointed out that for
the case of an infinite crystal the scalar potential —F - r 1s not bounded, which implies a continuous
energy spectrum. Thus, the main point of the controversy was related to the existence (or absence)
of Wannier-Stark ladders. More precisely, the point was to decide if interband tunneling (neglected in
the original calculation by Wannier [93]) is so strong to destroy the Wannier-Stark energy quantization
(and the corresponding Bloch oscillations) or not.

It is only during the last decade that this controversy came to an end. From a theoretical point
of view, most of the formal problems related to the non-periodic nature of the scalar potential
(superimposed to the periodic crystal potential) were finally removed by using 2 vector-potential
representation of the applied field [95, 96]). Within such vector-potential picture, upper boundaries
for the interband tunneling probability have been established at a rigorous level, which show that
an electron may execute a number of Bloch oscillations before tunneling out of the band {96, 97], in
qualitatively good agreement with the earlier predictions of Zener and Kane [89, 91].

The second mechanism impeding a fully periodic motion is scattering by phonons, impurities, etc.
(see figure 4). This results in lifetimes shorter than the Bloch period g for all reasonable values of the
electric field, so that Bloch oscillations should not be observable in conventional solids.

In superlattices, however, the situation is much more favourable because of the smaller Bloch period
75 resulting from the small width of the mini-Brillouin zone in the field direction [98].

Indeed, the existence of Wannier-Stark ladders as well as Bloch oscillations in superlattices has
been confirmed by a number of recent experiments [1). The photoluminescence and photocurrent
measurements of the biased GaAs/GaAlAs superlattices performed by Mendez and coworkers [99],
together with the electroluminescence experiments by Voisin and coworkers [100), provided the earliest
evidence of the field-induced Wannier-Stark ladders in superlattices. A few years later, Feldmann
and coworkers [101] were able to measure Bloch oscillations in the time domain through a four-wave-
mixing experiment originally suggested by von Plessen and Thomas [102]. A detailed analysis of the
Bloch oscillations in the four-wave-mixing signal (which reflects the interband dynamics) has been also
performed by Leo and coworkers [103, 104].

In addition to the above interband-polarization analysis, Bloch oscillations have been also detected
by monitoring the intraband polarization which, in turn, is reflected by anisotropic changes in the
refractive index [1]. Measurements based on transmittive electrooptic sampling (TEOS) have been
petformed by Dekorsy and coworkers [105, 106]. Finally Bloch oscillations were recently measured
through a direct detection of the TeraHertz (THz) radiation in semiconductor superlattices [44, 107].

4.1. Two equivalent pictures

Let us now apply the theoretical approach presented in section 2 to the case of a semiconductor
superlattice in the presence of an uniform (space-independent) electric field. The non-interacting
carriers within the superlattice crystal will then be described by the Hamiltonian H? in equation
(23), where now the electrodynamic potentials A, and g3 {in the following simply denoted with A and
¢) correspond to a homogeneous electric field Eo(r,t) = F(t).

As pointed out in section 2.1, the natural quantum-mechanical representation is given by the
eigenstates of this Hamiltonian:

[(_.’nvr —2A(r,)’

2my,

+ ep(r,t) + V'(r)] #n(r) = endn(r) - (57)

However, due to the gauge freedom discussed in section 2.1, there is an infinite number of possible
combinations of A and ¢ —and therefore of possible Hamiltonians— which describe the same
homogeneous electric field F(t). In particular, one can identify two independent choices: the vector-
potential gauge

t
A(r,t) = —c./! F(t')dt', o(r,t) =0 (58)

and the scalar-potential gauge
Alr,t)=0, p(r,t) = ~F(t)-r (59)
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As shown in {108], the two independent choices correspond, respectively, to the well known
Bloch-oscillation and Wannier-Stark pictures. They simply reflect two equivalent quantum-mechanical
representations and, therefore, any physical phenomenon can be described in both pictures.

More specifically, within the vector-potential picture (58), the eigenfunctions ¢, in (57) are the
so-called accelerated Bloch states (or Houston states) {90, 95, 96]. As discussed in [108], such time
dependent representation constitutes the natural basis for the description of Bloch oscillations, i.e.
it provides a rigorous quantum-mechanical derivation of the acceleration theorem (56), thus showing
that this is not a simple semiclassical result. { Within such representation, Bloch oscillations are
fully described by the diagonal terms of the intraband density matrix (38) (semiclassical distribution
functions). Therefore, non-diagonal elements, describing phase-coherence between different Bloch
states, do not contribute to the intraminiband dynamics. However, they are of crucial importance
for the description of interminiband dynamics, i.e. field-induced Zener tunneling, which in this Bloch-
state representation originates from the time variation of our basis states (see equation {45)).

On the contrary, within the scalar-potential picture (59), the eigenfunctions ¢, in (57) are the well-
known Wannier-Stark states [93]. Contrary to the previous Bloch picture, within such representation
the intraminiband Bioch dynamics originates from a quantum interference between different Wannier-
Stark states, thus involving non-diagonal elements of the intraband density matrix (38).

4.2, Some simulated experiments

In this section, we will review recent simulated experiments of the ultrafast carrier dynamics in
semiconductor superlattices [109, 110, 111, 112, 113, 114]. They are based on a generalized Monte Carlo
solution [66, 67, 68, 69, 70] of the set of kinetic equations (so-called semiconductor Bloch equations)
derived in section 2.2. In this case, the Bloch representation discussed in section 4.1 has been employed
limiting the set of interband density-matrix elements in (39) to the diagonal ones, i.e. i = j. In
addition, incoherent scattering processes have been treated within the usual Markov limit as discussed
in [64, 67, 70]. Within such approximation scheme, the explicit form of the kinetic equations (44)
coincides with the SBE (17) (obtained for the bulk case) {108], provided we replace the wavevector k
with kv, v being the superlattice miniband index.

In the simulated experiments reviewed here the following superlattice model has been employed: The
energy dispersion and the corresponding wavefunctions along the growth direction (k)) are computed
within the well known Kronig-Penney model {98], while for the in-plane direction (k) an effective-mass
model has been used. Starting from these three-dimensional wavefunctions ¢f(v' the various carriez-
cartier as well as carrier-phonon matrix elements are pumerically computed (see equations (35) and
(37}). They are, in general, functions of the various miniband indices and depend separately on ky and
k; , thus fully reflecting the anisotropic nature of the superlattice structure.

Only coupling to GaAs bulk phonons has been considered. This, of course, is a simplifying
approximation which neglects any superlattice effect on the phonon dispersion, such as confinement
of optical modes in the wells and in the barriers, and the presence of interface modes [115, 116].
However, while these modifications have important consequences for phonon spectroscopies (like Raman
scattering), they are far less decisive for transport phenomena. 1

We will start discussing the scattering-induced damping of Bloch oscillations. In particular, we will
show that in the low-density limit this damping is mainly determined by optical-phonon scattering
{109, 110] while at high densities the main mechanism responsible for the suppression of Bloch
oscillations is found to be carrier-carrier scattering {114].

This Bloch-oscillation analysis in the time domain is also confirmed by its counterpart in the
frequency domain. As pointed out in section 4.1, the presence of Bloch oscillations, due to a negligible
scattering dynamics, should correspond to Wannier-Stark energy quantization. This is confirmed by
the simulated optical-absorption spectra, which clearly show the presence of the field-induced Wannier-
Stark ladders[113].

t The acceleration theorem (56) and the corresponding Bloch-oscillation dynamics are usually regarded as a semiclassical
resuit compared to the Wannier-Stark picture. On the contrary, they correspond to two different fully quanturmn-mechanical
pictures.

1 Indeed, by now it is well known [116] that the total scattering rates are sufficiently well reproduced if the phonon
spectrum is assumed to be bulk-like.
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{.2.1. Bloch-oscillation analysis All the simulated experiments presented in this section refer to the
superlattice structure considered in Ref. [111]: 111 A GaAs welis and 17 A Alg 3Gao 7As barriers. For
such a structure there has been experimental evidence for a3 THz-emission from Bloch oscillations {107}

In the first set of simulated experiments an initial distribution of photoexcited carriers (electron-
hole pairs) is generated by a 100 fs Gaussian laser pulse in resonance with the first-miniband exciton
(hwy # 1540 meV). The strength of the applied electric field is assumed to be 4 kV/cm, which
corresponds to a Bloch period 75 = hfeFd of about 800 fs.

In the low-density limit (corresponding to a weak laser excitation), incoherent scattering processes
do not alter the Bloch-oscillation dynamics. This is due to the following reasons: In agreement
with recent experimental [107, 117] and theoretical [109, 110, 111) investigations, for superlattices
characterized by a miniband width smaller than the LO-phonon energy —as for the structure considered
here— and for laser excitations close to the band gap, at low temperature carrier-phonon scattering
is not permitted. Moreover, in this low-density regime carrier-carrier scattering plays no role: Due to
the quasi-elastic nature of Coulomb collisions, in the low-density limit the majority of the scattering
processes is characterized by a very small momentum transfer; As a consequence, the momentum
relaxation along the growth direction is negligible. As a result, on this picosecond time-scale the carrier
system exhibits a coherent Bloch-oscillation dynamics, i.e. a negligible scattering-induced dephasing.
This can be clearly seen from the time evolution of the carrier distribution as a function of ky (i.e.
averaged over k) shown in figure 6. During the laser photoexcitation (f = 0) the carriers are generated
around ky = 0, where the transitions are close to resonance with the laser excitation. According to
the acceleration theorem (56), the electrons are then shifted in k-space. When the carriers reach the
border of the first Brillouin zone they are Bragg reflected. After about 800 fs, corresponding to the
Bloch period 7pg, the carriers have completed one oscillation in k-space. As expected, the carriers
execute Bloch oscillations without loosing the synchronism of their motion by scattering. This is again
shown in figure 6, where we have plotted: (b) the mean kinetic energy, (c) the current, and (d) its
time derivative which is proportional to the emitted far field, i.e. the THz-radiation. (It can be shown
that, by neglecting Zener tunneling, the intraband polarization P¢/% in equation (50) is proportional
to the current.) All these three quantities exhibit oscillations characterized by the same Bloch period
rg. Due to the finite width of the carrier distribution in k-space (see figure 6(a)), the amplitude of the
oscillations of the kinetic energy is somewhat smaller than the miniband width. Since for this excitation
condition the scattering-induced dephasing is negligible, the oscillations of the current are symmetric
around zero, which implies that the time average of the current is equal to zero, i.e. no dissipation.

As already pointed out, this ideal Bloch-oscillation regime is typical of a laser excitation close to gap
in the low-density limit. Let us now discuss, still at low densities, the case of a laser photoexcitation
high in the band. Figure 7(a) shows the THz-signal as obtained from a set of simulated experiments
corresponding to different laser excitations [111]. The different traces correspond to the emitted THz-
signal for increasing excitation energies. We clearly notice the presence of Bloch oscillations in all cases.
However, the oscillation amplitude and decay (effective damping) is excitation-dependent.

For the case of a laser excitation resonant with the first-miniband exciton considered above (see
figure 6), we have a strong THz-signal. The amplitude of the signal decreases when the excitation
energy is increased. Additionally, there are also some small changes in the phase of the oscillations,
which are induced by the electron-LO phonon scattering.

When the laser energy comes into resonance with the transitions between the second electron
and hole minibands (Awy = 1625 meV), the amplitude of the THz-signal increases again. The
corresponding THz-transients show an initial part, which is strongly damped and some oscillations
for longer times that are much less damped. For a better understanding of these results, we show in
figure 7(b) the individual THz-signals, originating from the two electron and two heavy-hole minibands
for the excitation with fiw = 1640 meV. The Bloch oscillations performed by the electrons within the
second miniband are strongly damped due to intra- and interminiband LO-phonon scattering processes
{109, 111). Since the width of this second miniband (45 meV) is somewhat larger than the LO-phonon
energy, also intraminiband scattering is possible, whenever the electrons are accelerated into the high-
energy region of the miniband. The THz-signal originating from electrons within the first miniband
shows an oscillatory behavior with a small amplitude and a phase which is determined by the time the
electrons need to relax down to the bottom of the band.

At the same time, the holes in both minibands exhibit undamped Bloch oscillations, since the
minibands are so close in energy that for these excitation conditions no LO-phonon emission can occur,
The analysis shows that at early times the THz-signal is mainly determined by the electrons within
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the second miniband. At later times the observed signal is due to heavy holes and electrons within the

first miniband.

The above theoretical analysis closely resembles experimental observations obtained for a
superlattice structure very similar to the one modelled here [107]. In these experiments, evidence
for THz-emission from Bloch oscillations has been reported. For some excitation conditions these
oscillations are associated with resonant excitation of the second miniband. The general behavior of
the magnitude of the signals, the oscillations and the damping are close to the results shown in figure
7.

Finally, in order to study the density dependence of the Bloch-oscillation damping, let us go back to
the case of laser excitations close to gap. Figure 8(a) shows the total (electrons plus holes) THz-radiation
as a function of time for three different carrier densities. With increasing carrier density, carrier-carrier
scattering becomes more and more important: Due to Coulomb screening, the momentum transfer in a
carrier-carrier scattering increases (its typical value being comparable with the screening wavevector).
This can be seen in figure 8(a), where for increasing carrier densities we realize an increasing damping
of the THz-signal. However, also for the highest carrier density considered here we deal with a damping
time of the order of 700 fs, which is much larger than the typical dephasing time, i.e. the decay time of
the interband polarization, associated with carrier-carrier scattering. The dephasing time is typically
investigated by means of four-wave-mixing (FWM) measurements and such multi-pulse experiments can
be simulated as well [71, 72]. From a theoretical point of view, a qualitative estimate of the dephasing
time is given by the decay time of the “incoherently summed” polarization (ISP) [67]. Figure 8(b)
shows such ISP as a function of time for the same three carrier densities of figure 8(a). As expected,
the decay times are always much smaller than the corresponding damping times of the THz-signals
(note the different time-scale in figures 8{a) and (b)). This difference, discussed in more detail in
{114, 108], can be understood as follows: The fast decay times of figure 8(b) reflect the interband
dephasing, i.e. the sum of the electron and hole scattering rates. In particular, for the Coulomb
interaction this means the sum of electron-electron, electron-hole, and hole-hole scattering. As for the
case of bulk GaAs discussed in section 3, this last contribution is known to dominate and determines
the dephasing time-scale. On the other hand, the total THz-radiation in figure 8(a) is the sum of the
electron and hole contributions. However, due to the small value of the hole miniband width compared
to the electron one, the electron contribution will dominate. This means that the THz damping in
figure 8(a) mainly reflects the damping of the electron contribution. This decay, in turn, reflects the
intraband dephasing of electrons which is due to electron-electron and electron-hole scattering only, Le.
no hole-hole contributions.

From the above analysis we can conclude that the decay time of the THz-radiation due to carrier-
carrier scattering differs considerably from the corresponding dephasing times obtained from a FWM
experiment: The first one is a measurement of the intraband dephasing while the second one reflects
the interband dephasing. t

4.2.2. Oplical-absorpiion analysis Let us now discuss the frequency-domain counterpart of the Bloch-
oscillation picture considered so far. Similar to what happens in the time domain, for sufficiently high
electric fields, i.e. when the Bloch period rg = hfeFd becomes smaller than the dephasing time,
the optical spectra of the superlatiice are expected to exhibit the frequency-domain counterpart of the
Bloch oscillations, i.e. the Wannier-Stark energy quantization discussed in section 4.1. In the absence of
Coulomb interaction, the Wannier-Stark ladder absorption increases as a function of the photon energy
in a step-like fashion. These steps are equidistantly spaced. Their spacing, named Wannier-Stark
splitting, is proportional to the applied electric field.

The simulated linear-absorption spectra corresponding to a superlattice structure with 95 A GaAs
wells and 15 A Alg 3aGag 7As barriers are shown in figure 9 [113]. As we can see, the Coulomb interaction
gives rise to excitonic peaks in the absorption spectra and introduces couplings between these Wannier-
Stark states. Such exciton peaks, which are no longer equidistantly spaced, are often referred to as
excitonic Wannier-Stark ladders [118] of the superlattice.

Since for the superlattice structure considered in this simulated experiment [109, 113] the combined
miniband width is larger than the typical two- and three-dimensional exciton binding energies, it is

t We stress that this difference between intraband and interband dephasing in superlattices is the same discussed in
section 3 for the case of bulk semiconductors, where the broadening of the photoexcited carrier distribution is mainly
determined by the decay of the interband polarization (interband dephasing} while the subsequent energy broadening of
the electron distribution is due to electron scattering only (intraband dephasing) {see figure 2).
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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 the free-field case, the electron and hole states are completely delocalized in our three-
dimensional k-space. The perturbation induced by the application of a low field (here % 5 kV/cm),
couples the states along the field direction and in the spectra the Franz-Keldysh effect, well known from
bulk materials (8], appears: one clearly notices oscillations which increase in amplitude with the field
and shift with F2/3 from the n = 0 and n = 1 levels toward the center of the combined miniband.

For increasing field the potential drop over the distance of 2 few quantum wells eventually exceeds
the miniband width and the electronic states become more and more localized. Despite the field-
induced energy difference neF'd, the superlattice potential is equal for quantum wells separated by nd.
Therefore, the spectra decouple into a series of peaks corresponding to the excitonic ground states of
the individual electron-hole Wannier-Stark levels. Each Wannier-Stark transition contributes to the
absorption with a pronounced 1 — s exciton peak, plus higher bound exciton and continuum states.
The oscillator strength of a transition n is proportional to the overlap between electron and hole
wavefunctions centered at quantum wells n’ and n + n', respectively. The analysis shows that this
oscillator strength is almost exclusively determined by the amplitude of the electron wavefunction in
quantum well n’ + n since for fields in the Wannier-Stark regime the hole wavefunctions are almost
completely localized over one quantum well due to their high effective mass (see figure 5). Thus, the
oscillator strengths of transitions to higher |n| become smaller with increasing |n| and field.

At high fields (here >=s 8 kV/cm) the separation between the peaks is almost equal to neF'd. For
example, the peak of the n = 0 transition which is shifted by the Wannier-Stark exciton binding energy
with respect to the center of the combined miniband, demonstrates that the increasing localization also
increases the exciton binding energy. This increased excitonic binding reflects the gradual transition
from a three- to a two-dimensional behavior, discussed in detail in [111].

For intermediate fields there is an interplay between the Wannier-Stark and the Franz-Keldysh
effect. Coming from high fields, first the Wannier-Stark peaks are modulated by the Franz-Keldysh
oscillations. However, as soon as the separation eFd between neighboring peaks becomes smaller than
their spectral widths, the peaks can no longer be resolved individually so that only the Franz-Keldysh
structure remains.

5. Coulomb-correlation effects in semiconductor quantum wires

The importance of Coulomb-correlation effects in optical spectra of semiconductors and their
dependence on dimensionality has now been long recognized [119]. More recently, increasing interest
has been devoted to one-dimensional (1D) systems [120], prompted by promising advances in quantum-
wire fabrication and application, e.g. quantum-wire lasers. The main goal is to achieve structures with
improved optical efficiency as compared to two-dimensional (2D) and three-dimensional (3D} ones. A
common argument in favour of this effort is based on the well known van Hove divergence in the 1D
joint density-of-states (DOS), which is expected to give rise to very sharp peaks in the optical spectra
of 1D structures. Such prediction is however based on free-carrier properties of ideal 1D systems and
it ignores Coulomb-correlation efects.

Early theoretical investigations by Ogawa and coworkers {121, 122], based on a 1D single-subband
model of the wires, showed that the inverse-square-root singularity in the 1D DOS at the band edge is
smoothed when excitonic effects are taken into account.

In this section, we will review recent theoretical results [123, 124, 125] based on a full 3D description
of realistic quantum-wire structures made available by the present technology, such as structures
obtained by epitaxial growth on non-planat substrates (V-shaped wires) [126] or by cleaved-edge
quantum well overgrowth (T-shaped wires) [127). On the one hand, this approach allows an accurate
determination of 1D-exciton binding energies; on the other hand, it allows us fo investigate also the
non linear (gain) regime. In both cases, one finds a strong suppression of the 1D band-edge singularity,
in agreement with previous results based on simplified 1D models {121, 122].

This theoretical approach [123, 124] is based on the general kinetic theory presented in section 2,
which allows a full 3D description of Coulomb interaction within a multiminiband scheme. In particular,
we focus on the quasi-equilibrium regime where the solution of the coupled kinetic equations (44) simply
reduces to the solution of the interband-polarization equation. This is performed by direct numerical
evaluation of the polarization eigenvalues and eigenvectors {124}, which fully determine the absorption
spectrum as well as the exciton wavefunctions. The main ingredients entering this calculation are
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the single-particle energies and wavefunctions, obtained numerically for the 2D confinement potential

deduced, e.g., from TEM as in [126].

The above theoretical scheme has been applied to realistic V- and T-shaped wire structures. In
particular, here we show results for the GaAs/AlGaAs V-wire structure of Ref. [126], whose cross-section
is shown in figure 10.

5.1.  Linear response: excitonic-absorplion regime

Let us start considering the optical response of the system in the low-density limit. In figure 11 we
show the linear-absorption spectra obtained when taking into account the lowest wire transition only.
Results of our Coulomb-correlated (CC) approach are compared to those of the free-carrier (FC) model
. As we can see, electron-hole correlation introduces two important effects: First, the excitonic peak
arises below the onset of the continuum, with a binding energy of about 12 meV, in excellent agreement
with recent experiments [126]. Second, one finds a strong suppression of the 1D DOS singularity. A
detailed analysis of the physical origin of such suppression [123, 124] has shown that the quantity which
is mainly modified by CC is the oscillator strength (OS). In figure 12(a) the ratio between the CC and
FC OS is plotted as a function of excess energy (solid line). This ratio is always less than one and goes
to zero at the band edge, and reflects a sort of hole in the electron-hole correlation function ¢(z) as
shown in figure 12(b). Such vanishing behaviour is found to dominate the 1D DOS singularity and,
as a result, the absorption spectrum exhibits a regular behaviour at the band edge (solid line in figure
11).

The above analysis shows that also for realistic quantum-wire structures electron-hole correlation
leads to a strong suppression of the 1D band-edge singularity in the linear-absorption spectrum, contrary
to the 2D and 3D cases.

3.2, Non-linear response: gain regime

Most of the potential quantum-wire applications, i.e. 1D lasers and modulators, operate in strongly
non-linear-response regimes {120]. In such conditions, the above linecar-response analysis has to be
generalized taking into account additional factors as: (i) screening effects, (i) band renormalization,
(iii) space-phase filling.

Figure 13 reports quantitative results for non-linear absorption spectra of realistic V-shaped wire
structures at different carrier densities at room temperature. As a reference we also show the results
obtained by including the lowest subband oaly [figure 13(a)]. In the low-density limit (case A: n == 104
em™1) we clearly recognize the exciton peak. With increasing carrier density, the strength of the
excitonic absorption decreases due to phase-space filling and screening of the attractive electron-hole
interaction, and moreover the band renormalization leads to a red-shift of the continuum. At a density
of 4+ 10° cm™! (case D) the spectrum already exhibits a negative region corresponding to stimulated
emission, i.e. gain regime. As desired, the well pronounced gain spectrum extends over a limited energy
region (smaller than the thermal energy); However, its shape differs considerably from the ideal FC one
{curve marked with diamonds in the same figure}. In particular, the band-edge singularity in the ideal
FC gain spectrum is clearly smeared out by electron-hole correlation. The overall effect is a broader
and less pronounced gain region.

Finally, figure 13(b) shows the non-linear spectra corresponding to the realistic case of a 12-subband
V-shaped wire. In comparison with the single-subband case [figure 13(a)}, the multisubband nature
is found to play an important role in modifying the typical shape of the gain spectra, which for both
CC and FC models result to extend over a range much larger than that of the single-subband case
for the present wire geometry. In addition, the Coulomb-induced suppression of the single-subband
singularities, here also due to intersubband-coupling effects, tends to reduce the residual structures
in the gain profile. Therefore, even in the ideal case of a quantum wire with negligible disorder and
scattering-induced broadening, our analysis indicates that, for the typical structure considered, the
shape of the absorption spectra over the whole density range differs considerably from the sharp FC
spectrum of figure 11.

This tells us that, in order to obtain sharp gain profiles, one of the basic steps in quantum-
wire technology is to produce structures with increased subband splitting. However, the disorder-
induced inhomogeneous broadening, not considered here, is known to increase significantly the spectral
broadening and this effect is expected to increase with increasing subband splitting. Therefore,
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extremely-high-quality structures (e.g. single-monolayer control) seem to be the only possible
candidates for successful quantum-wire applications.

6. Summary and conclusions

A review of coherent phenomena in optically-excited semiconductors has been presented. Our analysis
has allowed the identification of two classes of phenomena: oplically-induced and Couvlomb-induced
coherent phenomena. We have shown that both classes can be described in terms of a unique theoretical
framework based on the density-matrix formalism. Due to its generality, such quantum-kinetic approach
allows a realistic description of coherent as well as incoherent, i.e. phase-breaking, processes, thus
providing quantitative information on the coupled —<coherent vs. incoherent— catrrier dynamics in
photoexcited semiconductors.

The primary goal of the paper was to discuss the concept of quantum-mechanical phase coberence
as well as its relevance and implications on semiconductor physics and technology. In particular,
we have analyzed the dominant role played by optically induced phase coherence on the process of
ultrafast carrier photogeneration. We have then discussed typical field-induced coherent phenomena in
semiconductor superlattices, e.g. Bloch oscillations and the corresponding THz radiation, as well as
their dephasing dynamics. Finally, we have analyzed the dominant role played by Coulomb correlation
on the linear and non-linear optical spectra of realistic quantum-wire structures, namely the Coulomb-
induced suppression of ideal 1D-band-edge singularities.

Our analysis shows that the conventional separation between coherent and incoherent regimes is
no longer valid for most of the recent ultrafast optical experiments in semiconductors. The reason
is that on such extremely short time-scales the carrier dynamics is the result of a strong interplay
between coherence and relaxation, thus preventing a time-scale separation between photogeneration
and relaxation dynamics. Similar considerations apply to the various Coulomb-induced phenomena:
The strong modifications induced by Coulomb correlation on the optical response of low-dimensional
semiconductors play a significant role on the phase-breaking relaxation dynamics as well. It is thus
evident that any theoretical analysis of the optical response of semiconductor heterostructures must
provide a proper description of both coherent and incoherent phenomena as well as of their mutual

coupling on the same kinetic level.
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Figure captions

Figure 1. Generation rate of clectrons as a function of k at different times and densities. After Ref. [74].

Figure 2. Calculated and measured band-to-acceptor spectra for different carrier densities. After
Ref. [74].

Figure 3. Full width at half maximum of the unrelaxed peak and the first and second phonon replica
as a function of carrier density obtained from the calculated and measured spectra. The lines connecting
the theoretical values are meant as guides to the eye. After Ref. {74].

Figure 4. Schematicillustration of the field-induced coherent motion of an electronic wavepacket initially
created at the bottom of a miniband. Here, the width of the miniband exceeds the LO-phonon energy

ELo, so that LO-phanon scattering is possible. After Ref. [117].
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Figure 5. Schematic representation of the transitions from the valence to the conduction band of a
superlattice in the Wannier-Stark localization regime. After Ref. [44].

Figutre 6. Full Bloch-oscillation dynamics corresponding to a laser photoexcitation resonant with the
first-miniband exciton. (a) Time evolution of the cleciron distribution as a function of ky. (b) Average
kinetic energy, {c) current, and (d) THz-signal corresponding to the Bloch oscillations in (a).

Figure 7. (a) Total THz-signals for eight different spectral positions of the exciting laser pulse:
1540,1560,...,1680 meV (from bottom to top). (b) Individual THz-signal of the clectrons and holes
in the diflerent bands for a central spectral position of the laser pulse of 1640 meV. After Ref. {113].

Figure 8. (a) Total THz-radiation as a function of time; (b) Incoherently-summed polarization as a
function of time. After Ref. [114).

Figure 9. Absorption spectra for various static applied eleciric fields for a GaAsfAly 3Gap.7As
superlattice (well (barrier) width 95 (i5) A). The vertical displacements between any two spectra is
proportional to the difference of the corresponding ficlds, The Wannier-Stark transitions are labeled by
numbers, the lower (higher) edge of the combined miniband by Eg (E;). After Ref. {113].

Figure 10. Typical cross-section of V-grooved wires derived from TEM micrographs and used to define
the confinement potential entering the 2D single-particle Schrédinger equation. The wire width along v
at the apex of the V is about 10 nm. The dashed lines identify the region (about 70 x 25 nm), where
single-particle and excitonic wavefunctions are localized. After Ref. [124].

Figure 11. Lincar-absorption spectra of realistic V-shaped quantum-wire structures obtained by
including the first electron and hole subbands only. Solid line: Coulomb correlated {CC) result; Dashed
line: free-carrier (FC) result. After Ref. [125].

Figure 12. (a) OS ratic and DOS vs. excess energy; (b) electron-hole correlation function. After
Ref. {123].

Figure 13. Non-linear absorption spectra: (a) single-subband case; (b) realistic 12-subband case. After
Ref. {125].
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