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Chapter 1

Scope of this thesis

During the past decade, the research on semiconductors has shown an increasing
interest in layered semiconductor structures. To a large extent, this is due to the
commercial interest in electronic and electro-optic devices. Recent advances in
epitaxial growth techniques like Molecular Beam Epitaxy’ and Metal Organic Vapour
Phase Epitaxy? have made it possible to grow semiconductor structures consisting
of very thin layers of different materials with atomically abrupt interfaces. This enables
one to tailor the effective band structure of the material. The most investigated
semiconductor structures are those of the GaAs/Al Ga, As system, which can be
grown relatively easy, since the lattice constants of GaAs and AlAs differ by less than
one percent. The GaAs/Al Ga, As system, which nowadays serves as a kind of model
system, is suitable to grow various types of two-dimensional structures, one of which

is the modulation doped heterostructure®*.

In a modulation doped GaAs/Al,Ga, ,As heterostructure the electrons are drifting in
a two-dimensional channel at the GaAs/Al Ga, As interface, spatially separated from
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their parent donors in the AL, Ga, ,As layer. This spatial separation reduces the ionized
impurity scattering, leading to very high electron mobilities at low temperatures®. Since
this high mobility suggests a possibility for obtaining ultra-high speed devices®, a
profound knowledge of the physical properties determining the performance of such
devices is necessary. One of the principal questions is whether the high-field transport
properties of two-dimensional systems are different from those of bulk semiconductors.
Since the electron drift velocity is an important parameter in that context,
measurements of the velocity-field characteristics of the two-dimensional electron gas
(2DEG) are of central interest. Typical devices are operated at high electric fields. One
therefore has to know how this high mobility varies with the electric field and how one
can understand this variation. In other words: what scattering mechanisms determine
the high-field mobility under device conditions and how does this high-field mobility
correlate with the low-field mobility? The need to provide answers to these questions
is one of the reasons for the current interest in the high-field transport properties of
GaAs/Al,Ga, ,As heterostructures. On the other hand, from a fundamental point of
view the question arises how the carrier-phonon and carrier-carrier interactions in two-
dimensional systems differ from the interactions in bulk semiconductors. Although
several experiments have been performed in order to investigate these problems, the
high-field transport properties of GaAs/Al,Ga, ,As heterostructures are still only partly
understood.

A number of current-voltage measurements have been performed on n-type
modulation doped semiconductor structures”®%'°, |n these experiments, the carrier
density and the mobility are not independently obtained. It is therefore difficult to
determine the high-field mobility from current-voltage measurements, since the carrier
concentration is not constant at high electric fields because of intervalley scattering
and real space transfer of electrons to the Al Ga, As layer. To circumvent this
problem, other techniques have been employed. K. Inoue et al.’®, M. Inoue et
al.'""? Shah'™, Schubert et al', and Hirakawa and Sakaki'® have performed
high-field Hall measurements to measure both the carrier concentration and the

I.16

mobility. Masselink et al.'® have simultaneously measured the geometrical magneto-
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resistance and the current-voltage characteristics, again to obtain the variation of the
carrier density and mobility with the electric field.

In these experiments'®'®, however, the high-field Hall mobility was determined, which
is different from the drift mobility'”. This difference is caused by several factors.
Consider an n-type semiconductor containing electrons with a drift mobility x,, defined

as
Hyg = ———, (1.1)

where e is the electron charge, m’ is the effective mass, and <t> is the average
momentum relaxation time, weighted with respect to the electron energy distribution’.
The momentum relaxation time = depends on the electron energy. Usually, the
empirical relationship
&
(&V=1. (—) (12)
(&)=7( kT)
is used. Here, 1, is a proportionality constant, & the electron energy, k the Boltzmann
constant, and T the temperature. The exponent ¥ depends on the dominant scattering

mechanism, and varies from y = -0.5 for acoustic deformation potential scattering to
y = +1.5 for ionized impurity scattering. The Hall mobility x,, is defined as

Ly = o Ry, (1.3)

Here, o is the conductivity, given by o = n e p, where n is the electron density. R,
is the Hall coefficient, defined as

2
Ry = ST (1.4)
ne <¢>2

From (1.3) and (1.4) follows that
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2
LA (1.5)

Pp = Hq 5 ¢
<r>

The factor < > /< r>?is called the Hall factor. To calculate the drift mobility from the
Hall mobility, this Hall factor must be determined, and thus an assumption must be
made for the value of y in eq. (1.2). It is easily shown that, since y varies from -0.5 to
+1.5, the Hall factor varies from 1.18 to 1.93"". Thus the error introduced in the drift
mobility by assuming a wrong value for ¥ can be about 60%. For this reason, high-field
Hall measurements do not allow an accurate determination of the high-field -drift
velocity.

In the current-voltage experiments and the high-field Hall and geometrical magneto-
resistance measurements mentioned above”', it was found that in GaAs/Al, Ga, ,As
heterostructures at low temperatures the electron mobility decreases rapidly with
increasing electric fields, resulting in a saturation of the drift velocity. This is due to the
scattering by optical phonon emission, which is expected to be different in the 2D case
compared to the 3D case'®'. According to Monte Carlo calculations, the velocity
is predicted to decrease at a threshold field of 3 kV/cm due to intervalley
scattering®®?'. An additional mechanism for a decreasing drift velocity is real space
transfer, which is the transfer of electrons from the 2DEG into the Al,Ga, As

|ayer9,22,23

Most of the experiments discussed above reveal values for peak
velocities typically in the range of 1.0 to 1.8 x 107 cm/s reached at an electric field of
about 2 to 4 kV/cm®'*'*1% M. Inoue et al.""""?, however, reported a saturation velocity

of 3.8 x 107 cm/s up to 2 kV/cm. Masselink et al.***

measured the velocity-field
characteristics of a GaAs/Al,Ga, As heterostructure using a microwave technique.
They reported peak velocities of 2.3 to 2.8 x 107 cm/s. At 3 kV/cm he observed a
velocity decrease, which he ascribed to real space transfer. Hirakawa and Sakaki'
performed pulsed Hall experiments and measured a saturation of the drift velocity at
77 K and 4.2 K. No velocity decrease was observed up to electric fields of 6 kV/cm.

The origin of the discrepancy between the experiments of Hirakawa and Sakaki and
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the experiments mentioned above is not clear at present. Obviously, more

experimental and theoretical work is needed to understand these results.

The most direct method of measuring carrier drift velocities in high electric fields is to
excite locally in the semiconductor excess carriers using a short laser pulse, and to
measure the time it takes for the carriers to arrive at the contact under the influence
of an applied electric field. This time-of-flight technique has been applied quite
successfully to bulk semiconductors®. Here, the ambipolar drift velocity of optically
excited excess carriers is equal to the drift velocity of the minority carriers. We decided
to focus on this technique and to perform time-of-flight experiments on
GaAs/Al Ga, As heterostructures. Of course, layered semiconductor structures are
more complicated than bulk semiconductors and the question is to what extent the
time-of-flight technique is suitable to study their high-field transport properties.
Heterostructures exist of different materials with different high-field properties and there
also is an interaction between the layers. Furthermore, what happens to the properties
of the ohmic contacts, when high electric fields are applied? There is little known about
the high-field behavior of the ohmic contacts. Ohmic contacts to a semiconductor
heterostructure are fundamentally different from contacts to bulk material, as was
explained by Hendriks et al.?’. They found that the transfer of electrons from the
2DEG to the Al,Ga, As layer is not only possible via the mechanism of real space
transfer in the sample, but also via the interconnection at the contacts. Therefore, in
the case of time-of-flight experiments on a GaAs/Al,Ga, ,As heterostructure one cannot
separate the transport properties of the 2DEG in high electric fields, but one has to
take into account also the high-field behavior of the Al,Ga, As layer and the ohmic
contacts.

Time-of-flight experiments on GaAs/Al,Ga, As quantum wells were performed by
Hopfel et al.?%*** They measured the drift velocity of minority electrons in p-type
modulation doped multiple quantum wells as a function of the applied electric field.
They determined a low-field mobility of 1500 cm?/Vs at room temperature, which is

much lower than the typical mobilities of majority electrons in n-type quantum wells
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and heterostructures. This low mobility was attributed to the presence of the high-
density hole plasma which causes strong electron-hole Coulomb scattering. Due to
this low mobility a relatively low peak velocity of 1.1 x 107 cm/s was reached at a
rather high field of 8 kV/cm. At higher electric fields the drift velocity showed a
decrease, which was aftributed to a loss of carriers from the quantum well by real
space transfer. At low temperatures and electric fields below 0.3 kV/cm even negative
mobilities of the minority carriers were observed due to carrier drag by the majority

carriers3'®.

Time-of-flight experiments on a 350 nm thick p-type double
heterostructure by Furuta et al.®® showed an electron saturation velocity of
2.2 x 10 cm/s at room temperature and a velocity decrease also at 8 kV/cm.
Shigekawa et al® reported that the minority electron mobility in double
heterostructures decreases with decreasing well widths from 200 to 20 nm, because

of a larger overlap of the electron and hole wave functions.

All these results show that excess carriers in two-dimensional systems behave
differently compared to excess carriers in bulk semiconductors. In  bulk
semiconductors, it is common practice to assume that the minority electron mobility
in a p-type semiconductor is roughly the same as the majority electron mobility in the
n-type semiconductor, since the mobility is mainly determined by impurity
scattering®. In a modulation doped semiconductor structure, however, the impurity
scattering is reduced and the mobility is strongly dependent on carrier-carrier
scattering. Therefore, the minority electrons show lower mobilities than two-
dimensional majority electrons, leading to lower peak drift velocities, drag effects, and
a different behavior with respect to transfer effects under hot electron conditions. This
should be kept in mind all the time when interpreting time-of-flight experiments in two-
dimensional systems.

Direct drift velocity measurements which can be related to current-voltage
characteristics using the time-of-flight technique have not been reported for two-
dimensional majority electrons. Majority carrier transport can be studied by high-field

Hall measurements, but then the Hall mobility instead of the drift mobility is
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determined. Time-of-flight experiments have been performed on p-type modulation
doped heterostructures, but the minority electron mobility gives no information about
the transport properties of two-dimensional majority electrons. One therefore has to
think of a way to measure the mobility of the majority electrons via the time-of-flight
technique. The only attempt to measure the drift velocity of majority electrons was
reported by Hopfel et al.*®. They used a GaAs/Al,Ga,,As heterojunction, grown on
a heavily doped p-type GaAs layer, such that the two-dimensional well at the
GaAs/Al Ga, As interface lies just above the Fermi level. When this structure is locally
illuminated, the electron-hole pairs created at the position of illumination are separated
in the growth direction: the two-dimensional well is filled with electrons and the holes
flow into the parallel p-doped GaAs layer. In this way two-dimensional "majority"
electrons are created at the position of excitation. Here, the time-of-flight current due
to the photo-excited carriers is determined by the drift velocity of the electrons in the
two-dimensional well. In this structure, the electron-hole interaction is negligible due
to the spatial separation of electrons and holes and an electron mobility of 8600
cm?/Vs at room temperature was determined. However, no low temperature
experiments were reported and there still are a number of problems with this
experiment. For example, the electrons investigated in this structure are not really
majority electrons, since the two-dimensional electron gas in the well is only present
at the position of excitation, so there is no lateral homogeneity and the height of the
conduction band minimum changes drastically at the position of laser excitation.
Furthermore, a larger time-of-flight current was measured for a laser excitation close
to the negative contact, which cannot be understood within the time-of-flight theory.

The aim of the research described in this thesis was to investigate the transport
properties of two-dimensional majority electrons in a GaAs/Al,Ga, ,As heterostructure
at high electric fields and to study the possibilities and limitations of time-of-flight
experiments on these structures. This thesis is organized as follows. Chapter 2 serves
as an introduction, where the basic concepts of GaAs/Al Ga, ,As heterostructures and
their transport properties at high electric fields are discussed. In chapter 3 we present
the results of our time-of-fight experiments on GaAs/AlLGa, ,As heterostructures
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leading to the determination of the high-field drift velocity of the minority carriers in this
structure. At an electric field of about 1 kV/cm we measured an anomalous behavior
of the time-of-flight current. In this regime also current instabilities in the bias current
were observed. To investigate these current instabilities, we performed pulsed current-
voltage measurements at high electric fields. These are discussed in chapter 4. A
complicated time-dependent behavior of the current was measured, as well as
hysteresis effects in the current-voltage characteristics, suggesting that at high electric
fields the current is not distributed homogeneously in the sample. We therefore
developed a technique to image the current distribution in the heterostructure under
high electric field conditions. These imaging experiments, in which spatial current
patterns are observed in the heterostructure, are presented in chapter 5. Using the
results of time-resolved and spatially resolved experiments, we developed a
phenomenological model describing the behavior of GaAs/Al,Ga, ,As heterostructures
at high electric fields. This model describes the high-field current instabilities in terms
of electron injection from the source contact into the Al,Ga,  As followed by avalanche
processes in the Al Ga, As layer. This model was supported by the results of our
Monte Carlo calculations, in which we calculated the velocities and energy distribution
of the electrons in the Al Ga, As layer. From the experiments we conclude that the
high-field properties of a modulation doped heterostructure cannot be described taking
into account only the two-dimensional conducting channel. Instead, a full three-
dimensional model of hot electron transport in these structures must be developed,
including the high-field properties of the Al,Ga, As layer and the contacts. Finally, in
chapter 6 we summarize the main conclusions of this thesis and consider the
possibilities and limitations of time-of-flight experiments on two-dimensional

semiconductor structures.
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Chapter 2

High electric field effects in GaAs/Al Ga, As heterostructures

2.1 Introduction

In this chapter we discuss the basic concepts of GaAs/Al,Ga, As heterostructures,
which have been used in the experiments described in chapters 3, 4, and 5. First, in
section 2.2, we describe the GaAs/Al xa, ,As heterostructure and the two-dimensional
electron gas. The transport properties of the 2DEG are discussed in section 2.3. Here
also the properties of the Al,Ga, ,As layer are discussed shortly, since they give rise

to some remarkable transport phenomena.

Since GaAs/Al Ga, As heterostructures are used to fabricate high electron mobility
transistors (HEMTSs), which operate at high electric fields, it is very important to know
the high-field transport properties of GaAs/Al,Ga, As heterostructures. These are
discussed in section 2.4. Not only the high-field behavior of the 2DEG, like current
saturation and real space transfer are considered, but also the properties of the
Al Ga, As layer and the ohmic contacts, which may give rise to current instabilities at
high electric fields.
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In section 2.5 we describe two methods to calculate the transport properties of
semiconductor heterostructures. First, we shortly discuss the relaxation time
approximation of the Boltzmann transport equation. Next, we explain the principle of
the Monte Carlo method, which is widely used to calculate the hot-electron transport
properties of GaAs/Al,Ga, ,As heterostructures™?. We also review some Monte Carlo

calculations on two-dimensional electron gases reported in the literature.
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2.2 The modulation doped GaAs/Al ,Ga, As heterostructure

A modulation doped GaAs/Al Ga, As heterostructure consists of several epitaxial
layers grown on a semi-insulating GaAs substrate. Usually a Si-doped Al Ga, ,As layer,
with an aluminium fraction of about 0.3 and a donor concentration of typically
2 x 10" cm™, is grown on top of a GaAs layer, which is slightly p-doped due to
background impurities, unintentionally built in during the growth. Because of the
different bandgaps of GaAs and Al Ga, ,As the electrons, which are ionized from the
Si-donors in the Al, Ga,  As, are transferred to the GaAs layer. The Coulomb interaction
between electrons and ionized donors results in a confinement of the electron gas at
the GaAs/Al Ga, As interface. The wave function of this so-called two-dimensional
electron gas® in the nearly triangular well can be solved quantum-mechanically. Due
to the confining potential, quantized energy levels appear for the motion perpendicular
to the interface, whereas the kinetic energy corresponding to the motion parallel to the

interface is continuous.

Since the electrons in the 2DEG are separated from their parent donors, the ionized
impurity scattering in the heterostructure is drastically reduced compared to the case
of homogeneously doped bulk GaAs. Therefore, if the GaAs layer containing the 2DEG
is free from background impurities, much higher mobilities can be achieved in a
GaAs/Al Ga, ,As heterostructure than in bulk GaAs. Further enhancement of this high
mobility is accomplished by growing an undoped Al Ga, ,As "spacer" layer between
the GaAs layer and the Si-doped Al,Ga, ,As layer, enlarging the distance between the
electrons and their parent donors even more. Typical dimensions of the layered
structure are depicted in Fig. 2.1(a). Between the substrate and the actual
heterojunction, a GaAs buffer layer or a GaAs/AlAs superlattice is grown, which serves
to getter impurities and to smear out during the growth irregularities of the substrate.
The thin GaAs cap layer on top of the Al,Ga, ,As layer is grown to protect the structure

from oxidation.
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Fig. 2.1(b) shows the bandstructure of the heterojunction. At the GaAs/Al Ga, As
interface the conduction and valence bands are bent due to the electric field between
electrons and ionized donors. The band bending at the surface is a result of the
surface states. Since GaAs is a covalent semiconductor, dangling bonds appear at the
free surface. These dangling bonds create surface states in the bandgap of the
semiconductor. Electrons from the Si-doped Al Ga, As layer are trapped in these
surface states and a positively charged depletion layer is formed. The minimum of the
Al Ga, As conduction band is located above the Fermi level, hence in equilibrium the
AlLGa, ,As layer does not contain conduction electrons.

» energy

15 nm GaAs

50 nm Si-doped Al,GaqyAs

A
_§ 10nm  undoped Al,Gay yAs
o
5 o)
£
S
% 100 - 1000 nm GaAs

GaAs buffer layer or superlattice

S.I. GaAs substrate
(@) (b)

Fig. 2.1 (@) Typical dimensions of the layers of a GaAs/AlLGa, As

heterostructure and (b) the bandstructure of a GaAs/AlLGa, As
heterostructure.



High electric field effects... 23

In the remainder of this section, we discuss the processing and characterization of a
GaAs/Al Ga, As heterostructure. In the case of a GaAs/Al,Ga, As heterostructure
used to fabricate a device, the wafer, after being grown, needs further processing.
First, the geometry of the device must be defined. This is done photo-lithographically
by mesa-etching the contour of the structure down to the buffer layer. Then, source
and drain contacts are defined by evaporating AuGe/Ni using a lift-off technique.
Subsequently the AuGe/Ni is alloyed through cap and Al,Ga, ,As layer to make ohmic
contact to the 2DEG. To be able to control the device, a gate electrode is defined to
deplete the electron gas under the gate. For experiments in which it is not necessary
to vary the electron density, the gate can be omitted.

After processing, the material and the contacts have to be characterized to determine
their properties. The sample should be as homogeneous as possible and the contacts
should show ohmic behavior and have a low resistance. Lateral homogeneity of the
samples is very important, since inhomogeneities result in spatial variations of the
optical and electrical properties of the device, making a reliable and reproducible
behavior impossible. Inhomogeneities in a 2DEG can originate from the presence of
microcracks or dislocations or from variations in the doping concentration and electron
density*®. To investigate the homogeneity of the samples, several experimental
methods can be used. The method used frequently in the work described here, is the
optical beam induced current (OBIC) technique. In the experiments described in
chapter 4, we use the OBIC technique to check whether the samples showing
inhomogeneous properties at high electric fields are homogeneous at low electric
fields. The OBIC technique is based on the lateral photo effect, which occurs when a
heterostructure is illuminated locally and a lateral photo-voltage develops between the
contacts*®”. A schematical picture of the lateral photo effect is shown in Fig. 2.2(a).
In the illuminated area, electron-hole pairs are created and separated in the growth
direction, giving rise to a transverse photo voltage, V, (x). In the 2DEG, a constant
electron diffusion current J, flows away from the illuminated spot to the contacts. This
diffusion current J, gives rise to a potential distribution V,, in the 2DEG, according to



24 Chapter 2

Ve
e = Pody s (2.1)

where p, is the resistivity of the 2DEG and J, the lateral electron diffusion current.
When the sample is illuminated not exactly in the center between the two contacts, the
result is a lateral photo voltage between the contacts, given by

AV, = pody (X Xy), 2.2)

where x, and x, are the distances from the illuminated spot to the contacts C1 and C2,

respectively. In a perfectly homogeneous sample, the lateral photo voltage depends
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Fig. 2.2 (a) A schematical picture of the lateral photo effect. Visible are the

creation of electron-hole pairs and the resulting diffusion currents J,
and J,. C, and C, are the ohmic contacts (b) The potential distributions
of V, and V, and the lateral photo voltage AV, are schematically
indicated.
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linearly on the position of illumination. If there are any resistivity variations present in
the 2DEG, they occur as deviations from linearity and are visualized in the OBIC
image. In this derivation of the lateral photo voltage, recombination is neglected. A
complete discussion of the lateral photo effect, taking into account recombination

effects has been given by Fontein et al.*®.

When the sample and the contacts are homogeneous, the GaAs/AlGa, As
heterostructure is characterized with respect to its electrical properties. Usually Hall or
van der Pauw experiments are performed to determine the carrier concentration and
the Hall mobility as a function of temperature. These experiments are performed at low
electric fields. The scattering mechanisms determining this low-field Hall mobility are
discussed in section 2.3. From these experiments no information is obtained about the
mobility in high electric fields. However, high electron mobility transistors normally are
operated at high electric fields. It is therefore of great interest to understand the
behavior of GaAs/Al,Ga, ,As heterostructures at high electric fields and consequently

high-field experiments are of great importance. These will be discussed in section 2.4.
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2.3 Transport properties of the GaAs/Al Ga, As heterostructure

In this section we describe the transport properties of a GaAs/AlLGa, As
heterostructure at low electric fields. First, we consider the properties of the two-
dimensional electron gas and secondly we discuss two phenomena related to the
properties of the Al,Ga, As layer: the persistent photo conductivity (PPC) effect and

parallel conduction.

The transport properties of the electrons in the 2DEG are determined by the scattering
atirregular Coulomb potentials in the crystal. These irregularities originate from ionized
impurities and from lattice vibrations (acoustic or optical phonons). Also roughness of
the GaAs/AlGa, As interface has to be taken into account. Several authors have
calculated the scattering probabilities for these scattering mechanisms®'%'"12.13,
The temperature dependence of the various scattering mechanisms and their
contribution to the overall electron mobility is shown in Fig. 2.3". The mobilities are
calculated for a GaAs/Al,Ga, As heterostructure with a spacer of 20 nm and a carrier
density of 5.3 x 10"" cm™. The solid line (,,,) represents the experimental data by
Hiyamizu et al.'. In this Figure we see that, with decreasing temperature, the
predominant scattering mechanism shifts from optical phonon scattering, which is
dominant for temperatures above 30 K, to acoustic phonons, for the range between
80 K and 10 K, and finally to ionized impurity scattering, which determines the mobility
at low temperatures. In these calculations, the remote ionized impurity scattering was
treated according to the conventional and to the revised theory by van Hall'®'3. This
will be discussed below.

Let us first consider the scattering by ionized impurities. There are two types of ionized
impurity scattering. First, the Coulomb interaction with the background impurities,
which are mainly charged carbon acceptors, incorporated in the GaAs layer during the
growth, and secondly, the interaction with the ionized silicon donors in the Al ,Ga, As
layer. These are called remote ionized impurities. Except for samples with a very thick

spacer or avery high background impurity concentration, the remote ionized impurities



High electric field effects... 27

contribute more to the scattering than the background impurities. In most calculations
reported in the literature, the scattering probabilities of the ionized impurities are
calculated from the total impurity distribution. However, van Hall'?'3 has pointed out
that in the remote impurity distribution only the fluctuations should be regarded as a
scattering potential, since the average impurity distribution is already accounted for in
the calculation of the electron wave function. This guantum mechanical "double
counting” of the remote ionized impurity scattering results in an underestimation of the

low-field mobility of the 2DEG.
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Fig. 2.3 Temperature dependence of the mobility in a GaAs/AlLGa,,As

heterostructure with a 20 nm spacer and a carrier density of 5.3 x 10"
cm? The scattering mechanisms are optical (o) and acoustic (ac)
phonon scattering and remote ionized impurity (ri) scattering. The
remote ionized impurities are determined by the conventional (old) as
well as by the revised (new) theory by van Hall. The overall electron
mobility p,, is also shown, both according to the old and to the new
theory. The line indicated by p,,, represents the experimental data by

Hiyamizu'.
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We now turn to the scattering by acoustic and optical phonons. At low electric fields,
where the energy of the electrons is lower than the threshold for optical phonon
emission, the electrons can only be scattered by acoustic and optical phonons,
already present in the lattice. The number of phonons present in the lattice strongly
depends on the temperature. At intermediate temperatures (15 K < T < 80 K) the
scattering process is dominated by acoustic phonon scattering via the deformation
potential coupling and piezoelectric coupling™. In semiconductors, both scattering
processes can be considered elastic. Scattering by optical phonons, which is dominant
above 90 K, however, is highly inelastic, due to the large optical phonon energy of
36 meV in GaAs. Since the elasticity of GaAs and Al,Ga, ,As are not too different, a
three-dimensional approach to optical phonon scattering is commonly accepted for the
2DEG and the optical phonon limited mobility can be approximated by the mobility
calculated for bulk GaAs'>'>'®. For this reason, also the experimentally determined
mobility of the 2DEG is roughly the same as the electron mobility in bulk GaAs at these
temperatures.

Finally, there is the scattering by the roughness of the GaAs/Al,Ga, ,As interface. This
can be minimized by optimizing the growth conditions. Although the influence of
interface roughness scattering on the mobility of the 2DEG is not well documented
experimentally, it is supposed to be only important at high electron densities, since
then the relative contribution of ionized impurity scattering is decreased due to

screening effects'®"’.

Although usually the transport properties of GaAs/Al,Ga, As heterostructures are
described in terms of the scattering mechanisms for the electrons in the 2DEG, it is
very important to include the properties of the Al,Ga, ,As layer as well. For example,
it is well known that at temperatures below 110 K Al, Ga,,As shows a persistent photo
conductivity (PPC) effect®'®, which has a major influence on the transport properties
of the heterostructure device. We therefore now describe the origin of this effect. In
addition, we discuss parallel conduction in the Al,Ga,_As layer, which is a well known

parasitic effect occurring in transport measurements.
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The PPC effect is observed as an increased persistent conductivity of the 2DEG due
to illumination at low temperatures. The origin of the PPC effect is the Si-donor in the
Al Ga, ,As layer, which gives rise to two energy levels in the energy gap: a shallow and
a deep donor level. The shallow donor lies about 5 meV below the I'conduction band
minimum and supplies its donor electrons to the conduction band. The energy of the
deep level, which is called the DX center'®, depends on the aluminium fraction and
has been determined by several methods®®?'. Values between 120 and 200 meV
below the L minimum have been reported. For an aluminium fraction of about 33% the
energy of the DX center below the I' minimum was determined theoretically and
experimentally to be about 80 meV#. The occupation of both shallow and deep level
and the free electron concentration in bulk Si-Al,Ga, ,As have been calculated by Blom
et al.?". The origin of the DX center is not exactly clear at present, but it is generally
believed that it arises from a Si donor which has moved to an interstitial site'®. When
the minimum of the Al Ga, As conduction band lies above the Fermi level, the
electrons, ionized from the DX centers by illumination, are transferred to the 2DEG. At
temperatures below 110 K, when the illumination is switched off, the photo-ionized
electrons in the 2DEG are not recaptured by the DX centers. To explain this, we have
to consider two potential barriers: first, the potential barrier between the 2DEG and the
AlLGa, As layer, and secondly the potential barrier between the ionized and bound
state of the DX center itself. In bulk Al,Ga, ,As the PPC effect has been observed in
the same temperature range as in GaAs/Al,Ga, As heterostructures®. The observed
similarity of the PPC effect in bulk Al,Ga; As and in GaAs/Al Ga, As heterostructures
leads to the conclusion that the potential barrier between ionized and bound state of
the DX center in the Al Ga,,As layer is responsible for the PPC effect®. At
temperatures of about 110 K there is only a very small fraction of the electrons in the
2DEG which have sufficient thermal energy to populate the Al,Ga, As layer by
crossing the potential barrier between the Al,Ga, As and the 2DEG. Still, even for
these electrons it is not possible to be captured by the DX center, since their thermal
energy is too low to overcome the potential barrier between the ionized and bound
state of the DX center, which is about 80-80 meV, dependent on the aluminium

fraction®2*, Therefore at low temperatures no thermal equilibrium exists between the
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electrons in the 2DEG and the DX centers. The electrons remain in the 2DEG when the
illumination is switched off, and the photoconductivity effect is persistent. The PPC
effect can be eliminated by heating the sample to temperatures above 120 K.
However, Rochette et al.** showed that the PPC effect can also be removed by
applying a large source-drain voltage to a HEMT. In both cases, electrons gain
enough energy to overcome the potential barrier and are captured in the deep donors.
We also observe this effect in the high-field current-voltage experiments presented in
chapter 4.

The effect of parallel conduction in GaAs/Al Ga, As heterostructures occurs when
electron transport takes place in both the 2DEG and in the Al Ga, As layer®. If we
increase the electron density in the heterostructure in such a way that the Fermi level
rises above the I'minimum of the Al Ga, As conduction band, the electrons start to
populate the AlLGa, , As layer. Then, the heterostructure contains two conducting
layers: one in the 2DEG, and one in the AlLGa, ,As layer. At low temperatures we can
describe the heterostructure under these conditions by a system of two conducting
layers, only interconnected at the contacts. At temperatures higher than about 110 K,
however, the transfer of electrons across the GaAs/Al Ga, As interface is relatively
easy and the heterostructure should be described as a system of two mutually
interacting layers. Just like the PPC effect, which can be destroyed when high electric
fields are applied, also parallel conduction in the Al,Ga, As layer is affected by high
electric fields. In a GaAs/Al,Ga, As heterostructure showing purely two-dimensional
behavior with no transport through the Al Ga, As layer at low electric fields, the
Al.Ga, As layer can be populated by electrons when high electric fields are applied.
This phenomenon, which is called electric field induced parallel conduction (EFIPC) is

one of the topics discussed in section 2.4.
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2.4 High electric field effects in GaAs/Al,Ga, As heterostructures

GaAs/Al Ga, As heterostructures are used to fabricate high electron mobility
transistors (HEMTs)?®?7?% A typical HEMT structure is shown in Fig. 2.4. It
consists of a two-dimensional electron gas connecting the source and drain contact
of the device. The device can be switched to the non-conducting state using a gate
electrode to deplete the 2DEG under the gate. The switching time, which is equal to
the time needed to deplete the 2DEG under the gate, is determined by the gate length,
the carrier density, and the high-field drift velocity®. Switching times of less than
10 ps have been reported for HEMT structures®®. HEMTs normally are operated with
a source-drain voltage of several volts. Since the distance between source and drain
is typically several microns, electric fields of several kV/cm easily are reached in a
HEMT. In this section, we describe how the high electric field in the HEMT affects the
electron drift velocity.

‘ ‘ / S.I. substrate
/ GaAs
Si - AlGaAs
AlGaAs
2DEG ﬁ GaAs

4
[’ buffer layer }

Fig. 2.4 Schematical picture of a high electron mobility transistor. Indicated are
the 2DEG, the alloyed source (S) and drain (D) contact, and the gate
electrode (G).
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When an electric field is applied to a semiconductor, the electrons gain energy from
the electric field and are accelerated. The electrons lose their energy to the lattice by
scattering with phonons. This electron-phonon scattering leads to a continuous energy
exchange between electrons and lattice. At low electric fields the energy acquired from
the field is small compared to the average energy of the carriers in the absence of a
field. The effective temperature of electrons and lattice is the same. Under these
conditions, the Fermi-Dirac distribution function of the carriers exhibits a small shift in
momentum space, which leads to the drift velocity. Since at low electric fields the
deviations from equilibrium are small, the electron mobility remains independent of the
applied electric field and Ohm’s law is obeyed. At high electric fields, however, the
energy the electrons gain from the electric field is no longer negligible compared to the
equilibrium carrier energy, and the mean energy of the electrons is increased. In this
regime the electron distribution function is significantly different from its equilibrium
value, and can be characterized by an effective electron temperature, which is higher
than the lattice temperature. Since at increasing electron energies additional scattering
processes can occur, a lower electron mobility is observed at high electric
fields®*>®'. These, and other deviations from ohmic behavior are explained in this
section. First, we consider the high-field behavior of the two-dimensional electron gas,
and describe effects like current saturation and real space transfer. After that, we
describe the high-field properties of the Al Ga, As layer and the ohmic contacts,
leading to the occurrence of high-field current instabilities observed in HEMTs.

We now turn to the scattering mechanisms determining the high-field mobility of the
two-dimensional electron gas. Hot-electron effects in two-dimensional systems are
basically governed by the same phenomena as in bulk semiconductors, except that
the carrier-phonon interactions are more complicated to evaluate because of the
complex nature of the electron wave functions and the existence of several subbands.
The problem of electron-phonon interaction in two-dimensional structures has been

32,33,34,35,36,37

treated by a number of authors They show that the scattering

rate for optical phonon emission in two-dimensional semiconductor structures is
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enhanced compared to the one in bulk semiconductors. At low temperatures and high
electric fields, where the main scattering mechanism is optical phonon emission, this
results in a saturation of the drift velocity.

Let us now derive the value for the saturation drift velocity for the case that the
electron transport is completely dominated by optical phonon emission. The energy

rate the electrons gain from the electric field, (d&/d),, is equal to
(d&dt), = F v = -€E (-p,)E = eEE er/m’, (2.3)

where &is the electron energy, F is the force, v the electron velocity, e the electron
charge, E the electric field, uy the electron drift mobility, = the average momentum
relaxation time, and m" the effective mass®. If the dominant scattering mechanism
is optical phonon emission, the momentum relaxation time is equal to the electron
scattering time for optical phonon emission, r,,, and the energy loss rate due to
scattering, (d&/dt),., is equal to

@d&dt)s. = &t | Topt s (2.4)
where &, is the optical phonon energy. In a steady state, the energy gain and

energy loss rate are equal, leading to

ym* &y (2.5)

Ty = A
L eE

resulting in a saturation drift velocity of

_ Ee T opt 82’” (2-6)

The optical phonon energy in GaAs is 36 meV and the effective mass is 0.067 m,,
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where m, is the free electron mass. This yields a theoretical saturation drift velocity of
3.1 x 10" cm/s. Note that since the saturation velocity only depends on the optical
phonon energy and the effective mass, it is expected to be the same in two-
dimensional structures and in bulk semiconductors. The experimentally observed
saturation velocities in GaAs/Al, Ga, As heterostructures range between 1.0 and 3.8

X 107 Cm/339’40'41'42'46'44'45.

The variation in these experimental data shows
that the high-field transport in the 2DEG is not completely determined by optical

phonon emission, but that also other effects play a role.

The electric field at which the saturation velocity is reached, depends on the low-field
mobility u, according to

E_ - Vsat - m ‘Zapt (2.7)
sat - —— T ———-
Ko ity

Here, u, is equal to et,/m’, where z, is average momentum relaxation time at low
electric fields. Since the low-field mobility in a GaAs/Al Ga, ,As heterostructure is much
higher than in bulk GaAs, the saturation velocity is reached at relatively low electric
fields. In Fig. 2.5 the velocity and maobility of a GaAs/Al Ga, As heterostructure are
depicted as a function of the electric field at 4.2 K, 77 K, and 292 K, measured by

Hirakawa and Sakaki, showing a saturation velocity of 2 x 107 cm/s*.

If the high-field transport would be completely dominated by optical phonon emission,
no electron energies higher than 36 meV could be reached in the two-dimensional
electron gas. However, when the electric field is high enough, the amount of energy
which the electrons gain from the electric field between two successive phonon
emissions might become larger than the optical phonon energy. In that case, the
energy the electrons gain from the electric field, (d&/dt),, is larger than the energy loss
rate by optical phonon emission, (d&/dt),,, and energies higher than 36 meV can be
reached.
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Fig. 2.5 (a) The Hall mobility and (b) the electron velocity in a GaAs/Al Ga, As
heterostructure as a function of the electric field at 4.2 K, 77 K, and
292 K*,

Another effect which can be responsible for electron heating above the threshold
energy for optical phonon emission is a hot phonon distribution. When the lifetime of
the emitted optical phonons is sufficiently long to build up a non-equilibrium hot
phonon population, the energy loss rate of the electrons is reduced. Such hot-phonon
effects have been considered theoreticaly’, as well as observed

48.49

experimentally in bulk semiconductors. Hot phonon effects in two-dimensional

structures have been reported by Reinen et al.*° and by Shah et al.®"'

. They suggest
that in high electric fields the emitted phonons can be re-absorbed by the electrons
and energies of higher than 36 meV can be reached. The corresponding theory has
been worked out by Price®. When the electrons are heated up above the optical
phonon energy, additional scattering processes can occur. These are discussed

below.
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One of the scattering processes at higher energies is intervalley scattering from the
T'valley to the L and X valley. In GaAs the L valley lies about 300 meV above the
I'minimum and intervalley transfer occurs at electric fields of about 3 kV/cm®. Since
the effective mass in the L valley is larger, intervalley transfer leads to a decrease of
the average drift velocity. According to Monte Carlo caiculations, this velocity decrease
due to intervalley scattering also occurs in GaAs/Al Ga, As heterostructures. A
velocity-field characteristic calculated by the Monte Carlo method is shown in Fig. 2.6.
Experimental evidence for the occurrence of intervalley transfer in GaAs/Al Ga, As
heterostructures has not been reported until now. This might be due to the fact that
that at these high electric fields other processes take place in the heterostructure,
which are not accounted for in the Monte Carlo calculations. Examples of these
processes, such as real space transfer and parallel conduction in the Al,Ga, ,As layer,
are discussed below.
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Fig. 2.6 Velocity-field characteristics' calculated by the Monte Carlo method for
a GaAs/AlGa, As heterostructure at 77 K and 300 K.
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Real space transfer is the hot-electron thermionic emission of electrons from the 2DEG
into the Al Ga, As layer®>>%_ At high electric fields, the electrons in the 2DEG
are heated to energies far above their thermal equilibrium value. As a result, the
electrons in the 2DEG can be scattered to the Al,Ga, As layer, across the energy
barrier at the'GaAs/AIxGa,_XAs interface. Since the mobiiity in the Al Ga, As layer is
much lower than in the 2DEG, real space transfer leads to a decrease of the average
electron drift velocity. At room temperature, a velocity decrease at 3.5 kV/cm ascribed
to real space transfer was measured by Keever et al.*® on a GaAs/Al, ,,Ga, zAS
heterostructure. Masselink et al. reported real space transfer in a GaAs/Al, ;Ga,,As
heterostructure, occurring at 4 kV/cm at room temperature and at 2 kV/cm at 77
K%, In a GaAs/Al,sGa, sAs heterostructure, the Al,Ga, As contains an indirect gap
and the electrons are transferred from the 2DEG into the X minimum of the Al Ga, ,As
conduction band. The threshold electric field for real space transfer in this case was
measured by Masselink et al.5"*8, They reported a value of 3 kV/cm at 300 K and
2 kV/cm at 77 K. That the velocity decrease in these structures is caused by real
space transfer and not by intervalley transfer in the GaAs layer was shown by Hépfel
et al.%®. Luminescence experiments on a GaAs/Al, ,4Ga, ,As quantum well structure
showed that at the electric field where the velocity decrease is observed, the electron
temperature is significantly lower than the electron temperature at which intervalley

transfer is observed in GaAs.

The escape rates for electrons to scatter from the 2DEG to the three-dimensional
states in the Al,Ga, As layer were calculated by Lent et al.>® They showed that the
escape rates are relatively small compared to bulk scattering rates, even for electrons
with energies larger than the band offset. Although these electrons have a large kinetic
energy, their momentum is directed parallel to the interface. To escape from the 2DEG,
the electrons need to shift their momentum such that they obtain a non-zero
component in the direction perpendicular to the interface, for example by the emission
or absorption of optical phonons.
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Although real space transfer across the GaAs/Al,Ga, As interface is the most well
known mechanism to transfer electrons from the 2DEG to the Al Ga, As layer,
Hendriks et al.%° showed that the injection of electrons into the Al Ga, As layer is
also possible at the interconnection at the contacts, where the energy barrier between
the 2DEG and the Al Ga, ,As layer is lower. Since we use this model to explain part
of the experiments described in chapter 4 and 5, we now give a short description of
this model. In a GaAs/Al Ga, ,As heterostructure in equilibrium, electron transport only
occurs through the 2DEG and not through the AlLGa, As layer, since the Al,Ga, As
conduction band lies above the Fermi level. This energy difference between the Fermi
level and the Al,Ga, As conduction band-minimum is about 50 meV®'. Therefore, at
the ohmic contact there exists an energy barrier of only 50 meV between electrons at
the Fermi level in the metal contact and the minimum in the Al Ga, As conduction
band. Hendriks et al.®' showed that when a high electric field is applied, this barrier is
decreased, and the electrons are injected from the source contact into the Al Ga, ,As

layer. This process is called electric field induced parallel conduction (EFIPC).

The electron injection into the Al Ga, ,As layer gives rise to a time dependent behavior
of the current in the heterostructure. Since the electron injection diminishes the positive
charge density in the Al,Ga, As layer and Poisson’s equation and charge neutrality
have to be obeyed, every extra electron injected into the Al Ga, ,As layer removes one
electron from the 2DEG. Due to the fact that the mobility in the Al,Ga, ,As is lower than
in the 2DEG, the total current through the sample decreases in time®®'. The decay
time of the current depends on the properties of the Al,Ga, As layer and the contact
barrier. While the electron injection proceeds, the positive space charge in the
ALGa, ,As layer is diminished, thus the conduction band minimum rises with respect
to the Fermi level. Electron injection into the Al Ga, As layer thus increases the
injection barrier®'. This increasing barrier height inhibits further carrier injection and the
current reaches a steady state. After some time, the carriers leave the AL Ga, As at
the drain contact and the 2D electron density returns to its original value. The
-depopulation time strongly depends on the properties of the Al,Ga, ,As material, and

on the occupation of deep and shallow traps. Depopulation times longer than several
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microseconds were found, as we will observe in chapter 4, but also very short
depopulation times were reported, leading to current oscillations during the pulse®.
This population-depopulation process in the Al Ga, As layer is a highly nonlinear
process, which can give rise to steady state, oscillatory or chaotic behavior, dependent
on the experimental conditions. Current instabilities in GaAs/AlLGa, As
heterostructures had also been reported previously by other authors. Current collapse

62 153 and current

had been observed by Kastalsky and Kiehl®* and by Keever et a
oscillations had been reported by Balkan and Ridley®*®® and by Hendriks et al.%.
However, at that time, none of them had given a satisfactory explanation for the

observed phenomena.

The above discussion indicates that it is not possible to predict the performance of
GaAs/Al,Ga, As heterostructure devices at high electric fields based on extrapolations
from zero field mobilities at low temperatures. For high electric fields velocity saturation
effects and electric field induced parallel conduction often occur, thus limiting the
performance improvements expected for modulation doped GaAs/Al,Ga,, As

heterostructures.
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2.5 Theoretical methods to calculate semiconductor transport

The transport properties of the electrons in a two-dimensional electron gas are
determined by various scattering mechanisms. These scattering mechanisms, such as
acoustic and optical phonon scattering® 3, remote and background impurity

scattering'*""®

, interface roughness®, and intervalley scattering®® have been
reviewed in the literature, and the scattering probabilities for these mechanisms have
been calculated. When the scattering probabilities for all scattering mechanisms are
known, the transport in a heterostructure can in principle be described and the
electron mobility can be calculated. In this section we shortly describe two methods
to calculate the electron transport properties of semiconductor heterostructures. First,
we shortly discuss the relaxation time approximation of the Boltzmann transport
equation and next we explain the principle of the Monte Carlo method. Finally, we
discuss the results of some Monte Carlo calculations on two-dimensional electron
gases, reported in the literature. In chapter 4 we will present the results of our Monte
Carlo calculations on electrons in the AlLGa,, As layer of a GaAs/AlGa, As
heterostructure.

To calculate the transport properties of a semiconductor we need the scattering rate
for each scattering mechanism. The transition rate W(k,k,) for an electron to scatter
from initial state k; to final state k, due to a scattering potential V, is given by

2
Wikik) = Z21Veo(@) 2 D(ky) (28)
where % is Planck’s constant, q = k; - k, D(k)) is the density of states in the final state,
and the squared matrix element |V,.(q)|? is given by
IVSC(Q)'Z = <Tf|vsc(Q)I2Ti> ’ (29)

where ¥, and ¥, represent the initial and final wave function of the electron,
respectively. Depending on whether we simulate transport in three or in two

dimensions, we have to calculate the transition rates in equation (2.9) for a three or
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a two-dimensional density of states and a 3D or 2D electron wave function. Since the
scattering potentials are screened by the charges present, we have to divide the
transition rates by a screening factor S?(q), where S(q) is given by

(2.10)

2
S(q) - 1+.872@)

eq?
where II(q) is the polarizability and e the dielectric constant of the material®®. In the
case of a 2DEG, an additional form factor has to be included in eq. (2.10), to take into
account the coupling of the various subbands™.

When the Boltzmann transport equation is solved in the relaxation time approximation,
the total scattering rate for each scattering mechanism is calculated by integrating the
transition rates Wi(k;,k,) over all possible scattering angles with a weight factor
(1 - cos8)”". This results in a momentum relaxation time, which defines a mobility for

each mechanism. After that, the total mobility g, is calculated by Matthiesen’s rule

1 .-sl, 2.11)

Kot ]

where g, is the mobility for each scattering mechanism. The relaxation time
approximation is only valid if, first, the electron distribution function deviates only
slightly from equilibrium, and secondly, if the scattering processes are either
randomizing or elastic. This means that in high electric fields the relaxation time
approximation cannot be used because the deviations from equilibrium are

considerably large.

A better and more realistic method to describe hot-electron transport in
semiconductors is the widely used Monte Carlo method"?’%. The Monte Carlo
method simulates the motion of an ensemble of electrons in an applied electric field.
This motion consists of a series of subsequent free flights, each terminated by a
scattering event. The duration of the free flight, the cause of the scattering, and the
direction in which the next flight starts, are determined by choosing random numbers.
To do this, a theoretical knowledge of the scattering probability distributions and the
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band structure of the semiconductor is needed. If all features have been taken into
account correctly, the particle velocities obtained by this method are distributed in the
same way as in the real material and the material properties can be simulated rather
accurately. An advantage of the Monte Carlo method is the fact that, contrary to the
relaxation time approximation, the interdependence of the scattering mechanisms is
taken into account. Furthermore, since an ensemble of electrons is considered one
can readily account for the Pauli principle. When all scattering mechanisms are known
the simulation gives exact solutions to the problems, be it with statistical errors.
Another advantage is that the physics of the simulation is transparent and the modular
structure of the simulation programs make them very flexible to be used in new
problems or changed circumstances. Disadvantages are the fact that small errors
easily remain unnoticed, the need for powerful computers, and a lot of computer time
when high accuracy is required.

We now show some typical results of Monte Carlo calculations on GaAs/Al,Ga, As
heterostructures, reported in the literature. Typical velocity-field curves for a
GaAs/Al,Ga, As heterostructure at 300 K and at 77 K, calculated by Yokoyama and
Hess' are shown in Fig. 2.7(a), and at 40 K and 10 K by Artaki and Hess? in
Fig. 2.7(b). In Fig. 2.7(a) also the field dependence of the electron temperature is
shown for 300 K and for 77 K. We see that at low temperatures the electrons are
heated up more easily than at room temperature. Accordingly, the field at which
intervalley transfer occurs shifts from 3.3 to 2.5 kV/cm with decreasing temperatures.
Furthermore, the peak drift velocity increases with decreasing temperatures, which is
due to the lower phonon scattering rates. The "shoulder" at about 0.5 kV/cm is
attributed to the onset of optical phonon emission.

The velocity-field curves shown above are widely cited in the literature but still contain
a number of irregularities which will be discussed below. In almost all Monte Carlo
calculations reported, the scattering probabilities of the ionized impurities are

calculated from the total impurity distribution. However, in section 2.3 we already
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Fig. 2.7

(a) Drift velocity and electron temperature as a function of the electric

field' for a GaAs/Al,Ga, As heterostructure at 300 K and 77 K. (b)
Velocity-field characteristics® for a GaAs/Al,Ga, ,As heterostructure at

40 K and 10 K.
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discussed that in the remote ionized impurity distribution only the fluctuations of the
impurity distribution should be regarded as a scattering potential. However, since at
high electric fields the ionized impurity scattering is not dominant, we expect this
correction to be small at high electric fields. In Fig. 2.8 we show the mobility versus
the electric field up to 1 kV/cm for a GaAs/Al Ga, As heterostructure at 4.2 K, as
calculated by van Hall et al.”, taking into account the revised theory for the ionized
impurity scattering.

201
»
>
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D\
] \ | | | ] |
10 20 50 100 200 500 1000
E(V/cm)
Fig. 2.8 Mobility as a function of the electric field for a GaAs/AlLGa, As

heterostructure with a spacer layer of 6 nm at a temperature of 4.2 K|
as caiculated by van Hall et al. The dots are experimental data by

Hendriks®.
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Finally, there is another problem with the Monte Carlo calculations at high electric
fields. As was discussed before, to describe a GaAs/Al,Ga, ,As heterostructure at high
electric fields, not only the properties of the 2DEG should be included, but also
processes like real space transfer into the Al,Ga, ,As layer and electric field induced
parallel conduction. Since these properties of the Al Ga, ,As layer are not included in
the Monte Carlo calculations reported until now, care must be taken by using Monte
Carlo calculations to predict the properties of novel devices. Obviously, more
theoretical work is needed to extend this valuable technique to more realistic

experimental circumstances.
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Chapter 3

Time-of-flight experiments on GaAs/Al Ga, As heterostructures

3.1 Introduction

In this chapter we discuss time-of-flight experiments on GaAs/AlGa, As
heterostructures containing a two-dimensional electron gas. The time-of-flight
technigue is well-known from bulk semiconductor physics, where it is used to measure
the drift velocity under high electric field conditions. Since the aim of this work is to
investigate the transport properties of two-dimensional semiconductor structures at
high electric fields, the question arises whether the time-of-flight technique is suitable
to measure high-field drift velocities in these two-dimensional semiconductors as well.
We therefore have to examine the differences between two-dimensional
semiconductors and bulk semiconductors with respect to the time-of-flight technique.
Furthermore, we have to establish the experimental criteria under which a time-of-flight
experiment yields the relevant high-field transport properties of a two-dimensional

semiconductor structure.
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Let us first discuss the principle of the time-of-flight technique'? The experimental
configuration is shown in Fig. 3.1(a). In a time-of-flight experiment, excess carriers are
created locally in the semiconductor by a short laser pulse. Under the influence of an
applied electric field the excess carriers drift through the sample, thus giving rise to an
excess current in the external circuit, as is indicated in Fig. 3.1(b). Since the duration
At of this excess current pulse directly corresponds to the time the carriers need to
reach the contact, the drift velocity v of the excess carriers can be directly determined
from the width of the time-of-flight current according to

Ax
|V A —— , (3.1)
At
where Ax is the distance between the position of illumination and the contact. The
time-of-flight technique thus is a very direct method to measure carrier drift velocities

in semiconductors at high electric fields.

€
o
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Fig. 3.1 (a) Experimental configuration of a time-of-flight experiment. Excess

carriers excited by a laser pulse drift through the sample under the
influence of the electric field. The grey areas are the ohmic contacts.
(b) The excess carriers induce an increase of the current through the
sample. /, is the bias current when no laser illumination is applied. At
t, the laser pulse is given. The duration At of the excess current
corresponds to the time-of-flight of the carriers.
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The transport of the excess carriers in bulk semiconductors is described by the

234 which will be discussed in section 3.2, where we

ambipolar transport equation
review the time-of-flight technique as used in bulk semiconductors. In section 3.3 we
discuss the conditions which must be satisfied for a time-of-flight experiment on a two-
dimensional semiconductor structure. The results of our time-of-flight experiments on
GaAs/Al,Ga, ,As heterostructures are presented in section 3.4. Finally, in section 3.5,

we summarize the results of this chapter.
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3.2 The time-of-flight technique

In this section we take a closer look at the time-of-flight technique as used in bulk
semiconductors. The time-of-flight technique as presented in section 3.1 was
introduced in 1970 by Neukermans and Kino"2. It consists of a combination of two
previously known techniques: the Haynes-Shockley experiment®, which was used to
measure minority carrier drift velocities in extrinsic semiconductors, and the original
time-of-flight technique to measure drift velocities in semi-insulating
materials®”8%1° The latter technique, introduced by Spear®”’, uses a fully depleted
back-biased p-i-n structure in which excess carriers are created by a pulsed electron
beam. To obtain useful results, a highly uniform electric field is required in the intrinsic
region. Since the internal field due to the space charges has to be much smaller than
the high electric field applied, only very pure intrinsic materials can be used, which
severely limits the applicability of this method.

In the classical Haynes-Shockley experiment®, an extrinsic semiconductor with ohmic
contacts is used and an electric field is applied between these contacts. Minority
carriers are injected by a voltage pulse on a separate emitting electrode at a time t,.
The minority carriers move under the influence of the field, and at time t, their arrival
is detected at a separate collector electrode. From the distance between the emitter
and the collector and the time difference t, - t,, the velocity of the minority carriers is
obtained. The major drawback of this method are the pick-up problems at the collector
caused by the pulsed voltage supply. To overcome these difficulties Neukermans and
Kino modified the classical Haynes-Shockley experiment by using a pulsed electron
beam to excite the excess electron-hole pairs and by measuring the transit time from
the duration of the excess current. Later, the time-of-flight technique was performed

using a pulsed laser beam instead of an electron beam'"2,

We now examine the height of the excess current. Consider an n-type semiconductor
with an electron density n;,. When an electric field E is applied, the current density
through the sample is given by J, = ny e g, E. Here, e is the electron charge and g,
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is the electron mobility. When excess electron-hole pairs are excited locally in the
semiconductor, as was indicated in Fig. 3.1, the sample resistance is lowered

instantaneously. At the time of the excitation the current density increases by

AJ = ZAne(|pgl+|py|)E, 3.2

4
L
where d is the width of the line shaped laser spot, An is the density of excited electron-
hole pairs, L is the sample length, and y, is the mobility of the holes®.

Let us now consider the duration of the exess current. As was mentioned before, the
duration of the excess current is determined by the so-called ambipolar drift velocity
of the excess carriers®>*. In order to examine the physical meaning of this ambipolar
drift velocity we first discuss the dielectric relaxation time z,, of the semiconductor,
defined as ©, = e p. Here, e is the dielectric constant and p is the resistivity of the
semiconductor, equal to 1/n e p. The dielectric relaxation time corresponds to the time
it takes for the majority carriers to neutralize an uncompensated space charge in the
semiconductor. In a semiconductor with a carrier density equal to 10 cm™, a mobility
of 10° cm?/Vs, and a relative dielectric constant of 12, ¢, is about 60 ps, which means
that on a time scale longer than 60 ps no space charges can exist in the
semiconductor. For this reason, in an experiment taking place on a time scale longer
than t,, excess electron-hole pairs cannot be separated by the electric field. The
coupled motion of the excess electrons and holes is described by the ambipolar
transport equation, which we derive below. If the electric field is applied in the
x direction, the electron and hole current density in the x direction are given by

an
Jo = 0, E + eDe&

e

and (3.3)

Jy = 0,E, - eD,,?_;;

where o, and o, are the conductivities of the electrons and holes, given by o, = n e g,

and o, = n e p,, respectively. E, is the electric field in the x direction, D, and D,, are
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the diffusion constants of the electrons and holes, and n and p are the electron and
hole concentrations, respectively. Taking into account recombination, the complete

continuity equations become

aJ
n 1% _4an _ 8, npy.p 0 _An
ot e oax T ax x: T,
and (3.4)
a A
@ = —1_,7 - ,ﬂ). = —i(l“hpEx) + Dh@ - _p,
ot e X T, X a2 T,

where 1z, is the recombination lifetime, assumed to be equal for electrons and holes.
If we assume that the material is homogeneous, only the excess carrier concentrations
An and Ap are time dependent. We also assume that the mobilities u, and u, are
independent of x. Due to local charge neutrality An(x,t) is equal to Ap(x.f). If we now
multiply equations (3.4) by ¢, and o,, respectively, and take the sum of these
equations, we get the ambipolar transport equation,

d4Ap _ d4n odn | FAn  An

_— = 7 = /-‘aEx_‘ a 2 - T’ (35)

In this equation, x, and D, are the ambipolar mobility and the ambipolar diffusion
constant, defined as

Ople = Og By

g

a

and (3.6)

b - 0,D, + a,D,

a —_—y
ag

where ¢ is equal to ¢, + o,. In a highly doped n-type semiconductor equation (3.6)
turns into
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#, = 4, and D, = D,. (3.7)

For a p-type semiconductor, the same derivation can be given. In that case, the
ambipolar mobility and diffusion constant are given by u, = g, and D,= D,
respectively. We thus arrive at the well-known result that in highly extrinsic
semiconductors the ambipolar transport of excess electron-hole pairs is determined
by the properties of the minority carriers. The ambipolar drift velocity of the excess
carriers which determine the duration of the excess current in a time-of-flight
experiment is thus equal to the drift velocity of the minority carriers. As the derivation
of the ambipolar transport equation is based on a small signal theory, the excess
carrier density in the time-of-flight experiment must be small compared to the
equilibrium carrier density, which limits the maximum allowed excitation density in the

experiment.

When diffusion and recombination effects are negligible, the time-of-flight current is
constant during the transit time of the carriers resulting in a rectangular shape of the
time-of-flight signal. In practice, however, deviations from this ideal case are observed.
Diffusion of the excited carriers creates a spreading of the time-of-flight of the carriers
and recombination causes a decrease of the time-of-flight current as a function of time.
The effects of diffusion and recombination on the shape of the time-of-flight signal are
illustrated in Fig. 3.2. Since the effects of recombination and diffusion on the time-of-
flight current should be small, this also puts a constraint on the time-of-flight

experiments.

After the introduction of the time-of-flight technique it was successfully applied to
measure the drift velocity of minority carriers in various bulk semiconductors. The
velocity-field characteristics of minority electrons at various temperatures were
measured in INSb™'®, Ge?, Si'"'?, and InGaAs'. In p-GaAs the electron drift velocity
up to 10 kV/cm was measured at 300 K for various majority hole concentrations'.
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Fig. 3.2 Schematic drawing of the time-of-flight pulses under various

experimental conditions. (a) drift, (b) drift and diffusion, and (c) drift
and recombination.

With increasing hole concentrations, a decreasing drift velocity was measured, which
was explained by an increased electron-hole scattering. Because of this increased
carrier-carrier scattering the drift mobilities of minority carriers are always lower than
the drift mobilities of majority carriers. Calculations have indicated that at equal doping
densities the minority electron mobility in bulk p-GaAs is about 40% lower than the
majority electron mobility in bulk n-GaAs'®'"'®1%20 |0 pulk semiconductors
these carrier-carrier interactions usually are neglected and it is common practice to
assume that the minority electron mobility in a p-doped semiconductor is roughly
equal to the majority electron mobility in the n-doped semiconductor??. For that
reason, the minority carrier drift velocities obtained by the time-of-flight technique are
also used to estimate majority carrier drift velocities at high electric fields, which cannot
be measured directly by any other experimental method. Unfortunately, this practice
cannot be extended to two-dimensional semiconductor structures, as will be shown
in the next section.
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3.3 Time-of-flight experiments on 2D semiconductor structures

In order to examine to what extent the time-of-flight technique allows to measure high-
field drift velocities in two-dimensional semiconductor structures, we now discuss the
conditions for a correct determination of the ambipolar drift velocity. First, to study
ambipolar transport we need an extrinsic semiconductor structure of low resistivity with
ohmic contacts. Secondly, the recombination lifetime of the excited carriers has to be
longer than the time-of-flight under all experimental conditions, since the time
dependence of the excess current has to be determined by drift and not by
recombination of the carriers. We consider two possible structures: the modulation
doped quantum well and the modulation doped heterostructure. The difference
between both structures is that in the quantum well the excited electron-hole pairs
remain in the same layer, whereas in the heterostructure the electrons and holes are
separated in the growth direction by the internal electric field. Due to the spatial
separation of electrons and holes the low-temperature carrier lifetimes in a
heterostructure are of the order of 10-100 ns®*, whereas in the quantum well typical
values of about 1 ns are reported®. Since a modulation doped heterostructure
seems to be quite suitable for a time-of-flight experiment because of the enhanced
carrier lifetime, we further examine the conditions for a time-of-flight experiment on a

GaAs/Al Ga, As heterostructure.

Let us first consider the charge neutrality condition. Since a GaAs/AlLGa, As
heterostructure consists of several different epitaxial layers, one has to consider
charge neutrality both parallel and perpendicular to the layers. In the plane of the
2DEG the conductivity is high, corresponding to a very short (« 1 ps) dielectric
relaxation time. Therefore, in the lateral direction of the heterostructure charge
neutrality is maintained, corresponding to an equivalent situation as in an extrinsic bulk
semiconductor. Hence, in the lateral direction separation of electron-hole pairs is not
possible and the ambipolar transport equation can be applied.
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In the direction perpendicular to the layers, however, the confinement of the electrons
in the two-dimensional well makes conduction perpendicular to the layers impossible.
For the perpendicular direction this leads to an infinitely iong dielectric relaxation time,
enabling space charge variations in the growth direction of the heterostructure. These
space charge variations give rise to internal electric fields, inducing a bending of the
conduction and valence bands, as for example the electric field between the ionized
donors in the Al Ga,_As layer and the electrons in the 2DEG. With respect to the time-
of-flight experiment, it is important to realize how these internal electric fields affect the
transport properties of the excess carriers. Consider, for example, an excess electron-
hole pair in the GaAs layer of the heterostructure. Due to the internal electric field, this
electron-hole pair is separated in the growth direction: the electron moves to the
2DEG, and the hole moves out of the depletion region in the GaAs layer.

From the arguments mentioned above we conclude that in a time-of-flight experiment
on a GaAs/Al,Ga, As heterostructure, with an electric field applied parallel to the
layers, the ambipolar transport of electrons and holes in the GaAs layer is studied.
These electron-hole pairs consist of a hole in the GaAs layer accompanied by an
excess electron in the 2DEG in order to screen the space charge of the hole. During
the ambipolar motion of the excess carriers in the GaAs layer an increased
conductivity is measured due to the excess electrons in the 2DEG. The electron-hole
pairs move in the direction of the negative contact with an ambipolar drift velocity,
which is equal to the drift velocity of the minority holes. The duration of the time-of-
flight current thus is determined by the drift velocity of the minority holes in the GaAs
layer. These holes are not confined to a two-dimensional layer but show three
dimensional behavior. A schematical picture of this ambipolar motion is given in
Fig. 3.3.

Other conditions for a time-of-flight experiment on a GaAs/Al,Ga, ,As heterostructure
which have to be considered are related to the high electric field. In chapter 2 we
already mentioned that the high-field properties of GaAs/Al,Ga, ,As heterostructures
are different from those of bulk semiconductors. We discussed the occurrence of
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Fig. 3.3 Schematical representation of the ambipolar motion of locally excited

excess carriers in a heterostructure. (a) The holes in the GaAs layer are
drifting towards the negative contact. Their space charge is screened
by a cloud of excess electrons in the 2DEG. (b) the electrons and

holes are separated in the growth direction.

current instabilities caused by parallel conduction in the Al,Ga, ,As layer at high electric
fields. Since under these circumstances the current through the heterostructure shows
a time-dependent behavior, a precise determination of the time-of-flight is not possible.
We therefore have to be sure that the experimental conditions of the time-of-flight
experiment are chosen in such a way that high-field current instabilities in the
heterostructure are avoided. Another process which might occur at high electric fields
is real space transfer of electrons from the 2DEG into the Al,Ga,_ As layer. Since this
real space transfer is measured as a conductivity decrease, it also obscures the time-
of-flight experiment and should be avoided as well. These high-field effects limit the

energy —»
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applicability of the time-of-flight technique to a rather narrow window of the applied
electric field. This is further discussed in chapter 6.

Finally, in a time-of-flight experiment on a GaAs/AlGa, As heterostructure, laser
illumination can induce various excitations, such as electron-hole pair creation in the
AlLGa, As and in the GaAs layer, and excitation of DX centers. The contributions of

these different excitations to the time-of-flight signal are discussed in section 3.4.2.
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3.4 Experiments

In this section we present the resuits of our time-of-flight experiments on
GaAs/Al Ga, As heterostructures. In section 3.4.1 we discuss the experimental set-up
and the samples used in the experiments. In section 3.4.2 we present the experimental

results.

3.4.1 Experimental set-up

To enable a correct measurement of the ambipolar drift velocity, the experimental set-
up for time-of-flight experiments has to obey the following requirements. Since high
electric fields are applied, the power dissipation of the bias current is high, which leads
to a heating or even a destruction of the sample. To avoid sample heating, pulsed
experiments have to be performed in which the duty cycle of the electrical pulses is
of the order of 10®. To avoid spurious reflections of the electrical pulses, a 50 Q
coaxial circuit is used. In our experiments, the electrical pulses are applied using a
HP214A pulse generator at a repetition rate of 1 kHz and a pulse width of 3 ps. The
applied voltage and the photocurrent are measured by a LeCroy 9400 digital sampling
oscilloscope, with a rise time of about 1 ns. A schematical picture of the electrical
circuit used is given in Fig. 3.4. A second requirement for the experimental set-up is
that the width of the line shaped laser spot exciting the excess carriers has to be much
smaller than the sample dimensions. A diffraction limited laser spot has a size of the
order of 1 to 2 pm. This requirement limits the minimum sample dimensions to 10 to
100 um. Furthermore, the laser intensity has to be sufficiently low to create an excess
carrier density which is low compared to the equilibrium carrier density in the sample.
Otherwise, the disturbance from equilibrium is too large and the assumptions made
in the derivation of the ambipolar mobility are not justified. Since the carrier density in
the 2DEG typically is of the order of 10'? cm™, the excess carrier density has to be
about 10" em™. This requirement is quite demanding with respect to the overall

sensitivity of experimental set-up.
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Fig. 3.4 Electrical circuit used in the time-of-flight experiments. The electrical

pulses are applied by a pulse generator. The applied voltage and the
photocurrent are measured by the 50 Q input of the oscilloscope at V,

and V,, respectively.

The optical part of the experimental set-up used for the time-of-flight experiments is
schematically shown in Fig. 3.5. We use a Coherent series 700 cavity dumped
picosecond dye laser which is synchronously pumped by a Quantronics mode-locked
frequency doubled Nd:YAG laser, which is triggered synchronously with the pulse
generator. The dye laser pulses have a width of less than 1 ps and a wavelength
between 740 nm and 880 nm using a Styril 9 dye. By means of a cylindrical lens and
a Zeiss long working distance microscope objective a line shaped spot is created with

a diffraction limited width of about 2 pm. In order to determine the focus and the
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position of the laser spot on the sample, a simple microscope consisting of a halogen
lamp and two lenses is integrated in the set up. Using this microscope, the reflection
of the sample and the line shaped laser spot is imaged on a screen. A translation
stage is used to focus the spot and to vary the position of the spot on the sample. The
halogen lamp is also used to study the influence of a homogeneous background
illumination with white light on the time-of-flight experiments. To allow measurements
at low temperatures, the sample is mounted in a specially developed flow cryostat in

which the sample is located only 8 mm from the outer window.

M
YAG and dye laser [------------- \\
halogen ;
lamp @ ;
— L2 |
; — att
S ; :
L1 | - cL
----------- e
o
====={==========ﬂ L = lens
CL = cyl lens
M BS = beam splitter
cryostat M = mirror
sample O = objective
S = screen
Fig. 3.5 Schematical picture of the optical part of the set-up used

for the time-of-flight experiments. Using the halogen lamp,
the microscope objective and lens L,, an image of the
sample and the laser spot is created on the screen.
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The photocurrents are measured by the LeCroy sampling oscilloscope, which is
triggered by a fast photodiode in the laser beam. Since the excess carrier density has
to be small compared to the equilibrium carrier density in the 2DEG and the excess
carriers are excited only in a small area, the excess currents are only a few percent
of the bias current. Typically, the measured time-of-flight currents are about 50 pA,
superimposed on a bias current of about 1 to 10 mA. Therefore the detection method
has to be extremely sensitive. In our experiments the time-of-flight currents are
measured differentially, using a broad band pulse transformer® to subtract the bias
current, as is schematically shown in Fig. 3.6. In order to improve the signal to noise
ratio, the time-of-flight currents are amplified by a HP 8447 ampilifier. Subsequently they
are averaged 50 times and a zero measurement is subtracted. In this way, the

digitizing error of the sampling scope was reduced, resulting in an overall sensitivity
of 5 pA.

pulse
generator
V(1)
oscilloscope
N I
pulse V(2)
att transformer
1 — |
S I
Fig. 3.6 Differential measurement of the time-of-flight current. A pulse

transformer is used to subtract the bias current from the photocurrent.
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In our experiments we used two different samples. Both samples are modulation
doped GaAs/Al,Ga, As heterostructures, grown by Molecular Beam Epitaxy on top
of a semi-insulating substrate. Sample | consists of a 40 nm Si-doped Al, ;,Ga, ;,AS
layer, grown on top of a 20 nm undoped Al, ;,Ga, 5,As spacer layer and a 4 um GaAs
buffer layer. As a cap layer an 18 nm undoped GaAs layer was grown. The electron
density at 300 K is 7.1 x 10"" cm™? with a mobility of 8.3 x 10%® cm?/Vs. The layered
structure of sample Il is as follows. It consists of a 35 nm Si-doped Al ,,Ga, ¢,As layer
on top of a 10 nm undoped Al; ,,Ga, 5,As spacer layer and a 55 nm GaAs layer, grown
on a 25 period 5 nm/5 nm GaAs/AlAs superlattice. As a cap layer 17 nm undoped
GaAs was grown. At 4 K, the electron density after illumination is 8 x 10'" cm? with a
mobility of 4 x 10° cm?/Vs. At room temperature an electron density of 6 x 10’ cm™
is measured in the dark with a mobility of 5 x 10° cm?/Vs.

To both samples ohmic contacts were made by evaporating and alloying AuGe/Ni. On
sample | a rectangular structure was defined with a width of 100 pm and a contact
spacing of 60 pm. The contact resistances at room temperature are about 0.3 Qmm,
and were determined using a transmission line geometry. Sample Il contains a
rectangular structure with a width of 200 pum and a contact spacing of 60 pm. Its

contact resistances are about 0.6 Qmm at 10 K and 10 Qmm at room temperature.
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3.4.2 Experimental results

Whereas in a bulk semiconductor illumination with an excitation wavelength
corresponding to the bandgap creates one type of electron-hole pairs, in a
GaAs/Al,Ga, As heterostructure various excitations are possible, as is schematically
indicated in Fig. 3.7. We distinguish the excitation of electron-hole pairs in the
AlLGa, As layer, in the GaAs layer, and ionization of DX centers. In this section we first
investigate the contributions of these excitations to the time-of-flight current. After that,
we discuss time-of-flight experiments on a GaAs/Al,Ga, As heterostructure and
determine the ambipolar mobility. '

e
4L

o (c) 2DEG @‘/

1 / e

T .

®
@
®
Fig. 3.7 Schematical indication of the various excitations in a GaAs/Al,Ga, As

heterostructure (a) electron-hole pairs in the Al Ga,,As layer, (b)
electron-hole pairs in the GaAs layer, and (c) ionization of DX centers.
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Excitation of electron-hole pairs in the GaAs layer, as was discussed before, gives rise
to a time-of-flight current during the time the carriers are traversing the sample. The
contribution of the excited DX centers to the time-of-flight current shows a completely
different behavior. Excitation of a DX center creates a positive Si* ion and a free
electron, which can be transferred to the 2DEG. These excess electrons in the 2DEG
lower the resistance of the sample and give rise to a photocurrent in addition to the
time-of-flight signal. The decay of this photocurrent current is determined by the
capture time of the DX center, which varies from ps to hours, dependent on the
temperature and the electric field. If we perform a time-of-flight experiment with an
excitation wavelength corresponding to the band gap of GaAs, we expect two time
constants in the current: a time-of-flight signal on a ns time scale due to the transport
of electron-hole pairs in the GaAs layer, and a current contribution with a longer time
constant due to the excitation of DX centers.
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Fig. 3.8 A time-of-flight current of sample | at 77 K. The electric field is 1

kV/cm, the excitation wavelength 820 nm, and the excitation density
is 2x 10" cm® At 77 K the bandgap of GaAs is 830 nm. The zero time
axis was arbitrarily chosen. The time-of-flight signal is due to the
electron-hole pairs in the GaAs layer the "tail" is caused by the
excitation of DX centers.
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A time-of-flight current of sample | for an excitation wavelength of 820 nm is shown in
Fig. 3.8. The experiment was performed at 77 K, at which the bandgap of GaAs lies
at 830 nm. Because of the use of different delay lines, the time axis in Fig. 3.8 is a
relative scale, in which the zero time axis was arbitrarily chosen at about 10 ns before
the excitation of the laser pulse. We observe a time-of-flight current pulse with a width
of 7 ns due to the electron hole pairs in the GaAs layer and a "tail" on a much longer
time scale. In order to prove that this tail is caused by the excitation of DX centers we
further investigate the wavelength dependence of this tail. In addition, when the tail is
caused by excitation of DX centers, it should be possible to saturate it using a weak
background illumination with white light.

The time-of-flight currents at 77 K for various excitation wavelengths are shown in
Fig. 3.9, both with and without a continuous background illumination by the halogen
lamp. We observe that the time-of-flight signal disappears when we excite with an
energy smaller than the band gap, Fig. 3.9(c), whereas the tail is not affected by the
increasing wavelength. That the tail at 830 nm is larger than at 820 nm is caused by
the fact that the laser intensity was increased to maintain a constant excitation density
in the GaAs layer. At 836 nm we used a laser intensity equal to the intensity at 820 nm,
since a higher laser intensity could not be achieved at 836 nm. At all investigated
wavelengths the tail almost disappears when a background illumination is used. These
observations are in accordance with our suggestion that the tail is caused by excitation
of DX centers. In order to investigate the transport properties of the excess carriers in
the GaAs layer, a time-of-flight experiment should thus be performed with a continuous

background illumination to saturate the excitation of DX centers.
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The time-of-flight currents at 77 K for various excitation wavelengths
near the GaAs band gap (830 nm) at an electric field of 1 kV/cm, with
and without background illumination. Fig. (a) and (b) are measured
using an excitation density of 2 x 10" cm? and Fig. (c) with
0.5x 10" cm?.
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In order to investigate the contribution of the Al,Ga,,As layer to the time-of-flight
signal, we performed time-of-flight experiments using various wavelengths above the
GaAs band gap (885 nm at 300 K). We know that for an increasing excitation energy
the possibility for real space transfer to the Al Ga,,As layer increases. This is
schematically indicated by Fig. 3.10, which was calculated by Ando et al.?® for a
GaAs/Al,Ga, As superlattice. Here, the width of the minibands is proportional to the
transfer probability from the GaAs to the Al Ga, As layer.

400
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di = 221A d82=218A Vo =300 meV
n = 0697x1018 g3
Ng = 3.06x 1012 cmr2
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0 ! j ] |
0 50 100 150 200
z (A)
Fig. 3.10 Minibands in a GaAs/AlGa, As superlattice®. The width of the

minibands indicates the transfer probability from the GaAs to the
AlL,Ga, As layer.
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Although in a single GaAs/Al,Ga, As heterostructure no minibands are present, we
show this Figure to illustrate the increasing tunneliing probability with increasing
energy. We thus see that already at excitation energies smaller than the Al,Ga, ,As
band gap electrons can be transferred to the Al,Ga,_As layer. Since the height of the
time-of-flight current is proportional to the drift velocity of the excited electrons, we
expect a smaller time-of-flight current when an increasing fraction of the excess
electrons is transferred to the Al,Ga, ,As layer, because there the mobility is lower than
in the 2DEG. In the experiments, which were performed at 300 K, we varied the
wavelength from 885 nm, where only electron-hole pairs are excited in the GaAs layer,
to 820 nm, where the electrons are able to tunnel to the Al Ga, ,As layer. Again, the
laser intensity was adjusted to maintain a constant excitation density for all

wavelengths. The results of the time-of-flight experiments are shown in Fig. 3.11.
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Fig. 3.11 Time-of-flight currents at 300 K for various excitation wavelengths

above the GaAs band gap (885 nm). The electric field is 1 kV/cm and
the excitation density is 2 x 10" cm™.
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Here we observe that a shorter excitation wavelength leads to a smaller time-of-flight
signal, as was predicted above. The duration of the time-of-flight current, however, is
not affected by the varying wavelength, since it is determined by the mobility of the
holes in the GaAs layer.

The experiments discussed above indicate that both excitation just above the GaAs
band gap as well as a continuous background illumination are necessary prerequisites
to determine the correct ambipolar mobility of the electron-hole pairs in the GaAs layer.
We now discuss a series of time-of-flight experiments measured on sample Ii at
various electric fields between 0.05 kV/cm and 1.0 kV/cm to measure the velocity-field
characteristics of the holes in the GaAs layer. The experiments were performed at
10 K. An excitation wavelength of 810 nm just above the GaAs band gap was used,
as well as a weak background illumination with white light. The time-of-flight currents
for various electric fields are presented in Fig. 3.12.
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Fig. 3.12 Time-of-flight currents at 10 K for various electric fields between 0.05

and 1.0 kV/cm.
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From the width (FWHM) of the time-of-flight currents and the flight distance, which was
about 30 pm in these experiments, the ambipolar drift velocity was determined as a
function of the electric field. The results are shown in Fig. 3.13. We observe that for
electric fields higher than 0.2 kV/cm the drift velocity is proportional to the electric field
according to a high-field mobility of 1700 cm?/Vs. We compare this value to the low-
field mobility known for holes in GaAs, which is about 4000 cm?/Vs?. The reason
that the value obtained by the time-of-flight experiments differs from the vaiue known
for holes in p-GaAs can be due to different reasons. First, the value from the literature
is a low-field mobility, whereas the time-of-flight experiments determine a high-field drift
mobility. Secondly, the value reported in the literature is a majority carrier mobility,
whereas in the time-of-flight experiment the mobility of minority holes is determined.
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Fig. 3.13 Velocity-field characteristics of the minority holes in the GaAs layer of

the GaAs/Al, 5,Ga, ¢,As heterostructure at 10 K. The points correspond
to the experimental data and the line corresponds to a fit of the data
above a field of about 0.2 kV/cm.
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Furthermore, in the heterostructure the holes are located close to the interface
between GaAs and superlattice, which may result in an enhanced electron scattering
by interface roughness. Note that in Fig. 3.13 at low electric fields the experimentally
determined drift velocity deviates from the linear field dependence. This discrepancy
is due to the fact that at these electric fields diffusion and recombination effects
become dominant. Therefore at low electric fields the width of the time-of-flight current
is not determined by drift but by diffusion and/or recombination. Hence, the

experimentally determined drift velocity is too high.

We now discuss the results of the experiments at fields higher than 0.8 kV/cm. Time-
of-flight currents at 0.80 kV/cm and 0.88 kV/cm are shown in Fig. 3.14. We observe
that at the end of the time-of-flight signal a negative peak appears, followed by a
current increase, which even results in a second positive current contribution at
0.88 kV/cm. These current contributions are observed on a time scale of several
hundreds of ns. Under the same conditions also current instabilities appeared in the
bias current of the heterostructure, corresponding to the instabilities induced by
parallel conduction in the Al Ga, ,As layer, as described in chapter 2. From the time-of-
flight currents in this regime we conclude that the excitation of excess carriers in this
regime induces additional current instabilities in the heterostructure. Under these
circumstances a correct determination of the time-of-flight is not possible. We will
further investigate these current instabilities in chapters 4 and 5, and discuss their
consequences for the time-of-flight experiments in chapter 6.
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Fig. 3.14 Time-of-flight currents at 0.8 kV/cm and 0.9 kV/cm, showing an extra

current signal on a longer time scale.
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3.5 Conclusions

In this chapter we discussed a series of time-of-flight experiments on GaAs/Al Ga, ,As
heterostructures. In the heterostructure, excess electron-hole pairs excited in the GaAs
layer are separated in the growth direction due to the internal electric field. When an
electric field is applied in the lateral direction, the excess electron-hole pairs move with
an ambipolar group velocity which is equal to the drift velocity of the minority holes in
the GaAs layer. At 10 K we determined an ambipolar drift mobility of 1700 cm?/Vs at
electric fields up to 0.8 kV/cm. At higher electric fields the bias current shows a time
dependent behavior and extra current peaks are observed in the time-of-flight signal.
In this regime a correct determination of the ambipolar drift velocity by means of a
time-of-flight experiment is not possible. The occurrence of current instabilities thus
creates an upper limit for the electric field at which time-of-flight experiments can be
performed. The lower limit is found at the electric field where the width of the time-of-
flight signal is determined by the combined effect of recombination and diffusion rather
than by the drift of the carriers.

In the next two chapters of this thesis we further examine the origin of the current
instabilities observed in the GaAs/Al Ga, ,As heterostructure. In chapter 6 we comment
on the applications of the time-of-flight technique for the research on two-dimensional
semiconductor structures. Furthermore, we give some suggestions for future
investigations on this subject.
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Chapter 4

Current instabilities in GaAs/Al ,Ga, As heterostructures

4.1 Introduction

The aim of the research described in this thesis is to investigate the high-field transport
properties of modulation-doped GaAs/AlGa, As heterostructures. Generally, a
GaAs/Al, Ga,,As heterostructure is considered to be a two-dimensional system in
which all electrons are confined in a two-dimensional electron gas at the
GaAs/AlLGa, As interface. As was explained in section 2.4, however, under high
electric field conditions, hot electrons are not necessarily confined to the 2DEG but can
be directly injected from the source contact into the Al,Ga, As layer parallel to the
2DEG. This electron injection into the Al,Ga, ,As layer is possible since the conduction
band minimum is located only 50 meV above the Fermi level'. Electron injection is
usually observed as a collapse of the current, since the electrons in the Al,Ga, As
layer have a much lower mobility than in the 2DEG and are easily trapped by the deep
Si-donors. Electron injection can also give rise to a more complicated time-dependent

behavior, such as current oscillations or even a chactic behavior of the current?,
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This chapter deals with another type of current instabilities related to electron injection.
To explain these current instabilities we present a model in which we assume that at
high enough electric fields, the electrons injected into the Al Ga, As layer cause
avalanche ionization of occupied Si-donors. Avalanche ionization is a highly non-linear
process, which gives rise to a sudden increase of the current as a function of time. In
our experiments we observed that these current jumps show hysteresis effects as a
function of the electric field. At even higher electric fields the current jumps become
irregular and we observe a chaotic behavior of the current. The experiments described
in this chapter are the first reported observation of avalanche ionization phenomena

in a two-dimensional semiconductor structure.

In bulk semiconductors, current nonlinearities and instabilities induced by avalanche
ionization of donors are well-known phenomena®**®7. Not only shallow®**¢ but
also deep impurities”® can be involved in the ionization process. During avalanche
ionization, the current is a highly nonlinear function of the applied electric field: current
jumps with hysteresis-effects are observed in the current-voltage characteristics,
corresponding to an oscillatory or chaotic temporal behavior of the conductivity. The
frequency range in which instabilities have been observed is from a few Hz up to
several MHz under varying experimental conditions®**°'°. The complex temporal
behavior in the avalanche ionization regime is often related to the formation of highly
conductive current filaments. Current filaments in bulk GaAs have first been visualized
by Mayer et al. using a scanning electron microscope®. In these current filaments a
very high mobility was reported, which was attributed to a reduced phonon scattering®.
Optical phonons, emitted by the hot electrons in the filament, leave the filament and
therefore do not contribute to the scattering. A second argument for high mobilities in
current filaments is an enhanced screening of the ionized impurity scattering due to
the high electron density in the filament.

Referring to the phenomena in bulk semiconductors we expect that avalanche
ionization of Si-donors in the Al,Ga, As layer of a GaAs/Al,Ga, As heterostructure

also occurs by the formation of current filaments. Here we have to realize that due to
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charge neutrality and Poisson’s equation, these local variations of the carrier density
in the Al,Ga,_ As layer also induce fluctuations in the electron density of the 2DEG.
Therefore the transport properties of a GaAs/Al Ga, As heterostructure are strongly
affected by these injection and ionization processes in the Al,Ga,_ As layer.

This chapter is organized as follows. In order to investigate the possibility for impact
ionization of donors in the Al ,Ga, As layer of a GaAs/Al,Ga, ,As heterostructure we
performed Monte Carlo calculations on the energy distribution of the electrons in an
AlLGa,,As layer at various electric fields. The results of these calculations presented
in section 4.2 indicate that at electric fields of about 1 kV/cm the high energy tail of
the electron distribution extends to sufficiently high energies to cause impact ionization
of deep donor levels in the Al Ga, As layer. In order to estimate the electron mobility
in an AlLGa, ,As current flament we also studied the dependence of the high-field drift
velocity on the carrier density in the Al Ga, As layer. In section 4.3 we present a rate
equation modei which describes the various processes in the Al Ga, As layer, such
as trapping of electrons in deep donor levels and impact ionization of electrons out of
these donors. In this way, we are able to describe the field dependence and the time
dependence of the current instabilities observed in GaAs/Al, Ga, ,As heterostructures.
The results of the time-resolved current-voltage measurements on a GaAs/Al,Ga, ,As
heterostructure are presented in section 4.4. At room temperature as well as at low
temperatures we observe a time-dependent behavior of the current at electric fields
between 0.5 and 2.0 kV/cm. As a function of time we observe a collapse of the
current followed by a rapid current increase. These current jumps show hysteresis
effects as a function of the electric field, suggesting the formation of current filaments.
We determined an electron mobility under avalanche conditions as high as 2 x 10*
cm?/Vs at 10 K, which is in accordance with a high mobility reported for bulk n-GaAs
under avalanche conditions. Finally, in section 4.5 we summarize the results of this

chapter.
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4.2 Monte Carlo calculations

We now consider the transport properties of the electrons injected into the Al,Ga, As
layer of a GaAs/Al,Ga, As heterostructure. In the Al,,,Ga,q,As layer, deep donor
levels (DX centers) are present at about 80 meV below the I' minimum of the
conduction band''. Therefore the question arises whether the electrons injected into
the AlLGa, ,As layer at high electric fields can achieve energies high enough to cause
impact ionization of these occupied donors. Moreover, impact ionization in
semiconductors often occurs in the form of so-called current filaments, where the
electron density is high. One therefore also has to consider the influence of the carrier
density on the drift velocity of the electrons. We carried out a number of Monte Carlo
simulations. To investigate the possibility for impact ionization we calculated the
electron distribution function at various values of the electric field. Furthermore, we
calculated the electron drift velocity in an Al ;,Ga, ¢,As current filament. The filament
structure was modelled by taking a fixed ionized donor density and varying the carrier
concentration. Before we present the results of these calculations in sections 4.2.2 to
4.2.4, we give a short overview of the Monte Carlo program and the theoretical

formulae used.

4.2.1 The Monte Carlo program

As explained in section 2.5, the Monte Carlo method simulates carrier transport in
semiconductors by choosing random numbers for the free time-of-flight between two
collisions and for the probabilities and scattering angles of the various scattering
mechanisms. In order to perform Monte Carlo simulations of the high-field transport
properties of an Al Ga,,As layer, we have developed a FORTRAN program for an
IBM RS/6000 workstation. The program was designed to simulate transport in a three-
dimensional semiconductor. The following mechanisms were taken into account:
acoustic and optical phonon scattering, ionized impurity scattering, intervalley
scattering, alloy scattering, and electron-electron scattering. For the dependence of the
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squared matrix elements upon the momentum transfer q of these scattering
mechanisms we used the expressions by Reggiani'?. Acoustic and optical phonon
scattering were taken into account via an equilibrium phonon distribution of the
appropriate temperature. Hot-phonon effects were not included. Since our main
interest was concerned with the occurrence of impact ionization, we included this
mechanism as well. However, the theoretical expressions for impact ionization as
derived by Landsberg et al.'® contain an unknown overlap factor between the wave
functions of the ionizing electron and the trapped electron. The impact ionization rate,
defined as the number of impact ionizations per second per cm®, can therefore only
be calculated relatively. In our calculations, we set this overlap factor arbitrarily equal
to 1. The additional input parameters for the bandstructure and the coupling strengths
used in the calculations are given in Table 4.1.

The major structure of the Monte Carlo program is shown by the flow chart
representation given in Fig. 4.1. The simulation is started with a Fermi-Dirac distribution
in which the initial state k; of every particle is defined using random numbers. Then the
actual simulation starts. For each particle in turn the time t after which it is scattered,
is determined. The motion of the electron between two collisions is treated classically.
Then, the scattering mechanism responsible for the end of the free flight is determined
using the relative probability of all scattering mechanisms. After that step, the
scattering angle is determined and the final wave vector k.. As a last step, it was
checked by a rejection technique' whether the final state was already occupied. In
that case, the transition is forbidden by the Pauli principle and the free flight is
continued. If the transition is allowed, k; is the start of the next flight. We continue with
the same particle until the time ¢t,, corresponding to a chosen time step, has elapsed.
At the end of the first time step, when all particles have been considered, the obtained
data are evaluated. In practice, each time step is divided in ministeps of 50 fs, after
which an updating of the distribution function is made. This allows a more accurate
treatment of the Pauli principle. The procedure described above is repeated for a

number of time steps, such that the electron transport quantities, like the average



Monte Carlo calculations.

88 Chapter 4

INPUT PARAMETERS

for Aly 4,Gag 6;AS

BAND STRUCTURE

Lattice constant A 5.66

Effective mass m, 0.08

Non-paraboiicity 1/eV 0.00

ACOUSTIC PHONONS

Deformation potential eV 6.64

Piezo electric constant 10° V/m 1.20

Longitudinal elastic constant 10" N/m? | 1.44

Transverse elastic constant 10" N/m? | 0.49

OPTICAL PHONONS

LO phonon energy meV 38.53

Static dielectric constant 12.15

Optical dielectric constant 10.05

ALLOY SCATTERING

Al fraction 0.33

Alloy potential eV 1.00

INTERVALLEY SCATTERING

Energy L valley meV 82.97

Effective mass L valley m, 0.12

Non-parabolicity 1/eV 0.50

Energy L-T, L-L, L-X phonon meV 27.80 | 29.00 | 29.30

Deformation potential L-T', L-L, L-X | 10" eV/m | 1.00 | 1.00 | 0.50

Energy X vailey meV 92.89

Effective mass X valley m, 0.30

Non-parabolicity 1/eV 0.22

Energy X-T', X-X, X-L phonon meV 27.80 | 28.90 | 29.30

Deformation potential X-T', X-X, X-L | 10" eV/m | 1.00 |0.70 | 0.30
Table 4.1 Band structure and material parameters of Al, ,,Ga,¢,As, used in the
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Fig. 4.1 A flow chart representation of the Monte Carlo
program.

velocity and the energy of the carriers are obtained as a function of time. Since we
start with a zero-field Fermi-Dirac distribution, it takes some time to reach a steady
state. An example of the time-dependence of the drift velocity in Al ;,Ga,g,As at 5
kV/cm is given in Fig. 4.2. In most simulations we followed 10.000 particles during 10
ps. To determine the steady-state properties, we averaged the derived quantities over
the last 5 ps.
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Fig. 4.2 The drift velocity in Aly,,Ga,sAs at 10 K as a function of time,

calculated for an electric field of 5 kV/cm. The electron density, ionized
donor density, and occupied donor density are all equal to

1x 10" cm®,
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4.2.2 High-field drift velocities in n-Al, Ga, As

We now discuss the results of the Monte Carlo calculations. Before we present the
results on impact ionization, we first discuss the velocity-field characteristics calculated
for Al ;;Ga, 5,As as shown in Fig. 4.3(a). Here we show the drift velocities at 10 K,
calculated for various donor concentrations and carrier densities. In bulk AlLGa, As
these quantities are interrelated, but in the Al Ga, As layer of a GaAs/Al,Ga, As
heterostructure, these are independent quantities, which can be modified by
temperature or the electric field. For comparison, the velocity-field curve of n-GaAs is
also shown. Several features appear. First, the electron drift velocity in Al0.33Ga, ¢,As
is lower than in GaAs. This is mainly due to the higher effective mass of the electrons
in Aly 33Gag g,AS, which results in a lower mobility. Furthermore, since the scattering
rates are proportional to the density of states, which in turn depends on the effective
mass as (m")¥?, a higher effective mass leads to a larger scattering rate and thus to
a lower drift velocity. We also observe that the Al,,,Ga,q,As layer with the higher
doping concentration shows a lower drift velocity, as was to be expected. On the other
hand, the sample with the electron density of 2 x 10" cm™ shows a higher velocity
than the sample with the lower electron density. We will further investigate this effect
in section 4.2.4, where we calculate the drift velocity in high-density current filaments.

At electric fields higher than 5 kV/cm the drift velocity in GaAs saturates, and
subsequently it shows a decrease at 8 kV/cm due to intervalley transfer. In
Al, 5,Ga, 6,As the drift velocity saturates at a higher value of the electric field due to the
higher effective mass. The relative contribution of intervalley scattering in Al 3,Ga, ¢,AS
is shown in Fig. 4.3(b), where the solid lines denote the occupation of I, L and X valley
as a function of the electric field. If we include impact ionization of an occupied donor
at 80 meV we obtain a relative occupation of the different valleys as shown by the
dashed lines. We see that the contribution of intervalley transfer is decreased. Since
impact ionization is an additional scattering mechanism, it is more difficult for the

electrons to reach the energy thresholds for intervalley transfer, which at low
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temperatures in Al ;3Ga, 5,As are about 111 meV and 121 meV for the L and X valley,

respectively.
25
. GaAs
O 20 r
€ °
O
©° -
0 15
~ AlGaAs
>
sy
0
LY
0]
>
(@)

=

o

©

Q

3

004t

0]

o2r
(b) 00 :
(@) 2
electric field (kV/cm)
Fig. 4.3 (a) Average electron drift velocity at 10 Kin n-GaAs and n-Al, ,,Ga, e,AS

as a function of the electric field for various values of the electron
density n, and the ionized donor density n,*. () n, = 1 x 10" cm?,
ng =1x10"%cm® (#) n, = 1x10"® em® ny* = 1x10"® cm®, (1) n,
=1x10"%cm® n,t =2x10%cem® (&) n, = 2x10®% cm™® n,* = 1 x
10" c¢cm™. (b) Relative occupation by electrons of the I L and X
conduction band minima in n-Al, ;,Ga, ,As at 10 K as a function of the
electric field. The solid lines are calculated for an electron density and
an ionized donor density both equal to 1 x 10'® cm™. The dashed lines
are calculated for the same densities of electrons and ionized donors,
but also with an occupied donor density of 1 x 10" cm?®, causing
impact ionization.
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4.2.3 Impact ionization in an n-Al, Ga, As layer

Let us now turn to the impact ionization of occupied deep donors (DX centers) in the
AlLGa, ,As layer. In order to investigate its possibility, we calculate the distribution
function of the electrons in the Al Ga, As layer at various electric fields. The energy
distributions of the electrons in the I band of Al,,,Ga,,As at 10 K, calculated for
several electric fields between 0.01 kV/cm and 5.0 kV/cm, are shown in Fig. 4.4. Here,
we clearly see that already at electric fields of 1 to 2 kV/cm the tail of the electron
distribution function extends to energies higher than 80 meV above the conduction

band minimum, which corresponds to the threshold energy for impact ionization.
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Fig. 4.4 The energy distribution of the electrons in Al,,,Ga,,As at 10 K for

various electric fields between 0.01 kV/cmand 5.0 kV/cm. The ionized
donor density, the carrier density, and the density of occupied donors
are all equal to 1 x 10" cm?,



94 Chapter 4

We thus conclude that at these electric fields, a number of electrons in the
n-Aly ,,Ga, 6,As layer of a GaAs/Al,Ga, As heterostructure achieve energies high
enough to cause impact ionization of occupied Si-donors.Moreover, according to the
Pauli prindiple, unoccupied states at the bottom of the conduction band are needed
as final states for the ionizing electrons. In Fig. 4.4 we observe indeed that at higher

electric fields the distribution function contains empty states at low energy.

By taking into account in the Monte Carlo program an occupied donor level, 80 meV
below the I’ band, it is possible to determine a relative impact ionization rate as a
function of the electric field. The impact ionization rate at 10 K, calculated for an
occupied donor density of 1 x 10" cm™®, is shown in Fig. 4.5 for three values of the
electron density. From these results we conclude that the impact ionization rate
increases with increasing electric field and increasing electron density. These

observations are in accordance with our experiments reported in section 4.4.
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Fig. 4.5 The impact ionization rate at 10 K as a function of the electric field for

a density of occupied donors of 1 x 10'® cm®, and various electron
densities. (¢) n, = 1x 10" cm®, (¢) n, = 2x 10" cm™®, and (a) n, =
5x 10" cm®.
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4.2.4 Electron drift velocities in a current filament

Since in current filaments induced by avalanche ionization the electron density can be
very high, we now investigate the influence of this high electron density on the drift
velocity of the electrons in the filament. We calculated the electron drift velocity in an
n-Aly 3,Gayc,As layer as a function of the electron density for three values of the
electric field and a fixed ionized donor density of 1 x 10" cm™®. From the results
presented in Fig. 4.6, we conclude that the electron drift velocity in n-Al,Ga, As
increases with increasing electron density and saturates at a value of about
5 x 10° cm/s at an electron density of 4 x 10'® cm™. At an electric field of 1 kV/cm we
determine from this a maximum high-field drift mobility of 0.5 x 10* cm?/Vs. This
means that in avalanche ionization induced current filaments the electron drift velocities
are higher than in bulk n-Al,Ga,_As.
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Fig. 4.6 The electron drift velocity in an n-Al,Ga, As filament as a function of

the electron density for three values of the electric field and a fixed
ionized donor density of 1 x 10'® cm?,



96 Chapter 4

4.3 Impact ionization in a GaAs/Al,Ga, As heterostructure

In order to describe the time dependence and the field dependence of the current
instabilities observed in GaAs/Al Ga,; ,As heterostructures at high electric fields, we
now present a rate equation model of the various processes taking place in the
Al,Ga, As layer, such as trapping of electrons in deep donors and impact ionization
of electrons out of these donors. The model described here will be used in section 4.4

to interpret the experimental results.

We assume an n-Al,Ga, As layer of width W, with N, donors per cm®, and describe
this layer in terms of a surface depletion layer of width W, and an "active" layer of
width W, = W - W,. In the surface depletion region all donors are ionized to satisfy the
surface potential. The surface depletion width is given by W, = n, / N, where n, is the
surface state density. The surface depletion layer is assumed to play no role in the
time-dependent and field-dependent behavior of the conductivity. From now on we
only consider the active layer. Only the active layer is meant when we speak of the
AlL.Ga, As layer.

4.3.1 Time dependence of the injection and ionization process

We first consider the time dependence of the injection and ionization process in the
Al,Ga,As layer. At high electric fields, the generation-recombination processes in the
Al.Ga, As layer are governed by two major transitions: Trapping of electrons by DX
centers with a trapping coefficient T and impact ionization of trapped electrons out of
these DX centers with an impact ionization coefficient X, which is a function of the
electric field'®'¢'"'8 A diagram showing the processes involved, is shown in
I, and |/

- L« @re the number of electrons per unit time flowing

Fig. 4.7. In this diagram
into and out of a segment of the Al,Ga, ,As layer, respectively, T n, n " is the trapping
rate, and X n, n, is the ionization rate. We take into account only the deep DX level of

the Si-donor, since the shallow donor level lies above the Fermi level, and therefore
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does not enter the generation-recombination statistics. The corresponding rate
equation of the Al Ga, ,As conduction electrons is

- @

= i tXngn,-Tngng - |,

out?

where n, is the sheet electron density in the Al Ga, As layer, and n, and n,* are the
densities of occupied and ionized donors in the Al Ga, ,As layer, respectively. We now
first derive an expression for the time dependence of the injection and trapping rate
in the AlLGa, As layer. When an electrical pulse is applied, initially the number of
ionized donors is large and thus the trapping rate is larger than the impact ionization
rate. Therefore, all electrons injected into the AlLGa, As layer are trapped, and
ionization is negligible. Then the rate equation for the ionized donor density becomes,

according to Fig. 4.7,
— 2 = -Tn,ny. (4.2)
at e'ld

Thus the time dependence of the ionized donor density during injection is given by

ng(t) = ng(0) exp(-Tn,t), (4.3
lin I"e I out
+
Ty Xnn,
+
nd ‘(:)nt
Fig. 4.7 Schematic representation showing the processes taking place in the

Al Ga, As layer. /,, and I, are the electron currents flowing into and
out of a segment of the Al Ga, ,As layer, T n, n,* is the trapping rate,
and X n, n, is the ionization rate.
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where nd"'(O) is the density of ionized donors at the beginning of the pulse. In the
heterostructure, this decreasing donor density corresponds to a current decreasing
in time with a time constant equal to 1/7n,. This means that the time constant for
current collapse is shorter when the electron concentration n, is increased, for

example by illumination.

During the injection and trapping process, the ratio between occupied and ionized
donors increases. Therefore the impact ionization rate increases with respect to the
trapping rate. When the electric field is high enough, the impact ionization rate exceeds
the trapping rate at a critical time ¢, during the pulse, and avalanche ionization is
initiated. Due to the avalanche ionization, the carrier density n, increases until a new
steady state of higher conductivity has been reached. The time dependence of the
density of ionized donors, the electron density in the Al Ga, As layer, and the electron
density in the 2DEG are depicted schematically in Fig. 4.8. An expression for the
critical time delay ¢, can be found as follows. At ¢, the ionization rate is equal to the

trapping rate, thus
Tn,ng = Xn,n, = Xn,(ng-ng), (4.4)

where n, is the total donor density in the active layer, equal to n, = N, x W,. By
equating the ionized donor density n,* at time t,, obtained from equations (4.3) and

(4.4), we find an expression for the critical time where avalanche starts

- 1 In X+Tnd(0). (4.5)
X  nyg

In the expression for t, the factors 1/Tn, and n,*(0)/n, primarily depend on
temperature and illumination, whereas (X+7)/X is mainly determined by the electric
field. Inspection of Eq. (4.5) tells us that increasing the electron density by illumination
or heating, or increasing the impact ionization coefficient X through the electric field
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shifts the ionization induced current jump to an earlier time in the pulse. We will use
this expression for the interpretation of the temperature dependent measurements

under avalanche conditions, discussed in section 4.4.3.

+
Nd

time

time

Nog

S~

time

Fig 4.8 The density of ionized donors (n,*), the electron density in the AL Ga, As layer (n,), and
the electron density in the 2DEG (n,,) as a function of time. | indicates the trapping

regime, Il the avalanche regime, and Il the steady state.
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From this semi-classical model describing hot-electron transport in an n-Al,Ga, As
layer, we éonclude that trapping and impact ionization of Si-donors leads to a time-
dependent behavior of the carrier density in a GaAs/Al,Ga, ,As heterostucture. The
injection of electrons into the Al Ga, As is induced by the,electric field, but the time
dependence of the current collapse due to electron injection is determined by the
trapping rate of the electrons into the DX centers. At a critical time during the pulse,
the ionization rate exceeds the trapping rate and impact ionization initiates a rapid
current increase during the pulse. After that, the current increases as a function of time

until a new steady state of higher conductivity is reached.
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4.3.2 Field dependence of the impact ionization

We now continue with the dependence of the avalanche ionization process on the
electric field and derive an expression for the steady state current under avalanche
conditions. This analysis is based on the theoretical work by Schéll'®, who calculated
the carrier concentration in bulk semiconductors under avalanche conditions. We
adapted this theory to the case of avalanche ionization in the AL, Ga, ,As layer of a two-
dimensional GaAs/Al Ga, ,As heterostructure. When the steady state has been
reached, the trapping rate is equal to the ionization rate.

Xn,n, = Tnyng. (4.6)
Substituting for the occupied donor density

N, = Ny~ Nyy-n (4.7)

e
N,y being the electron density in the 2DEG, and for the ionized donor density

ng = ng-n, = Ny+n, (4.8)

we find two stable steady state solutions:

n, =0 for X < X,

and (4.9)

n - X (g —Nyg) - T (Nyy) for X > X
° X+T ' ¢

Here, X, is the critical value of the avalanche ionization coefficient, corresponding to
the threshold electric field for avalanche ionization. Using Eq.(4.8) and (4.9) X, can be
expressed as

T (N54)
ng+n,’

(4.10)

c
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showing that avalanche ionization occurs at lower electric fields when the trapping
coefficient is smaller or when more electrons or occupied donors are available in the
Al Ga, As layer. The calculated dependence of the carrier density on the impact
ionization coefficient is depicted schematically in the Fig. 4.9 by the solid line'®. Here
we clearly observe that the carrier density shows a sharp rise at the critical value X..
Until now, we assumed that optical and thermal ionization of the DX centers plays a
negligible role compared to impact ionization. A non-zero value of the thermal and
optical generation coefficient destroys the sharp phase transition by smoothing out the
discontinuity of dn,/dX at the critical field. This is shown by the dashed line'®. For large
X the carrier density saturates at a value n, = n, - n,,, corresponding to a level where
all donors in the Al,Ga,As layer are ionized.

electron density

ionization coefficient

Fig. 4.9 Steady state carrier concentration as a function of the ionization
coefficlent X [Ref. 16]. The solid line represents the carrier
concentration for the case that thermal and optical ionization is
neglected, the dashed line includes a weak thermal and optical
ionization, in addition to impact ionization.
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4.4 Experiments

In this section we present the results of the experiments on the high-field current
instabilities in GaAs/Al,Ga, ,As heterostructures. We performed time-resolved current-
voltage measurements at room temperature and at low temperatures. In these
experiments a time-dependent behavior of the current was observed. We describe
these current instabilities at high electric fields in terms of electron injection and
avalanche ionization processes in the Al Ga, ,As layer of the heterostructure, according
to the model presented in sections 4.2 and 4.3. Whereas avalanche ionization in bulk
semiconductors is a well-known phenomenon, the experiments reported in this section
are the first reported observation of avalanche ionization in a two-dimensional

semiconductor structure.

4.41 Experimental details

The modulation doped GaAs/Al; ;;Ga, 5,As heterostructure was grown by Molecular
Beam Epitaxy. It consists of a 35 nm Si-doped Al, ,,Ga, ¢,AS layer on top of a 55 nm
GaAs layer and a 10 nm undoped Al ,,Ga, 5,AS spacer layer. The heterostructure was
grown on top of a semi-insulating substrate and a 25 period 5 nm/5 nm GaAs/AlAs
superlattice. Finally, a 17 nm undoped GaAs cap layer was grown. At 4 K, the electron
density in the 2DEG is 8 x 10" cm™ after illumination with a mobility of 4 x 10° cm?/Vs.
At room temperature an electron density of 6 x 10" cm™? is measured in the dark with
a mobility of 5 x 10° cm?/Vs. Ohmic contacts were made by evaporating and alloying
AuGe/Ni. A rectangular structure, with a width of 200 pm and a contact spacing of 60
rm, was photolithographically defined. The contact resistances are about 0.6 Qmm at
10 K and 10 Qmm at room temperature, and were determined using a transmission
line geometry. The low-field resistivity of the structure is 20 Q at 4 K (illuminated) and
about 2-20 kQ at 300 K, dependent on illumination.
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Pulsed current-voltage measurements at electric fields up to 2 kV/cm are performed
atroom témperature and at low temperatures. To avoid lattice heating the 3 us electric
pulses are applied at a low repetition rate of 1000 Hz, using a 50 Q pulse generator.
Both applied voltage and current are measured by means of a LeCroy 9400 digital
sampling oscilloscope in a 50 Q circuit. To study the influence of illumination, the
sample can be illuminated homogeneously using a quartz halogen lamp. In order to
allow experiments at various tempertures, the sample is mounted in an optical flow

cryostat.
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4.4.2 Room temperature experiments

We now present the results of the time resolved current-voltage measurements on a
GaAs/Al Ga, As heterostructure. An example of the current instabilities observed at
room temperature, is given in Fig. 4.10. Here we show the time resolved conductivities
for electric fields up to 2 kV/cm when the sample is not illuminated.
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Fig. 4.10 Room temperature conductivity in the dark as a function of time at

various electric fields (a) between 0.1 kV/cm and 0.5 kV/cm and (b)
between 0.6 kV/cm and 1.1 kV/cm.
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We see that at an electric field of 0.1 kV/cm the current is independent of time. Here,
the sampie conductivity corresponds to the low-field ohmic conductivity. At 0.3 kV/cm
and 0.5 kV/cm we observe a current collapse as a result of carrier injection into the
ALGa, As layer. At electric fields between 0.6 and 1.1 kV/cm, we observe the
development of several current jumps at some well-defined values of the electric fiels.
We ascribe these current jumps to the occurrence of avalanche ionization in the
Al Ga, As layer. After the electrons are injected into the Al Ga, ,As conduction band,
they are accelerated by the electric field and avalanche ionization of donors in the
Al Ga, As layer takes place.

In Fig. 4.11 we present the steady state conductivities as a function of the electric field
obtained from the results of Fig. 4.10 at a time 2.5 us after the beginning of the voltage
pulse. Note that the experimental curve above 0.5 kV/cm roughly shows the same
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Fig. 4.11 Steady state conductivity (2.5 us after the beginning of the voltage

puise) at room temperature as a function of the applied electric field.
Curve (a), measured as a function of an increasing electric field, was
derived from the data of Fig. 4.10. Curve (b) is measured as a function
of a decreasing electric field.
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features as the theoretical curve calculated by Schdéll, presented in Fig. 4.9. The data
represented by curve (a) were measured as a function of an increasing electric field.
If we measure the conductivity-field characteristics as a function of a decreasing
electric field, as is shown in curve (b), we observe hysteresis effects in the current
jumps. Such hysteresis effects are an indication that the current jumps are created
through a highly nonlinear mechanism. We suggest that the impact ionization in the
Al Ga, As layer occurs in the form of current filaments. If a high electric field induces
injection and impact ionization in a distinct region of the sample, a high conductivity
current filament is created. If we lower the voltage, the filament does not disappear
immediately but remains stable for a while. This explains the observed hysteresis
effects.

To study the influence of illumination on the injection and avalanche process, we
measured the conductivity as a function of the electric field for various illumination
intensities. The results are presented in Fig. 4.12. Here we distinguish two different
regimes: first, a conductivity decrease due to carrier injection at electric fields
below 0.7 kV/cm, and secondly, a conductivity increase due to avalanche at higher
lectric fields. Note that an increasing illumination enhances the current collapse. This
is to be expected, since illumination decreases the Al,Ga, ,As contact barrier and
hence enhances the electron injection and thus the current collapse. Furthermore,
illumination smoothes out the onset of avalanche, since there is a larger offset current
and a smaller number of occupied donors which can be ionized by impact ionization.
Also the abrupt current jumps and the hysteresis effects observed in the dark are
smoothed out by ilumination.
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Fig. 4.12 Steady state conductivity as a function of the electric field for various

illumination intensities. (a) is measured with ambient light, (b) with a
weak illumination of the halogen lamp, and (c) with a bright
illumination.

In order to estimate the electron mobility in the current filaments we studied the
saturation behavior. At high electric fields the conductivity saturates as predicted by
the theory. This conductivity saturation corresponds to the situation that all donors in
the Al Ga, As layer are ionized. Experiments indicate'® that the maximum electron
concentration in 2DEG and Al Ga,,As layer together equals 8 x 10" cm? If we
assume that n,, does not change with the applied electric field and is equal to 1 x 10"
cm’®, then the excess carrier concentration generated in the Al Ga, As layer is of the
order of 7 x 10" cm® From Fig. 4.11 we determine the difference between the
saturation conductivit); at high electric fields and the low field conductivity to be about
4.5 x 10* Q. From these data we deduce that the electron mobility in the current
flaments is about 4 x 10° cm?/Vs. This value is in accordance with the mobility limit
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for optical phonon scattering in Al ;Ga, ,As at 300 K®. In n-AlGa, As (n = 10" cm™®)
values of 250 and 500 cm?/Vs are reported®?®, As was discussed in the introduction
of this chapter, we observe that the electron mobility in the filaments under avalanche
conditions is higher than the bulk mobility. At low temperatures, where ionized
impurtity scattering is the dominant scattering mechanism, this mobility enhancement
in current filaments is even higher. The experimental observation of such a high

mobility at low temperatures will be presented in section 4.4.4.
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4.4.3 Determination of the activation energy

The experiments performed at room temperature do not provide an absolute proof that
the processes causing current instabilities take place in the Al,Ga, ,As layer. For this
reason we now investigate this process more quantitatively. In section 4.3, where we
described the model for avalanche ionization in the Al,Ga, ,As layer, we derived an
expression for the critical time t_, at which avalanche ionization occurs. According to
this expression t_ is inversely proportional to the carrier density n,. Hence, if our model
is correct, the temperature dependence of the critical time should correspond to the
temperature dependence of the carrier density in the Al Ga, As layer, which for
temperatures above 100 K shows an activation energy equal to the donor energy of
Si in Al Ga, As. At temperatures below 100 K no thermal equilibrium is established
because of the energy barrier between DX center and ionized state. In order to check
our model, we performed pulsed current-voltage measurements in the avalanche
regime at various temperatures between 100 K and 200 K and determined the
temperature dependence of t, for two different values of the electric field.

Arrhenius plots for the temperature dependence of the critical time ¢, for an electric
field of 0.4 and 0.5 kV/cm are shown in Fig. 4.13. For both values of the electric field
we observe the same temperature dependence corresponding to an activation energy
of 81 + 2 meV. This value is in accordance with experimental and theoretical values
reported for the activation energy of the DX center in Al 4,Ga,q,As'>. We thus
conclude that at high electric fields the avalanche ionization process takes place in the
Al Ga, As layer.
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Arrhenius plot of the inverse critical time versus the inverse
temperature, for electric fields of 0.4 and 0.5 kV/cm. The slope of the

lines yields an activation energy of 81 meV.



112 Chapter 4

4.4.4 Low temperature experiments

At low temperatures the mobility of the 2DEG is strongly enhanced, resulting in a
saturation of the current, whereas the mobility in the Al Ga,_As is low. Therefore, it is
much easier to separate the current in the Al Ga, As layer from the current through
the 2DEG than at room temperature, where the electron mobilities in the 2DEG and
inthe Al Ga, As layer are of the same order of magnitude. We now present the resuilts
of our experiments at low temperatures, where we use this difference in mobility to
determine the low-temperature mobility in an AL Ga, As flament under avalanche

conditions.

What do we expect from the conductivity of the heterostructure at low temperatures?
First, due to the large difference in mobility between 2DEG and Al,Ga, As layer, the
injection of electrons into the Al,Ga, ,As should give rise to a more pronounced current
collapse. On the other hand, at low temperatures there are less electrons with
sufficient energy for injection into the Al Ga, As layer, which reduces the effect of
current collapse for decreasing temperatures. With respect to avalanche ionization, the
difference in mobility between 2DEG and Al Ga, As results in a relatively small
avalanche contribution to the current compared to the large bias current in the 2DEG.
Furthermore, the effects of avalanche ionization are expected to be more abrupt, since

thermal ionization is reduced.

The trapping coefficient of the DX centers increases if we decrease the temperature
from 300 K to 100 K. Since the threshold electric field for avalanche ionization is
proportional to the trapping coefficient T, it will shift to higher electric fields with
decreasing temperature. At temperatures below 100 K the persistent photo
conductivity effect plays a role. Due to the potential barrier between ionized and bound
state of the DX center, ionized electrons are not recaptured by the deep state, unless
their energy is sufficient to overcome the potential barrier. Therefore, at low

temperatures only hot electrons can be trapped in the DX center.
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The contribution of avalanche ionization to the conductivity of the heterostructure is

illustrated by Fig. 4.14, where the steady state values of the conductivity are shown for

various temperatures. All data were taken with a weak illumination.
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Fig. 4.14 Conductivity and current as a function of the electric field at 300 K
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At room temperature, a conductivity increase is measured at an electric field of about
0.5 kV/crh as a result of impact ionization. All current pulses at electric fields higher
than this threshold value showed a current jump during the pulse. The threshold
electric field for avalanche ionization shifts to 0.6 kV/cm when we decrease the
temperature to 100 K. Furthermore, the conductivity increase at the threshold field is
more abrupt at lower temperatures, as was predicted above.

The current collapse, not shown here, was observed to get less pronounced for
decreasing temperatures. At 40 K it completely disappeared and all current pulses
were independent of time. Accordingly, we observe a purely two-dimensional behavior
at fields up to 2 kV/cm, such as a saturation of the current and a mobility which is
inversely proportional to the electric field. From this we conclude that at 40 K the
electrons do not have enough energy to overcome the Al,Ga, As contact barrier

through thermionic emission.

Since the largest effects of the filament structure on the electron mobility are expected
at low temperatures, we measured the current-voltage characteristics at 10 K and used
ilumination to lower the contact barrier for electron injection. The results are shown
in Fig. 4.15. For comparison, the /-V curve without illumination is also shown. Here we
see that when the sample is illuminated, the /-V curve is not symmetrical anymore,
which implies that the barriers to the Al ,Ga, ,As are not equal for both contacts. In fact
it shows that the barrier between contact and Al,Ga, As is lower at the contact where
the voltage is applied than at the ground contact, resulting in electron injection when
a negative voltage is applied. The positive branch of the curve shows a 2DEG behavior
with a saturation current higher than the one observed in the dark, due to an
increased electron density resulting from the persistent photo conductivity (PPC)
effect??. All current pulses observed in this regime are independent of time, thus
indicating that no electron injection into the Al,Ga, As takes place. In the negative
branch, however, at electric fields between 0.3 and 1.0 kV/cm, we observed a current
collapse during the pulse, which leads to a smaller steady state current. At higher
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Fig. 4.15 Current-field characteristics at 10 K in the dark and with illumination.

electric fields avalanche shaped current pulses are observed and the steady state

current in the Al Ga, ,As layer increases with increasing electric field.

We now estimate the electron mobility in the Al Ga,_As layer in the avalanche regime.
From the 2D saturation current in the injection regime between 0.3 and 1.0 kV/cm, a
2D electron density of 4 x 10" cm™ can be determined assuming a saturation velocity
of 2 x 107 cm/s. If at high electric fields all donors are ionized®, resulting in a total
electron concentration of roughly 8 x 10" cm™, then the Al Ga, As electron density
is about 4 x 10"" cm™. Since we determine an Al Ga, As conductivity of 1.4 x 10° Q™'
from Fig. 4.15, this results in an Al Ga, ,As mobility of 2 x 10* cm?/Vs in the filament.
The mobility in the current filament is exceptionally high as compared to the low-field
mobility in bulk n-Al Ga, ,As at low temperatures, which is lower than 100 cm?/Vs for
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comparable donor densities®. Comparably high mobilities under avalanche
conditioné at low temperatures, however, have also been reported for bulk n-GaAs®.
Since our Monte Carlo calculations presented in section 4.2 indicate that the electron
drift mobility in AlL,Ga, As increases with an increasing electron density we suggest
that the high mobility in the filaments might be caused by an enhanced screening of
the ionized impurity scattering due to this high electron density. However, the
experimentally observed mobility in the filament presented here is even higher than our
calculated maximum value of 0.5 x 10* cm?/Vs at an electric field of 1 kV/cm. We
assume that our calculations still underestimate the high mobility. Maybe this is caused
by the fact that in our calculations we assumed a three-dimensional Al Ga, As layer,
whereas in the AlLGa, As layer of the heterostructure only a thin sheet of the
Al Ga, As layer is populated by electrons, i.e. where the conduction band shows a
minimum. Probably this gives rise to a quasi two-dimensional behavior with even

higher electron mobilities.
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4.5 Conclusions

In this chapter, we investigated high-field current instabilites in GaAs/AlGa, As
heterostructures, both theoretically and experimentally. In the time-resolved current-
voltage measurements we observed a current collapse during the pulse, followed by
one or more current jumps. To explain these current instabilities, we assume that at
high electric fields electrons are injected into the Al,Ga, As layer, thus giving rise to
a current collapse. In the Al,Ga, As layer the electrons are accelerated and cause
impact ionization of occupied donors, resulting in a conductivity increase at high
electric fields. The experiments reported in this chapter are the first reported
observation of avalanche phenomena in a two-dimensional semiconductor

heterostructure.

Let us now shortly summarize the arguments which led us to the model described
above. The hypothesis that impact ionization of occupied donors is the mechanism
which is responsible for the current instabilities is based on the following observations.

- The instabilities only occur above a certain threshold electric field.

- The dependence of the conductivity on the electric field shows a qualitative
agreement with the theoretical calculations by Schdll.

- They are observed as a rapid current increase at a critical time during
the pulse, suggesting an increasing carrier density.

- The current jumps show hysteresis effects as a function of the applied
electric field, indicating that they are induced by a highly nonlinear
mechanism.

- Monte Carlo calculations indicate that at electric fields of about 1 kV/cm
the electrons in the Al Ga, ,As layer achieve sufficiently high energies to

cause impact ionization of occupied donors.

The conclusion that the injection and avalanche process takes place in the A, Ga, As
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layer is based on the following arguments.

- The critical time at which the current jump is observed shows a thermal
activation energy of 80 meV, which is in accordance with the model in
which the current jump is ascribed to avalanche ionization in the
AlLGa, As layer.

- At low temperatures, the current induced by avalanche ionization
increases with an increasing electric field, whereas the current through
the 2DEG saturates at high electric fields.

Our experiments indicate that the carriers generated by avalanche ionization show
exceptionally high mobilities at low temperatures. This indicates that impact ionization
occurs in the form of current filaments. In these filaments the carrier density is much
higher than in the bulk of the sample, which results in an enhanced screening of the
ionized impurity scattering. Moreover, in a current filament hot phonon effects are
reduced, since optical phonons emitted by the hot electrons leave the filament and
therefore do not contribute to the scattering.
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Chapter 5

Imaging of current instabilities in GaAs/Al,Ga, As heterostuctures

5.1 Introduction

In this chapter, we further investigate the current instabilities occurring in two-
dimensional GaAs/Al,Ga, ,As heterostructures at high electric fields'#345116 we
already discussed that these current instabilities can be explained by the injection of
electrons into the Al Ga, ,As layer and subsequent avalanche ionization of occupied
Si-donors at high electric fields®”.

In bulk semiconductors, current instabilities caused by avalanche ionization are a well-

known phenomenon®910:11:1213

Above the threshold electric field for impact
ionization, current jumps with hysteresis-effects are observed in the current-voltage
characteristics®. At higher electric fields even an oscillatory or chaotic temporal
behavior of the conductivity has been observed'?®'*. This complex temporal
behavior during avalanche breakdown is often related to the formation of one or more

current filaments in the sample. Current filaments in a bulk semiconductor have first
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been visualized by Mayer et al. using a scanning electron microscope®'® and by

Brandl et al. using a scanning laser microscope'®".

From the observed similarity between current instabilities in GaAs/Al,Ga, As
heterostructures and in bulk semiconductors we suggested that also in the Al,Ga, As
layer of a heterostructure, current filaments might be formed during avalanche
ionization'. Since the barrier between source contact and Al,Ga, As layer shows
small variations in height along the contact, there are certain positions along the
contact where electron injection can take place more easily. Therefore, distinct
“channels" exist in the sample, where current filaments can develop more easily. The
actual proof of the model described above can only be given by the experimental
observation of the avalanche ionization induced current filaments.

In this chapter we discuss experiments which image the current patterns related to the
injection and ionization process in the Al Ga, ,As layer. We developed a technique to
image the current distribution in the heterostructure under high electric field conditions.
This technique enables us to study the high electric field induced current patterns in
the Al Ga, As layer of a GaAs/AlGa, As heterostructure as a function of time. The
experimental details of the imaging technique are discussed in section 5.2. in section
5.3 the current images in the injection and avalanche regime are discussed. In these
current images, current patterns are observed, which we attribute to the formation of
current filaments in the Al,Ga, ,As layer, parallel to the 2DEG. Even in samples where
the two-dimensional electron gas and the contacts to the 2DEG are perfectly ohmic
and homogeneous, current filaments can still develop in high electric fields. Finally, in

section 5.4 we summarize the conclusions of this chapter.
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5.2 The TROBIC technique

The modulation doped GaAs/Al, ,,Ga, ¢,As heterostructure was grown by Molecular
Beam Epitaxy. It consists of a 35 nm Si-doped Al ;,Ga, ¢,AS layer on top of a 55 nm
GaAs layer and a 10 nm undoped Al ;,Ga, 5,AS spacer layer. The heterostructure was
grown on top of a 25 period 5 nm/5 nm GaAs/AlAs superlattice deposited on a
semi-insulating substrate. Finally, a 17 nm undoped GaAs cap layer was grown. At
4 K, the electron density after illumination is 8 x 10" cm™ with a mobility of 4 x 10°
cm?/Vs. Ohmic contacts were made by evaporating and alloying AuGe/Ni. A
rectangular structure was photolithographically defined with dimensions of 200 pm x
200 pm. The contact resistances to the 2DEG are about 1.5 Qmm at 15 K, and were
determined in a transmission line geometry. Conventional optical beam induced
current (OBIC) images, which reveal the homogeneity of the sample through the lateral
photo effect'®, show that the 2DEG is perfectly homogeneous when no electric field

is applied and that the contacts to the 2DEG are homogeneous as well.

The time-resolved optical beam induced current (TROBIC) images under high electric
field conditions were obtained as follows. We performed pulsed current-voltage
measurements in a 50 Q coaxial circuit. Both the applied voltage and the current were
measured by means of a 12 GHz sampling oscilloscope. The 3 us electric pulses were
applied at a low repetition rate of 1000 Hz to avoid lattice heating. Using the sample-
and-hold mode of the oscilloscope, we measured the current at a selected time in the
puise and applied this signal to the analog input of the Zeiss scanning laser
microscope. The sample was scanned by the focused He-Ne laser beam of the laser
microscope. The optical beam induced changes of the sample current were measured
as a function of the position of illumination, and were stored in the 512 x 512 frame
store memory of the scanning laser microscope. A large value of the optical beam
induced current signal is obtained at those positions, where the optically excited
carriers induce the largest conductivity increase in the sample. This corresponds to a
bright region in the current image. The sample was illuminated with a laser power of

about 3 nW, using a Zeiss long working-distance objective with a spot size of 2 pm.
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To obtain a maximum spatial resolution, we scanned the laser beam very slowly at a
rate of 800 pm/sec, resulting in a digitizing error of less than 1 pm. The sample was
mounted in an optical flow cryostat to allow measurements at low temperatures. All
TROBIC images were measured at 15 K.
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5.3 Experimental results

The current patterns observed in the modulation-doped GaAs/AlLGa,,As
heterostructure at 15 K were found to be closely related to the time-dependent current
behavior. When the sample is not illuminated, three different regimes in the time-
dependent behavior of the current can be distinguished. Current pulses,
corresponding to these three regimes, are shown in Fig. 5.1. (i) At electric fields lower
than 1 kV/cm we observe a current which is constant during the pulse, corresponding
to a purely two-dimensional behavior. (i) At electric fields between 1.0 and 1.7 kV/cm
we observe current collapse in the heterostructure. This is explained by the injection
of electrons into the Al,Ga, As layer. (jii) At electric fields higher than 1.7 kV/cm an
abrupt current increase is observed during the pulse. In this avalanche regime,

electrons are injected into the Al,Ga, ,As and induce there impact ionization of Si-

donors.
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Fig. 5.1 Current pulses at 15 K, observed in the three different regimes of the

electric field. (i) At electric fields lower than 1.0 kV/cm the current is
independent of time. (i) Current collapse at fields between 1.0 and 1.7
kV/cm. (iii) At electric fields higher than 1.7 kV/cm impact ionization
of Si-donors in the Al,Ga, ,As layer gives rise to a current jump during
the pulse.
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The mechanism of avalanche ionization can be understood as follows. In the beginning
of the pulse, electrons are injected into the Al Ga, ,As layer. Here, they are trapped in
the deep level of the Si-donors (DX centers). With increasing time, the ratio between
occupied and ionized donors increases. Since the probability for impact ionization is
proportional to the density of occupied donors, the ionization probability thus also
increases. At a critical ratio of occupied and ionized donors, corresponding to a critical
time during the pulse, the impact ionization rate exceeds the electron capture rate,
initiating avalanche ionization in the Al Ga, As layer and yielding a rapid current
increase during the pulse. In section 4.3.1 we derived that the critical time t,, at which
avalanche ionization begins, is given by

X+T ng(0) (5.1)

t=1ln

° Tn, X ng

where n, is the electron density in the AlL,Ga,_As layer, T is the trapping coefficient of
electrons into the DX centers, X is the impact ionization coefficient of the DX centers,
ny is the donor concentration, and n,*(0)/n, is the fraction of ionized donors at the
beginning of the pulse.

At electric fields below 1.0 kV/cm (regime (i)) the TROBIC images are homogeneous.
An example in given in Fig. 5.2. In this image a relatively high laser power of 4 pW was
used. We see that the sample is brighter than the background, since illumination
increases the current through the sample. If we take a current image in regime (i),
using a laser power of 4 nW, no beam induced current is detected. In the image
experiments at higher electric fields, where we observe inhomogeneous behavior, we
only used the low laser power of about 4 nW. The fact that a homogeneous image is
obtained at low electric fields shows that the inhomogeneities measured at higher
electric fields are caused by the high electric field and not by the non-uniformity of the

sample itself.
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Fig. 5.2 TROBIC image at an electric field lower than 1.0 kV/cm. The electric
field is applied in vertical direction. The bottom side of the picture is the
negative contact.

At electric fields higher than 1.7 kV/cm (regime (iii)), where we measure a sudden
increase of the current as a result of avalanche ionization, all donors in the channel are
ionized by impact ionization. If we take a current image in this regime, no beam
induced current is detected and again a homogeneous current image is obtained. The
TROBIC images presented hereafter all correspond to electric fields in regime (ii).

Let us now consider the TROBIC images which we get in regime (ji). We first show an
image at an electric field of 1.4 kV/cm. When the sample is not illuminated, the time-
dependence of the current is as shown by the solid line in Fig. 5.3(a). In Fig. 5.3(b)
we show the corresponding TROBIC image. In all TROBIC images the electric field is
applied in vertical direction and the bottom side of the picture is the injecting source
contact. The image is taken at the time t as indicated in Fig. 5.3(a). We observe that
the TROBIC image is strongly inhomogeneous and shows a bright channel, which
corresponds to a large value of the optical beam induced current signal. lllumination
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in the bright channel of Fig. 5.3(b) corresponds to a current pulse shown by the
dashed line in Fig. 5.3(a), whereas illumination of the sample outside the channel
induces no detectable current increase (solid line). We ascribe this local increase of
the TROBIC signal inside the channel to the formation of an optical beam induced
flament. At an electric field below the threshold for spontaneous avalanche
breakdown, a light-induced increase of the free carrier density locally enhances the
impact ionization rate and thus initiates the formation of a current filament. This is most
likely to occur in a region where a high density of injected and trapped electrons is
present. We therefore suggest that the bright region in our image corresponds to a

channel where the electrons are injected out of the source contact into the AL,Ga, ,As

layer.
| | I | '
O 1 2 3
time (ws)
@) (b)
Fig. 5.3 (a) Current pulses at 15 K, when the sample is not illuminated (solid

line). The dashed line corresponds to the current pulse when the
sample is illuminated in the bright region of Fig. 3(b). (b) Current image
of the heterostructure at 15 K and an electric field of 1.4 kV/cm, taken
at the time ¢t indicated in Fig. 3(a) by the arrow. The bottom side of the
picture is the negative contact.
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When we increase the electric field to 1.5 kV/cm, we observe two channels, and at
1.6 kV/cm three channels are created, as is shown in the current images in Fig. 5.4.
This behavior can be explained by assuming that the contact barrier to the Al,Ga, ,As
shows small variations in height along the contact. Current injection into the Al,Ga, ,As
thus starts at the position where the barrier height is lowest'”. At higher electric fields,
current injection can also occur at other positions, leading to the formation of one or
more than one filament. When the polarity is reversed, we measure the same
phenomena, but at other positions along the contact. In general, all complex spatial
TROBIC patterns are well reproducible, even after several days.

(@) (0)

Fig. 5.4 (@) Current image at 1.5 kV/cm, showing two optical beam induced
ftaments. (b) Current image at 1.6 kV/cm, showing three filaments.
Both images were taken att = 1.3 us.

We now discuss the time-dependence of the current images. The time dependence
of the current pattern at 1.5 kV/cm is shown by the TROBIC images in Fig. 5.5. The
images in Figs. 5.5(a), (b), and (c) are measured at different times during the pulse.
We see that during the pulse the bright regions where optical beam induced avalanche
occurs, are gradually extending in the direction of the positive contact as a function
of time. This means that during the pulse the electrons injected out of the source
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Fig. 5.5 Current images at 1.5 kV/cm, taken at three different times t during the

pulse. (@)t = 1.3 us, (b) t = 1.7 ps, and (c) t = 2.5 ps.
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contact are moving in the direction of the positive contact, being trapped and
detrapped by the DX centers in the Al,Ga, ,As. This process takes place on a ps time

scale'.

Until now, we only presented TROBIC images corresponding to experimental
conditions where we did not find a current jump during the pulse. In the images
presented below we will see that the threshold electric field where the current jump is
observed can be lowered from 1.7 to 1.6 kV/cm as a result of the laser illumination.
In Fig. 5.6 we show the time dependence of the current filaments at 1.6 kV/cm. In the
images (b) and (c), a bright spot appears close to the positive contact. This bright
spot corresponds to the switching of the sample current from pulse 1 to pulse Ill (see
Fig. 6(d)), which means that spontaneous avalanche ionization is initiated, ionizing all
donors in the sample. We thus conclude that illumination in the positive contact region
lowers the threshold voltage for avalanche ionization from 1.7 kV/cm to 1.6 kV/cm.

The reason for this sensitivity of the positive contact region is not exactly clear at
present.. A possible explanation is the presence of a Schottky barrier between the
Al Ga, As layer and the ohmic contact. The electrons injected out of the source
contact are trapped and detrapped while moving in the direction of the positive
contact. When the field is higher than the threshold field, the electrons arriving at the
positive contact cross the barrier and avalanche ionization takes place. At a lower
value of the electric field the electrons do not have enough energy to cross the barrier
and accumulate in traps near the positive contact. lllumination in this positive contact
region can lower the Schottky barrier and fhus decrease the threshold field for
spontaneous avalanche breakdown. However, a complete model of this process is not
available at present and additional experiments have to be performed to investigate
this phenomenon.
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Fig. 5.6 Current images at 1.6 kV/cm at different times during the pulse. The
times at which the Images are taken, are Indicated by the arrows. Pulse
| Is measured when the laser spot is positioned outside the channels,
pulse Il corresponds to illumination in the channels, and pulse llI

corresponds to the bright spot close to the positive contact.
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5.4 Conclusions

In this chapter we discussed a novel time-resolved optical beam induced current
(TROBIC) technique, and discussed several time-resolved currentimaging experiments
on a GaAs/Al,Ga, ,As heterostructure under high electric field conditions. In the
images we observed the development of time-dependent current patterns, related to
current instabilities in the heterostructure. Imaging of these current patterns in the
regime of current collapse and avalanche ionization in GaAs/Al Ga, As
heterostructures is a useful tool to understand the complex high-field current
instabilities observed in these structures. When high electric fields are applied to the
heterostructure, electrons are injected from the source contact into the Al Ga, As
layer. After being injected, the electrons are trapped and detrapped and move in the
direction of the positive contact. The development of these injection channels has been
visualized using the TROBIC technique. We observed a progressive extension of the
injection channels in the direction of the positive contact as a function of time, as well
as an increasing number of injection channels as a function of an increasing electric
field. When the electric field is high enough, impact ionization of occupied donors in
the Al Ga, ,As layer creates a highly conducting current filament in the Al Ga, ,As. The
threshold field for avalanche breakdown can be decreased by illumination in the
positive contact region, corresponding to the development of a bright spot in the
TROBIC image. The origin of this bright spot near the positive contact might be
caused by an accumulation of trapped electrons close to the positive contact due to
the presence of a Schottky barrier.
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Chapter 6

Time-of-flight experiments on two-dimensional semiconductors

In the introduction of this thesis we formulated the question whether the time-of-flight
technique is suitable to study the high-field transport properties of two-dimensional
semiconductor structures. In this chapter we examine to what extent the preceding
chapters have provided an answer to this question. After we have analyzed the
possibilities and limitations of time-of-flight experiments on GaAs/AlGa, As
heterostructures, we discuss the possibilities of other, more complicated two-
dimensional semiconductor structures. In particular, we present a semiconductor
structure enabling to measure the drift velocity of two-dimensional minority carriers in

an undoped quantum well. Finally, we summarize the main conclusions of this thesis.

The question whether it is possible to perform time-of-flight experiments on two-
dimensional semiconductor structures was resolved by the experiments described in
chapter 3. We concluded that the time-of-flight technique is a very direct way to
measure high-field drift velocities which cannot be measured by other techniques.
However, the drift velocity determined by a time-of-flight experiment is equal to the drift

velocity of the minority carriers in the structure. Contrary to bulk semiconductors,
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where the mobility is mainly determined by impurity and phonon scattering, the
minority carrier velocities in two-dimensional semiconductors cannot be interpreted in
terms of majority carrier velocities to predict device properties. in modulation doped
heterostructures, due to the spatial separation between ionized donors in the
Al Ga, As layer and the electrons in the 2DEG, the impurity scattering is reduced and
carrier-carrier interactions plays a major role. For that reason, minority electrons in a
p-doped heterostructure show a much lower mobility than two-dimensional majority
electrons in a 2DEG, leading to lower peak drift velocities and a different behavior with
respect to transfer effects under hot electron conditions.

In order to obtain an indication of the device properties of two-dimensional
semiconductor structures at high electric fields, one should measure directly the two-
dimensional majority carrier drift velocity using the time-of-flight technique. The only
attempt to measure the drift velocity of two-dimensional majority electrons was
reported by Hopfel et al.". Since in principle the time-of-flight technique only allows to
measure the drift velocity of minority carriers, they tried to circumvent this problem by
using a specially designed two-dimensional heterostructure, as depicted in Fig. 6.1.
The structure consists of a GaAs/Al Ga, As heterojunction, grown on a heavily doped
p-type GaAs layer, such that the two-dimensional well at the GaAs/Al,Ga, As interface
lies above the Fermi level. When this structure is illuminated locally, at the position of
excitation the electrons and holes are separated in the growth direction: the two-
dimensional well is filled with electrons and the holes flow into the parallel p-doped
GaAs layer. Here, the time-of-flight current due to the photo-excited carriers is
determined by the drift velocity of the electrons in the two-dimensional well. The
authors claim that in this structure the drift mobility of two-dimensional "majority"
electrons is measured. In our opinion, this statement is not correct. First, the electrons
studied in this structure still are not really majority electrons, since the two-dimensional
well is empty except at the position of excitation. Thus, there is no laterally
homogeneous two-dimensional electron gas. Furthermore, since the electron density
is very low, the carrier-carrier interaction in this structure is completely different

compared to the case of majority electrons in a 2DEG. It is therefore quite dubious
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to interpret their results in terms of the drift velocity of a two-dimensional electron gas.

In our opinion, the application of the time-of-flight technique should be limited to the

investigation of minority carriers, which in fact can be very useful, as will be discussed

below.

Fig. 6.1
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The structure used by Hopfel' consists of a GaAs/AlGa, ,As
heterojunction, grown on a heavily doped p-type GaAs layer, such that
the two-dimensional well at the GaAs/Al,Ga, As interface lies above
the Fermi level. When this structure is illuminated locally, at the position
of excitation the electrons and holes are separated In the growth
direction: the two-dimensional well is filled with electrons and the holes

flow into the parallel p-doped GaAs layer.

in an n-type modulation doped GaAs/Al,Ga, ,As heterostructure, the drift velocity

determined by a time-of-flight experiment is equal to the drift velocity of the minority

holes in the GaAs layer. These holes are not confined to a two-dimensional layer but

show quasi three-dimensional behavior. Let us now consider for what purposes this

minority hole velocity can be relevant with respect to the high-field transport properties
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of the heterostructure. It is an interesting feature of the drift velocity of the holes in the
GaAs layer that it reveals information on the quality of the GaAs layer under high
electric field conditions. This is an important quantity since it directly correlates with the
quality of the 2DEG. A time-of-flight experiment thus reveals additional information on
the properties the heterostructure, not obtained by the common characterization
measurements performed at low electric fields. More important, however, the time-of-
flight technique can also be used to measure the drift velocities of two-dimensional
minority holes. Such a two-dimensional minority hole drift velocity can be obtained
when a two-dimensional well is included in the GaAs layer of the modulation doped
heterostructure in such a way that the minority holes are captured in the two-

dimensional quantum well. This structure will be discussed furtheron.

We first discuss the limitations of the time-of-flight experiments on GaAs/Al,Ga, As
heterostructures. The lower limit of the electric field range where time-of-flight
experiments are possible is found at the electric field where the width of the time-of-
flight signal is determined by recombination and diffusion effects rather than by the drift
of the carriers. The upper limit for the electric field is determined by the threshold
electric field where current instabilities are observed, caused by electron injection and
avalanche ionization in the Al Ga, , As layer of the heterostructure. At these high
electric fields, many two-dimensional structures show a combination of two-
dimensional and three-dimensional behavior. The transport properties of the system
become highly nonlinear and unstable and also spatial inhomogeneities are observed.
When a time-of-flight experiment is performed in the regime where the injection and
avalanche phenomena are observed, the excess carriers induce additional current
instabilities in the heterostructure. This situation becomes too complex to obtain any

guantitative information from a time-of-flight experiment.

We now discuss the_possibilities of other two-dimensional structures, in which these
problems can be circumvented. Before discussing these other structures, we shortly
recapitulate the conditions which must be satisfied with respect to the material. In the
first place, the lifetime of the excited carriers must be longer than the time-of-flight
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under experimental conditions, which is about several ns. Secondly, in order to screen
the space charge of the excited minority carriers, the structure must contain a highly
extrinsic conducting layer. This conducting channel is also used to detect the excess
current induced by the ambipolar drift of the excess carriers. Finally, the structure has
to be designed in such a way that current instabilities or other conductivity features on
the same time scale as the time-of-flight signal are avoided.

Let us first consider the last restriction. The threshold electric field at which current
instabilities are observed depends on the composition, the doping concentration, and
the layer thickness of the Al,Ga, As layer as well as on the composition and the
injection properties of the ohmic contacts. We thus have to examine how these factors
could be changed in order to reduce the possibility of electron injection. Only very little
is known about the properties of the contact barrier between the alloyed contact and
the Al,Ga, As layer. This subject is very difficult to access by experimental methods.
Consequently, a tractable route is missing for improving the semiconductor-metal

contact in such a way that injection into the Al,Ga,As layer is prevented.

A possible way to reduce the probability for electron injection into the Al,Ga, As layer
is to use a p-doped GaAs/Al,Ga, As heterostructure. A p-doped heterostructure is
expected to show less injection problems than an n-doped structure since the majority
holes are heated less easily because of their higher effective mass. Time-of-flight
experiments on p-type GaAs/Al,Ga, , As heterostructures were performed by Furuta
et al.? They studied the interaction between minority electrons and majority holes at
room temperature, using various structures with a different separation between
electrons and holes. They observed a decreasing mobility in structures with a smaller
electron-hole separation, which they ascribed to an enhanced electron-hole scattering.
It would be interesting to investigate the effect of carrier-carrier scattering also at lower
temperatures. From the experiments by Hopfel et al.®>* we know that at low
temperatures and low electric fields even negative mobilities of the minority carriers in
quantum wells are possible due to carrier drag by the majority carriers.
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An alternative way of avoiding electron injection into the n-Al Ga, As layer is to
increase the aluminium fraction of the Al,Ga, As layer, maybe even to 100%. The
energy difference between the AlL.Ga, As conduction band minimum and the Fermi
level is thus increased and the ionization of DX centers plays no role, since all donors
are already ionized. In this way we have thus modified the modulation doped
GaAs/AlLGa, As heterostructure to a GaAs/AlAs heterostructure with optimized two-
dimensional behavior at high electric fields.

The resulting two-dimensional structure for time-of-flight experiments at high electric
fields is presented in Fig. 6.2. It consists of a GaAs/AlAs heterostructure, in which a
thin Iny sGag sAs quantum well is included in the GaAs layer to capture the minority
holes. In this case, real two-dimensional minority holes are measured, contrary to the
ordinary GaAs/Al Ga, ,As heterostructure described previously. Since GaAs and InAs
differ 6% in lattice constant, whereas GaAs and AlAs differ less than 1%, the thickness
of the In, Ga, sAs quantum well has to be less than 2 nm°. For layers thicker than this

E Cc
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Fig. 6.2 A GaAs/AlAs heterostructure containing a thin In, Ga,;As quantum

well to capture the minority holes.
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critical layer thickness, the quantum well shows strain relaxation by forming misfit
dislocations®. For an In, ,Ga,,As quantum well the critical layer thickness is 3 to 4 nm,
Of course, it is also possible to use a p-doped GaAs/Al,Ga, As heterostructure with
an In,Ga, As quantum well enabling to measure electron mobilities in the In Ga, ,As
quantum well. A possible drawback of this structure is that the minority electrons are
more easily accelerated out of the In,Ga, ,As quantum well.

Another interesting two-dimensional structure is a p-doped GaAs/AlAs type I
superlattice, consisting of p-doped GaAs wells separated by undoped AlAs barriers,
as indicated in Fig. 6.3. When excess electron-hole pairs are created in the GaAs
wells, the holes remain in the 2D hole gas in the GaAs layer, but the electrons are
transferred to the X minimum of the conduction band in the AlAs layer, which lies

A
0]
S yi
AlAs GaAs AlAs
Fig. 6.3 A p-doped GaAs/AlAs type |l superlattice, consisting of p-doped GaAs

wells separated by undoped AlAs barriers.
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energetically lower than the I'minimum in the GaAs layer. By performing a time-of-
flight experiment on this structure the mobility of minority electrons in the X minimum
of the AlAs barriers can be measured. It would be interesting to vary the thickness of
the wells and the barriers or to vary the majority hole concentration in the well in order
to study the interaction between the majority holes in the wells and the minority
electrons in the barriers.

We end this chapter by summarizing the conclusions of the work described in this
thesis. We conclude that the time-of-flight technique is a valuable tool to investigate the
high-field properties of two-dimensional semiconductor structures. The time-of-flight
technique can not be used to measure majority carrier drift velocities in e.g. a two-
dimensional electron gas, but it is a very direct way to measure minority drift velocities
under high electric field conditions. These minority carrier properties obtained by the
time-of-flight technique can be used to model the properties of electro-optic devices
or transistors in which excess carriers are present. Furthermore, the time-of-flight
technique enables the investigation of intrinsic semiconductor layers which cannot be
investigated by the conventional characterization techniques. Whereas in the
experiments on n-type modulation doped GaAs/Al Ga, As heterostructures the drift
velocity of three-dimensional holes is measured, the time-of-flight technique can be
extended to obtain high-field transport properties of two-dimensional minority carriers,
inthe case of a GaAs/AlAs heterostructure containing an In,Ga, ,As quantum well. The
time-of-flight technique thus reveals additional information on the material properties,

which cannot be obtained by other, more conventional experimental methods.

For a time-of-flight experiment, a structure has to be designed in such a way that it
retains its two-dimensional character even under high electric field conditions. The
occurrence of current instabilities as described in chapters 4 and 5 disturbing the two-
dimensional character of the structure must be avoided. Before performing a time-of-
flight experiment on a two-dimensional semiconductor structure, the high-field
properties of the majority carriers should be investigated by performing high-field
current-voltage measurements in order to determine the limiting experimental
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conditions for a time-of-flight experiment. Chapter 4 and 5 provide the guidelines for
judging whether the two-dimensional character is still maintained. Finally, the threshold
electric field for the injection and avalanche phenomena can be suppressed to much
higher values by using a GaAs/AlAs heterostructure in which the injectién barrier is
approximately 0.7 eV and where the DX centers are all ionized in equilibrium, thus
preventing avalanche ionization.
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Summary

This thesis deals with the transport properties of GaAs/Al,Ga, ,As heterostructures at
high electric fields. A very direct method to measure high-field drift velocities in bulk
semiconductors is the time-of-flight technique. The major aim of this work was to study
the possibilities and limitations of time-of-flight experiments on two-dimensional

semiconductor structures.

After shortly discussing the scope of this thesis in chapter 1, the basic concepts of the
GaAs/Al,Ga, As heterostructure are introduced in chapter 2, where we also discuss
its transport properties at high electric fields.

In chapter 3 we present the results of our time-of-flight experiments on a
GaAs/Al,Ga, As heterostructure, resulting in the determination of the high-field drift
velocity of the minority holes in this structure. At an electric field of about 1 kV/cm we
measured an anomalous behavior of the time-of-flight current. In this regime also
current instabilities in the bias current were observed. In order to investigate these
current instabilities, we performed pulsed current-voltage measurements at high
electric fields. These are discussed in chapter 4. A complicated time-dependent
behavior of the current was measured, as well as hysteresis effects in the current-
voltage characteristics. These observations suggest that at high electric fields the
current is distributed inhomogeneously in the sample. We therefore developed a
technique to image the current distribution in the heterostructure under high electric
field conditions. These imaging experiments are presented in chapter 5.

Using the results of the time-resolved and spatially resolved experiments, we
developed a phenomenological model describing the behavior of GaAs/AlGa, As
heterostructures at high electric fields. This model describes the high-field current
instabilities in a heterostructure in terms of electron injection from the source contact
into the AlLGa, ,As, followed by avalanche processes in the Al,Ga, As layer. This
model was supported by the results of our Monte Carlo calculations, in which we
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calculated the velocities and energy distribution of the electrons in the Al,Ga, As layer
at high electric fields.

We conclude that the high-field properties of GaAs /Al,Ga, ,As heterostructures cannot
be described by only taking into account the two-dimensional conducting channel.
Instead, a full three-dimensional model of hot electron transport in these structures
must be developed, including the high-field properties of the Al,Ga, ,As layer and the
contacts.

in chapter 8 we summarize the main conclusions of this thesis and consider the
possibilities and limitations of time-of-flight experiments on two-dimensional

semiconductor structures.
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Samenvatting

Dit proefschrift is gewijd aan een onderzoek naar de eigenschappen van gelaagde
GaAs/Al Ga, As heterostructuren in hoge elektrische velden. In een GaAs/Al Ga, ,As
heterostructuur zijn de elektronen opgesloten in een tweedimensionale laag aan het
grensvlak tussen GaAs en Al Ga,_ As laag. Omdat dit tweedimensionale elektronengas
(2DEG) ruimtelijk gescheiden is van de geioniseerde donoratomen in de Al Ga; As
laag kunnen in dit soort structuren zeer hoge elektronen-beweeglijikheden worden
bereikt. Hierdoor is dit materiaal geschikt voor de fabricage van snelle elektronische
schakelingen. Omdat deze transistoren in de praktik moeten werken bij hoge
elektrische velden, is het van belang om inzicht te verkrijgen in de hoog-veld
eigenschappen van GaAs/Al Ga,,As heterostructuren. Een belangrijke parameter

hierbij is de driftsnelheid van de elektronen onder hoog-veld condities.

In bulk halfgeleiders kunnen deze driftsnelheden worden gemeten d.m.v.
vliegtijdexperimenten. Doel van het werk beschreven in dit proefschrift was om te
onderzoeken in hoeverre deze vliegtijdexperimenten geschikt zijn om driftsnelheden
in gelaagde halfgeleiderstructuren te meten. De viiegtiidexperimenten aan de
GaAs/Al,Ga, As heterostructuren zijn als volgt uitgevoerd. Met behulp van een korte
laserpuls worden extra ladingsdragers vrijgemaakt in het materiaal. De drift van deze
ladingsdragers 0.i.v het aangelegde elektrische veld veroorzaakt een fotostroom in het
uitwendige circuit. De tijdsduur van deze fotostroom geeft informatie over de
driftsnelheid van de extra ladingsdragers. Op deze manier kon door ons de
driftsnelheid van de minderheidsladingsdragers in de heterostructuur worden gemeten.

Bij een elektrisch veld van ongeveer 1 kV/cm constateerden we een afwijkend gedrag
in de vliegtijdmetingen en werden instabiliteiten in de stroom waargenomen. Om deze
instabiliteiten verder te onderzoeken, werden stroom-spanningsmetingen bij hoge
elektrische "velden uitgevoerd. Omdat het vermoeden bestond dat onder deze

omstandigheden de stroom niet homogeen verdeeld was in het materiaal, werd een
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methode ontwikkeld waarmee het mogelijk is de stroomverdeling in het materiaal
zichtbaar te maken.

Om de stroom-instabiliteiten in GaAs/Al,Ga, As heterostructuren bij hoge elektrische
velden te verklaren hebben we een model opgesteld, waarin we aannemen dat bij
hoge elektrische velden elektronen vanuit het negatieve contact worden geinjekteerd
in de Al Ga, As laag, waar ze botsings-ionisatie van gevulde donoren veroorzaken.
We concluderen dat de rol van het Al,Ga,_As bij het modelleren van GaAs/Al Ga, As
heterostructuren vaak ten onrechte wordt verwaarloosd.

We besluiten dit proefschrift met een overzicht van de mogelijkheden en beperkingen

van vliegtijdexperimenten aan tweedimensionale halfgeleiderstructuren.
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Stellingen

behorende bij het proefschrift

Time-of-flight experiments on GaAs/Al Ga, As heterostructures

in tegenstelling tot de bewering van Morohashi et al. dient in de uitdrukking
voor de time-of-flight stroom de som van de elektronen- en gatenmobiliteit te
worden meegenomen vin plaats van de ambipolaire mobiliteit.
- M. Morohashi, N. Sawaki, and |. Akasaki, Jpn. J. Appl. Phys. 24,
661 (1985).

De time-of-flight techniek is niet geschikt om de driftsnelheid van elektronen in
een tweedimensionaal elektronengas te bepalen.
- Dit proefschrift, hoofdstuk 3.

Vanwege het feit dat Walukiewicz et al. in hun mobiliteitsberekeningen alleen
verstrooiing van de elektronen aan het Fermi-niveau meenemen, is de door hen
berekende temperatuurafhankelijkheid van de mobiliteit ten gevolge van
verstrooiing aan onzuiverheden onjuist.
- W. Walukiewicz, H.E. Ruda, J. Lagowski, and H.C. Gatos, Phys.
Rev. B 29, 4818 (1984).

Bij het modelleren van GaAs/AlGa, As heterostructuren wordt de rol van de
Al Ga, As laag vaak ten onrechte verwaarloosd.
- Dit proefschrift, hoofdstuk 4 en 5.



De blauwverschuiving in het fotoluminescentiespectrum van een
GaAs/Al Ga, ,As heterostructuur wordt door Bergman et al. ten onrechte
toegeschreven aan de neutralisatie van acceptoren in de GaAs laag.
- J.P. Bergman, Q.X. Zhao, P.O. Holtz, B. Monemar, M.
Sundaran, J.L. Merz, and A.C. Gossard, Phys. Rev. B 43, 4771
(1991).

Monte Carlo berekeningen dienen niet beschouwd te worden als een alternatief
voor fenomenologische modellen, maar dienen gebruikt te worden voor de
ondersteuning ervan.

- C. Jacoboni and L. Reggiani, Rev. Mod. Phys. 55, 645 (1983).

Hoewel de Algemene Nabestaandenwet wordt gepresenteerd als een herziening
van de Algemene Weduwen- en Wezenwet, is deze in feite gebaseerd op een

totaal ander principe.

Het voorontwerp inzake de herziening van het afstammingsrecht vertoont de

tekenen van een januskop.

Zowel in een halfgeleider als in de samenleving is de invioed van minderheden

op de meerderheid soms groter dan andersom.

Eindhoven, 15 november 1991 Elly Zwaal





