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Introduction
Reductionism is the classical approach of physics in the attempt to understand
nature. Every system is reduced to its elementary constituents and the relation
between them is described by simple laws. Pushing this approach to its limit
means that only elementary particle physics is worth to be studied and, in
principle, all the rest can be derived from that by a sufficiently large computer.
Therefore all the variety of the physical world is already implicit in the behavior
of its most simple constituents.
In the last decades, by studying phenomena such as superconductivity and
superfluidity, or the formation of dissipative structures, it became evident that
complex systems, where interactions play a dominant role, display macroscopic
properties that can not be inferred from the properties of their elementary
constituents. Superconductivity, for instance, is not a property that belongs
to electrons, but it is a new cooperative effect arising from the organization of
elementary interacting constituents in a more complex structure.
In this thesis we present the experimental analysis of two particular
phenomena of such kind, which are related to the transport in semiconductors
under strong electric or magnetic field gradients. Part I describes the nonlinear
transport and structure formation in semi-insulating GaAs and Part II
explores the possibility to obtain an exciton condensate in a semiconductor
heterostructure.
If semi-insulating GaAs is biased with a sufficiently large d.c. voltage,
large oscillations in the current appear because of the formation of high electric
field domains traveling from one contact to the other. This phenomenon
is an interesting example of how new structures spontaneously appear in
a system which is driven out of thermodynamic equilibrium by external
constraints (in this case the voltage). Those structures are more commonly
studied in hydrodynamics, like in Bénard's experiment, where convective
motion of a fluid organizes in ordered rolls, or in chemistry, like in the
Belousov-Zhabotinky reaction, where complex and time dependent patterns
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appear in the concentration of chemicals. The more the system is pushed
out of equilibrium, the more complex the structure becomes. Eventually the
system becomes chaotic and a new regime is established. Therefore, those
structures are intermediate states between a homogeneous, time independent
state, which belongs to thermodynamic equilibrium, and unpredictable chaotic
behavior. The experimental analysis of structure formation in semiconductors
is not well developed because visualizing the local electric fields in a solid is
more difficult than visualizing fluid velocities or concentrations of chemicals.
However, once the electric field can be measured, the possibility to study the
formation of structures that are voltage controlled offers a better reliability
and reproducibility as compared to hydrodynamic or chemical systems because
voltages and currents are easier to control than temperatures and heat fluxes.
Moreover, in semiconductors it is easy to change the experimental conditions,
like for instance perturbing the systems by a magnetic field or modifying the
contact geometry. In this thesis we present results obtained by using a recently
developed experimental technique that allows measurement of two dimensional
electric fields.
The transport in semiconductors for low applied voltages is described by
Ohm's law, in which the current is proportional to the applied voltage. In this
regime the current density j and the electric field E are homogeneous. The
structure formation in semiconductors is related to the nonlinear relation between j and E. If the applied voltage is larger than a fixed critical value, the
current density decreases for an increasing electric field, leading to a negative
differential resistance. Independently from the microscopic origin, a negative
differential resistance makes the homogeneous E and j distributions unstable
against random fluctuations. In semi-insulating GaAs, the new arising stable
structure is a high electric field domain. Therefore the system spontaneously
organizes in a structure with a symmetry that is lower that the intrinsic symmetry of the problem. This structure is also time dependent because the domain
has to move to maintain its internal equilibrium. For larger applied voltages
two domains with a different electric field alternate, showing how the system
evolves towards more complex structures and eventually towards chaos. Therefore, semi-insulating GaAs is a good object to study experimentally the structure formation because it presents all the characteristic features of nonlinear
systems, such as loss of stability, symmetry breaking and evolution towards
chaos.
Moreover, semi-insulating GaAs is used in the construction of high energy
detectors and as a substrate in GaAs based devices. Therefore, the interest
in structure formation is also driven by technological reasons and not only by
14

fundamental research. The structure formation is strongly related to the microscopic physical properties, such as the dependence of the mobility or of the
electron trapping coefficient on the electric field. Therefore a quantitative comprehension of the high field domain formation leads to a better comprehension
of material parameters. This comprehension can not be reached only by contact
measurements of the current or of the voltage because the instability produces
an inhomogenous electric field.
The first part of the thesis is organized as follows: Chapter 1 is an introduction to nonlinear systems and structure formation in semiconductors and in
Chapter 2 the experimental set-up is presented. In Chapter 3 we describe the
microscopic structure of the domain and the trapping probability of electrons
as function of the electric field. This quantity, which up to now has only
been calculated theoretically, is evaluated from the quantitative measurement
of the electric field profile. The analysis of the electric field domain as a
nonlinear system is presented in Chapters 4. In Chapters 3 and 4, the electrical
contacts on the sample are two long parallel stripes. The translation symmetry
along them is preserved and the problem is one dimensional. In Chapter
5 we present results obtained breaking this symmetry by changing the domain shape or by perturbing the sample with a magnetic field or with laser light.
The second part of the thesis (Chapter 6) deals with a phenomenon in
which the complexity is related to correlation and not to nonlinearity. The
final goal is to confine a large number of excitons (an electron bound to a hole
by the Coulomb force) to a small region of space. Excitons are bosons, and
so, theory predicts that at low temperature and high density a macroscopic
number of them can occupy the same energy level. Similar phenomena are
responsible for superconductivity in metals and superfluidity in fluids. We
expect new phenomena to emerge also in an exciton condensate.
To obtain a sufficiently high density of excitons, their diffusion has to be
balanced by a force, which can not be the most commonly used electric field
because excitons are neutral particles. The basic idea is to use large magnetic
field gradients, which have already been used, for instance, for confinement of
atoms, molecules and biological systems. The trapping mechanism stems from
the fact that the excitons energy increases with magnetic field (diamagnetism),
forcing the excitons to move towards low field regions. In Chapter 6 we experimentally prove that it is indeed possible to influence the motion of excitons by
a large magnetic field gradient and that a magnetic trap is feasible.
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Part I

Nonlinear Transport and
Structure Formation in
Semi-Insulating GaAs

Chapter 1

Nonlinear Systems and
Structure Formation
"An eye for an eye and a tooth for a tooth" is a good definition of a linear
system, in which the reaction is always proportional to the action. In those
systems the effect of the combined actions of two causes is merely the sum of the
effects of each cause taken individually and the superposition principle holds.
As a consequence, linear systems subject to well-defined external conditions will
follow a well-determined evolution, and a small change in the initial condition
will produce a small change in the system response.
In nonlinear systems adding two elementary actions can produce a completely different behavior arising from the cooperation between constituent elements. Nonlinear science is therefore science of complex behavior, where events
can have properties totally unexpected from the simple extrapolation of underlying laws. Nonlinearity arises in a large number of natural phenomena, from
classical mechanics to chemistry, from physics to social sciences, but, in spite
of the variety, similar patterns are present in all those systems [1].
The aim of this chapter is to introduce some important common features of
nonlinear systems, such as bifurcation, symmetry breaking and positive feedback, and to connect them to the microscopic physics of semiconductor material.

1.1

Examples

1.1.1

The Hoop

The hoop, also called the Duffing oscillator, is one of the most simple examples of nonlinear behavior in classical physics [2]. A mass m, subject to the
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Figure 1.1: (a) Schematic representation of the motion of the
mass m in a vertical rotating hoop, (b) Equilibrium position in
the rotating hoop as function of the angular velocity ω

gravitational acceleration g, is free to move, with a certain friction, around a
vertical ring of radius r (Fig. 1.1a). The position of the mass on the ring is
determined by the angle θ with the lower end of the vertical diameter. The
mass performs damped oscillations around the point 0 = 0 where it will even
tually stop because of friction. This point is the equilibrium state of this simple
system.
When we force the ring to rotate around the vertical axis with an angular
velocity ω, we give extra kinetic energy to the system. Also the centrifugal
force is now acting on the mass. All the conservative forces acting on m and
not compensated by the ring are directed tangentially to the ring (Fig. 1.1).
Neglecting friction, we obtain the equation of motion for the mass m:
=
F = 01-7-5¿

dt

m

~s
г

m

0(^ c °s θ — 1),

(1.1)

where
λ = u2r/g ,

(1.2)

The equilibrium positions of the system are those in which the conservative
forces acting on the mass are zero, but the system will relax only in the stable
20
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equilibrium positions, where the force is pointing towards the equilibrium posi
tion. Therefore, for a value of ω below the critical threshold ω€ = уд/т, and
thus for a small energy input, the system has the same equilibrium state as be
fore. But, beyond u>c, the situation changes completely and the mass oscillates
around a new emerging stable equilibrium position corresponding to a non zero
value of the angle Θ. The position θ = 0 is still an equilibrium one but it is not
stable anymore. Actually, from Eq.1.1 we see that there are two of these new
stable equilibrium positions, placed symmetrically around the vertical diame
ter. The choice is determined by the initial conditions of the system and there is
no preference for either of the equilibria. Still, in a given experiment, only one
of the two stable equilibrium positions will be reached. Therefore, we obtain an
asymmetric realization of a perfectly symmetric problem. This phenomenon is
called symmetry breaking, and, in this problem, the broken symmetry is around
the vertical diameter.
In the diagram presented in Fig. 1.1b the equilibrium positions are plotted as
function of the angular velocity ω. Below шс only the stable equilibrium point
θ = 0 is present (branch (a)). Beyond uc, θ = 0 is unstable and therefore the
system will never relax to it (dotted line (a')). Simultaneously with the loss of
stability of θ = 0, two new stable equilibrium points appear, symmetric around
the vertical diameter. For growing ω they separate from the vertical diameter
along the branches (bl) and (b2). The system in its actual behavior will choose
one of the two solutions. This phenomenon is called bifurcation, in this case
pitchfork bifurcation, and it is a clear fingerprint of the nonlinear behavior of
a system.
1.1.2

B e n a r d convection

Convection is the heat transport by upward movement of a heated and thus
less dense medium, and it is responsible, for instance, for the circulation in the
atmosphere and in the oceans. It is clear to everybody that the atmosphere
system is by far not homogeneous in time and space. In this case the system is
composed of many particles and it is described by state variables that depend
continuously on the space coordinates. These systems are called spatially dis
tributed systems and they show a larger variety of effects than the systems with
a finite number of degrees of freedom, like the hoop.
This complex behavior is due to the nonlinearity of the system, which can be
illustrated by a very simple experiment performed for the first time by Benard
in 1900 [3].
The experimental set-up consists of a thin fluid layer between two flat plates
in a gravitational field. The temperatures of the lower and upper plates are re21
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Figure 1.2: Draft of the flux lines in the convective Benard
motion of a thin layer of fluid between two plates with different
temperature.

spectively To and T\. For Δ Γ = Го — T\ = 0 the system will reach a condition
of thermodynamic equilibrium with a homogeneous temperature and no fluid
motion (on a macroscopic scale). When the temperature difference is gradu
ally increased Δ Τ > 0, heat transport is induced from the lower plate to the
upper one, and the system is pushed out of thermodynamic equilibrium. If
the temperature gradient does not exceed a certain critical value ATC the heat
transport is only conductive and characterized by the absence of bulk motion.
Along every horizontal plane the temperature and the density of the fluid are
homogeneous, and therefore the symmetry of the problem is preserved. If the
critical temperature is exceeded, the fluid begins to perform movements orga
nized as well-structured convection cells (Fig. 1.2) known as Benard cells. In
every cell, on one side the hot fluid moves upward until it reaches the cooler
plate. Moving for a typical distance parallel to this plate it dissipates heat and
it cools down. Finally it moves downward on the other side of the cell, reaching
the hot plate where it heats up again. Two adjacent rolls rotate with opposite
direction. Evidently the translation symmetry along the plates is broken and in
every horizontal plane the fluid is passing from an ascendant to descendant mo
tion with the periodicity of the Benard cell. Moreover, the system can choose
between two equivalent solutions obtained by reversing the rotation of every
cell. Again we observe that, when ATr is exceeded, the system undergoes a
bifurcation process in which two equivalent solutions are present and the initial
conditions or some random fluctuations determine which of the two is realized.
22
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The physical origin of this process is related to the thermal expansion of
the fluid. Near the bottom plate the fluid is hotter and thus less dense. This
situation is clearly unstable in a gravitational field. If a portion of the fluid
moves upwards, for instance as consequence of a random fluctuation, it will
come across a more dense fluid. Therefore it tends to move more upwards,
opposed to the gravitational force. The formation of the rolls is then a conse
quence of a positive feedback process. The reason why this convective motion
does not appear below ATC is the presence of viscosity, which inhibits the fluid
motion.
One of the reasons that makes the Benard problem so interesting is that,
besides the first bifurcation, the system undergoes a series of successive transi
tions. For every transition the complexity of the system grows, leading to chaos
along the quasi-periodic route [4].

1.2

Instability in Semiconductors

Transport in semiconductors can be considered in a similar way as the Benard
experiment. In this case two parallel electric contacts are placed on the sample
at a certain distance from each other. A voltage is applied and the current is
measured [5, 6]. If the voltage is sufficiently low the current is proportional to
the voltage, following Ohm's law. The electric field E and the current density j
in the sample are homogeneous and the symmetry is preserved. If a critical volt
age is exceeded, the system undergoes a bifurcation. The actual configuration
of E and j appearing after the bifurcation depends on the kind of semiconductor
used, but it is always related to the presence of negative differential resistance
(NDR), i.e. dj/dE < 0. Using the current equation
j = aE,

(1.3)

where σ is the conductivity, we can see that we have NDR if

The last quantity is defined as the differential conductivity a¿ and corresponds
to the derivative in the j — E plot. Similarly to the previous examples, in the
NDR regime, the homogeneous distribution of E and j is still an equilibrium
state, but unstable. This can be understood considering charge conservation:

1=-!·

<">
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where ρ is the space charge, and the Poisson equation:

4§=„

a.6)

where ε is the dielectric constant. The Poisson equation states that any dis
continuity in the electric field distribution is always related to the formation of
space charge. Combining the equations, we obtain the relation governing the
time evolution of the space charge:
- - =1 ί ·
(1-7)
a¿
ρ at
The solution of this equation is an exponential with a time constant τ = —ad/ε.
In normal conditions (Ohm's law) a¿ is a positive quantity and therefore every
random fluctuation of charge is damped, which means that the homogeneous
electric field distribution is restored. In case of NDR, a¿ has a negative value,
every charge fluctuation is enhanced and the E distribution deviates from the
homogeneous one. This process goes on until a new inhomogeneous, stable
equilibrium state is reached.
NDR can be classified as NNDR or SNDR, depending on whether the j — E
characteristic has an N-shape or a S-shape respectively. Figure 1.3a show the
shape of a SNDR j — E characteristic. It is obtained when, in a certain region of
electric field values, j is a multivalued function of E. For instance, the current
density values ji, ji and j$ all correspond to the same Em. SNDR is unstable
against the formation of an inhomogeneous current density in the form of a
high current filament, with a core of high current density j \ and a surrounding
of low current density J3. The value j'2 is unstable and therefore never realized.
The E distribution has a constant value equal to Em.
In Fig.1.3b is shown that the important feature of NNDR is that, in a
certain range of the current j v < j < j p , the field is a multivalued function
of the current density. In this range a given current density j m corresponds
to three electric field values E\, E2 and £"3. In this case the homogeneous
steady state is unstable against the formation of an inhomogeneous layer-like
field distribution with a hump-shaped field profile across the sample (high field
domain). The electric field has a typical value E\ outside the domain and E3
inside, while the current density has a constant value j m . In this thesis we
will focus our attention on NNDR and therefore we describe in more detail the
formation of a high field domain.
Just before the formation of a domain, the electric field is homogeneous and
it has a value near the critical one Ec (Fig.l.3b). The homogeneous distribution
becomes unstable as soon as the critical electric field is exceeded. An event
24
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Figure 1.3: Relation between current density and electric field
in the case of S (a) and N (b) negative differential resistance.
The bottom part shows the corresponding topological partition
of the sample.

25

Nonlinear Systems and Structure Formation

ω
и
я
4>
U

α
О.
(Я
1

·**
и

Ξ

Е3

/1

1'

\

Е,

Position

Figure 1.4: Description of the domain formation from a random
charge dipole fluctuation.

which normally takes place near the contacts, where the electric field is slightly
larger than in the bulk because of the depletion layer caused by the metalsemiconductor junction. The trigger for the process is a random dipole charge
fluctuation (Fig.1.4 ίο), which produces, between points A and В an electric
field Eh > Ec which is larger than the field E¡ < Ec at either side of A and
В (Eq.1.6). The current passing from A to В is lower than in the region of
low field because dj/dE < 0. Therefore the dipole continues to grow, because
charge is accumulated in В and depleted in A (Eq.1.5), creating a larger electric
field in a positive feedback process (Fig.1.4 ίχ). This process continues until
the current throughout the sample is constant again, leading to a value of the
field equal to £3 inside the domain and E\ outside it (Fig.1.4 t-i).

1.3

Microscopic origin of N N D R

In this section we relate the j — E curve to the microscopic physics that deter
mines the NNDR. In an isotropic spatially homogeneous system with unipolar
26
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conduction, the current density can be written in the form
3 = αημΕ,

(1.8)

where q is the charge of the carrier, π is the carrier density and μ is the mobility
[5]. In general, the last two quantities depend on the field intensity. We talk
of drift (μ = μ{Ε)) or carrier density (n = n(E)) nonlineanty depending on
which of the two factors plays the dominant role.
The electric field accelerates the electrons in the conduction band and
changes their average kinetic energy and therefore their temperature. The
energy exchange between carriers and the lattice is not very effective because
of the small mass of the electrons and therefore the distribution function of
the electrons in the conduction band is modified because of the higher electron
temperature. A different distribution influences the average properties of the
carriers, such as the effective mass or the probability to be trapped in a de
fect, leading to a statistical dependence of μ and η on the local electric field
in the sample. Also in the case of semiconductors the systems display a non
linear behavior when they are pushed out of thermodynamic equilibrium by a
sufficiently large energy input.
It should be noted that the appearance of an instability makes it difficult
to experimentally determine the j — E curve and the underlying microscopic
physics without local measurements of the electric field and of the current dis
tribution.

1.3.1

Drift nonlinearity

The most famous drift nonlinearity is the Gunn oscillator [5]. This device is
based on η-type GaAs. The nonlinearity is originating from the scattering of
electrons from the Г-minimum in the conduction band, where the effective mass
is 0.06 times the electron mass, to the L-minimum, where the mass is 0.35 times
the electron mass. The difference in energy between the two minima is equal
to 0.31 eV, which requires an electric field of about 3.0 kV/cm to be overcome.
In this kind of instability the high field domain moves from the anode to
the cathode with the velocity of the drift electrons, which is about 106 cm/s
for electric fields in the order of some kV/cm. This oscillating electric field
generates electromagnetic waves and, for this reason, the Gunn oscillator is
used as a microwave generator.
27
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1.3.2

Carrier-Density nonlinearity

Carrier-density nonlinearity appears because of the dependency of the number
of carriers on the electric field. The dependency comes from the redistribution
of electrons (holes) between the conduction (valence) band, which contribute
to the current, and the electrons (holes) trapped in defects, which do not contribute. As a consequence of this effect, domain formation has been observed
in p-Ge, Au-doped GaAs and semi-insulating (SI) GaAs. In all those materials
the average probability of electrons to be trapped depends on their actual energy distribution within the conduction band [5]. The propagation velocity of
a domain is significantly lower (1 cm/s ... 104 cm/s) than in the case of drift
nonlinearity because the typical time scale is given by the trapping rate of the
electrons.
We focus our attention on SI Liquid Encapsulated Czochralski (LEC) grown
GaAs, which is the semiconductor material used in this thesis to study the formation of high electric field domains. This material has been chosen because it
is particularly suitable for experimental analysis. The low propagation velocity
(about 1 cm/s) and the high value of the electric field in the domain (3 kV/cm)
makes the detection of the voltage profile easy. The domain forms at the anode
and moves towards the cathode where it is annihilated. Simultaneously a new
domain is formed at the anode and the cycle starts again. The current through
the sample is influenced by the domain propagation, showing a spike when one
domain is annihilated at the cathode and the next one is created at the anode.

1.4

Semi-Insulating GaAs

LEC grown GaAs is commonly used as substrate for most of the GaAs devices
and, lately, as detector for high energy particles. Therefore both the production
technology and the knowledge of the physical properties at equilibrium are well
known. In Fig.1.5 we sketch the electron distribution in the relevant energy
levels. The energy is displayed on the vertical axis, and the histograms represent
the number of available states. The shaded portion of every histogram shows the
number of charged states. The valence band is, for all practical purposes, empty
and the conduction band accommodates 2 · 1013 m - 3 electrons, which is a small
number compared to the available density of states. Both shallow donors (Sic a )
and acceptors (CAS) are fully ionized, providing a fixed background of charge
(about 1 · 1021 elementary charges per cubic meter). This charge is neutralized
by the partially ionized midgap EL2 traps, which are microscopically caused
by Asea antisites. EL2 defects are double donors, neutral when occupied by an
electron and singly or doubly charged when ionized. The doubly ionized level is
28

1.4 Semi-Insulating

G aAs
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Figure 1.5: Diagram of the energy states in semi insulating
GaAs. On the vertical axis is displayed the energy and on the
horizontal the number of available states.

not relevant in explaining NNDR because it is too high in energy and will not
22
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be considered here. Because of the large number of EL2 traps, 1.3 · 10 m ,
the Fermi level is pinned at this energy explaining the ionization of the shallow
donors and acceptors and the low concentration of electrons in the conduction
band. Therefore the high resistivity of this material is caused by the trapping
of conduction band electrons in the partially ionized EL2, which compensate
the residual shallow donor and acceptor charges [7].
The dynamics between the small number of conduction band electrons and
the large number of EL2 electrons is described by trapping and ionization prob
abilities. The trapping probability has been found to be strongly enhanced by
the electric field [6, 8] leading to the depletion of free electrons resulting in
a growing number of trapped electrons. Thus, with increasing electric field,
the number of free carriers is reduced, increasing the resistivity and causing
N-shaped NDR [9, 10]. Two models have been put forward to explain this
enhancement of the trapping coefficient. One model explains the enhancement
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with a configurâtional barrier of 60 meV due to a LO-phonon capture process.
An electric field of about 0.5 kV/cm is necessary to make the electrons resonant
with an optical phonon, which enhances the trapping probability [8]. The other
model proposes an enhanced capture of hot electrons in the L valley of the conduction band, which occurs at about 3.0 kV/cm [11]. Experimental data that
are available at the present are not sufficient to discriminate between the two.

1.5

History of slow domains

At the beginning of the 60's, Watkins and Ridley [12] predicted theoretically
that the presence of NDR in semiconductor materials leads to an instability
in the homogeneous electric field distribution. Soon later the effect was experimentally confirmed by Gunn [13] in η-type GaAs and by Barraud [14] and
Noortrop [15] in SI-GaAs. Gunn oscillations, which have a typical frequency of
some GHz, were explained by intervalley scattering of hot electrons, which al
ters the effective electron mass. This discovery had a considerable technological
impact, leading to the realization of the so called Gunn microwave generator.
The explanation of slow domains (typical frequency of some Hz) in SI-GaAs
came later. Only at the beginning of the 70's Sacks and Milnes [16] proposed a
model based on trapping of electrons in deep defects. A complete comprehen
sion was hampered by poor knowledge of deep defects in GaAs and of the related
trapping mechanism. Moreover the mathematical model is intrinsically more
complex, as compared to Gunn domains, because two populations of electrons
(free carriers and trapped electrons) have to be simultaneously considered. The
problem was neglected up to the beginning of the 80's when the new analysis
was driven by the technological development of GaAs. New explanations of
the electric field trapping enhancement were proposed by Kaminska et al. [8]
with resonant LO-phonon trapping and by Vorobev et al. [11] with enhanced
trapping in the X-minimum in the conduction band. Prinz and Boblyev [17]
observed the first experimental evidence, showing an enhancement of one or
der of magnitude in the electron trapping coefficient for an electric field of 10
kV/cm.
In the second half of the 80's, chaos offered a new approach to nonlinear
systems and semiconductor materials were recognized as a valuable experimen
tal and theoretical model systems by Marakas et al. [18], Pozela et al. [19],
Lusakowsky et al. [20], Scholl [6] and Johnson et al. [21]. None of those ex
periments offered a quantitative description of the electric field profile but only
a qualitative picture. The only quantitative experimental analyses have been
performed on p-Ge by Teitsworth using a capacitive probe, which unfortunately
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was not space resolved [22].
In 1994 Willing developed an experimental set-up that allowed spatially and
time resolved measurements [23]. He studied the periodic domain propagation,
clarifying the role of the contacts in the domain formation and showing that
the peak in the current signal is related to the annihilation of a domain at
the cathode, while a constant low level in the current takes place when the
domain is propagating [24]. He also suggested that the interactions between two
subsequent domains would lead to chaos, but he could not observe it because
of the poor time resolution of the experimental system. Moreover, using the
quantitative values of the voltage distribution, he showed that the value of
the critical field is underestimated when obtained dividing the critical applied
voltage by the sample length. He also evaluated the space charge density that
is necessary to sustain the large electric field gradients, showing that it is five
orders of magnitude larger than the electron density in the conduction band.
This fact proves that the carriers trapped in EL2 defects are essential for the
domain formation and the nonlinearity in the trapping coefficient is responsible
for the nonlinearity in the j-Ε relation. In Ref. [25] he also showed for the first
time a picture of a circular domain initiated at a circular contact, which reveals
that the topology of a propagating domain is strongly influenced by the contact
shape.
Nevertheless, quite a few problems remained unexplained. In particular
the quantitative relation between free and trapped electrons, which is normally
described by a trapping coefficient, is missing. This information is not only
interesting for the comprehension of slow domains but also for the modeling
of GaAs devices, in which the field is easily larger than some kV/cm [9]. The
domain was studied only during the steady state periodic propagation, because
of the limited time resolution of the experimental systems, but, nevertheless, no
consistent explanation of the steady domain velocity was given. Moreover there
were no measurements regarding the domain formation and its nonperiodic
propagation. Finally, the domain was mostly studied in a geometry which was
essentially one dimensional, and the analysis on the dependence of the domain
topology on the contact shape in Ref. [25] is only a preliminary result.
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Chapter 2

Experimental Set-up
The set-up used to measure real time the two dimensional voltage distribution
on the top surface of a GaAs sample is presented in Fig.2.1. It is based on the
longitudinal electro-optic effect of a BÌ12S1O20 (BSO) crystal, which transforms
a voltage distribution in a phase shift of light [1]. The crystal has a transparent
electrode on the front and a dielectric mirror on the back side and it is put with
the back side on top of the sample. An expanded polarized laser beam enters
the crystal through the transparent electrode and is reflected back by the mirror
through a beam splitter and an analyzer. Grounding the top electrode of the
BSO, the phase shift induced by the voltage difference between the two sides
of the crystal, which corresponds to the voltage distribution in the sample, is
recorded as a light intensity distribution on a CCD camera and is digitized with
a frame grabber. The relation between voltage and light is determined through
an in situ calibration and thus does not rely on any material parameters.
The sample is driven to the nonlinear regime by applying a sufficiently large
voltage. The formation of the domains is monitored electrically by measuring
the oscillations in the current signal. A home made electronic controller allows
to synchronize the pulsed laser source and the readout of the camera with the
current oscillations. In this chapter we will discuss in more detail the electrical
and the optical parts of the set-up and the image acquisition and analysis
techniques.

2.1

Electrical Set-up

The sample is biased with a d.c. high voltage, low noise HP PS350 power
supply. To measure this voltage, about some kV, we use a voltage divider
8
1000:1 of total resistance of 5 · ΙΟ Ω in parallel with the sample. The current
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Figure 2.1: Experimental set-up description. The symbols have
the following meaning: D.L. diode laser, P. polarizer, A/4 plate,
B.S. beam splitter, BSO electro-optic crystal, S. sample, A.
analyzer, C. camera, R. resistor, P.S. power supply, V.D. voltage
divider, V. voltmeter, P.C. personal computer.

signal is monitored as a voltage drop on the resistor R. (Pig.2.1). The value of
the resistor (10 ΜΩ) is chosen to give a sufficiently large load and still being
small compared to the sample resistance. To sustain the large value of the
load resistor, the voltage drop is measured through an operational amplifier.
The output of the amplifier is digitized with 16-bit resolution by a Keithley
DAS-1600 analog to digital converter. The frequency spectrum of the current
is eventually analyzed with a numerical FFT.
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2.2

Optical Set-up

To convert the voltage distribution of the sample in a light intensity distribution,
we use the Pockels effect of a BSO crystal (Fig.2.2). In electro-optic materials,
an applied electric field induces optical anisotropy in an otherwise isotropic
medium. The Pockels effect is a particular case of electro-optic activity, in
which the applied field changes the propagation velocity of light along two
perpendicular principal axes [2]. A phase shift is induced between the light
components along the axes and, therefore, the polarization of the light passing
through the active medium is modified as a function of the applied electric
field. This effect depends strongly on the orientation and on the symmetry of
the dielectric tensor.
We put the BSO crystal on top of the sample with a transparent indium
tin oxide electrode on the front side and a dielectric mirror on the back. By
grounding the front side electrode, the voltage difference between the front and
the back surface corresponds, point by point, to the voltage distribution on
the surface of the sample. The BSO crystal is uniformly illuminated by the
light generated by a 780 nm laser diode, which is passing through a GlannThompson polarizer and a λ/4 plate (Fig.2.2). The circular polarized light
enters the crystal and is reflected back by the mirror, which has a maximum
reflectivity of 99.8 % at 780 nm. In this geometry, the electric field is oriented
parallel to the propagation vector of light. The BSO is oriented in order to have
the two principal axes forming an angle of ±45° with the vertical direction. The
phase shift between the components of the light along the two axes is

r=ynjr41V,

(2.1)

where λ is wavelength of the light, no is the isotropic refraction index, Гц
is a component of the BSO linear electro-optic tensor, and V is the voltage
applied between the front and the back surface. The quantity п^гц, which is
_11
7.8 • 10 m/V for BSO, is the figure of merit characterizing the electro-optic
efficiency of the material.
The light passes from circular to elliptical polarization by propagating
through the crystal and accumulates the phase shift related to the voltage
distribution on the sample according to Eq.2.1.
The outcoming light is guided via a beam splitter through a second polarizer,
crossed with respect to the first one. Detecting the light, we obtain an intensity
distribution described by:
Iout{x,y)

1

2π

• Iί — П(,Г4і
3
ι,/(Х,
1 + Sin
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U — 4

(2.2)
37

Experimental Set-up

Figure 2.2: Electro-optic set-up. The arrows indicate the light
polarization, which changes as function of the voltage on the
surface of the sample. The front side of BSO is covered with
an indium-tin oxide layer used as transparent electrode and the
back side is coated by a dielectric mirror.

38

2.3 Image acquisition and analysis
where I0ut{x,y) is the position dependent outcoming light intensity, Ігп is the
incident intensity and V(x, y) is the voltage distribution on the sample. Ap
plying the same voltage to both the sample contacts we obtain a uniform light
distribution for every voltage. In this way we experimentally determine the
relation between the light intensity and the voltage without using any mate
rial parameter. Considering that, usually, the measured voltage is about 1 kV,
Eq.2.2 can be simplified with an error of less than 3% by substituting the sine
with its argument:
ί

= ^ - ϊ ( » + τ"* Γ « ν < Ι ·»0·

(2 3)

'

In this way we obtain a linear relation between the light intensity and the
voltage distribution, leading to a simpler data acquisition and analysis.
The BSO has been chosen because it is particularly suitable for our ex
perimental set-up [3]. It has a figure of merit that is the best one among
commercially available electro-optic materials. It has a large band gap (3.2
eV) and therefore it is transparent for visible radiation. It is a very resistive
material (p = 5 • 10 u Om) as compared with SI GaAs (p = 7 · 105Ωπι), avoiding
current leakage. It is easy to obtain sufficiently large crystals, which gives the
possibility to study simultaneously a 1 cm χ 1 cm area of the sample. Moreover
we can prevent the electric breakdown by increasing the crystal thickness.

2.3

Image acquisition and analysis

The light intensity is measured with a CIDTEC CCD camera and digitized with
an Advance Frame Grabber by Imaging Technology. The spatial resolution of
the camera is 512 χ 512 pixels, with a sequential, non interlaced read out. The
normal frequency of the camera is 33 Hz. The camera does not have a standard
video output and the image has to be acquired with a frame grabber. The
images are digitized real time to 8 bit values (8 MHz maximum digitalization
frequency), temporary stored in a 2 Mbit, on board, fast memory and sent to an
external monitor by a Texas Instrument Graphics Processor, which takes care
of the synchronization. Both the camera and the frame grabber are capable of
asynchronous acquisition, i.e. the acquisition can be synchronized by a trigger
signal to an external event. Used in this way, the camera must be illuminated
only during the acquisition time and not during the downloading of the signal
to the computer. For this reason we use a modulated diode laser to illuminate
the BSO crystal. The trigger used for the camera is also used to synchronize
the diode laser. The duration of the laser pulse corresponds to the exposure
time.
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The procedure to measure the voltage distribution is as follows: 1) we
ground the two contacts of the sample and we grab the light intensity (im
age A). In this image the light intensity should be uniform and equal to l/2Iin.
2) We apply the high voltage д to one of the contacts, we ground the sec
ond one, and we grab a picture in which a domain is present (image B). 3)
We grab an image with the voltage V/j applied to both contacts (image C).
The light intensity should be uniform and equal to l / 2 / m ( l + irVh/V^). 4)
Finally, we calculate, pixel by pixel, a new image (B-A)/C. In this way we ob
tain a normalized picture in which the light intensity values between 0 and 1
are corresponding linearly to voltage values between 0 and V^. Moreover, the
normalization takes into account possible inhomogeneities in the illumination
Iin of the BSO crystal. This procedure can be done real time manipulating the
images directly inside the frame grabber, which displays only the final result
on the monitor.
The major problem we had to solve in measuring a propagating domain is
the time resolution of the system. The domain moves with a velocity up to
100 cm/s in a 1 cm long sample. Therefore we need an acquisition frequency
of about 1 kHz, which is larger than the acquisition frequency of the camera.
Moreover, the downloading of a full image to the computer hard disk takes
almost a second and the frame grabber can only store four images in its fast
memory.
If the domain propagation is periodic, we use the current signal as a timer
(Fig.2.3). As discussed in section 1.3.2, the current signal presents a spike when
a domain is annihilated at the cathode and a new one is created at the anode.
Therefore, we produce a trigger signal with a controllable delay with respect
to the current spike. For different delays we obtain pictures of the domain in
different positions. In this way we can also average multiple images taken with
the same time delay to enhance the signal to noise ratio. The same electronics
controls also the duration of the laser pulse.
If the propagation is not periodic, we have to store all the information real
time. To achieve this goal, we decrease, with the use of home made electron
ics, the number of image lines that the camera sends to the frame grabber.
By passing from 512 to 1 line, the acquisition frequency increases from 33 Hz
to more than 3 kHz. Of course, we lose spatial information along one axis,
obtaining a one dimensional voltage distribution. This limitation is not cru
cial in samples with long parallel contacts, where the voltage distribution has
translation symmetry along the contacts. All those single line images are sub
sequently stored in the fast 2 Mbit frame grabber memory. At the end of the
measurement, we obtain a two dimensional array in the frame grabber memory.
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Time
Figure 2.3: Synchronization of the image acquisition. The symbols have the following meaning: D.L. diode laser, B.S. beam
splitter, BSO electro-optic crystal, S. sample, C. camera, P.C.
personal computer.

On one axis we have the spatial dependence of the voltage distribution with
512 points' resolution, and on the other axis we have the time evolution of the
voltage distribution up to 2048 lines. This array can be displayed by the frame
grabber on the monitor as an image and downloaded to the computer memory
to be numerically analyzed.
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Chapter 3

Electric field dependent EL2
capture coefficient in
semi-insulating GaAs obtained
from propagating high field
domains
Abstract
We have determined the electric field dependence of the carrier capture coefficient of the EL2 traps in semi-insulating GaAs up to 7
kV/cm by means of a quantitative analysis of propagating high electric field domains. The experimental data show a trapping coefficient which is proportional to the electron drift velocity, supporting
the microscopic model of electric field enhanced trapping of carriers
over a configurational barrier.
Liquid encapsulated Czochralski (LEC) grown GaAs, a material commonly
used as substrate in device fabrication (MESFET, gamma ray spectrometers),
is semi-insulating (SI) by a compensation of residual shallow donor and acceptor charge by trapped charge on native EL2 deep traps, usually attributed to
an Asea antisite defect [1]. At room temperature the Fermi level is pinned
at the EL2 midgap energy level, which is partially ionized and in equilibrium
This work has been published in:
F.Piazza, P.C.M.Christianen and J.C.Maan, Appi. Phys. Lett. 69 1909(1996).

Electric field dependent EL2 capture coefficient
with electrons in the conduction band via trapping (coefficient Cn) and emission
(rate en). If the system is driven out of equilibrium by an external driving force,
for instance a large electric field, the electron distribution is no more described
by the Boltzmann statistic and the trapping coefficient and emission rate are
modified. In SI GaAs the trapping coefficient is found to increase with electric
field, leading to negative differential resistance [2], which is responsible for noise
in devices based on SI GaAs substrates [3-5], low frequency current oscillations
and high field domain formation [6-8]. Theoretically the field enhanced trap
ping can be explained both by a LO-phonon capture at 60 meV over the Γ
point in conduction band, which requires an electric field of about 0.5 kV/cm
to be activated [9] or by an enhanced capture of hot electrons in the L valley
which occurs at about 3.0 kV/cm [10]. Experimentally, the field dependence of
Cn is poorly known. Prinz et al. [11] have measured an enhancement of more
than one order of magnitude of the capture cross section ση for E=10 kV/cm
as compared to the zero field value, which implies the enhancement of the trap
ping coefficient determined by Cn = ση < vth >, where < vth > is the electron
thermal velocity, which almost doubles in high fields. However, the Cn(E) de
pendence of the full range of electric fields is not available. The reason for this
lack of data is that, for short samples (less than one millimeter), uncontrollable
contact effects are important, while for long samples propagating high electric
field domains are formed.
We will show in this chapter that, if the local electric field and the charge
density of such propagating domains are measured locally and quantitatively,
Cn as function of the electric field can be calculated even if the sample is elec
trically unstable. Experimental data are obtained with a set-up based upon
the longitudinal electro-optic effect of a BÌ12S1O20 (BSO) crystal, which transforms a voltage distribution in a light intensity distribution (Chapter 2). The
crystal, with a transparent electrode on the front side and a dielectric mirror on the back, is placed on top of the sample. The light of an expanded
polarized pulsed laser beam enters the crystal through the transparent electrode, is reflected back by the dielectric mirror and analyzed. Grounding the
top electrode of the BSO, the phase shift induced by the voltage difference
between the two sides of the crystal corresponds to the voltage distribution
on the sample and can be recorded as a light intensity distribution on a CCD
camera (maximum speed of 1 kHz). The voltage is directly obtained from the
light intensity via an in-situ calibration. A < 100 > grown LEC single crystal GaAs wafer, nominally undoped, with a thickness of 0.5 mm and with two
bar shaped NiAuGe contacts 8 mm apart is used as sample. The shallow acceptor density (mainly carbon and zinc), the shallow donor density (mainly
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Figure 3.1: Electric field as function of time and of the distance
from the cathode describing the spontaneous propagation of
a high field domain with an applied voltage of 1.6 kV. The
thick line marks the electric field distribution as function of the
position t h a t is reported in Fig.3.2

silicon), the free electron density at room temperature at zero electric field
and the mobility are respectively NA = 2.2 · 10 1 5 cm~ 3 , ND = 1.3 · 1 0 1 5 c m - 3 ,
7
-3
2
no = 1.9 · 1 0 c m and μη = 6600 cm /Vs . The density of EL2 states is esti
mated to be NEL2 = 1.3 · 10 1 6 cm~ 3 [1]. T h e occupation densities at thermody
namic equilibrium fix only the ratio between Cn and e„; using the value of ση at
7
_8
3
zero electric field [11, 12] with <vth>=
2-10 cm/s, we find Cn = 2.0-10 cm /s
and e n = 5.4 • 1 0 _ 2 s _ 1 , which is consistent with literature values [11].
For d.c. bias voltages over the contacts below 0.6 kV, the sample behaves
ohmic, while for higher voltages the current oscillates periodically between two
levels (0.1...10 Hz), showing t h a t propagating high field domains are formed.
In Fig.3.1 the electric field profile of a domain obtained by differentiation of the
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measured voltage distribution is shown as function of time and position for an
applied voltage of 1.6 kV. The domain forms at the cathode, initially grows and
slows down while propagating in the bulk and finally reaches a stable configuration which advances towards the anode with the same shape and constant
velocity v¿. When the domain arrives at the anode, it is annihilated, a new
domain is formed at the cathode, and the process starts again. Stable domains
with the same width but with a linearly increasing electric field peak and domain velocity are observed in the range of 1.3...1.9 kV. For voltages larger than
1.9 kV the domain is annihilated at the anode before reaching its stable shape
and chaotic behavior sets in.
Stable propagating domains are the ideal tool to obtain information about
the electric field dependence of the trapping coefficient because i) a wide range
of electric fields is simultaneously present in the sample (0.4...7.5 kV/cm), ii)
contact effects are unimportant and iii) the constant velocity and shape allows
to combine the time and space dependence of the basic equations underlying
the behavior of the slow domains in a single variable by the transformation
f(x,t) —¥ f(x — v¿t). Using the Poisson equation, we observe that the space
charge density distribution p(x) (Fig.3.2) is a dipole with a maximum value
of 2 · 1 0 u c m - 3 electron charge units. This value is much higher than the
free electron density in the conduction band and can only be explained by
considering the generation-recombination dynamics of the electrons in the EL2
levels, which are thus essential for the domain formation. The behavior of
the free electrons in the domain can be evaluated from the current continuity
equation,
Jezt - vdp(x) = (n(x)vn{E) + Dn^^-J

,

(3.1)

where the external particle current density Jext and p(x) are experimentally
determined, the field dependent electron drift velocity vn and the diffusion
coefficient Dn are obtained from literature [13] and n(x) is the only unknown
quantity. Once n(x) is known, the fluctuation щ(х) around the equilibrium
value of the density of electrons trapped in EL2 levels is easily obtained as
p(x) = no — n{x) + nt(x). In Fig.3.2 we present the measured electric field and
the charge distribution with an applied voltage of 1.6 kV and the corresponding
n(x) and щ{х) profiles. In determining n(x) we used Eq.3.1 and vn(E) as given
for ultrapure GaAs, which is a good approximation for our sample because at
room temperature the mobility is limited by electron-phonon interaction [14].
The high resistivity of the domain is found to be caused by a 80% depletion
of the conduction band electrons, while the charge dipole which is necessary to
sustain the domain is almost entirely due to fluctuations in the occupation of
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Figure 3.2: Top: measured electric field and charge distribution
as function of the position for an applied voltage of 1.4 kV.
Bottom: evaluation of the conduction band electron density η
and of the density fluctuation of the EL2 trapped electron щ
from the data on top.
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Figure 3.3: Electron trapping coefficient in EL2 levels as func
tion of the electric field obtained for domains at seven different
applied voltages.

EL2 levels. Although щ is four orders of magnitude larger than n, it is still five
orders of magnitude smaller than the density of occupied states at equilibrium.
Therefore the variation in the ratio between electrons in the conduction band
and electrons in the EL2 levels is practically completely determined by η only
and the reduction of η in the region of high field is a direct evidence for the
enhanced trapping. It is important to note that in Eq.3.1 all the possible sources
of nonlinearity in the j — E curve are taken in consideration and the experiment
directly shows the contribution by the electric field enhanced trapping through
the decrease of η at high electric fields. In particular, the contribution from
the diffusion is negligible and the low value of Vd makes the pvj, term in the
current not relevant for domain formation, contrary to Gunn domains, where
this is the major effect [2].
We can obtain the electric field dependence of Cn from the rate equation
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for nt:
fin

Vd-Qf = Cn{kNEL2

+ щ)п - e n [(l - k)NEL2

- щ],

(3.2)

where к = (NEL2 — ^A + ND)/NEL2
is the compensation ratio, considering en
constant up to electric fields in the order of 105 V/cm, when the Poole-Prankel
effect becomes important [15]. Cn has been evaluated for seven applied voltages
(Fig.3.3) and it is very satisfactory that, while the peak electric field varies by
a factor of two and vj, by a factor of four, a unique curve is obtained, which
proves the consistency of our analysis.
The trapping coefficient is seen to increase almost linearly by a factor of
fifteen for electric fields in the order of 3 kV/cm, where it reaches a maximum
after which it slowly decreases. The actual Cn curve depends strongly on the
behavior of vn in Eq.3.1 and in particular the maximum of Cn is a direct
consequence of the decreasing of vn due to the scattering of electrons between
Г and L minima. To obtain a relation that is less direct but that relies only
on experimental evidence, we plot Cn as function of vn evaluated for different
vn(E) dependencies [13], [16] in Eq.3.1(Fig.3.4).
The plot shows i) that the trapping coefficient is linearly dependent on the
carrier drift velocity, ii) that the enhancement of the trapping starts already at
a drift velocity much lower than that needed for intervalley scattering, showing
that the electrons have to overcome a much smaller barrier, and iii) that these
results are not determined by the way the drift velocity is assumed to depend
on the electric field, for any reasonable value. The LO-phonon trapping, which
is active at an electric field of about 0.5 kV/cm, is fully consistent with our
experimental results. Moreover, the decreasing of Cn at about 3 kV/cm is not
compatible with the enhanced capture of hot electrons in the L valley.
In summary, we have presented a time and space resolved measurement of
propagating high field domains in SI-GaAs which allows a direct evaluation
of the electric field dependence of Cn. We show that Cn depends linearly on
the carrier drift velocity and that, as function of the electric field, it shows
an increase at an electric field that is much lower than necessary for intervalley scattering. This fact strongly supports the LO-phonon enhanced trapping
model.
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Chapter 4

Physics of Propagating High
Electric Field Domains
Abstract
Semi-insulating GaAs exhibits, at a field of about 1 kV/cm, a strong
non ohmic conduction and negative differential resistance, and is
consequently suitable for the investigation of non-linear systems and
deterministic chaos. In this chapter we explain, both experimentally
and theoretically, how the homogeneous electric field distribution
loses its stability in favor of a stable propagating high electric field
domain. Furthermore, we provide detailed information about the
microscopic structure of the steady state domain and we explain
that the onset of chaos is related to the interaction between subse
quent domains.

4.1

Introduction

Application of a constant voltage of about 1 kV to semi-insulating (SI) GaAs
results in current oscillations caused by the formation of a high field, high
resistance traveling domain. This experiment is a very simple example of a
non-linear system (here non-linear resistance) which, for high values of an ex
ternal control parameter (here the bias voltage) shows spontaneous symmetry
This work has been published in:
F. Piazza, P. С M. Christianen, J. С. Maan, Physical Review В. 55, 15591
(1997).
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breaking and organizes itself in coherent structures. For increasing bias volt
ages these structures become complex, and the associated current passes from
time independent, t o periodic oscillations and finally reaches a chaotic behavior.
Most experimental work on non-linear phenomena has been done on hydrodynamic systems or chemical reactions. Semiconductor materials in high electric
fields have only been occasionally studied in this context but, despite of the
excellent material technology and the relative ease of electrical measurements,
these studies have not reached the state of maturity of the other systems [1-4].
The main reason for this state of affairs is t h a t a complete description of the ex
periment requires the knowledge of the local distribution of current and electric
field. They can not be simply inferred from measurements at the contacts only,
because the non-linearity leads to inhomogeneous and time dependent current
and field distributions. In more commonly studied systems like hydrodynamic
instabilities or chemical reactions the analogous local quantities (temperature,
pressure, flow, concentrations) can be made visible more easily.
In this chapter we have employed an electro-optic technique [5] to measure
the local, time dependent field distribution in SI-GaAs at high voltages, and
t o show directly domain formation and propagation (Chapter 2). Furthermore,
with a rigorous theoretical analysis, we explain in detail the formation time and
the propagation velocity of the domains and how to relate those experimental
quantities to the underlying material parameters. Finally, we show how the
transition from ohmic to periodic and eventually to chaotic behavior takes place.
These experiments and their analysis are believed to open the way to a study
of chaotic behavior of SI-GaAs at high voltages, since we can quantitatively
define the most relevant underlying properties.
In the following we briefly describe the basic physics of non-linear trans
port in semiconductors. In these materials the current density, for a spatially
homogeneous system, is given by the product of the free carrier density η and
the carrier drift velocity ve, which in principle b o t h depend on the electric field
E. If the applied voltage is very low, the usual O h m law applies, with η = TIQ
and ve oc E. For larger voltages the dependence of η and ve on E is more
complicated, and there may be a region of electric field in which j is decreasing
for increasing E (dj/дЕ < 0); i.e., negative differential resistance (NDR). T h e n
the homogeneous charge density distribution is unstable against a small random
density fluctuation and switches to a space and time dependent solution. De
pending on whether the NDR curve is S or N shaped, the formation of current
filaments or traveling high field domains will take place. If the typical velocity
of the domain is comparable t o the electron drift velocity the instability is due
to a drift non-linearity (д е/дЕ < 0), like the well-known Gunn domains in η
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type GaAs (GHz frequencies). On the other hand, slow domain velocities in
the order of some cm/s are related to a generation-recombination non-linearity
{дп/дЕ < 0), like in SI-GaAs [6-11], p-Ge [12], CdSe [13] and InSb [14]. Even
though the specific mechanism depends on the material, in all those cases the
dependence on η on £ is due to a redistribution of electrons (or holes) between
conduction (or valence) band and bound states, which reduces the number of
free carriers. The detailed local measurement of the electric field presented here
for SI-GaAs will allow the determination of this redistribution of charge.
The rest of this chapter is organized as follows: in section 4.2 we describe
the samples, and in section 4.3 the experimental results regarding the rela
tion between electric field and current, the domain formation and the domain
steady state propagation. Finally, in section 4.4, we analyze the structure of a
propagating steady state domain to obtain the free and trapped carrier distri
butions, the j — E curve and the relation between domain velocity and material
parameters.

4.2

The Samples

We have used three samples, obtained from two different < 100 > LEC grown
single crystal GaAs wafers with different contact characteristics. Sample (a) has
been obtained from a C.S.I, slab with mobility μ = 0.66 m 2 /V · s, resistivity
ρ = 3.1 · IO7 Пет, with a thickness of 0.5 mm. Two linear Au contacts have
been evaporated 8 mm apart without any annealing. Samples (b) and (c) came
2
7
from a E.P.I, slab with μ = 0.63 m /V · s and ρ = 7.0 · IO ficm and we have
provided them with two NiAuGe contacts 8 mm apart for sample (b) and 6
mm apart for sample (c) and annealed for 10 minutes at 430°C.

4.3

Results

The experiment has been performed on all the three samples and showed the
same qualitative behavior in all cases. Therefore only the results obtained for
sample (a) are shown.
The current as a function of the bias voltages (Fig.4.1) exhibits three char
acteristic regions: time independent for voltages below Vc\, periodic oscillations
for V& < V < VC3 and chaotic in time for ^з < V. Fig.4.1 shows the peak
and valley value of the current signal as function of the applied voltage and,
in the periodic region, the value of the fundamental frequency. For V < Vc\
the current is proportional to the voltage and thus the behavior is ohmic, with
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Figure 4.1: Current signal as a function of the bias voltage.
The squares are the minimum and the circles are the maximum
of the current. For V < Vc\ the sample behaves ohmic, for
Vfi < V < Vcz periodic spikes in the current appear and for
V > VC3 the current is still oscillating but not periodically. In
the periodic regime, the oscillation frequency has been plotted
(diamonds)
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the same resistivity as the original slab. The electric field distribution is homo
geneous except for a small region near the contacts, where the depletion layer
enhances the resistivity [5]. The periodic region can be further subdivided in
two parts [Vc\ < V < Vc2 and V& < V < сз) separated by a drop in the
current fundamental frequency at сг- In both parts the frequency is growing
superlinearly, from almost 0 to 15 Hz in the first one and from 4 to 12 Hz
in the second one. The frequency drop corresponds to a qualitative change of
the current signal. In the low voltage part it consists of a single spike over a
constant background signal (Fig.4.2, panel a)), while in the high voltage part,
two different spikes are repeated periodically (Fig.4.2, panel b)). When сз is
exceeded, the current signal remains time dependent, but with an erratic be
havior, which makes it impossible to define a fundamental frequency (Fig.4.2,
panel c)).
4.3.1

Periodic Propagation

For applied voltages Vc\ < V < V¿¿ (Fig.4.3), when the current is low, a high
electric field domain is propagating from the anode, where it is formed, to the
cathode, where it disappears. The domain remains parallel to the contact and
the voltage profile does not depend on the distance from the edge. Thus, for a
complete description, it is sufficient to plot the electric field, obtained differentiating the voltage profile, as function of the distance from the anode (Fig.4.3).
The domain is propagating with an approximately Gaussian shape and the periodic spikes in the current signal correspond to an almost homogeneous field
during the process of annihilation of one domain and the creation of the next
one.
The domain does not travel across the entire sample with constant velocity
and shape, as often stated in literature [5, 10]. Instead it reaches a steady
state configuration only after a transient time and length in which it grows
and simultaneously slows down. We describe the electric field peak position as
function of time (Fig.4.4) with the function
Xpeak = Tf(v0 - vd)(l - ехр(-і/ту)) + vdt,

(4.1)

where ту is the domain formation time, vo is the domain initial velocity and
Vd is the steady-state domain velocity. The function describes a domain that
leaves the anode with a velocity VQ and exponentially reaches a lower steady
velocity v¿ in a time ту. The quality of the fit to the data and the values of the
fit parameters are shown in Fig.4.5 for different applied voltages.
The drastic change in the sample behavior around Vc\ corresponds to a bi
furcation in which the spatially homogeneous solution loses its stability while
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Figure 4.2: Current signal as function of time. The applied
voltage is 2.00 kV for panel a), 2.35 kV for panel b) and 2.80
kV for panel c).
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Figure 4.3: Electric field profile of a domain propagating in the
sample as function of position and time (3D plot) and current
signal as function of time (continuous line). The anode is at
χ = 0.0 cm and cathode at χ = 0.8cm. The spike in the cur
rent corresponds to a constant electric field distribution. The
measurement has been performed on sample (a) biased with
V = l.OkV.

a new stable solution, with lower symmetry, emerges [2]. For applied volt
ages larger t h a n Vci a homogeneous electric field is in principle still allowed,
but every fluctuation is amplified and the system is driven to the stable con
figuration corresponding to a steady-state domain propagating with constant
velocity [1, 15-17]. The propagating domain is completely stable only in an
ideal infinite sample, while in our case it has to be annihilated at the cathode.
During this process, the electric field outside the domain grows to maintain
the voltage drop over the sample constant. Since the homogeneous solution is
unstable and for a short time a homogeneous electric field E — V/d exists in
the sample, the domain formation at the anode corresponds to the relaxation
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1.2
1.6
2.0
Applied Voltage (kV)
Figure 4.5: Domain velocities (squares) and formation times
(circles) for different applied voltages obtained from the fits of
Figure 4.4.

of the unstable homogeneous electric field distribution toward a stable steady
state propagating domain. The experimental data in Fig.4.4, which describe the
transition from the homogeneous electric field to the propagating domain, are
properly interpolated by the fitting curve. It is surprising that a simple exponential is sufficient to describe the complete transition, because it is expected
to hold as linear approximation only nearby a steady state. The formation
time Tf (Fig.4.5) is about 12 ms and does not depend on the applied voltage,
suggesting that it is related to material parameters.
The steady state domain simply propagates preserving its shape and it
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is completely described by its electric field profile as function of the position
(Fig.3.2, top) and its constant velocity (Fig.4.5). The velocity is found to
depend linearly on the applied voltage. In literature [1, 15-17] the domain
velocity is usually systematically overestimated, because it is obtained directly
from the current pulse frequency under the assumption of constant propagation
velocity. This assumption is not true because during its formation the domain
moves faster, as shown here. In Fig. 4.6 we present the electric field peak and
the domain half width half maximum (l¿) as function of the applied voltage. The
domain width is about 0.1 cm for all the studied voltages, while the height grows
proportionally with the applied voltage from 3 kV/cm to 8 kV/cm. The shape of
the domain remains in good approximation Gaussian for every applied voltage,
in contrast with Gunn domains, which, for high voltages, are flat topped.

4.3.2

Aperiodic Propagation

For bias voltages VC2 < V < сз the periodicity is no more due to the repetition
of domains with the same dimension, but to two alternating domains with
different dimensions (Fig.4.7, panel a)). The arrival of a domain corresponds
to a current spike and thus a single period in the current signal consists of
two different peaks (Fig.4.2, panel b)). The bifurcation in the electric field
pattern does not correspond to a current frequency doubling, because of the
complex relation between the domain velocity (and thus the current frequency)
and the domain dimension. If the voltage is increased further, the current is
clearly aperiodic and no evidence is found for subsequent bifurcation indicative
for routes to chaos. The observed distribution of electric fields shows that
domains with different sizes appear consecutively, but that at each moment,
only one domain is present in the sample. This can be seen in Fig.4.7 panel
b), where, at every time, the electric field distribution has only one maximum,
which defines the domain position. The reason why the current oscillations
become aperiodic can be inferred from Fig.4.4 which shows that the extension
of the transient length for increasing voltages becomes comparable with the
extension of the sample length for V = VC2- Thus, for V > V&, the domains
are not able to reach a steady state configuration and are still growing while
they reach the cathode. Therefore, the growth of one domain is influenced by
the annihilation of the previous one, and the two domain sizes are strongly
correlated. This process leads to chaotic oscillations in the current through
the recursive interaction between successive domains during the annihilationcreation process. The impossibility to see more than one bifurcation in the
electric field pattern is probably due to the relatively high level of noise intrinsic
in high resistance samples.
62

4-3 Results

10 И
8

о
Ν*.

О

-6

Ч
Ν*.

ο*

s
0.8 1.0 1.2 1.4 1.6 1.8 2.0

Applied Voltage (kV)
Figure 4.6: Electric field peak value (squares) and half width at
half maximum (circles) of the domain as function of the applied
voltage in sample (a).

63

Physics of Propagating High Electric Field Domains

0.3
0.2
0.1

S 0.0
.1 1.2
H

0.8
0.4

0.0
0

2
4
6
Position (mm)

8

Figure 4.7: Measured electric field distribution as function of
position and time. The gray scale extends linearly from 0
kV/cm (black) to 9 kV/cm (white). In panel a) the applied
voltage is 2.3 kV and in panel b) 2.6 kV.
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Table 4.1: Material parameters used in the model. The values
of NA and Nç> are obtained by the substrate supplier by glow
discharge mass spectroscopy
Quantity
nû
NA
ND
NEL2
n

EL2
Cn(0)
Xn

Value
1.9 · 10 7 cm- 3
2.2 · 10 15 cm- 3
1.3 · 10 15 cm- 3
1.3 · 10 16 cm- 3
0.9 · 10 15 cm- 3
2.0 · 10- 8 cm 3 /s
5.7-10- 2 s _ 1

Source
measured
measured
measured
from [18]
from [18]
from [19]
from [19]

Prom the data in Fig.4.4, it is interesting to describe, for different samples, at
which applied voltages the oscillations are periodic or chaotic, once the sample
length L is known. In sample (a) the quantity Ec = ( сз — Vc\)/L is 2.0
kV/cm, but this can not be directly generalized because of the complex behavior
of %pcak{t)- To fix an upper and lower limit for Ec, independently from the
sample length, we calculate the distance the domain takes to form completely,
supposing it moves with constant velocity for a time ту. As already discussed,
the velocity of a forming domain is not constant but is monotonously decreasing
from the starting one vç> to the final one v¿. The upper limit in Ec is then
obtained using v¿ and the lower limit using VQ. The possibility to normalize the
applied voltage over the sample length comes from the fact that also vo, and not
only Vd (Fig:4.5), is proportional to ( ^з — Vci). Once the two proportionality
factors are known, we calculate the two Ec values, which are 0.7 and 26 kV/cm.
The actual value for our sample is nearer to the lower limit, because VQ is one
order of magnitude larger than v¿. Therefore vo is dominant in fixing the
formation length.

4.4

Discussion

The basic equations for non-linear electronic transport in the presence of generation and recombination dynamics are the Poisson equation, the current continuity, the current equation in the drift-diffusion approximation, and the rate
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equation for UEL2
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where q is the electron charge, EQ and ε are the dielectric constant of vacuum
and GaAs respectively, μ the electron mobility, D the electron diffusion coeffi
cient and ρ the charge density in number of electron charges. In general j , p,
η and UEL2 will depend on x, t and E, while μ, D, Cn and Xn will depend on
E. The first three equations are very general and can be applied to describe
transport in every semiconductor. The fourth one describes trapping and ther
mal emission processes, which are the most relevant generation-recombination
processes in our system. The material parameters used in the calculation are
presented in Tab.4.1. Although these equations are standard, their solution is
very complicated because of the χ and t dependence of most of the variables.
This complication reflects the unusual regime for electrical conductivity. In
normal metals the high carrier density leads to a very short screening length
and t o a very fast relaxation of any charge fluctuation, which always leads t o
local charge neutrality. In semiconductors this is not always the case and we are
familiar with space charge effects through differences in the chemical potential
(either through doping or through external electric field). However, here we
are confronted with a non-equilibrium process, and normal concepts, like for
instance chemical potentials, are not applicable. Furthermore the very low car
rier density leads to wide space charge regions (of the order of some millimeters)
and t o very slow relaxation of charge fluctuations (relaxation regime). These
unique conditions of electrical transport have been poorly studied, but they are
at the basis of the understanding of non-linear electrical transport. T h e very
detailed experimental d a t a described above provide a solid basis in studying
Eqs.4.2-4.5 in detail under any conditions.
4.4.1

Domain Formation

In Eqs.4.2-4.5, E, p, j , η and UEL2 axe related variables, while μ(Ε),
D(E),
Cn(E) and Xn(E) are material constants. μ(Ε) is very well established theo
retically and experimentally [20]. We have used a mobility μ(Ε) as given for
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Figure 4.8: Current density as function of the electric field ob
tained from the homogeneous solution of Eqs.4.2-4.4. In curve
a) we have used the values of Cn reported in [1], while in curve
b) we have used experimental values presented in Fig.4.9.

ultrapure GaAs, which is a good approximation for our sample, because at room
temperature the mobility is limited by electron-phonon interaction [21]. The
diffusion coefficient D is obtained directly from μ using the Einstein relation.
Cn{E) and Xn{E) have been calculated as reported in Ref. [1]. Although all
material parameters are known, still, from a mathematical point of view, an
infinite number of possible solutions of these equations exist, depending on the
initial conditions. Therefore, the question is to determine the solutions that are
stable and thus physically relevant.
The most simple is the homogeneous one, which is obtained by putting
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all the derivatives in time and space equal to zero. Then there is no space
charge accumulation anywhere (local charge neutrality) and there is no time
dependence in the solutions (steady state). Eqs.4.2- 4.5 reduce to Eqs.4.4-4.5
only, which describe Ohm law (Eq.4.4) and a balance equation for the carrier
density (Eq.4.5). In this regime we can calculate j-Ε (Fig.4.8 a)) using the
values of Cn(E) and Xn(E) presented in Ref. [1]. For electric fields below 1
kV/cm, the system is behaving ohmic and the calculated j — E curve reproduces
the data presented in Fig.4.1. When the electric field exceeds a certain critical
electric field, we enter a region where in principle the homogeneous solution is
still present but it is unstable. It can be shown that in a system with positive
differential resistance, all the charge fluctuations decay with increasing length
or time, and the system will therefore return to the homogeneous solution.
In systems with NDR, every charge or electric field fluctuation is amplified
in time or space. The characteristic time with which charge fluctuations will
grow depends on the j — E curve and is given by r<¿ = j ^ ~ - [8, 21], which is
negative, indicating that inhomogeneities are amplified, instead of damped as in
the ohmic case. Assuming that the curve in Fig.4.8 can also be used to describe
when the domain is forming, r<¿ is about 5 ms. This number is quite close to 12
ms, which is the value of ту of 12 ms obtained by fitting the data with Eq.4.1.
The process of domain formation may be explained in the following way. There
will always be charge fluctuations near the contact. These fluctuations are
amplified above Vci, leading to a growing domain, starting from the contact,
with a characteristic time ту. Experimentally wc observe that this growth
stops once the domain has reached a critical size and amplitude. Once this has
occurred, the stable domain propagates with constant shape and velocity.
4.4.2

Steady State Domain

Free and Trapped Electron Distributions
In the previous calculations, Cn(E) and Xn(E) are estimated theoretically and
then used in the model to explain the experimental results. The quantitative
measurement of the electric field profile allows a different approach, in which
we evaluate the unknown quantities, including Cn(E), using the experimental
electric field distribution as the solution of the set of equations (Chapter 3). The
steady state domain apparently is a physically acceptable solution of Eqs.4.24.5. As observed this solution allows a time and position dependence of p(x, i),
n(x,t) and UEL2, which is neither constant (as discussed above for the ohmic
solution), nor growing or decaying with time and position. We can analyze this
particular solution by transforming in Eqs.4.2-4.5 ƒ (x, t) —> ƒ (x — v¿t) = f (χ').
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Integrating Eq. 4.3 between a generic position and a point far from the domain
and combining it with Eq.4.4 results in:
Jo - p{x')vd = η(χ')μΕ(χ')

+ D?^p-,

(4.6)

where Jo is the current density measured at the contacts far from the domain,
which has a constant value as a result of the boundary conditions coming from
the integral. The sum of the drift current, the diffusive current and the cur
rent due to the movement of the charge dipole connected to the domain pv¿,
is constant over the whole sample. This is consistent with the fact that there
is no space charge accumulation when the domain is in the steady state since
the shape remains the same. The current Jo and the electric field profile E(x)
are experimentally obtained, while p(x) can be directly evaluated from experimental data using Eq.4.2 (typical results are shown in Fig.3.2). n(x) can then
be calculated from Eq.4.6 since it is the remaining undetermined quantity, and
the results are shown in the bottom side of Fig.3.2. It is interesting that the
maximum value of the dipole charge ρ is four orders of magnitude larger than
no, the equilibrium concentration of electrons in the conduction band, showing
directly that the positive side of the dipole cannot be obtained considering only
free electrons. From the data it becomes clear that the contribution to the
current is almost completely due to the drift of the electrons in the conduction
band because the term ημΕ is about four orders of magnitude larger than pv¿
and eight larger than Dß^. This makes the properties of slow domains very
different from that of Gunn domains where the term pv¿ is more relevant. Then,
considering only the most relevant term in Eq.4.6, we find that:

n(x') « A .

(4.7)

Since Jo is a constant, while in the domain region E increases, Eq.4.7 shows that
the major effect of the high field on the conduction band electrons is a decrease
in density of almost 80% (Fig.3.2). Once n(x) is known, we can evaluate the
number of trapped electrons as ПЕЬ2І ) = NEL2~ n(x) — p(x) — NA + NQ. From
this result we can plot (Fig.3.2) the variation of trapped electrons 5UEL2 =
nEL2 — nEL2-> where the last term is the zero field value. This variation is quite
small compared to the total number of trapped electrons, therefore UEL2 itself
hardly varies over the sample since the maximum value of ρ is only 0.1% of nEL2.
Fig.3.2 directly shows the relation between ρ and 6UEL2 and thus demonstrates
that the domain charge dipole originates from a fluctuation of trapped electrons
around the equilibrium value. Considering that the trapping and ionization
times for electrons depend on the number of trapped electrons (Eq.4.5), we can
Х
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explain the symmetry of the domain by the fact that 6UEL2 « nEL2 a n c ^ ^ u s
that generation-recombination dynamics are in first approximation roughly the
same on the right and on the left side of the domain. Strictly speaking Eq.4.7
relates the current outside the domain to η, μ and E in the domain and thus to
the local value of the current. It is however reasonable, as explained before, to
assume that a constant current JQ is actually flowing through the whole domain
region. Neglecting the term pv¿ in the current equation, this fact implies that
the continuity equation (Eq.4.4) is automatically fulfilled and that the high field
conductivity σ(Ε) must be inversely proportional to E. It follows directly from
the previous analysis that this particular σ(Ε) dependence directly leads to a
domain propagating with constant velocity.
j-Ε curve
In Chapter 3 we have evaluated the dependence of Cn on E, once the number
of electrons in the conduction band and in the EL2 levels is known locally
and for a large range of electric fields. In Fig.4.9 we present the Cn{E) curve
obtained by averaging the different curves of Fig.3.3. Using this curve and
Eqs.4.2-4.5 it is possible to evaluate the j — E relation for the homogeneous
electric field distribution (Fig.4.8 b)). The Cn values plotted in Fig.4.9 can not
be extrapolated to electric fields lower than 0.4 kV/cm, which is the minimum
measured value when a domain is present in the sample. Therefore the low
field values are obtained by measuring locally the electric field in the contact
region where the transport is Ohmic. The most relevant differences between the
curves a) and b) regard the critical electric field, which in our case is about 0.4
kV/cm instead of 0.8 kV/cm, and the behavior of j for large E values, which
in our case is increasing instead of decreasing.
Domain Velocity
The previous discussion, based on Eq.4.7, which is a first order approximation
of Eq.4.6, does not explain the velocity of the domain and the origin of the
fluctuation of trapped carriers 6ПЕЬ2- Moreover it appears strange that a sym
metric electric field distribution E and a symmetric free electron distribution
η correspond to an antisymmetric trapped electron distribution (Fig.3.2). To
explain this inconsistency we improved the approximation of Eq.4.7 including
the next relevant term of Eq.4.6, which is pvd, leading to the equation for the
free electrons:
J0

nix) ~ —
У
'
μΕ
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Figure 4.9: Electron trapping coefficient in EL2 levels as func
tion of the electric field obtained averaging the different curves
of Fig.3.3

where δη = (ν^ρ)/(μΕ) is treated as a small perturbation, δη cannot be at
tributed to a variation of the trapping coefficient because, for the same value of
E on the right and on the left side of the domain, the two corresponding values
of ρ have an opposite sign, and thus it has to be attributed to the formation
of space-charge in the η distribution. The fluctuation in η is far too small to
form directly the whole charge dipole p, but, through the generation- recombi
nation process of the EL2 levels, give rise to a fluctuation ОПЕЬ2 around nEL2Considering Eq.4.5 we can see that:
δη
η

~ ônEL2

1
,NEL2

η

EL2

+

(4.9)
EL2/
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It is interesting to notice that, because of the large value of п^Ь2 respect to η
(n/uEL2 — Ю - 8 ) , the current due to the domain movement {pv^is the ultimate
origin of the large charge dipole that is necessary to sustain the domain itself.
Thus, the generation-recombination process between two very different popula
tions amplifies the effect of the pv¿ term. Moreover, a domain that reaches the
cathode and is forced to stop, will disappear because this term is not present
anymore. On the other hand, a domain that is moving with a velocity larger
than the steady state velocity, like during the formation, will grow. Therefore,
the only possible non-homogeneous steady state solution is a domain traveling
with constant velocity. Substituting Eq.4.7 in Eq.4.9 we find that:

( 4 · 10 )

«-*;$r.
n

EL2

where
neff
n

EL2

~

[NEL2

- n°EL2

+ n°EL2

-1

(4.11)

is the weighted balance between free and occupied states in the EL2 traps. A
similar relation between domain velocity and current signal has been proposed
by Sacks and Milnes [7] and Ridley [8] on an empirical basis and has been
experimentally confirmed [7, 16, 17, 22], but up to now no explanation had been
proposed. In Fig.4.10 we show that the relation between Jo and v¿ measured
for different bias voltages is indeed linear. Prom the slope, a value of neJ¿2 =
4 · 1014cm~3 is evaluated, which is in good agreement with data in Tab.4.1

4.5

Summary

SI-GaAs, biased with DC voltages larger than a fixed critical voltage, shows
oscillations in the current due to the presence of a high field domain, which
forms at the cathode, propagates in the bulk and disappears at the anode.
The formation of the domain is due to the negative differential resistance in
the j-Ε curve, which makes the homogeneous electric field distribution unstable
against random fluctuation in the space charge. Once the domain is formed, it
propagates with constant velocity and preserves its shape. It is thus possible to
apply the experimental solution to a set of equations that describes the system
to obtain a microscopic description of the domain structure. In this way we
clarify the complementary role played by electrons in the conduction band,
which are depleted and are consequently responsible for the resistance of the
domain, and the electrons in the EL2 levels, which are the source of the space
72

4-5 Summary

110
100 <
G

G

и
и
3

U
1

2
3
Velocity (cm/s)
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corresponds to a different applied voltage. The linear fit of the
data is plotted with a continues line.
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charge dipole. Moreover, using the Cn(E) relation obtained in Chapter 3, the
j — E curve has been evaluated.
Increasing the applied voltages, the current oscillations are no more periodic.
This fact is related to the finite length of the sample, which does not allow a
complete formation of the domain. The annihilation of one domain at the
cathode then influences the formation of the next one at the anode and thus
its final size. Therefore there is a recursive iteration, which leads to chaotic
oscillations in the current.

4.6
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Chapter 5

Topology of High Electric
Field D o m a i n s in
Semi-Insulating G a A s
Abstract
Semi-Insulating GaAs exhibits, at a field of about 1 kV/cm, strong
non-Ohmic conduction and spontaneous formation of high electric
field domains. The spontaneous symmetry breaking of the electric
field distribution and the topology of the domain are strongly related
to the geometry of the contacts and to external perturbations. In
this chapter we present the experimentally determined criteria that
are sufficient to predict the domain shape under the influence of
external perturbations and boundary conditions.

5.1

Introduction

The relationship between current and electric field in semi-insulating GaAs is
strongly nonlinear and the application of a high voltage results in the spon
taneous formation of high electric field propagating domains [1]. This is due
to the negative differential resistance (NDR), which makes the homogeneous
electric field distribution unstable. It is well known from chemical and hydrodynamic problems that spontaneous structure formation in nonlinear systems
This work has been submitted to Physical Review В by
F. Piazza, P.C.M. Christianen and J.C. Maan.
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is strongly influenced by boundary conditions and by the intrinsic symmetry of
the problem [2]. In this chapter we will show how the topology of the domain
moving in a two-dimensional space depends on the contact geometry and on
external parameters that alter the symmetry. The electric field and current
lines are modified during the propagation and a variety of domain shapes are
possible. In this context it is important to establish criteria that determine the
domain shape.
The chapter is organized as follows. In section 5.2 we describe the apparatus
used to measure the time dependent voltage distribution. In section 5.3 we show
the results obtained for three different configurations: 1) a sample with an
illuminated region, which distorts the domain by increasing locally the carrier
concentration; 2) a sample with a perpendicular applied magnetic field and 3)
a sample with a circular contact. In the discussion of section 5.4 we extend the
recently developed analysis of one dimensional domains (Chapter 4) to the two
dimensional cases in order to draw conclusions on the rules governing the shape
of the domain.

5.2

Experimental Set-up

We measure, real time, the local electric field and charge distribution with the
set-up described in Chapter 4. It is based upon the longitudinal electro-optic
effect of a B112SÌO20 (BSO) crystal, which transforms a voltage distribution in
a light intensity distribution. The crystal, with a transparent electrode on the
front and a dielectric mirror on the back side, is placed on top of the sample. The
light of an expanded polarised pulsed laser beam enters the crystal through the
transparent electrode, is reflected back by the dielectric mirror and is analyzed
through a polarizer. The mirror prevents the light to enter the sample, which
is, therefore, not perturbed by the 'measurement. The phase shift induced by
the voltage is recorded as a light intensity distribution on a CCD camera and
digitized in a personal computer. In this way we obtain a picture of the two
dimensional voltage distribution at the top of the sample. The time resolution of
the measurement is obtained controlling the delay between the snapshot of the
camera and the spike in the current signal. The exposure time can be reduced
down to 100 ns. All measurements are performed at room temperature. The two
samples we used are obtained from a < 100 > LEC grown single crystal GaAs2
7
wafer, with a mobility of μ = 0.66 m /V · s, a resistivity of ρ = 3.1· IO П е т and
a thickness of 0.5 mm. Contacts are evaporated using NiAuGe and annealed for
10 minutes at 430°C. We prepared the first sample with two linear and parallel
contacts at a 8 mm distance from each other (sample a)). The second sample,
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has one circular contact of 2 mm diameter and a linear contact at a distance of
6 mm (sample b)).

5.3

Results

5.3.1

One-dimensional domains

For completeness we briefly summarize the results of the one-dimensional case
obtained without any external symmetry reduction (Chapter 4). When the two
parallel contacts of the sample are biased with a voltage larger than a certain
critical value (in our case 0.8 kV), the homogeneous electric field distribution
is not stable any longer. The electric field distribution splits in a region of
high field (about 3 kV/cm) embedded in two regions of low field (300V/cm),
as shown in Fig.5.1. The high electric field region can be regarded as a highly
resistive region because it results from the local depletion of the conduction
band electrons (Chapter 4), which are trapped in localized defects. Because of
this high resistivity, the current passing through the sample drops by a factor
of almost 10 whenever the high field domain is traversing the sample. To
maintain its internal equilibrium in a quasi-stationary condition, the domain
has to move, traveling with a constant velocity of about 10 cm/s from the
anode to the cathode. Here it disappears because it is stopped by the contact.
Simultaneously a spike in the current signal appears and the next domain is
formed at the anode, starting the cycle again. From Fig.5.1 it is clear that the
translation symmetry along the contacts is preserved, although the intrinsic
symmetry of the problem is reduced by the spontaneous creation of the high field
domain. Due to the symmetry, the problem is essentially one-dimensional, with
the current density always parallel to the electric field. It has been found that
the current density throughout the sample is constant, as a direct consequence of
the small domain velocity, which means small displacement current, and of the
constant shape of the domain (Chapter 4). Every discontinuity in the current
would produce some charge accumulation and therefore, because of the Poisson
equation, a deformation in the domain shape. By increasing applied voltages,
the domain moves faster and a larger current passes through the sample during
the domain propagation. The domain velocity and the current, measured for
different applied voltages, are found to be directly proportional.

5.3.2

Experiment 1: light on a portion of the sample

By shining light at a small portion of the sample by a collimated HeNe laser
(632.8 nm, 0.01 mW), the translation symmetry along the contacts is broken.
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Figure 5.1: Current signal as function of time and grayscale
plots of the electric field distribution in the sample.
The
grayscale extends from 0 kV/cm (black) to 5 kV/cm (white).
The numbers on the electric field pictures correspond to the
dots on the current plot. The applied voltage is 1.9 kV.
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Figure 5.2: Current signal as function of time and grayscale
plots of the electric field distribution in the sample. The
grayscale extends from 0 k V / c m (black) to 4 k V / c m (white).
The numbers on the electric field pictures correspond to the dots
on the current plot. The region marked in white on panel 1)
has been illuminated with an HeNe laser. The applied voltage
is 1.9 kV.
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The light is uniformly distributed over a region of 1 mm χ 2.5 mm, marked
by the dashed region in Fig.5.2. The above band gap light induces transitions
which change locally the carrier concentration. In Fig.5.2 we show that the high
current level stands longer, indicating a longer creation-annihilation process. A
new small spike appears in the low current region, which takes place when the
propagating domain enters the illuminated region (Fig.5.2, 2). Simultaneously,
the upper part of the domain, where the carrier concentration is larger, accel
erates and decreases its electric field peak value from 3.5 kV/cm to 2.6 kV/cm.
While the upper part of the domain is in the illuminated region, its velocity
is constant and larger than the velocity of the lower part of the domain. The
difference in the velocities produces a bending in the domain shape. When the
domain is completely out of the illuminated region, the current signal falls back
to its previous value (Fig.5.2, 3).
In Fig.5.3 we show the position of the upper part (solid circles) and of the
lower part (hollow circles) of the domain as a function of time, together with
the current signal. The dashed region indicates when the domain is passing
through the illuminated region. The dotted lines are used to emphasize the
abrupt change in velocity, from 3 cm/s to 20 cm/s, of the upper part of the
domain when it enters the illuminated region. On the contrary, the lower part
of the domain travels with a constant velocity of 3 cm/s from the anode to
the cathode. Consequently, when the domain arrives at the contact, it is still
distorted, with a difference between the upper and the lower part of almost 2
mm. Therefore the annihilation process takes more time because the front part
of the domain has to be annihilated first, and only later the other part of the
domain can proceed to the contact. In Fig.5.2 it is also clear that the separation
between the upper and the lower part of the domain is not abrupt, but the
domain preserves its continuity and, after passing the illuminated region, it
evolves towards a smoother shape.

5.3.3

Experiment 2: magnetic field

In this experiment, the translation symmetry along the contacts is broken by
applying a magnetic field. The sample and the BSO crystal are inserted in a
7 Τ superconducting split coil magnet, which allows for optical access to the
sample. The results presented in Fig.5.4 are obtained after the application of a
magnetic field В of 3 Τ perpendicular to the surface of the sample and a voltage
of 1.5 kV at the contacts. The behavior in the current signal is very similar
to the one presented in Fig.5.1 without magnetic field, but with field the peak
shape is more triangular and the repetition frequency is smaller by a factor of
2 [3]. When a magnetic field of 3 Τ is present, the domain does not form parallel
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Figure 5.3: Left axis: position as function of time of the portion of domain passing inside (full circles) and outside (hollow
circles) of the illuminated region. The dashed lines are guides
for the eyes. Right axis: current signal as function of time. The
dashed portion of the plot highlights the moment in which a domain portion is passing in the illuminated region. The applied
voltage is 1.9 kV.
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to the contacts but under an angle of about 45 degrees. For larger magnetic
fields, we have found that the domain forms under an increasing angle. The
upper part of the domain, which is formed almost 5 mm away from the contact,
moves slower than the bottom part. Before annihilation the domain is almost
parallel to the contacts, leading to a very similar annihilation as compared to
the one without magnetic field, which explains the similar current behavior.
5.3.4

E x p e r i m e n t 3: circular contact

In this experiment the symmetry is broken by an asymmetric contact geometry and not by some external effects (Fig.5.5). The sample behavior depends
strongly on which one of the two contacts is used as an anode. If a voltage
up to 4 kV is applied with the stripe as anode, there is no domain formation,
while, if the disk is used as anode, an applied voltage of less than 1 kV already
induces the domain formation. This happens because, for the same applied
voltage, the electric field near the circular contact is larger than near the strip
and, thus, the critical electric field is more easily reached. In Fig.5.5 we show
the current signal and the domain propagation for an applied voltage of 1.5
kV. The current signal exhibits a saw-tooth shape, slowly growing while the
domain is propagating and suddenly decaying when a new domain is formed at
the anode. The domain forms around the surface of the circular contact and
travels with almost constant velocity remaining circular. Thus, the shape of the
propagating domain is not influenced by the fact that the sample has no circular
symmetry around the anode. Clearly the domain is so dominating that, once
it is formed, it completely determines the voltage distribution irrespectively of
the contact symmetry. From this point of view, the case of the circular domain
is different from the other experiments described before because there is no
permanent external perturbation (like the light or the magnetic field) which
breaks the symmetry.
During the propagation, the domain diameter grows and then, considering
the constant resistivity of the domain, its global resistance decays because the
current is passing through a larger surface. This fact explains the increase of
the current signal during the domain propagation [4, 5].

5.4

Discussion

Since there is no complete theory about the two-dimensional high field domain
propagation, we present here empirical criteria that are sufficient to predict the
domain shape for the given perturbations and border conditions. Those criteria are extensions of the well established one dimensional theory in Chapter 4.
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Figure 5.4: Current signal as function of time and grayscale
plots of the electric field distribution in the sample. The
grayscale extends from 0 kV/cm (black) to 4 kV/cm (white).
The numbers on the electric field pictures correspond to the
dots on the current plot. A magnetic field of 3 Τ perpendicular
to the surface is present. The applied voltage is 1.9 kV.
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Figure 5.5: Current signal as function of time and grayscale
plots of the electric field distribution in the sample. The
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The numbers on the electric field pictures correspond to the dots
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5.4 Discussion

The domain forms along equipotential lines.
During the annihilation of one domain and just before the formation of the
next one, the electric field far from the cathode is homogeneous and has a
value near the critical one. As soon as the critical electric field is reached
somewhere in the sample, the homogeneous part of the semiconductor becomes
electrically heterogeneous in the attempt to reach stability as a direct result
of the N-shaped NDR. The trigger of this process is a random fluctuation in
the field near the contacts. At these contacts the electric field is larger than
in the bulk because of the depletion layer caused by the metal-semiconductor
junction. If the electric field is slightly higher, the current passing through the
region is lower (dj/dE < 0) and the resistance is larger. This results in an
elongation of the high field region in a direction locally perpendicular to the
electric field and thus along an equipotential line. This process is evident in
experiments 1) and 3), where the contact edges are equipotential surfaces and
the domain is formed with, respectively, a linear or circular shape along the
contacts.
On the contrary, the behavior in experiment 2) is more complex. Here
the external magnetic field applied perpendicular to the semiconductor surface
biased with a voltage, produces an additional Hall voltage perpendicular to
the applied one because of the Lorentz force acting on the moving electrons.
Consequently, the equipotential lines are no longer parallel to the contacts but
they make an angle Θ, called Hall angle, defined as:
tan(0) = — τ = ы с т,

(5.1)

τη*

where q is the electron charge, В is the applied magnetic field, m* is the carrier
effective mass, τ is the scattering time, and ω€ the cyclotron frequency. Experimentally we can obtain the unknown microscopic quantities by measuring the
longitudinal conductivity σ χ χ , which is the ratio between the current passing
through the sample and the applied voltage (Fig.5.6). Using the Drude model,
for the conduction electrons, σχχ is given by:
σχχ = ——.

Tj ,

1 + [шстУ

(5.2)

where σο is the conductivity at В = 0. This relation holds only in the absence
of domains, when the applied voltage is lower than the critical one. By using
this model to fit the experimental data of conductivity at low electric field
where it is ohmic we directly obtain the dependence of the Hall angle on the
magnetic field. In Fig.5.6 a) we present the measured values of σχχ (circles)
87

Topology of High Electric Field Domains in Semi-Insulating GaAs
and the fitted curve (solid line). The agreement between the data and the fit
is excellent, giving a value for (шст)/В of 0.35 T _ 1 corresponding to a Hall
angle of 46 degrees at 3 T. The dotted line in Fig.5.4 1) shows that the domain
is formed under an angle with the contacts which is equal to the Hall angle.
The velocity of the domain is locally proportional to the current den
sity.
In linear domains, the proportionality between the domain velocity and
the current signal, v¿ oc Jo has been empirically proposed since 1970 [6],
experimentally tested by many authors [7-9] and recently explained in Chapter
4 of this thesis.
This relation, in principle, only holds for one dimensional problems, where
the current density is uniformly distributed and the domain velocity is a global
quantity describing, with a single scalar, the movement of the whole domain
(i.e. the whole voltage distribution). The two dimensional case is more complex because the voltage distribution evolves in time, and the domain velocity
becomes a local quantity. We therefore define the domain velocity as the local
velocity of the equipotential line described by the set of points fulfilling the
relation V(x, у) = Vapp\/2, where Vappi is the applied voltage. According to
this definition the domain velocity is now a vector field along a line and always
perpendicular to it. In Fig.5.7 we show in grayscale the voltage distribution
and, as a vector plot, the electric field distribution corresponding to Fig.5.2,
(3). The equipotential line defining the domain is indicated by arrows. Com
paring the two pictures, it is clear that the chosen equipotential line in Fig.5.7
resembles the maximum in the electric field modulus of Fig.5.2, (3), which is the
most intuitive definition of the domain position. This correspondence has been
observed to hold for all times and is justified by the symmetry of the electric
field peak around its maximum.
To prove that the relation between current and domain velocity holds also
in two dimensions as a vectorial relation j « v j , we investigate the current dis
tribution, which is given by j = σ(Ε)Έ. The conductivity σ, in absence of
magnetic field, is a scalar, even though it depends on the electric field. There
fore, the current density is always parallel to the electric field and perpendicular
to the equipotential line which defines the domain. Consequently the current
density and the domain velocity are always parallel, making the relation j oc v¿
plausible. In the following we will show that, in the experiments, a larger
current density corresponds to a larger domain velocity.
In experiment 1), the domain propagates planar until it enters the illuminated region. Here, the light creates locally more carriers, lowering the
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Figure 5.6: a) Longitudinal conductivity σχχ of the sample as
function of the magnetic field (full circles). The solid line is
the result of the fit described in the text, b) Frequency of the
current oscillation for different applied voltages as function of
the magnetic field.

Topology of High Electric Field Domains in Semi-Insulating

0.4

f

GaAs

0.6

1.0

Position (cm)
Figure 5.7: Grayscale plot of the voltage distribution in the
sample and vector plot of the corresponding electric field distri
bution. The grayscale extends from 0 kV (black) to 1.5 kV/cm
(white) and every gray level step corresponds to 1 kV. The data
were taken at the same time as Fig.5.2, (3). The arrows point
out the equipotential line defined as V(x,y) = Vappi/2, where
Κ,ρρΐ is the applied voltage.

resistivity. The illuminated region is in parallel with a dark region of low carrier
density and large resistivity. Therefore the current redistributes, increasing the
current density in the upper part of the sample and justifying why the upper
part of the domain is moving faster when it enters the illuminated region
(Fig.5.3). The velocity of the lower part of the domain, in the dark region,
remains constant, indicating t h a t in lower part of the sample the current
density remains constant. This fact can be explained considering t h a t the
entire enhancement in the current signal shown in the dashed region of Fig.5.3
is due to the larger current density in the upper part of the sample. When the
domain leaves the illuminated region, the current distribution is determined
only by the domain shape because no external perturbations are present in
that portion of the sample. The current signal falls back to the original low
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level, but the current distribution does not return to the original homogeneous
distribution. The bending of the domain, as shown in Fig.5.7, produces a
transversal component of the electric field in the transition region between the
upper and the lower part of the domain, which results in a current passage
from the upper to the lower part of the sample. Therefore the lower part of
the domain has a slightly larger velocity than the upper part, and the distance
between the two reduces from 3 mm to 2 mm.
The tendency of the domain to reach the shortest configuration while it
is propagating without external perturbation is a direct consequence of the
proportionality between the current density and the domain velocity. Every
bending in the domain forces the current density to be larger in front of the
delayed part of the domain, accelerating it until it is placed side by side with
the front part. This last criterion also explains why the circular domain,
which is the shortest shape allowed in experiment 3), is structurally stable and
expands with a circular shape, independently from the imperfections of the
anode. It is expected that the final shape would be circular even if the anode
was elliptic or even squared.
In the presence of a magnetic field, σ is not a scalar anymore and the current
forms an angle with the electric field which is equal to the Hall angle. Using
the relation j oc v¿, we have a component of the velocity parallel to the domain.
The effect of this component is not clear to us, and therefore the discussion of
experiment 3) will be more qualitative, taking only in consideration in which
portion of the sample is passing more, or less, current.
In Fig.5.6 we compare the longitudinal conductivity with the current spike
frequency caused by the propagating domain, as function of the applied magnetic field. The frequency has been measured for different applied voltages
and in all cases it decreases monotonously with field, reaching, for В = 3.5, a
value which is about 60% of the original one. Thus, the domain travels with a
lower velocity at higher magnetic fields. We note that the frequency curve is
qualitatively similar to the conductivity curve. This fact confirms the relation
between the current passing through the sample, which is proportional to the
conductivity, and the domain velocity, which is proportional to the current spike
frequency. Moreover, we can explain in the same way why, as shown in Fig.5.4,
the upper part of the domain is not as fast as the lower one. In this case two
effects are forcing a large current in the lower part of the sample: the bending
of the domain, with the corresponding vertical component of the electric field,
and the Lorentz force. This is the reason why the velocity difference between
the upper part and the lower part of the domain is larger in experiment 3)
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than in experiment 2) and the domain arrives at the cathode parallel to the
contact. In the case of the magnetic field the criterion of minimum length is not
applicable because the external perturbation is present everywhere, and even
though the domain travels parallel to the contact, the Lorentz force induces a
larger current in the lower part of the sample. For a sufficiently long sample
we expect in this case a steady state propagation of a skewed domain with the
lower part in front of the upper part.

5.5

Conclusions

We have experimentally analyzed the high electric field domain formation in
three different samples in which the translation symmetry along the contacts
has been broken. In all the configurations, we show that the shape of the
domain can be deduced by some simple observations.
• the domain forms along equipotential lines: the domain is circular when
it starts from a circular contact and it forms along the Hall angle when
the magnetic field is present,
• the velocity of the domain is locally proportional to the current density
and thus, for instance, it has a larger velocity in an illuminated region,
• In the absence of external perturbations, the domain evolves towards the
shape of minimum length allowed by the geometry: the circular domain
remains circular, and the one distorted by the light tends to align to the
contacts.
Based on this information the time dependence of the current can be directly
deduced by the topology of the domain.
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Part II

Imaging of Exciton Motion
under Large Magnetic Field
Gradients

Chapter 6

Magnetic Trap For Excitons
Abstract
High in-plane magnetic field gradients are used to control the lat
eral motion of excitons in an InGaAs quantum well. The gradients,
which can be as large as 6.104 T/m, are produced by positioning a
thin magnetized stripe of Dysprosium on top of the quantum well.
By measuring the exciton photoluminescence energy and intensity,
spatially resolved with μπι resolution, it is shown that the diamagnetic excitons are forced to regions of low magnetic field, because of
the interaction of their magnetic moment with the inhomogeneous
field. These results show the possibility to magnetically confine ex
citons to a limited region of space, which opens the way for the
realization of the first magnetic trap in solids.

6.1

Introduction

Spatially inhomogeneous magnetic fields have frequently been used for spatial
confinement of all kinds of species, varying from atoms, molecules, and plasmas
to biological systems. In particular, the observation of Bose-Einstein condensa
tion of magnetically trapped Rubidium atoms has attracted enormous research
interest [1], and recently it has been demonstrated that also living creatures,
Parts of this work will be published in:
P.C.M. Christianen, F. Piazza, J.G.S. Lok, J.C. Maan, and W. van der Vleuten,
Physica В and
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such as frogs and grasshoppers, can be trapped inside huge magnetic field gra
dients [2]. In all these cases the underlying trapping mechanism stems from
the magnetic field dependence of the free energy of the object under study. For
example, if the free energy increases with field (diamagnetism) the object tends
to move to regions of low field, since it experiences a magnetic force F equal to
M V B , i.e. the object's magnetization times the field gradient.
So far a magnetic trap in solid state material has never been realized, in
spite of the unique physical properties arising when magnetic barriers are used
for confinement. For instance, electrons and holes in semiconductors will be
driven to the same region of space, irrespectively of their opposite charges,
because their energies both increase linearly with field. Moreover, also the
motion of a neutral particle, like a bound electron-hole pair (exciton), which
has a diamagnetic response, can be controlled by magnetic field gradients,
and not by the commonly used electric fields, which act on charged particles
only. In order to realize a magnetic trap in solids the magnetic field needs to
be varied on a distance comparable to some characteristic length scale, which
for particles in semiconductor heterostructures is typically about one micron.
This chapter describes how to produce such field gradients by positioning a
thin magnetized Dysprosium (Dy) stripe on top of a semiconductor quantum
well (QW), and how to measure this gradient by means of photoluminescence
(PL) spectroscopy.
Finally, the feasibility of a magnet trap is demon
strated by the particular dependence of the PL intensity on the magnetic field
gradient, which shows that excitons are indeed pushed towards low field regions.

6.2

Experimental Set-up

The experimental geometry around the sample is shown in Fig.6.1. A 25 μπι
thick polycrystalline Dy film, held by a copper (Cu) holder, was positioned on
top of a semiconductor heterostructure, containing an 8 nm In0.2Ga0.sAs/GaAs
QW at 0.07 μπι below its surface. The sample was mounted on an x-y micrometric translation stage with the GaAs substrate upwards, put inside a 17 Τ
Bitter Magnet and cooled down to 4 K. All measurements were performed in
a background magnetic field directed perpendicular to the QW. Dy was used
because of its very large magnetic polarization, which was measured with a
moving sample magnetometer. The data are presented in Fig.6.2. The curve
presents two distinct regions. For external magnetic fields lower than 5 T, the
growth of the polarization is steep, while for larger fields, the polarization tends
to grow slowly. A clear saturation, as expected in ferromagnetic materials, is
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Figure 6.1: Schematic representation of the experimental geom
etry.

not reached because of the polycrystalline nature of the film [3]. All the mea
surements have been performed in a background magnetic field of 7 T, leading
to an expected polarization of 2.5 T.
The optical set-up consisted of an Ar-ion laser pumping a commercial solid
state Ti:sapphire tunable laser. The laser beam was focused by a 10 χ micro
scope objective to a 1 μιη spot in the QW plane, using a spatial filter to enlarge
and improve the quality of the excitation beam. The laser beam was not ab
sorbed by the GaAs substrate, because GaAs has a larger bandgap than an
In0.2Gao.8As QW.
In detection we employed a Ge photodiode and a single grating monochromator. To achieve the same spatial resolution in detection as in excitation, we
have to consider that, when excitons are optically created, they might diffuse
before recombination and consequently the luminescence originates from a re
gion with a diameter of about 10 μιη around the excitation spot [4]. For this
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Figure 6.2: Magnetic polarization of the Dy film as a function
of the free space magnetic field measured with a moving sample
magnetometer.

reason, we use an additional pin-hole for detection in a confocal geometry set
up [5], which rejects all the luminescence that is not coming from the excited
spot. PL and photoluminescence excitation (PLE) spectra were measured as
function of the position with respect to the Dy stripe.

6.3
6.3.1

Experimental results
Determination of the magnetic field gradient

Typical PLE spectra, recorded in 5 μηι steps and detected on the heavy hole
(hh) exciton emission, are displayed in Fig.6.3. For clarity the position of the
Dy stripe is indicated by the shaded region. The spectra show the typical
magneto-exciton transitions (hh-ls, -2s, -3s) [6], which clearly shift to higher
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1.35 1.36 1.37 1.38 1.39 1.40 1.41
Energy (eV)
Figure 6.3: PLE spectra as function of the position on the sam
ple. The position of the Dy stripe is indicated by the shaded
region. The spectra were recorded in steps of 5 μτη. and are
vertically shifted for clarity.

energies when measured nearby or directly on top of the Dy strip, as a result
of the local maximum in magnetic field. The local magnetic field is given by
the sum of the background field and the additional field of the magnetized
stripe. This spatial dependence of the energy shift is nicely reproduced when it
is measured at different positions along the Dy stripe. Furthermore, the shift is
not observed in the absence of the background magnetic field, and therefore it
is not related to any kind of spatial inhomogeneity in the sample, which might
arise for instance from internal strain or imperfect growth.
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Similar results can be obtained by measuring PL as function of position in a
region of 200 μπι around the Dy film. Five typical spectra in a background field
of 7 Τ are shown in Fig.6.4 as function of the distance from the center of the
Dy film. Because of the small excitation region, the excitation density is high
(about 1 kW/cm 2 ) and it is possible to follow the emission from, at least, the
first two magneto-exciton levels (hh-ls, -2s). This results in a simpler analysis
because the effect of the magnetic field is more pronounced in the second level,
which shifts more as compared to the first one. Fig. 6.4 shows that the energy
position of the levels moves to higher values in the Dy region (0 μπι) because
of the larger local magnetic field. In particular the second Landau level moves
from 1.3621 eV at -75 μπι to 1.3637 at 0 /urn. This behavior is symmetric around
the center of the Dy film.
To convert the energy shift to the local value of the magnetic field, the
precise field dependence of the exciton transition energies was measured at a
position far from the Dy stripe, where the local field equals the background
field. The resulting magnetic field profile (symbols in Fig.6.5) reveals that on
top of the Dy stripe an enhancement as large as 0.8 Τ was reached. In Fig.6.5
this enhancement is compared with a numerical evaluation of the magnetic field
component perpendicular to the QW, generated by an uniformly magnetized
film of 25 μπι thickness with a magnetic polarization of 2.4 Τ (solid curve). The
calculations properly describe the experimental results provided the distance
between the QW and the Dy was taken to be 20 μπι, which is far more than
the expected minimum distance (0.07 μπι). This discrepancy is probably caused
by the difference in thermal expansion coefficients of the Dy and the Cu holder
(Fig.6.1), which means that during cooling down the Dy is expelled from the
sample surface. Obviously, this implies that by eliminating this thermal effect,
a three times larger field enhancement (2.4 T) can be achieved. In this situation
also the field profile will be much more rectangular [7], leading to even higher
field gradients.

6.3.2

Exciton motion in magnetic field gradients

After the realization of the high magnetic field gradients described above, its
influence on the exciton motion was studied by a systematic investigation of
the PL intensity as function of position. We observed that in Fig.6.4 the lu
minescence intensity is weaker in the intermediate regions (±30μηι), where the
magnetic field gradient is large. In case excitons are driven out of a region
where the gradient, and therefore the magnetic force, is high, the integrated
PL intensity emitted from this region is expected to be smaller than that from
the surrounding regions. Typical results of the spatial dependent integrated PL
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Figure 6.4: PL spectra as function of the position on the sample.
The distance from the Dy stripe (0 μπι ) is indicated.
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-100-50 0 50 100
Position (μιη)
Figure 6.5: Experimentally determined magnetic field profile as
a function of the position with respect to the Dy stripe (sym
bols), whose center corresponds to 0 μπι. The solid curve is the
calculated field of a 25 μπι thick uniformly magnetized (2.4 T)
stripe at a 20 μπι distance. The background field is 7 Τ
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intensity are shown by the symbols in Fig.6.6.
It is clear that the PL intensity strongly depends on position, and is found
to be inversely proportional to the field gradient, which can be explained as
follows. The PL intensity is proportional to the exciton recombination rate
(which does not depend on magnetic field), multiplied by the exciton density in
the probed region. The exciton density is of course reduced by diffusion, which
however is not expected to depend much on the magnetic field (between 7 and
7.8 T), and definitely not on the gradient as observed in Fig.6.6. Therefore
this particular spatial dependence of the PL intensity proves unambiguously
that the excitons are pushed out of the photo-excited region by the magnetic
force which is proportional to the magnetic field gradient. The strength of this
force is illustrated by the fact that at the point of maximum gradient the PL
intensity is reduced to only 40% of its value far from the stripe.
To quantify the effect of the magnetic field gradient on the exciton motion
and therefore the PL intensity, a simple model is used assuming that the PL
signal originates from excitons which are not forced to move away by the gradient. Diffusion is neglected since in first order it simply reduces the density by
a fixed factor independent of the magnetic field. According to this model the
PL intensity is given by a/(ß + \F\), where α is proportional to the excitation
power times the recombination probability, β is proportional to the recombina
tion probability times the inverse of the mobility and F is the magnetic force.
By calculating F from the experimental magnetic field profile, and using α and
β as fit parameters, the result of this model (solid curve in Fig.6.6) reproduces
the data reasonably well, which confirms that the magnetic force is able to drive
excitons to selected regions of space.

6.4

Conclusion

The excitons move under a force, induced by the spatially varying field, which
is entirely determined by their magnetism. They are driven to the point of
minimum energy (lowest field), which can be described in terms of a magnetic
force. To be confined the minimum should be surrounded by regions of higher
potential (higher field), and furthermore the excitons should dissipate their en
ergy by, for instance, interacting with the lattice. In this process the exchange
of energy from the center of mass to internal motion of an exciton is of upper
most importance. This exchange is, however, not trivial in a magnetic field,
and in itself an interesting research topic. Altogether, regardless of the actual
dissipation mechanism, to obtain an efficient confinement the kinetic energy of
the excitons should be smaller than the energy difference imposed by the field
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Figure 6.6: Integrated PL intensity as function of the position
with respect to the Dy stripe (symbols). The solid curve was
calculated using a model described in the text.

difference AB. For the maximum possible AB in the present experimental ge
ometry (2.4 T) this energy barrier is equal to about 1.5 meV (deduced from the
field dependence of the hh-ls transition), which is more than 15 times larger
than квТ at 1 K. Therefore we conclude that a magnetic trap for excitons is
feasible: excitons can be confined to a limited region of space, at elevated den
sities and low temperatures, a situation which is favorable for studying exciton
condensation.
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Summary
In some complex physicals systems the interactions between the elementary
constituents, such as electrons, give origin to macroscopic properties which can
not be simply inferred from the properties of the constituents. This thesis
presents two examples of such behavior.
In Part I we describe nonlinear transport and structure formation in SemiInsulating GaAs. In this material, in a certain range of the electric field, the
current density decreases with increasing electric fields. This effect makes the
homogeneous electric field distribution, typical of Ohmic conductors, unstable
under random fluctuations. If the sample is biased with a sufficiently large voltage, such fluctuations are amplified via a positive feedback. The electric field
spontaneously splits in a high field region, the high field domain, surrounded
by two low field regions. The high field domain moves from the anode, where
it forms, to the cathode, where it is annihilated, to maintain the internal equilibrium. This system is a very simple example of a nonlinear system (here
nonlinear resistance) which, for high values of an external control parameter
(here the bias voltage) leads to spontaneous symmetry breaking and organizes
in coherent structures.
Nonlinear systems and spontaneous structure formation, with particular
emphasis on semiconductor systems, are described in Chapter 1. The inhomogeneous electric field profile has been studied using an experimental technique
that allows the quantitative and time resolved measurement of the voltage profile, as described in Chapter 2. Using the measured electric field profile, it is
possible to investigate the ratio between the number of electrons in the conduction band, which are free to move, and the number of electrons trapped in the
lattice defects. For large applied electric fields, the trapping of the electrons is
more efficient and therefore less electrons can contribute to the current. The
relation between the two populations has been quantitatively determined by
the evaluation of the trapping coefficient (Chapter 3). Semi-Insulating GaAs
is also analyzed as an example of a nonlinear system (Chapter 4). Firstly we
studied how a domain is formed. Visualizing the electric field distribution, we
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measured, real time, the transition from a homogeneous, unstable electric field
distribution to a steady propagating domain. We showed that the time scale
at which this process takes place is determined by material parameters and
is independent from external conditions, such as the applied voltage. Moreover we explained the origin of the domain steady velocity. With increasing
applied voltage, the domain moves faster and, because of the finite length of
the sample, a complete formation of the domain is not possible anymore. The
annihilation of one domain at the cathode influences the formation of the next
one at the anode and thus its final size. Therefore there is a feedback process,
which leads to the alternation of two domains of different size and eventually
to chaos. The domain topology depends on the contact geometry and on external parameters that alter the symmetry (Chapter 5). If the contacts are
two parallel stripes, the domain is linear, but when the translation symmetry
is broken, the domain is not linear anymore. We have studied the criteria that
fix the domain shape considering three different configurations: a sample with
a circular contact, a sample with an illuminated region, and a sample with a
perpendicular applied magnetic field. The experimental results show that the
domain forms along equipotential lines, that it moves with a local velocity that
is proportional to the current density and that it tends to reach the shortest
possible configuration.
In Part II of the thesis we prove the feasibility of a magnetic trap for excitons, which are optically excited in a InGaAs quantum well. An exciton is
an electron bound to a hole by the Coulomb force and therefore it is a boson. It has been theoretically predicted that, if a sufficiently high density and
low temperature is obtained, excitons can produce a condensate. To obtain a
sufficiently high density of excitons, their eventual in-plane diffusion has to be
balanced by a force, which can not be the most commonly used electric field
because excitons are neutral particles. Therefore we use large magnetic field
gradients to control the lateral exciton motion, which is possible because the
exciton energy increases with the magnetic field (diamagnetism), and therefore
excitons are driven to low field regions. The necessary magnetic field gradients
are produced by positioning a thin magnetized Dysprosium stripe on top of the
sample. The exciton density has been monitored by spatially resolved photoluminescence and photoluminescence excitation spectroscopy. These spatially
resolved measurements show that the exciton density is lower in the regions
of large magnetic field gradient, where the magnetic force is large. Therefore
we experimentally prove that it is indeed possible to influence the motion of
excitons by a large magnetic field gradient and that a magnetic trap is feasible
using a suitable micromagnet geometry.
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Samenvatting
In sommige fysische systemen leiden de interacties tussen de elementaire bouwstenen, zoals bijvoorbeeld elektronen, tot macroscopische eigenschappen die
niet herleid kunnen worden tot de eigenschappen van de bouwstenen. In dit
proefschrift worden twee systemen besproken die dit gedrag vertonen.
In deel I beschrijven we niet-lineair transport en spontane formatie van
structuren in het zogenaamde half-isolerend (SI) GaAs. Voor bepaalde waarden van het elektrisch veld neemt in dit materiaal de stroomdichtheid af met
toenemend veld. Dit effect leidt ertoe dat de homogene verdeling van het elektrisch veld, die karakteristiek is voor Ohmse geleiders, niet langer stabiel is
onder willekeurige fluctuaties. Indien een voldoende hoge spanning aangelegd
wordt zullen zulke fluctuaties dan ook worden versterkt via een positieve terugkoppeling. Als gevolg splitst de elektrische veldverdeling spontaan op in
een gedeelte met een hoge veldwaarde, het domein, wat omsloten wordt door
twee gebieden waarbinnen een laag veld aanwezig is. Om het interne evenwicht te bewaren is het domein gedwongen te bewegen van de anode, waar het
ontstaat, naar de kathode, waar het verdwijnt. Dit systeem is een eenvoudig
voorbeeld van een niet-lineair systeem (in dit geval niet-lineaire weerstand) wat,
voor bepaalde waarden van een externe parameter (in dit geval de aangelegde
spanning), spontane breking van de symmetrie vertoont.
In hoofdstuk 1 worden niet-lineaire systemen en spontane formatie van
structuren besproken, met speciale nadruk op halfgeleidersystemen.
De
inhomogene verdeling van het elektrische veld is bestudeerd met behulp van
een speciale experimentele techniek, waarmee het mogelijk is om tijdsopgelost
de spanningsverdeling over het preparaat te meten. Deze techniek staat
beschreven in hoofdstuk 2. Door gebruik te maken van de gemeten verdeling
van het elektrisch veld is het mogelijk om de verhouding te bestuderen tussen
het aantal elektronen in de geleidingsband, die vrij kunnen bewegen, en het
aantal elektronen dat ingevangen is in een rooster defect. Met een toenemend
aangelegd veld blijkt deze invangst van elektronen in defecten veel effectiever
te worden, wat leidt tot een afnemend aantal elektronen dat bij kan dragen aan
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de elektrische stroom. De verhouding tussen deze beide populaties is bepaald
in hoofdstuk 3, door de bepaling van de zogenaamde invangstcoëmciënt. In
hoofdstuk 4 wordt SI-GaAs bestudeerd als een voorbeeld van een niet-lineair
systeem. Ten eerste wordt beschreven hoe precies het domein gevormd wordt.
Door de verdeling van het elektrische veld tijdsopgelost te meten, wordt
de overgang van een homogene, maar instabiele, verdeling naar een stabiel
bewegend domein waargenomen. De tijdschaal waarop dit proces plaatsvindt
wordt louter bepaald door materiaal parameters en blijkt onafhankelijk te
zijn van externe condities, zoals bijvoorbeeld de aangelegde spanning. Een
toenemende aangelegde spanning leidt tot een domein wat sneller beweegt, wat
inhoudt dat vanwege de eindige lengte van het preparaat de volledige formatie
van het domein niet meer mogelijk is. Als gevolg beïnvloedt het verdwijnende
domein aan de kathode de formatie van het daaropvolgende domein aan de
anode. Dit mechanisme resulteert in de opeenvolging van domeinen van
verschillende grootte wat uiteindelijk kan leiden tot chaos. De topologie van de
domeinen hangt sterk af van de geometrie van de elektrische contacten en van
externe parameters die de symmetrie veranderen (hoofdstuk 5). Twee parallelle
lineaire contacten leiden tot de formatie van een lineair domein, maar indien de
symmetrie wordt gebroken zal het domein niet lineair meer zijn. Wij hebben
de criteria bestudeerd die de uiteindelijke vorm van het domein bepalen voor
drie verschillende contact configuraties: een preparaat met een cirkelvormig
contact, een preparaat waarvan een gedeelte belicht is door laserstraling, en
een preparaat in een loodrecht magneetveld. De experimentele resultaten
tonen aan dat het domein altijd gevormd wordt langs een equipotentiaallijn,
dat het beweegt met een locale snelheid die rechtevenredig is met de locale
stroomdichtheid en dat het domein streeft naar de kortst mogelijke configuratie.

In deel II van dit proefschrift tonen we aan dat het mogelijk is om een magnetische valkuil te realiseren voor excitonen die optisch geëxciteerd zijn in een
InGaAs quantumput structuur. Een exciton wordt gevormd door een elektron
en een gat die gebonden worden door de Coulomb kracht, en als zodanig is het
exciton dus een boson. Theoretische berekeningen hebben voorspeld dat excitonen een condensaat kunnen vormen, indien ze met een voldoende hoge dichtheid
en voldoende lage temperatuur gemaakt worden. Om echter een voldoende hoge
dichtheid aan excitonen te produceren dient de eventuele laterale diffusie van
excitonen voorkomen te worden. Hiervoor kunnen echter niet de doorgaans
gebruikte elektrische velden gebruikt worden, omdat excitonen neutraal zijn.
Daarom gebruiken wij gradiënten in een magneetveld om de beweging van de
excitonen te manipuleren, wat mogelijk is omdat de energie van een exciton toe112
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neemt met toenemend magneetveld (diamagnetisme), zodat ze naar gebieden
met een laag veld gedreven worden. De noodzakelijke veldgradiënten worden
gemaakt door een zeer dunne gemagnetiseerde Dysprosium strip aan te brengen op het preparaat. De locale dichtheid van de excitonen wordt vervolgens
gemeten met behulp van plaatsopgeloste fotoluminescentie en fotoluminescentie excitatie spectroscopie. Deze plaatsopgeloste metingen laten zien dat de
dichtheid van de excitonen klein is in die gebieden waar de veldgradiënt, en
dus de magnetische kracht, groot is. Door dit experiment is dus aangetoond
dat het mogelijk is om de laterale beweging van excitonen te beïnvloeden met
een gradiënt in het magneetveld en dat een magnetische valkuil voor excitonen
realiseerbaar is indien gebruik wordt gemaakt van een geschikte geometrie van
micromagneten.
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