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Abstract

Two-dimensional (2D) carrier systems built from semiconductor het-
erostructures have been at the center of a wide variety of experimental
and theoretical research over the past decades. The quality improvement
of GaAs/AlGaAs systems has allowed the observation of several peculiar
ground states stabilized by the subtle interplay between carrier-carrier
interaction, disorder and magnetic field. More recently, 2D systems in
semiconductor heterostructures have also been used as a prime substrate
for further confinement of the carriers to mesoscopic systems of major
interest for the emerging fields of quantum computing and spintronics.
This thesis addresses both magnetotransport measurements in hole open
quantum dots (QDs) and thermopower studies of 2D holes in (311)A
GaAs heterostructures.

In the first part of this thesis, we describe the fabrication process for
hole GaAs open QDs and investigate their magnetotransport properties
at very low temperature T . Below 500 mK, the magnetoconductance
of the open QDs exhibits clear signatures of coherent transport, namely
magnetoconductance fluctuations and weak anti-localization. From these
effects, we extract a T dependence for the dephasing time τφ, together
with an upper limit for the spin-orbit scattering time τso using the ran-
dom matrix theory. Both τφ and τso are found to be much smaller than
for electrons in similar systems.

In the second part of this work, we report low-T thermopower mea-
surements in the parallel magnetic field-induced metal-insulator tran-
sition (MIT) of 2D GaAs hole heterojunctions with different interface-
dependent mobilities. When the magnetic field is increased, the diffusion
thermopower Sd decreases across the MIT. The reduction of Sd is more
pronounced for the lower mobility sample where it reverses its sign. This
behaviour indicates that the system does not undergo any ground state
modification through the MIT but rather that the parallel magnetic field
induces a dramatic change of the dominant hole scattering mechanisms.

Finally, the last part of this thesis is devoted to the thermopower
study of the insulating phase (IP) observed in 2D GaAs bilayer hole
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ii Abstract

systems around the total Landau level filling factor ν = 1. Our measure-
ments show that Sd diverges with decreasing T in the IP. This divergence
of Sd at low T indicates the opening of an energy gap in the system’s
ground state and suggests the formation of a pinned bilayer hole Wigner
crystal around ν = 1.
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Preface

Le commencement de toutes les sciences, c’est
l’étonnement de ce que les choses sont ce qu’elles sont.

Aristote

The confinement of electrons in two-dimensions has been the source
of a vast number of discoveries in recent physics [49]. The most famous
among these is certainly the integer quantum Hall effect (QHE) stem-
ming from the quantification of the electron energy levels [160]. However,
while the integer QHE can be simply understood by single-particle con-
siderations, the ability of two-dimensional (2D) systems to exhibit rich
physics finds its main origin in the major role played by the electron-
electron interaction [49]. The prominent role of electron-electron inter-
action, allowed by the quality improvement of the 2D semiconductor
structures, and its interplay with the disorder and the magnetic field
B, led to the observation of many peculiar many-body ground states
and quasi-particles, such as composite fermions [87, 101], skyrmions [29],
Bose-Einstein condensate of excitons [57] or 2D Wigner crystals [18, 81].
Today, after almost thirty years of intensive researh and surprising find-
ings, 2D semiconductor structures remain among the most attracting
systems to investigate strongly correlated electrons.

Concomitantly, 2D electron systems were also sorely developped for
industrial applications, mainly through the Si metal-oxide-semiconductor
field-effect transistor which is currently the most used microelectronic
device. Up to now, the improvement of electronic devices has mostly
been realized by a reduction of the systems’ size. Thanks to the high
resolution provided by novel lithographic techniques, it is possible to fab-
ricate devices with dimensions comparable to the electron characteristic
lengths. At such mesoscopic scales, new transport regimes are entered,
making well-known macroscopic transport laws no longer applicable [50].
Within this context, a clear understanding of the electrons’ properties
in mesoscopic, confined systems is of first importance for the develop-
ment of new technological challenges such as quantum computing [14] or

1
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spintronics [162, 204, 214].
This thesis aims to study several aspects of 2D holes confined in

(311)A GaAs heterostructures. The choice of these systems was mo-
tivated by several reasons. Two-dimensional holes confined to GaAs
heterostructures display a stronger spin-orbit interaction than electrons
leading to a much more complex band structure and a zero-B spin-
splitting, that is of particular interest for the field of spintronics, where
the control of the carrier’s spin is of major importance. Moreover, 2D
GaAs holes present a larger effective mass making carrier-carrier interac-
tion stronger than in GaAs electron systems with similar densities. Fi-
nally, hole quantum dots (QDs) are particularly difficult to be controlled
experimentally and their realization is still a technological challenge.

Our main findings are the following. First, starting from a 2D GaAs
quantum well, we further confine the 2D holes to quasi zero-dimensional
mesoscopic structures, namely open QDs. Such devices constitute per-
fectly suitable tools to investigate the transport properties of carriers in
the ballistic and coherent regimes. Second, we address the long-standing
problem of the metal-insulator transition (MIT) in two-dimensions. In
particular, we investigate the parallel magnetic field B‖-induced MIT
using thermopower measurements, that provide many complementary
pieces of informations to those given by more conventional experimental
studies. Finally, using our precious thermopower tool, we also study the
ground state of the insulating phase (IP) observed around the many-
body quantum Hall state at total Landau level filling factor ν = 1. The
manuscript is organized in six chapters.

Chapter 1 provides a simple introduction to 2D GaAs heterostruc-
tures. It first presents the general fabrication technique, together with
some particular recipes, that are used to generate high-mobility 2D
electron systems (2DESs). Then, it describes the properties of non-
interacting 2DESs. This includes the system’s ground state at B = 0
and in a perpendicular B, as well as the striking behavior of the lon-
gitudinal and Hall resistivities of non-interacting 2DESs subjected to a
perpendicular B: the integer QHE. The chapter ends with the more spe-
cific description of (311)A GaAs 2D hole systems that are under scrutiny
in this work.

Chapter 2 introduces the main mesoscopic transport regimes, namely
the ballistic and coherent transport. Then, it describes the open QD
mesoscopic structure where both these transport regime coexist. After a
presentation of the magnetotransport properties of open QDs, we show
the main results of the random matrix theory (RMT) that allows the
extraction of carrier scattering time like the dephasing time τφ or the
spin-orbit scattering time τso from the observed coherent effects. To
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conclude the chapter, we present the behavior of τφ in 2DESs and in
open electron QDs.

In Chapter 3, we report on experimental results obtained from GaAs
open hole QDs. First, we describe in detail the fabrication process used
to produce our samples and the experimental system employed to ob-
tain our low-T magnetotransport measurements. Second, we show the
magnetotransport results obtained in both single hole QDs and in ar-
rays of hole QDs that present clear signatures of coherent effects such
as magnetoconductance fluctuations (MCFs) and weak anti-localization
(WAL) below 500 mK. From an analysis of the WAL effect using the
extended RMT, we determine that our QDs are in the strong spin-orbit
interaction regime, independent on the symmetry of vertical confining
potential. This indicates that the bulk inversion asymmetry contribu-
tion to the spin-orbit interaction is sufficient to generate this strong
spin-orbit interaction regime. Moreover, from the MCFs and the WAL,
we extract a T -dependence for the hole τφ using the extended RMT.
The evolution of the obtained τφ for holes is similar to that reported for
electrons, however its absolute value is found to be approximately one
order of magnitude smaller.

We briefly recall, in Chapter 4, the essential concepts to understand
thermopower S in two-dimensions. The two mechanisms that contribute
to the thermopower in GaAs heterostructures, the diffusion thermopower
Sd and the phonon-drag thermopower Sg, are presented. We describe,
in particular, the behavior of the diffusion thermopower Sd for various
2D ground states, including a degenerate carrier gas, an energy gap, a
mobility gap and a Coulomb gap. At the end of the chapter, we present
the samples’ preparation and the measurement technique we employed
to study thermopower below 500 mK.

Chapter 5 is devoted to the study of the B‖-induced MIT observed in
(311)A GaAs heterojunctions. The metallic evolution of the resistivity
with T in low carrier density 2D systems have attracted much interest
over the past decades since they were expected theoretically to solely
behave as insulators. In this chapter, we use thermopower measure-
ments, that provides valuable informations on both the system’s ground
state and the scattering mechanisms, to investigate the metallic regime
and the transition to an insulating behavior driven by B‖. We study
two samples with different interface-dependent mobilities. The diffusion
thermopower decreases across the MIT. The reduction of Sd is more im-
portant for the lower mobility sample where it reverses its sign. The
behavior of Sd suggests that the systems does not undergo any ground
state modification: the 2D systems behave as a degenerate hole gas both
in the metallic and in the insulating states. Instead, our results rather
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indicate that at the MIT, B‖ induces a dramatic change of interface
roughness and intersubband scattering mechanisms.

Finally, in Chapter 6 we study the thermopower in GaAs bilayer hole
systems. When subjected to a perpendicular B, strongly interacting bi-
layer hole systems with weak interlayer tunneling exhibit a many-body
quantum Hall state (QHS) at ν = 1. This state in flanked with a reen-
trant IP when the densities of the two layers are equal. The IP observed
in bilayer systems around ν = 1 is reminiscent of that observed in GaAs
2D electron single-layers [49, 81, 104] around the fractional QHS at ν =
1

5
and electron bilayers [126] in the vicinity of total filling factor ν = 1

2
,

as well as in dilute, single-layer, GaAs 2D hole systems [171] near ν = 1

3
,

which were attributed to the formation of pinned Wigner crystals. It was
suggested in Ref. [187] that the IP observed in bilayer hole systems could
signal the formation of a bilayer Wigner crystal, stabilized at such high
ν by strong Landau level mixing due to higher effective mass of holes,
and by the interlayer Coulomb interaction in the bilayer system. The
diffusion thermopower is an unique tool to study IP’s in 2D systems as
it can distinguish between a mobility gap (disorder-induced IP) and an
energy gap (Wigner crystal). Our measurements show that Sd diverges
in the reentrant IP’s when T is decreased. It indicates the opening of an
energy gap in the system’s ground state and suggests the formation of a
pinned bilayer Wigner crystal near ν = 1.



Chapter 1

Two-dimensional carrier

systems

Ne me dites pas que ce problème est difficile. S’il
n’était pas difficile, ce ne serait pas un problème.

Ferdinand Foch

1.1 Introduction

Two-dimensional (2D) systems are generally produced by confining
carriers at the interface of two different materials. Up to now, sev-
eral methods have been developed to realize such confinement including
helium surfaces [83], semiconductor field-effect transistors (FETs) and
heterostructures [12, 35, 51, 52], as well as novel systems like noble-
metal surfaces [33], organic FETs [61, 79, 210] and graphene [144, 145].
The most popular among these are FETs and heterostructures. These
two different techniques have led to the realization of 2D carrier sys-
tems with a large range of carrier densities and mobilities. Since their
discovery, they have generated much interest both for electronic applica-
tions and fundamental reseach. In particular, Si-MOSFETs, made of a
three-layered structure combining a doped Si substrate covered with an
insulating layer SiO2 and a metallic gate, provide a high quality, low cost
transistor that became the most used device in the electronic industry.
On the other hand, the extremely clean 2D carrier systems produced in
III-V heterostructures have allowed the carrier-carrier interaction to be-
come a prominent parameter, leading to the observation of new quantum
phases.

5
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The systems investigated in this work were produced from 2D p-type
GaAs/AlGaAs heterostrutures. This chapter will then briefly review the
fabrication process as well as the general properties of GaAs/AlGaAs
heterostrutures and will finally provide more specific description of 2D
GaAs hole systems.

1.2 The GaAs/AlGaAs Heterostructure

1.2.1 Materials

AlxGa1−xAs based semiconductors combine Al and Ga atoms from
the group IIIa with As atoms originating from the group Va. Together,
they alloy as GaAs, AlAs or AlxGa1−xAs with a zinc-blende cristallo-
graphic structure (Fig. 1.1(c)). Important features of these compounds
are the following:

• The lattice parameter a of the binary compounds are 5.6533 Å for
GaAs and 5.6611 Å for AlAs at room temperature T . When alloyed
in the ternary form AlxGa1−xAs, the lattice parameter follows the
Vegard’s law and increases linearly with the Al fraction x (upper
panel of Fig. 1.1(b)) [51].

• As illustrated in Fig. 1.1(a), at room temperature, GaAs has a
direct band gap Eg = 1.42 eV at Γ points while AlAs presents
an indirect band gap Eg = 2.17 eV with a maximum at Γ points
for the highest valence band and a minimum at X points for the
lowest conduction band. For the ternary compound AlxGa1−xAs,
the evolution as a function of x of the energy gaps between the
maximum in the highest valence band at Γ points and the minima
of the lowest conduction band at Γ, X and L points is shown in the
lower panel of Fig. 1.1(b). This compound undergoes a direct to
indirect band gap transition when x becomes larger than ∼ 0.45 [3].

• The lowest conduction band 6c is always non-degenerate while the
highest valence band 8c is three-fold degenerate at Γ points if spin-
orbit interaction is neglected.

1.2.2 Heterostructures

Even though it’s the most used device in electronic industry, the Si-
MOSFET does not provide the cleanest 2D carrier systems. The carrier
mobility in these devices suffers from two major limitations. First, as the
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(a)

(b)

(c)

Ga, Al As

a

Figure 1.1: (a) Band structure of bulk GaAs and AlAs without spin-orbit
interaction (courtesy of P. Boulange). (b) Evolution as a function of x of
the lattice parameter a (upper panel) and the band gaps (lower panel) for
the AlxGa1−xAs alloy. (c) Zinc-blende structure of the GaAs, AlAs and
AlxGa1−xAs crystals.
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carriers are confined in the doped Si, scattering by the dopants is impor-
tant. Secondly, the strongly disordered interface between the crystalline
Si and the amorphous SiO2 generates a large interface roughness scat-
tering. These limitations are naturally circumvented in GaAs/AlGaAs
heterostructures that provide very high-mobility 2D carrier systems at
low T . Figure 1.2 shows the T -dependence of the mobility for various
2D GaAs heterostructures and also illustrates the improvement of the
systems’ mobility over a period of 10 years. In this section, the fabri-
cation and the properties of 2D GaAs/AlGaAs heterostructures will be
presented. The case for a n-type system is used as an illustration.

T (K)

µ
 (

m
2
/V

s)

Figure 1.2: Temperature dependence of the mobility for various 2D GaAs
heterostrutures, showing how the electron mobility has been enhanced over 10
years (from Ref. [51]).

Two-dimensional electron systems (2DES) in GaAs/AlGaAs hetero-
structure are built by contacting an n-doped AlGaAs layer and a layer of
intrinsic GaAs (see Fig. 1.3). In order to maintain the alignment of the
Fermi energies in the two materials, the electrons given by the dopant
atoms (generally Si) from the AlGaAs layer move to the conduction band
of the GaAs layer. The electrons leave behind positively charged ions.
This generate an internal electric field that bends the conduction band
and leads to the formation a confining potential at the interface of the
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n-doped AlGaAs undoped GaAs

Ec

Ev

EF

n-doped AlGaAs undoped GaAs

Ec

Ev

EF

2DES

+ + + + + ++ + + + + ++ + + + + + + + + + + +

_ _ _ _ _ _ _ _ _ _ _ _

Figure 1.3: Schematic representation of the formation of a 2DES at the inter-
face of a doped AlGaAs layer with an undoped GaAs layer (Ec is the conduction
band energy, Ev is the valence band energy). The dotted line shows the Fermi
energy EF .

two materials. Electrons are then trapped inside the GaAs layer at the
interface with the AlGaAs layer. The fabrication of such semiconductor
heterostructures has been allowed by the development, in the early 70s,
of the molecular beam epitaxy (MBE) [38]. The MBE technique achieves
the growth of monocrystalline multiple-layer structures with an atomic
scale control of layer thickness, composition and doping profile.

Contrary to the case of the Si-MOSFET, the electrons and the dopant
atoms in heterostructures are spatially separated: consequently, scatter-
ing by the dopants is strongly reduced. Moreover, as stated above, the
GaAs and AlGaAs layers are perfectly lattice matched. As a result, the
interface between these two materials is weakly disordered and interface
roughness scattering is small. Finally, a third reason for the high mo-
bility of GaAs heterostructure is the low effective mass1 m∗ of electrons
in these structures. As the electrons are confined in the GaAs layer,
the relevant effective mass in 2D GaAs/AlGaAs heterostructures is the
isotropic effective mass of bulk GaAsm∗ = 0.067me, whereme is the free
electron mass. For comparison, the effective mass in Si is anisotropic and
has the following values: m∗ = 0.97 me along the [100] crystallographic
direction, while m∗ = 0.19 me along the [010] and [001] crystallographic
directions.

Beyond the above mentioned reasons for the high electron mobility
of GaAs/AlGaAs heterostructures, several fabrication recipes have been
applied to further improve the quality of the 2DES [127]:

• An undoped layer of AlGaAs is generally inserted between the
1While moving in a solid, electrons experience the periodic potential of the crystal

lattice. The effect of this potential can simply be introduced in the Schröedinger
equation by replacing the free electron mass me by an effective value m∗. The value
of m∗ is given by the curvature of the dispersion relation relating the energy of the
carrier to the wave vector.
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Figure 1.4: (a) Illustration of the growth sequence of a high mobility
GaAs/AlGaAs heterostructure with the corresponding conduction band en-
ergy Ec. The dashed line shows the Fermi energy EF . (b) Realistic potential
well and wave function for a GaAs/AlGaAs heterojunction determined by self-
consistent Hartree calculation (from Ref. [51]).
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GaAs and the doped AlGaAs layers. This layer, called spacer, in-
creases the spatial separation between the carriers and the dopants
and, as a result, decreases remote ions scattering.

• A narrow AlAs barrier can be inserted between the GaAs layer
and the spacer in order to increase the confinement of the elec-
tronic wavefunction in the GaAs layer. As the penetration of the
electronic wavefunction in the spacer is strongly decreased and Al-
GaAs is replaced by an AlAs layer with no alloy disorder at the
interface, alloy scattering experienced by the electrons in the 2D
system is reduced.

• The potential fluctuations at the interface due to remote ionized
dopants can be minimized if the thickness of the doping region is
reduced to zero. The doped AlGaAs layer is then replaced by un-
doped AlGaAs and a very narrow layer of dopants. This technique
is known as δ-doping.

• The doping region provides charges both for the 2DES and to pas-
sivate the surface states of the GaAs cap layer. By using a second
δ-doped layer placed closer to the sample’s surface in order to passi-
vate these surface states, it is possible to increase the 2D system’s
mobility. Indeed, the additional dopants that passivate the sur-
face states are far away from the confining interface and do not
contribute to remote ion scattering in the 2DES.

• Some impurities are also introduced by the substrate itself. In or-
der to avoid the diffusion of these impurities to the region where
the 2DES is formed, during the growth process, an AlAs/GaAs
gettering superlattice is grown first. In such a superlattice, the mi-
grating impurities are trapped at the AlAs/GaAs and GaAs/AlAs
interfaces.

A more complete schematic representation of the growth sequence
of a n-type GaAs/AlGaAs heterostructure with the corresponding band
structure is shown in Fig. 1.4(a). Such systems formed at single GaAs/
AlGaAs interfaces are called heterojunctions and provide 2D electrons
confined to a roughly triangular confining potential (the actual shape
of the potential well of a GaAs/AlGaAs heterojunction is shown in
Fig. 1.4(b)). In a different type of structure, referred to as a quantum
well, the GaAs layer is sandwiched between two layers of AlGaAs. In this
case, dopants are sometimes used on both sides of the 2DES. In order to
fabricate 2DESs with comparable densities, larger spacers can be used in



12 TWO-DIMENSIONAL CARRIER SYSTEMS

the case of the quantum wells. As a consequence, remote ion scattering
is reduced and, as long as the second interface does not increase interface
roughness scattering, the electron mobility is improved. Moreover, one
important property of the quantum wells is that they provide structures
where electrons are trapped to square confining potentials. The symme-
try of such confining potential is of great interest in studies of systems
where spin-orbit interaction plays an important role (see Section 1.4.3).

1.3 Non-interacting 2D electron system

1.3.1 Case for zero magnetic field

In the most simplified approach, a 2DES can be described as a Fermi
gas. In such a picture, the interaction between electrons is neglected.
Let’s consider an electron in a material with an isotropic effective mass.
This electron is free to move along the x and y directions but is subject to
a confining potential V (z) along the z direction. If there is no disorder,
such a system is described by the Schöedinger equation in the following
form:

[

− ~
2

2m∗
∇2 + V (z)

]

ψ (x, y, z) = Eψ (x, y, z) , (1.1)

where ~ is the Planck constant, E is the energy and ψ (x, y, z) is the
wave function. As there is no potential along x and y, the motion of
the electron along these directions can be described by plane waves.
On the other hand, along the z direction, the electron experiences the
confining potential and its energy is quantified into discrete level εm that
are solutions of the one-dimensional Schröedinger equation:

[

− ~
2

2m∗

d2

dz2
+ V (z)

]

um (z) = εmum (z) , (1.2)

where m = 0, 1, 2, ... is a positive integer and um (z) are the wave func-
tions corresponding to each quantum number m. If V (z) is an infinite
square quantum well:

V (z) =

{

∞ for |z| ≥ w/2
0 for |z| < w/2

,

where w is the width of the quantum well, then εm is given by

εm =
~

2π2(m+ 1)2

2m∗w2
, (1.3)
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Figure 1.5: Density of states of a 2DES for (a) B = 0, (b) B 6= 0 (no spin)
and (c) B 6= 0 (with spin).

The total energy of the electron in the 2D system writes as

Em(k) =
~

2k2
x

2m∗
+

~
2k2

y

2m∗
+ εm, (1.4)

where k is the total wave vector, kx and ky are the wave vectors along the
x and y directions, respectively. The quantified energy levels along the z
direction are well resolved and they are referred as electrical subbands.

Once we know the allowed energy levels in the 2D system, we can
see how it’s possible to fill them with electrons. Let’s condider a system
with a known electron sheet density n2D. The electron sheet density is
given by the following formula:

n2D =

∫ ∞

−∞
D(E)f(E,EF )dE, (1.5)

where D(E) is the 2D density of states (DOS), f(E,EF ) is the Fermi-
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Dirac occupation function and EF is the Fermi energy. In 2D systems,
the DOS can be decomposed into contributions from each subband. The
DOS per unit area for each electrical subbands has a constant value, and
is given by

D0 =
m∗

π~2
. (1.6)

The total DOS then writes as

D(E) = D0

∑

m

ϑ(E − εm), (1.7)

where ϑ(x) is a step-like function. The total DOS is represented in
Fig. 1.5(a) and is a step-like function with jumps of D0 occuring when
the energy reach the bottom of an electrical subband εm. We note here
that in most 2DESs, only the lowest electrical subband is populated.

1.3.2 Case for a perpendicular magnetic field

For the 2D systems considered here above, if a perpendicular mag-
netic field B is applied, then the Schröedinger equation writes as

[

1

2m∗
(p + eA)2 + V (z)

]

ψ (x, y, z) = Eψ (x, y, z) , (1.8)

where p is the canonical momentum operator and A is the magnetic
vector potential2. This magnetic vector potential can be chosen as
A = (0, Bx, 0). The Schröedinger equation can be reformulated in the
following form,

[

− ~
2

2m∗
∇2 − ie~Bx

m∗

∂

∂y
+

(eBx)2

2m∗
+ V (z)

]

ψ (x, y, z)

= Eψ (x, y, z) . (1.9)

One can see from this equation that B only couples to the motion of
the electrons in the plane of the 2D system (along x and y). Classically,
through the Lorentz force, the magnetic field drives the electrons in a
circular motion at a frequency ωc, known as cyclotron frequency and
given by:

ωc =
|e|B
m∗

, (1.10)

2The magnetic potential vector is defined as follows: ~B = ~rot~A.
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and with a cyclotron radius rc of

rc =

√

~

eB
, (1.11)

where e is the electron charge. As the magnetic field only affects the mo-
tion of electron within the plane of the 2D system and confining potential
along the z direction has only an additive contribution, the in-plane and
transverse part of Eq. (1.9) can be solved separately. This leads to the
following total energy for the electrons:

Em,r = εm + ~ωc(r +
1

2
), (1.12)

where m, r = 0, 1, 2, ... are positive integers and εm are the transverse
electrical subbands given by Eq. (1.3). The electron energies obtained
here are independent of k. The electrons condensate into highly degen-
erate energy levels, called Landau levels (LLs). For levels originating
in the same transverse electrical subband, the energy gap between two
Landau level is ~ωc while the degeneracy of each level is 2(eB/h). The
DOS of a 2DES subject to a magnetic field is then given by

D(E,B) = 2
eB

h

∑

m,r

δ (E − Em,r) , (1.13)

where δ(x) is the delta function. This DOS, represented in Fig. 1.5(b), is
made of a series of δ-like LLs. When B is swept up, the LLs move away
from each other and are depopulated when passing through EF . The
increase of B also induces a variation of EF . Indeed, EF moves with the
DOS in order to keep the number of electrons constant: the Fermi level
follows the evolution of the highest LL until it is completely empty and
then jumps to the following LL. The evolution of EF as a function of B
is shown in Fig. 1.6 for a perfect 2D systems with δ-like LLs.

In the previous developments, the spin of the electron has been ne-
glected. However, when a magnetic field is applied, the electron spin can
no more be omitted as B interacts with it through the Zeeman splitting.
This particular interaction can be inserted in the Schröedinger equation
by adding the following term to the hamiltonian of Eq. (1.8):

HZ = sg∗µBB, (1.14)

where s = ±1

2
is the spin quantum number of the electron, g∗ is the

effective Landé factor and µB is the Bohr magneton. With this additional
term, the energy spectrum and the DOS reads:
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Figure 1.6: Variation of EF as a function of B for a perfect 2D system with
δ-like LLs and EF (B = 0) = 10 meV. The fan of thin lines shows the evolution
of the LLs’ energies while the thick one indicates EF (from Ref. [51]).

Em,r,s = εm + ~ωc(r +
1

2
) + sg∗µBB, (1.15)

and

D(E,B) =
eB

h

∑

m,r,s

δ (E − Em,r,s) . (1.16)

As shown in Fig. 1.5(c), for each Landau level, electrons with different
spins split into two new level that have half the degeneracy of the initial
ones and that are separated by the Zeeman energy EZ = g∗µBB. It’s
useful to define here the LL filling factor ν that measures the number of
spin non-degenerate LLs that lie below EF :

ν =
n2Dh

eB
. (1.17)

1.3.3 Magnetotransport in two-dimensional systems

Within the Drude model, developed for degenerate electron gas, the
longitudinal and Hall resistivities, ρxx and ρxy of a 2D system subject to
a perpendicular B, are expected to be

ρxx =
1

|e|n2Dµ
and ρyx =

B

|e|n2D
, (1.18)
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I
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Figure 1.7: Longitudinal and Hall resistivities as a function of B and at
T = 0.4 K of a 2DES with a density of n2D = 8.5×1014 m−2. Inset: Schematic
representation of the sample geometry and measurement configuration for the
determination of the longitudinal and Hall resisivities. The shaded area shows
the Hall bar where the 2D carrier system has been confined. The ohmic contacts
(OC), the metallic top gate (TG) and back gate (BG) are also shown.

where µ is the system mobility. When B is swept up, ρxx is expected
to be constant while ρxy should increase linearly. The measured low
T longitudinal and Hall magnetoresistivities of a 2DES are shown in
Fig. 1.7. The prediction of the Drude model are correct only at low B
(. 0.1 T). At higher B, the longitudinal resistivity shows Shubnikov-
de Haas (SdH) oscillations, while the Hall resisivity exhibits a series of
plateaus. This spectacular behaviour find its origin in the quantification
of the electron energy into LLs that is not taken into account by the
Drude model and is referred as the integer quantum Hall effect (QHE).

In order to explain the integer QHE, several crucial points, that have
been omitted in the previous description of 2DESs, have to be clari-
fied [50, 160, 207]:

• The measured samples have always a finite size. The edges of the
sample can be represented as confining potentials along the x and
y direction. These confining potentials are zero in the bulk of the
sample but increase at the edges. The electron states, i.e. the LLs,
behave similarly as the confining potential. Their energies are given
by Eq. (1.12) in the bulk of the sample but increase when the edge
is approached. There are then allowed energy states at the Fermi
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energy close to the edges of the sample, these particular states are
referred as edge states.

• The unavoidable presence of disorder in a 2DES broadens the δ-
like Landau levels so that they have a rather gaussian-like shape.
Moreover, due to disorder, we also have to distinguish the extended
states that have energies centered around the original LLs ener-
gies and the localized states. These states are schematically rep-
resented in Fig. 1.8. Finally, one last important point concerning
these states is that only the extended states can carry an electrical
current.

 EF 
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Figure 1.8: Broadening of the LLs due to the presence of disorder. The
extended states are centered around the original position of the LLs, while the
localized states lie between the extended states.

When a 2D system is subjected to a magnetic field, two different
situations can exist. First, if EF lies in the extended states that spread
over the entire sample, then the system behaves as a normal metal: its
longitudinal resistivity has a finite value and the Hall resistivity increases
with B. On the other hand, if EF lies in the localized states, only the
edge states can carry an electrical current. Edge states on opposite sides
of the sample will carry the electrical current in opposite directions3. Due
to the spatial separation of the electron states that carry the current in
opposite direction, the backscattering of electrons is almost impossible
as only localized states are populated in the bulk of the sample: the

3In a classical picture, B drives the electrons into circular orbits. Close to the
edges of the sample, the circular orbits bounce and conduct the electrical current
along the edge of the sample. These conducting trajectories as referred as skipping
orbits.
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longitudinal resistivity then exhibits a minimum at integer ν. In this
particular configuration, the Hall resistivity is flat. It can be shown that
each egde state contributes equally to the total current [50], ρxy then
has a value that depends only on the number of occupied edge states (or
LLs) M and on fundamental constants:

ρxy =
1

M

h

e2
. (1.19)

It is necessary to highlight here the importance of the localized states.
They allow to the Fermi level to lie between two extended states. The
gradual transition of the Fermi level from one extended state to the
other is a key ingredient for the observation of the quantum Hall effect,
as it allows for the measurements of plateaus of finite width in the Hall
magnetoresistivity of a 2DES.

The existence of the integer QHE is intimately related to the quantifi-
cation of the electron energy states in Landau levels. This implies that
the LLs need to be well resolved. More precisely, the broadening of the
energy levels due to the presence of disorder or to the temperature has
to be smaller than the energy gap between two extended states. These
conditions can be formulated as follow:

h

τm
, kBT . ~ωc, (1.20)

where τm is the momentum relaxation time, kB is the Boltzman constant.
It can be observed from Fig. 1.7 that above ∼ 0.5 T, the oscillations of
ρxx splits in two. This effect is due to the resolution of the spin energy
levels. Similar to the previous case, it happens when the EZ is sufficiently
larger than the energy level broadening:

h

τm
, kBT . g∗µBB. (1.21)

The magnetotransport properties of 2DESs have been described in
this section whithout considering weak localization and electron-electron
interaction. Of course, in a 2DES produced at the GaAs/AlGaAs inter-
face, these effects can not be neglected. The weak localization brings a
quantum correction to the resistivity that leads to the observation of a
negative magnetoresistivity peak around B = 0. The weak localisation
will be further described in the next chapter in the context of coher-
ent transport. Electron-electron interaction combined with disorder and
magnetic field has been shown, both experimentally and theoretically, to
generate many new quantum phases, including electron solids [18, 81], as
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well as composite fermions [87, 101], skyrmions [29], Bose-Einstein con-
densates [57] ... Some of these many-body ground states will be studied
later in the text through thermopower experiments.

1.4 The two-dimensional GaAs hole system

1.4.1 Realization

GaAs/AlGaAs 2DESs are most often produced by growing the layer
sequence detailed in Section 1.2.2 starting from a (100) GaAs wafer and
using Si atoms as donors in the δ-doped layer. Two-dimensional hole
systems (2DHSs) can be fabricated using a similar procedure and substi-
tuting Be for Si to dope the structure. However, Be atoms easily diffuse
during the growth process and, as a result, reduce the hole mobility at
the GaAs/AlGaAs interface. Another way to generate 2DHSs is to keep
the Si atoms as dopants but to use a (311)A GaAs wafer as substrate.
When the sample’s growth is performed on such a substrate, the Si atoms
substitute preferentially for the As atoms instead of the Al or Ga atoms
and, as a consequence, act predominantly as acceptors. The 2DHSs in-
vestigated in this work were all fabricated from (311)A GaAs wafers,
using Si atoms as dopants.

1.4.2 Interface roughness scattering

Two dimensional hole systems grown from (311)A wafer exhibit a
mobility anisotropy: holes have a higher mobility along the [2̄33] (high-
µ) cristallographic direction than along the [011̄] (low-µ) cristallographic
direction. A careful study of the hole mobility as a function of the hole
sheet density p has shown that the main scattering mechanisms along
the high-µ direction is remote ionized impurity scattering, while, along
the low-µ, interface roughness scattering dominates [91]. The mobil-
ity anisotropy hence originates from an increase of interface roughness
scattering along the [011̄] direction. This behaviour has been elucidated
through scanning tunneling microscope imaging of a (311)A GaAs sur-
face after the MBE growth. The images revealed that the surface’s mor-
phology shows both nanoscopic and mesoscopic corrugations [143, 197].
The nanoscopic surface corrugation, that stems from a surface recon-
struction, has a periodicity of ∼ 3 nm, much smaller than the hole Fermi
wavelength4 and, as a result, does not affect the hole mobility. As for
the mesoscopic corrugation, it ripples over lengths of the same order of
magnitude as λF . The anisotropic hole mobility then likely comes from

4For a 2D system with a typical hole density p = 2 × 10
15

m
−2, λF = 56 nm.
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the aperiodic mesoscopic surface corrugations that are embedded in the
GaAs/AlGaAs interface during the growth process.

1.4.3 Spin-orbit interaction

In the previous sections, we have presented the properties of GaAs
2DESs. In this case, the spin-orbit interaction is weak5 and was not taken
into account. For the specific case of GaAs 2D holes, however, spin-orbit
interaction is important and strongly modifies the band structure [202].
Before presenting its effects in detail, it is useful to briefly define the
spin-orbit interaction. Spin-orbit interaction is a relativistic effect that
couples the spin of a particle to its orbital angular momentum. It can
simply be depicted as follows. Let’s consider a charged particle that
moves in an electric field. This particle feels an effective magnetic field
in its own frame of reference. The effective magnetic field interacts with
the particle’s spin and, as a result, modifies its energy.

In bulk GaAs, the electric field that leads to the spin-orbit inter-
action originates in the lack of inversion symmetry of the zinc-blende
crystallographic structure. This contribution to the spin-orbit interac-
tion is generally referred as the bulk inversion asymmetry (BIA) or as
the Dresselhaus term. We have seen in Section 1.2.1 that if the spin-orbit
interaction is neglected, the valence band is threefold degenerate around
the Γ points. When spin-orbit interaction is taken into account, this
degeneracy if lifted. The resulting band structure of bulk GaAs close to
the fundamental gap is presented in Fig. 1.9(a). One of the subbands,
the split-off band (SO), is shifted downwards by ∆so in energy. The two
other bands are split but remain degenerate at k = 0. As their cur-
vatures are not the same, different effective masses are associated with
each band. We distinguish the light hole band (LH) with s = ±1

2
and

the heavy hole band (HH) with s = ±3

2
.

In heterostructures, one additional term contributes to the total spin-
orbit interaction. This contribution stems from the electric field pro-
duced by the asymmetry of the vertical confining potential and is referred
as the structure inversion asymmetry (SIA) or as the Rashba term. One
important property of the SIA is that, contrary to the BIA that only
depends on the crystallographic structure and hole density, it can be
considerably tuned experimentally by means of top and/or back gates
(see inset to Fig. 1.7). Within this context, the fabrication of quantum
wells with square vertical confining potential is particularly interesting as
the SIA contribution to the total spin-orbit interaction can be recuced

5The weakness of the spin-orbit interaction in 2D GaAs electron systems can be
evidenced, e.g. by the absence of weak anti-localization at low T [39].
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Figure 1.9: Band structure of GaAs around the fundamental gap with spin-
orbit interaction for (a) a bulk system and (b) a 2D system. (c) Magnified view
of the HH subband spin splitting into the HHh and HHl subbands.

to zero in such structures. When holes are confined to a 2D system,
the degeneracy of the HH and LH subbands at k = 0 is lifted and the
subband energies are shifted. For a confined system, the heavy or light
character of the bands refers to the effective masses in the confinement
direction. Since the confinement-induced subband energies are inversely
proportional to the effective mass perpendicular to the 2D system, the
LH subband has a larger hole energy than the HH subband. Neverthe-
less, within the plane, the heavy or light character of the HH and LH
subbands are reversed: the LH subband has a heavier in-plane effective
mass than the HH one. The energy shift as well as the anti-crossing
of the HH and LH subbands around the fundamental gap are schemat-
ically represented as a function of k‖ in Fig. 1.9(b). Depending on the
confinement properties, the mixing of the LH and HH subbands can



1.4. The two-dimensional GaAs hole system 23

reverse the curvature of the LH subband near k = 0 and lead to a neg-
ative hole effective mass in this subband. In our samples, however, the
Fermi energy and the 2D system’s thickness are small enough so that
only the HH subband is populated. Considering E(k‖) of the different
subbands, it can be shown that for the conduction band (CB) and the
SO band, the Fermi surfaces remain almost circular. For the LH and HH
subbands, however, the Fermi contour is warped and therefore the hole
effective masses within the plane of the 2D system are anisotropic. One
last effect of the spin-orbit interaction has to be taken into account. As
explained previously, due to the presence of an electric field, the holes
feel an effective magnetic field which lifts the remaining degeneracy of
the different subbands, namely the spin degeneracy, at finite wave vec-
tors. If we consider a 2DHS with only the HH subband populated, the
spin-orbit interaction splits the HH subband as shown in Fig. 1.9(c) and
generates a zero-B spin splitting. The two new spin subband are referred
as the heavier heavy holes (HHh) and the lighter heavy holes (HHl) sub-
bands. The exact determination of the effectives masses associated with
the HHl and HHh subbands is quite difficult as they depend on sample’s
parameters such as the width of the confining potential and the hole den-
sity. Several studies [41, 94, 127, 147] have attempted to measure these
quantities and have determined that they can reasonably be expected to
lie between ∼ 0.2 and ∼ 0.6 me.





Chapter 2

Mesoscopic transport in open

quantum dots

La théorie, c’est quand on sait tout et que rien ne
fonctionne. La pratique, c’est quand tout fonctionne
et que personne ne sait pourquoi. Ici, nous avons
réuni théorie et pratique : Rien ne fonctionne... et
personne ne sait pourquoi !

Albert Einstein

2.1 Introduction

Intensive and ceaseless efforts have been devoted to the quest of high-
performance electronic devices over the past decades. Up to now, the
improvement of the electronic chips’ speed and density has mainly been
realized through a reduction of the size. However, the size of the exist-
ing electronic components can not be decreased indefinitely. When the
system’s dimensions become comparable to the electrons’ characteristic
lengths, i.e. at the mesoscopic scale [50], new transport regimes appear.
When such regimes are entered, the well-known macroscopic transport
laws are no longer applicable. To further reduce the devices’ size, a new
generation of electronic sytems that take advantage of these mesoscopic
properties of the carrier needs to be developed. Several possibilities have
already been considered including, e.g., quantum computing [14], spin-
tronics [162, 204, 214] or molecular electronics [105, 106, 170]. Within
this context, a clear understanding of the low-dimensional transport
properties of electron systems is of major importance. This chapter first
reviews the main transport characteristic lengths associated with the

25
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carrier and the related transport regimes. Secondly, it presents the case
of open quantum dots (QDs) that provide one of the most useful tools
to study the specific case of coherent transport in a confined system.

2.2 Characteristic lengths and related regimes

2.2.1 Mean free path

2.2.1.1 Definition

In the previous chapter, we have seen that a metallic system can be
described as a gas made of independent electrons with a mass m∗. In a
real system, however, electrons are scatterred by the crystal defects and
impurities as well as by the phonons. Two different types of scattering
have to be distinguished: elastic scattering, which leaves the electron’s
energy unchanged, and inelastic scattering, which modifies the electron’s
energy. The electron momentum is randomized after a time τm, the mo-
mentum relaxation time. The mean free path lm is the distance covered
by an electron before its initial momentum is destroyed, and can be
defined by

lm = vF τm, (2.1)

where vF is the Fermi velocity1. From the Drude model, the momentum
relaxation time can be related to the mobility µ using the following
formula:

µ =
|e|τm
m∗

. (2.2)

Combining Eq. (2.1), Eq. (2.2) and Eq. (1.18), it is possible to calculate
the mean free path of the electrons in a 2D system from the longitudinal
resistivity at B = 0. For example, in the case of the 2DES presented in
Fig. 1.7, ρxx = 150 Ω/sq. at 0.4 K, equivalent to a mean free path lm =
2.3 µm. Several other techniques have been developed to measure lm.
However, all observables do not have the same sensitivity to the different
scattering events and, as a consequence, do not provide the same value
of lm. As an example, values of lm extracted from magnetic focusing
peak amplitudes that are sensitive to both small angle and large angle
scattering are found to be about two times smaller than values extracted
from the mobility that is mostly affected by large angle scattering [179].

1vF =
~kF

m∗
=

~

m∗

√
2πn2D.
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2.2.1.2 Ballistic transport

When the dimensions of a device are lowered below lm, an electron
experiences scattering events only at the boundaries of the device. The
transport is referred as ballistic and the sample’s resistance strongly de-
pends on its shape.
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Figure 2.1: (a) Schematic representation of a four-contact transverse magnetic
focusing device. (b) Magnetoresistance at T = 0.5 K of a transverse magnetic
focusing device with L = 5 µm and realized in a GaAs 2DHS with p = 4.5 ×
1015 m−2. Above B ∼ 0.2 T, Shubnikov-de Haas oscillations are superimposed
on the focusing peaks (from Ref. [92]).

One experiment that nicely illustrates the ballistic behaviour of elec-
trons in low dimensional systems is the transverse magnetic focusing [191,
179, 140, 141]. Let’s consider the device presented in Fig. 2.1(a). Start-
ing from a 2DES, two constrictions separated by a distance L . lm are
defined (the black areas are the zones where the 2D carrier system is
depleted). A current IC1C2 is applied between the contacts C1 and C2.
Through the Lorentz force, a magnetic field drives the carriers into a
circular motion. When L is a integer multiple of the cyclotron diame-
ter, the carriers that flow from the emitter are focused into the collector,
eventually after several bounces on the device’s boundary. In such config-
uration, a peak is observed in the voltage drop VC3C4 measured between
contacts C3 and C4. The measurement of such peaks is shown as a
function of B in Fig. 2.1(b) for a device with L = 5 µm realized on a
2DHS. The resistance is defined as R = VC3C4/IC1C2 and is measured at
T = 0.5 K. A clear series of periodic oscillations of R, corresponding to
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the magnetic focusing of the hole beam from the emitter to the collector,
are observed and establish that ballistic transport of holes is achieved in
this system.

2.2.2 Phase coherence length

2.2.2.1 Definition

Ballistic transport highlights the corpuscular behaviour of electrons.
However, the quantum nature of electrons implies that they do not only
behave as particles but also as waves. One consequence of the wavelike
characteristic of electrons is that they carry a phase. In analogy with the
momentum, the electron phase can be randomized by scattering events.
Nevertheless, the phase is only sensitive to inelastic scattering, including
electron-phonon scattering, electron-electron interaction and scattering
by impurities with an internal degree of freedom like magnetic impurities.
The timecsale over which the memory of the original phase of the electron
is kept is the dephasing time2 τφ. The distance covered by an electron
before it loses its phase is the phase coherence length lφ and is given by

lφ = vF τφ, (2.3)

if τm ≈ τφ. However, in disordered 2D systems at low T , when electron-
phonon scattering is negligible, τφ can be substantially larger than τm.
In this case, lφ is given by

lφ =
√

Dτφ, (2.4)

where D = v2
F τm/2 is the diffusion coefficient.

2.2.2.2 Coherent transport

If the size of a device is comparable to lφ, the electron phase inside
the system is preserved and the different possible electron paths interfere
with each other. The interference of the electron partial waves that travel
along the different paths leads to a quantum correction to the system’s
conductivity. The transport is said to be coherent.

The quantum interference of electrons can be illustrated with the
Aharonov-Bohm interferometer [4]. In this experiment, an electron beam
is split in two paths that are then recombined in order to interfere. Con-
cretely, this can be realized by applying an electrical current through
a quantum ring [184, 195, 196] as shown in the inset of Fig. 2.2. The

2The dephasing time τφ is also known as the coherence time.
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500 nm

Figure 2.2: Aharonov-Bohm oscillations of the magnetoresistance of a quan-
tum ring realized in a InGaAs 2DES with n2D = 1.6×1016 m−2. Measurements
are performed at T = 1.4 K. Inset: SEM image of the quantum ring with a
schematic representation of the carrier trajectories. The dark areas are the
etched regions where the 2DES has been depleted. Courtesy of B. Hackens.

electrical current flowing through the ring is split between the two arms.
The two different paths are recombined at the output of the ring where
the electron partial waves interfere. If a magnetic field is applied per-
pendicular to the plane of the ring, the phase accumulated by electrons
along the two arms of the device are shifted by ∆ϕ from each other, with

∆ϕ =
2π|e|BA

h
, (2.5)

where A is the area of the ring. When the magnetic field is swept,
the interference at the exit of the ring is then alternatively tuned from
constructive to destructive. Consequently, the quantum correction to
the resistance of the ring oscillates periodically as a function of B, as
presented in Fig. 2.2.

2.2.3 Fermi wavelength

The wavelength of electrons at the Fermi level λF , is inversely pro-
portional to the electron density. In a 2DES, λF is given by

λF =

√

2π

n2D
. (2.6)
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When one dimension of a metallic system is comparable to λF , the quan-
tification of the energy into discrete levels along this particular direction
becomes effective, i.e. only a few number of energy levels remain pop-
ulated. However, similar to the case of the LLs (see Section 1.3.3), an
additional condition has to be fulfilled in order to observe well resolved
discrete energy levels: their separation in energy must be larger than
their broadening given by h/τm and kBT .

w

gates

Vg Vg

T = 0.4 K

Figure 2.3: Conductance g as a function of the gate voltage Vg at 0.4 K of
a quantum point contact realized in a GaAs 2DES with an electron density
of n2D = 2.3 × 1015 m−2. Inset: Schematic representation of the quantum
point contact. The shaded areas represent the metallic gates deposited on top
of the sample; these gates are used to deplete the 2DES beneath them. The
lithographic width of the constriction is w = 0.4 µm.

The discreteness of the electron energy spectrum in confined sys-
tems can be evidenced by electrical transport measurements performed
through a quantum point contact (QPC) [192, 193]. A QPC is a narrow
constriction realized by laterally confining a 2DES by means, for exam-
ple, of metallic top gates. Such a device is schematically represented
in the inset of Fig. 2.3. By applying a negative voltage Vg to the top
gates, it is possible to deplete the zone of the 2DES that lies underneath
the gates. The 2DES is then confined to a narrow one-dimensional (1D)
channel. If the width w of the constriction is comparable to λF and the
additional condition exposed above is satisfied, the 1D electrical sub-
bands in the channel are resolved. Provided that the system is ballistic
and that the electrical transport through the constriction is adiabatic,
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meaning that electrons can not be transferred between two different sub-
bands, the conductance g of the 1D channel is given by [50],

g =
2e2

h
MT, (2.7)

where the M is the number of subbands (or modes) populated in the
1D channel and T is the average probability for an electron to be trans-
mitted through the constriction. If the gate voltage is further decreased,
the extent of the depletion zone increases and w is reduced. As a result,
sweeping down Vg depopulates in turn the 1D subbands in the constric-
tion. The conductance as a function of Vg of a QPC is shown in Fig. 2.3.
The successive depopulation of the different modes in the constriction
when Vg is decreased leads to jumps of ∼ 2e2/h in the QPC’s conduc-
tance.

2.3 Open quantum dots

2.3.1 Description

1 µm

(a)

2 µm

(b)

Figure 2.4: (a) SEM image of an open QD realized by wet etching. The
dark areas are the etched regions. (b) SEM image of an open QD defined with
Ti/Au top gates (light area).

Open QDs are micrometer-sized cavities connected to electron reser-
voirs by two QPC leads with at least one mode populated. They are
built from high-mobility heterostructures, so that, at low T , the electri-
cal transport inside the cavity is both ballistic and coherent. Starting
from a 2DES, the electrons can be laterally confined to a cavity by means
of etching or using top gates. Figure 2.3 shows two examples. Open QDs
defined by top gates have the advantage that, by adjusting the voltages
applied on the different gates, it is possible to independently control the
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dot’s surface and shape as well as the number of modes in the QPC
leads. For an etched QD, on the other hand, a top gate covering the en-
tire device can be added. In this configuration, the gate voltage modifies
the electron density in the cavity and the number of modes in the QPC
leads at the same time.

2.3.2 Magnetoconductance of open quantum dots

e-
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Figure 2.5: (a) Carrier trajectories in a ballistic open quantum dot. (b)
Magnetoconductance of a 0.5 µm2 circular quantum dot built from an InGaAs
2DES with n2D = 1 × 1016 m−2 at two different temperatures. Courtesy of B.
Hackens.

2.3.2.1 Magnetoconductance fluctuations

The conductance g of an open QD is presented in Fig. 2.5(b) as
function of B. At low T (0.4 K), the magnetoconductance shows a
rich spectrum of fluctuations that are reproducible and symmetric with
respect to B = 0 [129]. The behaviour of the electrons inside the cavity
is schematically represented in Fig. 2.5(a). When an electron enters
the QD in one lead, several different paths are possible to reach the
second lead. If the two-terminal QD is both in the ballistic and coherent
regimes, the different electron paths are only scattered at the boundaries
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of the cavity3 and interfere at the exit lead. Just like in a quantum ring,
a magnetic field applied perpendicular the plane of the device changes
the phase accumulated by the different electron paths and, as a result,
modifies the interference at the exit of the QD. However, contrary to
the case of the quantum ring, the different electron trajectories in a QD
do not enclose identical magnetic fluxes. Consequently, the pattern of
the magnetoconductance fluctuations (MCFs) is aperiodic. The shape
of the MCFs pattern is determined by the QD’s geometry as well as by
the disorder potential in the cavity.

The different trajectories inside the QD, through the area they en-
close, directly determine the shape of the MCFs pattern. The MCFs
should then be a sensitive tool to study the electron dynamics inside
the cavity. Classicaly, the dynamics of a ball moving ballistically, with
specular bounces at the border in a given system is determined by the
geometry of this system. One needs to distinguish between the chaotic
and regular dynamics. The dynamics is said to be chaotic if the system
behaviour is random, i.e., is exponentially sensitive to the initial con-
ditions. In this case, the ball probes the system in an ergodic fashion
(it goes everywhere in the system) before it exits. Quantum systems
like ballistic open QDs have been proposed to be excellent candidates
to study the quantum manifestations of classical dynamics [102]. In this
context, several statistical properties, like the electron escape rate or the
spectral behaviour of the MCFs, have been predicted to differ for systems
exhibiting regular vs chaotic dynamics [5, 17, 102, 103, 116]. Some of
these predictions have been verified experimentally for QDs with chaotic
and regular geometries [128, 129, 130]. However, it has been shown that,
in real QDs, both regular and chaotic regions always coexist indepen-
dently of their geometries [6, 44].

2.3.2.2 Magnetoconductance background

Figure 2.5(b) also shows a magnetoconductance trace measured at
higher T (90 K). At this T , thanks to the reduction of the electron
dephasing time, the MCFs disappear and only the slowly varying back-
ground remains. The mean conductance of the background is determined
by the number of modes populated in the QPC leads. The slowly vary-
ing pattern is generated by the ballistic trajectories inside the cavity. As
an example, for the particular case of the QD’s conductance shown in
Fig. 2.5(b), the oscillations observed at 90 K can clearly be ascribed to
magnetic focusing from one QPC lead to the other (see Ref. [85]).

3By analogy to the macroscopic case, open QDs are also known as quantum bil-
liards.
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2.3.2.3 Weak (anti)-localization

Impurity

e- e-

Disordered 2D system Ballistic open QD

(a) (b)

Figure 2.6: Schematic representation of the carrier trajectories travelling in
opposite directions leading to coherent backscattering for (a) a 2D disordered
system and (b) a ballistic open quantum dot.

The weak localization (WL) is a coherent effect that leads to a quan-
tum correction to the conductivity. In two dimensions, WL was first
predicted and observed in disordered systems [1, 23, 118]. If one con-
siders an electron moving in a 2D disordered system, there are some
trajectories that bring the electron back to its initial position after sev-
eral scattering events (Fig. 2.6(a)). For each of these trajectories, there’s
a possibility for the electron to propagate on the same path but in the
opposite direction. As these two paths are identical, the phase accumu-
lated by the electron partial waves along the opposite directions are the
same (time reversal symmetry). As a result, the pairs of paths propagat-
ing in opposite directions always interfere constructively. Therefore, it
can be shown that in a quantum system the probability for an electron to
be backscattered to its original position is twice as large as in a classical
diffusion consideration. This enhanced coherent backscattering reduces
the classical conductivity by a factor ∆σ, given by [50],

∆σ = − e2

πh
ln

(

τφ
τm

)

. (2.8)

Once a magnetic field is applied perpendicular the 2DES, the phases ac-
quired by electron along opposite direction paths are shifted with respect
to each other and the time reversal symmetry is broken. The magneto-
conductance of a disordered 2DES shows a dip around B = 0. For an
arbitrary value of B, the quantum correction to the conductivity ∆σ
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is [11, 23]

∆σ(B) = − e2

πh

(

ln

(

Bφ

B

)

− Ψ

(

1

2
+
Bφ

B

))

, (2.9)

where Bφ = ~/(4eDτφ) and Ψ is the Digamma function. The WL cor-
rection to the conductivity ∆σ is correct if the spin-orbit interaction is
negligible. In the presence of strong spin-orbit coupling, i.e., if the spin-
orbit scattering time τso is much smaller than τφ, the two complementary
waves propagating in opposite directions lose the memory of their ini-
tial spin. It can be shown that, in this case, the quantum correction to
the conductivity at B = 0 has a reverse sign and is two times smaller
than that given by Eq. (2.9) [21, 22]. One then speaks about weak anti-
localization (WAL). In the absence of magnetic impurity scattering, the
WAL correction to the magnetoconductivity is given by [93]

∆σ(B) = − e2

2πh

[

3

2
Ψ

(

1

2
+
B2

B

)

−1

2
Ψ

(

1

2
+
B3

B

)

− Ψ

(

1

2
+
B1

B

)]

, (2.10)

with

B1 = B0 +Bso,
B2 = Bφ + 4

3
Bso,

B3 = Bφ,

where B0 = ~/(4eDτ0), Bso = ~/(4eDτso) and τ0 is the elastic relaxation
time4. It is worth noting that Eq. (2.10) is only valid for weak spin-orbit
interaction, in the sense that τso > τm. Several improvements of the
theory have been developed for arbitrary values of τso (see Refs. [112,
123, 134]). As an illustration, Fig. 2.7 shows the transition from WL
to WAL with the increase of spin-orbit interaction. The curves were
calculated from Eq. (2.10).

The WL and WAL effects described above for disordered 2DES can
be transposed to open QDs. As sketched in Fig. 2.6, similar closed loop
trajectories can exist in a ballistic quantum dot where the scattering by
impurities or defects is replaced by boundary scattering. The observation
of the WL/WAL correction to the conducivity, however, is more difficult
in QDs than in 2DES (see Fig. 2.5(b)). Indeed, the magnetoconductiv-
ity of an open QD presents a second quantum correction, namely the

4If one consider a system where electron-phonon can be neglected (for example at
low T ), then τ0 ∼ τm.
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Figure 2.7: Weak (anti)localization correction to the conductivity for a 2DES
with n2D = 2 × 1015 m−2, τ0 = 0.02 ns and τφ = 1 ns. Traces were calculated
from Eq. (2.10) with τso = 5, 0.08 and 0.01 ns.

MCFs. The superposition of the MCFs and the WL/WAL correction to
the conducivity makes the quantiative analysis or even the observation
of WL/WAL extremely difficult. Fortunately, contrary to the MCFs, the
WL/WAL correction to the conducivity does not depend on the shape of
the QD or on the disorder potential in the cavity. This particular prop-
erty can be used to isolate the WL/WAL correction to the conductivity
from the MCFs. For example, by differently adjusting the gate voltages
of a gate-defined QD, its shape can be distorted while its area is kept
constant. The WL/WAL correction to the conductivity is extracted by
averaging the magnetoconductivity traces obtained for each shape of the
QD (see Fig. 2.8) [98, 213]. It is worth noting here that the independence
of the WL/WAL effect on the QD’s shape is valid if one assumes that
the electron dynamics in the QD is fully chaotic. It has been argued that
the exact shape of the WL peak in the magnetoresistance of an open QD
could probe whether the electron dynamics inside the cavity is either
regular or chaotic [15, 27, 37].

2.4 The random matrix theory

The random matrix theory (RMT) is based on an idea introduced by
Wigner in the 1950s, and was developed in the 1960s by Dyson, Mehta
and Gaudin to describe the spectral properties of heavy nuclei [133, 157].
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Figure 2.8: Magnetoconductances of an electron open QD for different shapes
adjusted by means of top gates. The bold trace shows the averaged magne-
toconductance for 30 independent shapes in order to isolate the WL/WAL
correction to the magnetoconductivity (from Ref. [96]).

The main concept of the RMT is that the particular features that deter-
mine the microscopic hamiltonian governing the evolution of the system
are ignored. Only the fundamental space-time symmetries of the system
are kept to build a random hamiltonian that only provides universal in-
formation. Recently, an RMT of quantum transport has been developed
for mesoscopic systems (for a review, see Refs. [8, 20]). This RMT was
successfully applied to chaotic open QDs to predict their universal prop-
erties such as the mean conductance, the WL/WAL correction to the
conductivity, and the variance of the MCFs.

Before providing the main results of the RMT for a ballistic open
QD, it is worth noting the main assumptions and limitations introduced
within this theory:

• The electron dynamics in the QD must be chaotic.

• The dwell-time τd must larger than the ergodic time τerg. In other
words, the electron should probe the entire phase space ergodi-
cally5.

• For most of the RMT’s predictions, the number of modes in the
QPC leads must be much larger than one.

5The dwell-time is τd =
m∗A
~N

, where A is the QD’s area and N is the number of

modes in the QPC leads. The ergodic time is given by τerg ≃ L2

vF min(lm,L)
, where L

is the size of the QD.
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For the properties of interest here, namely the WL correction to the
conductivity δgWL and the MCFs variance var(g), the RMT predicts for
a system at T = 0, with no spin-orbit interaction, [16]

δgWL =
e2

h

N

2N +Nφ
N ≥ 2, (2.11)

and

var(g) =
e4

h2

N2

(√
4N2 − 1 +Nφ

) N ≥ 2, B 6= 0, (2.12)

where N is the total number of modes in the QPC leads. The number
of modes Nφ in the fictitious φ-lead that is virtually added in order to
account for the decoherence in the QD, writes as

Nφ =
2π~

τφ∆
, (2.13)

with the spin-degenerate mean level spacing ∆ given by

∆ =
2π~

2

m∗A
, (2.14)

where A is the QD’s area. In Refs. [30, 31], Brouwer et al. developed an
extension of the φ-lead model that provides a more realistic description
of dephasing processes in QDs and accounts for their spatial distribution.

At finite T , the electrons that contribute to electrical transport are
spread out in energy around EF . In this case, the QD’s conductance
is provided by a weighted average over the conductances of all the con-
tributing energy states. This writes as [55]

g = −
∫

f ′(E)g(E)dE, (2.15)

where f ′(E) is the derivative of the Fermi-Dirac distribution. It can be
shown that, as Eq. (2.15) is linear in g, the expression of δgWL given in
Eq. (2.11) is not affected by the thermal smearing, meaning that δgWL

depends on T only via τφ. The MCFs variance, on the other hand, is
modified by T . When thermal smearing is included, the MCFs variance
is provided by the following integration:

var(g) =

∫ ∞

0

∫ ∞

0

f ′(E)f ′(E′)cov(E,E′)dEdE′, (2.16)

where the conductance correlation function cov(E,E′) reads as [55, 72]
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cov(E,E′) =
〈g〉2

(N +Nφ)2 + 4π2

∆2 (E − E′)2
. (2.17)

The equations presented above were formulated for QDs with no spin-
orbit interaction and subjected to a strictly perpendicular magnetic field.
Both the spin-orbit interaction and a parallel magnetic field, however,
have been shown to significantly modify the statistical properties of a
QD, such as δgWL or var(g). The spin-orbit interaction could tune the
systems from WL to WAL as in a 2D disordered system [213]. It also
reduces the variance of the MCFs by a maximum factor of 2 [88]. As for
the parallel magnetic, it breaks time-reversal symmetry and, as a result,
suppresses the WL/WAL correction to the conductivity [213]. Moreover,
the parallel magnetic lifts the spin degeneracy through the Zeeman split-
ting and, consequently, reduces the MCFs variance [71, 88]. Recently,
the RMT has been extended to account for the Zeeman splitting and for
the spin-orbit interaction [7, 32, 43]. The spin-orbit interaction is intro-
duced in the RMT as a perturbation through the spin-orbit scattering
time τso. Eventual modifications of the band structure by the spin-orbit
interaction are not included in the model. Moreover, this extension of
the RMT is formulated for systems with τso ≫ τerg. Within this ex-
tended RMT, the WL/WAL correction to the conductivity is given by
the following equation [32]:

δgWL/WAL = −e
2

h

N1N2

N1 +N2

[

1

NC + 2a2
+

1

NC + 4a2
−

2a2

NC(NC + 2a2) + 4b2

]

, (2.18)

where N1,2 are the numbers of mode in the two QPCs. The parameters
a, b and NC are given by

a =
2π~

τso∆
, (2.19)

b =
πgµBB

∆
, (2.20)

NC = N1 +N2 +Nφ + 2x2, (2.21)

with

x2 =
ce2L4B2

⊥

~τerg∆
. (2.22)
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where c is a numerical coefficient of order unity, L is the size of the QD,
and B⊥ is the perpendicular component of B. As for the conductance
correlation function, it reads as [43]

cov(E,E′) =

(

e2

h

)2 (

N1N2

N1 +N2

)2

(VC + VD), (2.23)

where the expressions of VC and VD can be found in Appendix A.

2.5 Dephasing time

As described in Section 2.2.2, the electron dephasing time is de-
termined by the different inelastic scattering events. In a solid, the
main mechanisms that induce decoherence are electron-phonon scatter-
ing, electron-electron interaction and inelastic impurity scattering. Note
that external sources of scattering, such as RF radiation [97], can also
lead to electron decoherence. The total dephasing time τφ can then be
expressed as the sum of the different contributions using the Matthiessen
rule,

τ−1

φ =
1

τe−ph
+

1

τEE
+

1

τimp
+ ..., (2.24)

where τ−1

e−ph, τ−1

EE and τ−1

imp are the dephasing rates associated with electron-
phonon, electron-electron and inelastic impurity scattering, respectively.
The following sections succinctly introduce the dephasing mechanisms
in 2D systems and open QDs. For a more complete review of dephasing
in metal and semiconductor mesoscopic structures, see Ref. [120].

2.5.1 Dephasing in two-dimensional systems

Semiconductor heterostructures, fabricated using the MBE technique,
are extremely clean systems where dephasing by inelastic impurities can
be neglected. The only scattering mechanisms that are expected to in-
duce decoherence in these systems are electron-phonon and electron-
electron interaction.

At high T , decoherence is generally dominated by electron-phonon
interaction. In GaAs 2D systems, for T & 30 K, interaction of electrons
with longitudinal optical phonons is prominent [172, 205]. When T is
decreased, this mechanism is exponentially reduced and, below 1 K, the
electron-phonon interaction is dominated by the piezoelectric coupling
of electrons with acoustic phonons. At sub-Kelvin temperatures, the
electron-phonon scattering time τe−ph has a T−3 dependence [136, 198].
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However, at few Kelvin temperatures, the dephasing time is mainly
determined by electron-electron interaction, which is made of two dif-
ferent contributions. One must distinguish between the large energy
transfer scattering mechanisms and small, quasi-elastic energy trans-
fer (Nyquist) scattering mechanisms with the corresponding dephasing
times, τee and τφN , respectively. The former mechanism corresponds to
the timescale over which the excess energy of an electron excited above
the Fermi level is relaxed through electron-electron interaction, while,
the latter, the Nyquist mechanism, arises from the interaction of an elec-
tron with the fluctuations of the electromagnetic background stemming
from the thermal motion of the other electrons. Within the Fermi liq-
uid theory, the dephasing rates associated with these mechanisms in 2D
disordered systems write as [9, 73, 98, 211]

τ−1
ee =

π

4

(kBT )2

~EF
ln

EF

kBT
, (2.25)

τ−1

φN =
kBT

2π~

λF

le
ln
πle
λF

, (2.26)

where le the elastic mean free path. Measurements of τφ in 2D systems
at low T , mainly performed through the analysis of WL, were found to
be in good agreement with these theoretical predictions [39].

2.5.2 Dephasing in open quantum dots

The analysis of the signatures of coherent transport in open QDs,
such as WL and MCFs, provided a measure of the dephasing time. Most
experimental studies were performed on GaAs systems. Several tech-
niques, including the RMT, have been used to analyse the magneto-
transport data and have provided results in good agreement with each
other [120]. The experimental investigations were performed below 4 K,
where the coherence length is comparable to the dots’ size, and where the
WL correction to the conductivity and the MCFs can be measured. In
this T range, the decoherence is dominated by electron-electron interac-
tion and τφ exhibits a power law scaling with the temperature, τφ ∝ T−α,
where α generally lies between 1 and 2 [85, 98, 213]. Only few theoret-
ical predictions have been developed for τφ in open QDs. Takane [181]
considered Coulomb interaction in ballistic chaotic quantum dots and
calculated the dephasing time for QDs with a width of QPC leads w
much larger than λF :

τ−1

φ ∼ λF

w

kBT

~
. (2.27)
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Sivan et al. [178] considered electron-electron scattering in disordered
QDs and predicted a T−2 dependence for τφ. Interestingly, the be-
haviour of τφ in ballistic open QDs was found to be well described by
the Fermi liquid theory developed for disordered 2D systems (Eq. (2.25)
and Eq. (2.26)) [85, 98].

The most surprising aspect of decoherence in open QDs is the un-
expected low T saturation of τφ [24, 40, 86, 156, 161]. Within the con-
ventional Fermi liquid theory, the electron coherence time is expected to
become infinite when T → 0 if only electron-electron or electron-phonon
interactions are taken into account6. Several conjectures have been pro-
posed to explain this intriguing behaviour, including transition to zero-
dimensional behaviour [24, 156] or unintentional RF radiation [97], but
they were unvalidated experimentally. The importance of geometrical
factors like the coupling to the reservoirs was first pointed out by Bird
and coworkers [26, 59]. Indeed, the dephasing time was found to be
larger for almost closed QDs. Moreover, the dephasing time in closed
quantum dots, with less than one mode in the QPC leads and coupled
to the reservoirs through electron tunneling, was found to be strongly
enhanced in comparison to open QDs [56]. Recently, Hackens et al. [86]
showed that the saturation value of τφ could possibly be determined by
the QDs’ dwell-time τd that depends on the dot’s area and on the number
of modes in the QPC leads.

6Decoherence due to dilute magnetic impurities has been proposed to explain the
low-T saturation of τφ in metal films and wires. However, this argument cannot be
invoked in clean semiconductor structures.



Chapter 3

Hole open quantum dots

Tout obstacle renforce la détermination. Celui qui
s’est fixé un but n’en change pas.

Léonard de Vinci

3.1 Introduction

Mesoscopic systems have attracted considerable interest over the
past decades since they are a potential source for novel generations
of electronic devices. Within this context, semiconductor QDs have
emerged as unique confined systems for studying spin phenomena and
carriers’ properties such as characteristic transport times. Several re-
search groups have focused on dephasing time τφ and the spin-orbit
relaxation time τso for electrons in quantum wires and QDs [120] for
different materials including GaAs [24, 40, 84, 98] and InGaAs [85, 86].
Up to now, only few studies have been carried out on p-type nanostruc-
tures [82, 121, 167, 206, 208] because they are hard to realize and also
because their experimental study is made difficult by the small amplitude
of the holes’ quantum interference effects.

This chapter first presents the fabrication process we employed for
the realization of p-type GaAs open QDs. Second, it shows the magne-
totransport measurements performed on our hole QDs that display both
MCFs and WAL for T below ∼ 500 mK. From these measurements, we
deduce a T -dependence for τφ together with an upper limit for τso us-
ing the RMT. We compare the values obtained for these transport times
with existing theories and with values obtained for electrons in similar
QDs and for holes in 2D systems [62].

43
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3.2 Fabrication and characterization

The lateral confinement of a 2D carrier system to a submicron cavity
can be performed by means of top gates or by etching. While the top
gate technique is much more flexible, in the sense that it allows to in-
dependently control several QD’s parameters such as its shape, its size
or the population of the QPC leads, we realized our hole QDs using the
etching technique. This choice was motivated by two reasons. First,
the hole QDs fabricated by means of top gates exhibit extremely noisy
magnetoconductance traces, most probably resulting from the presence
of switching impurities in the doped layer [153]. Under these conditions,
the observation of signatures of coherent transport in the conductance
measurements was impossible. Second, the combination of an etched
QD with a top gate covering the entire device allows us to control the
shape of the vertical confining potential and, consequently, to tune the
SIA contribution to the spin-orbit interaction. The production of such
nanostructures with controlable spin-orbit interaction is of particular in-
terest for the emerging field of spintronics. Beyond the confinement of
the 2D carrier systems to a cavity, the fabrication of a QD sample also
requires the realization of electrical connections to the macroscopic mea-
surement system. These connections are realized by patterning a Hall
bar and ohmic contacts on the 2D hole system. The complete fabrica-
tion process of hole QDs samples then consists of four fabrication steps,
including the realization of the ohmic contacts, the Hall bar patterning,
the QD’s definition, and the top gate deposition. Each fabrication step
is performed by applying a particular treatment to a selected area of the
sample’s surface. The definition of the surface area that has to be mod-
ified in each process step is done using electron beam (e-beam) lithogra-
phy. The e-beam lithography, as well as the method used to transfer the
design to the substrate, are described in the following section.

3.2.1 Surface patterning

3.2.1.1 Electron beam lithography

Electron beam lithography [165] is a technique that allows the cre-
ation of extremely fine designs (resolution . 10 nm) on the sample’s sur-
face. The principle of e-beam lithography is schematically represented
in Fig. 3.1:

• An electron sensitive resist is deposited on the substrate.

• The patterns are exposed by means of an electron beam.
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Figure 3.1: Schematic representation of the electronic lithography process.

• The exposed-unexposed areas are selectively dissolved in a devel-
oper solution.

The usual resists used for e-beam lithography are electron sensitive
polymers dissolved in a liquid solvent. They are first deposited on the
sample’s surface by spin-coating and baked out in order to remove the
solvent. The electron beam that is swept on the sample’s surface fol-
lowing the chosen design, locally modifies the chemical structure of the
resist making the exposed area more (or less) soluble in the developer
solution. If the exposed (unexposed) area is dissolved and the unexposed
(exposed) area remains on the surface, the resist is said to be positive
(negative).

The resist used in our fabrication process is a positive resist: poly-
methyl methacrylate (PMMA)1. The resist thickness is adapted depend-
ing on the process step. Two different thicknesses are used: ∼ 700 nm
produced by spin-coating a solution of 6 % PMMA in chlorobenzene at
5000 rpm, and ∼ 180 nm produced by spin-coating a solution of 3 %
PMMA in chlorobenzene at 6000 rpm. After the spin-coating step, the
resist is baked for 10 minutes at 160◦C on a hot plate to evaporate the
solvent. Moreover, for the fabrication steps that require the definition of
submicron patterns, e.g. the QD’s definition, the resist is further baked
overnight at 140◦C in an oven in order to relax the stresses that appear
during the spin-coating process.

The resist exposure is performed in a modified SEM that consists in
a Philips XL30 SEM-FEG with a Raith Elphy Plus hardware module
that controls the beam blanker, the deflecting lens and the laser interfer-
ometer stage. The beam blanker is used to correctly adjust the electron
dose sent to a particular area of the sample’s surface and to protect the
resist when the beam is deflected above areas that do not need to be

1The PMMA resist used here is a standard product from MicroChem Corp., New-
ton, MA 02464, USA. This resist has a molecular weight of 950 000 and is dis-
solved in chlorobenzene. Note also that above a critical electron exposure dose of
∼ 3.5 mC/cm

2, PMMA turns into a negative resist.
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Exp. type Magn. Stitching Dose Ibeam d t
(µC/cm2) (pA) (nm) (µs)

Large field ×400 yes 250 670 16 1.01
QD ×2000 no 190 25 4 1.2

Table 3.1: Typical e-beam lithography parameters for the exposure of large
patterns and QDs. The magnifications of ×400 and ×2000 correspond to ex-
posure fields of 216 and 45 µm, respectively. The parameter d is the distance
between two exposed pixels, while t is the exposure time corresponding to one
single pixel. Note that d is always adjusted to provide a value of t as close as
possible to the hardware limit of 1 µs.

exposed. Note that the optimal electron dose for the PMMA resist used
here was found to be around 190 µC/cm2 on a GaAs substrate. Using
the laser interferometer stage equipped with stepping and piezoelectric
motors, the sample’s position can be changed with an accuracy of ∼ 4
nm. This allows the definition of patterns much larger than the exposure
field accessible from the SEM at a given magnification. This is done by
cutting out the total design and exposing it part by part after displace-
ments of the sample (stitching exposure). Using the stitching exposure
technique, it is possible to define large patterns without loss of resolu-
tion and without exposure field deformation that are unavoidable when
working at low SEM magnification.

The resist exposure is always performed with an acceleration voltage
of 30 kV in order to reduce the proximity effect, while the magnification
and the e-beam current were adjusted depending on needed resolution
and pattern size. In our fabrication process, we use two different con-
ditions for e-beam lithography. For the patterning of large areas that
does not require high resolution, we combine a thick layer of PMMA
(∼ 700 nm) with the stitching technique at a magnification of ×400. To
ensure a good overlap of the areas exposed in the different stitching ex-
posure fields, the designs are a bit overexposed at a dose of 250 µC/cm2.
On the other hand, for the exposure of the QD, which requires a higher
resolution, the lithography was performed at a magnification of ×2000
using a 180 nm thick layer of PMMA. For this particular step, we de-
termine the optimal dose for the device’s exposure by making a test on
a bulk sample. Indeed, due to the proximity effect, the optimal dose
can slightly vary for devices with different geometries. The optimal dose
is generally close to 190 µC/cm2. The detailed values of the e-beam
lithography parameters for the two types of exposures described above
are presented in Table 3.1.
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The development of the exposed area was done by immersing the sam-
ple in a solution of 1/3 methylisobutylketone/isopropanol for 1 minute
and 30 seconds. After the development, the sample is rinsed for 30 sec-
onds in isopropanol and 5 minutes in water. Finally, it was dried using
nitrogen.

Once the e-beam lithography step is finished, the PMMA patterns
present on the sample’s surface have to be transfered to the substrate.
This can be done in two ways: by metallization/lift-off or by etching.
These two techniques are described below.

3.2.1.2 Metallization/lift-off

Substrate

Pattern Metallization Lift-off

SubstrateSubstrate SubstrateSubstrate

Figure 3.2: Schematic representation of the pattern transfer by metallization
and lift-off.

The metallization/lift-off technique is schematically represented in
Fig. 3.2. After the e-beam lithography step, a metallic layer is deposited
on the entire sample. By immersing the metallized sample in a solvent,
the resist is dissolved and the metal deposited on the resist is lifted-
off from the surface. The metal remains only in the areas that were
uncovered during the development step.

The metallic layer is generally deposited by evaporation in an e-beam
metallizer. This technique provides a highly directional deposition of the
metal that precludes any metal deposition on the lateral side of the resist
and, consequently, ensures an easier lift-off. Also, in order to make the
lift-off step easier the metal thickness is generally kept below 1/3 of the
resist’s thickness. Finally, when depositing metals with high evaporation
T , like Pt for example, care has to be taken not to heat the sample above
the glass transition of the resist2.

For our PMMA resist, the lift-off process is realized in an acetone
bath. In order to help the lift-off, the acetone and the sample can be
placed in an ultrasonic bath for a few seconds. Also, heating the acetone
bath helps the dissolution of the PMMA resist.

2For the PMMA resist used here the glass transition occurs around 100
◦C.
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Substrate

Pattern Etching PMMA cleaning

Substrate Substrate Substrate

Figure 3.3: Schematic representation of the pattern transfer using an etching
technique.

3.2.1.3 GaAs Etching

The pattern resulting from the lithography steps can be alternatively
transferred to the substrate by etching the sample. If the etching rate
ratio between the substrate and the resist is high, the resist protects the
areas underneath and only the uncovered zones of the sample are etched.
This process is represented in Fig. 3.3.

In order to etch our (311)A GaAs samples, we used a wet eching pro-
cess. The liquid etchant was a 1/1/25 solution3 of H3PO4/H2O2/H2O.
This solution leaves the PMMA intact but etches the (311)A GaAs at a
rate of ∼ 120 nm/s at room T . The etchant operates by first oxidizing
the GaAs substrate and then dissolving the oxide [201]. The hydrogen
peroxide acts as oxidizing agent, while the phosporic acid dissolves the
GaAs oxide. The phosporic acid solution was chosen instead of the usual
sulphuric acid one [201] because it leads to better etching profiles for the
particular case of (311)A GaAs wafer [92]. Once the sample has been
etched to the desired depth, the process is halted by rinsing the sam-
ple in de-ionized water for 5 minutes. After the etching step, the resist
mask can be removed by immersing the sample in boiling acetone for 5
minutes.

As the acid present in the etchant dissolves the GaAs oxide, one must
be careful that the GaAs surface is not oxidized before the e-beam resist
spin-coating. If it is the case, the solution will etch the sample under the
resist mask. To avoid such underetching problem, a preparation step that
removes the oxide layer from the GaAs surface is performed before spin-
coating. To that purpose, the sample is immersed in a dilute solution
of sulphuric acid (1/240 of H2SO4/H2O) for 15 seconds and rinsed for
5 minutes in de-ionized water. The sample is then dried using nitrogen
and degased overnight at 140◦C under vacuum.
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(a) Substrate (b) Ohmic contacts

(c) Hall bar (d) Quantum dot 

(e) Top gate

Figure 3.4: Schematic illustration of the fabrication steps for QDs, including
the starting substrate (a), the realization of ohmic contacts (b), the Hall bar
(c) patterning, the quantum dot definition (d) and the top gate deposition (e).
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3.2.2 Fabrication Steps

After the description of the methods used to pattern the sample’s
surface, we present here the general fabrication steps that are performed
in order to realize our open QDs. The detailed process sequence for the
fabrication of the hole QDs samples can be found in Appendix B. The
different fabrication steps as well as the sample’s design are schematically
illustrated in Fig. 3.4.

• Standard cleaning: The fabrication of submicron devices re-
quires that the sample’s surface remains perfectly clean and devoid
of dust, impurities or residue from previous fabrication steps. To
that purpose, the entire fabrication process was realized in UCL
cleanrooms and each fabrication step was followed by standard
sample cleaning. The standard cleaning consists of: 5 minutes in
boiling trichlorethylene, 5 minutes in trichlorethylene and ultra-
sonic bath, 5 minutes in boiling acetone, 5 minutes in acetone and
ultrasonic bath, and 5 minutes in methanol. After the cleaning
sequence, the sample was dried with nitrogen.

• Substrate: The substrates for the fabrication of our QD samples
are 3 × 3 mm2 pieces of GaAs heterostructure. In order to make
the sample handling easier, they are glued, after cleaning, on 2
inch Si wafers using carbon paint4 that is hardened at 100◦C for
10 minutes on a hot plate.

• Ohmic contacts: The first lithography followed by a metalliza-
tion and lift-off step defines the ohmic contacts’ pads (Fig. 3.4(b)).
These metallic pads provide, after annealing, electrical connections
to the 2D carrier system buried below the GaAs surface.

For the particular case of our hole QD samples, they consist in
300× 300 µm2 metallic pads made of the following layer sequence:
13 nm of Ni, 30 nm of Be, 100 nm of Au, 15 nm of Ni, and 50 nm
of Au. After the lift-off process, the sample is cleaned and a rapid
thermal annealing at 450◦C for 1 minute is realized in a reducing
atmosphere (95%/5% of N2/H2). The first Ni layer ensures a good
adhesion of the deposited metal to the GaAs substrate. During the
annealing process, the Be atoms diffuse in the heterostructure and
act as dopants by replacing the Ga atoms that move to the first

3The solution was prepared with phosphoric acid at a concentration of 85% and
hydrogen peroxide at a concentration of 30%.

4The carbon paint is colloidal graphite in an isopropanol solution from Ted Pella,
Inc., PO BOX 492477, Redding, CA96049-2477, USA.
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Au layer [201]. The second Ni layer is used to avoid the diffusion
of Be and Ga atoms to the topmost passivating Au layer.

The heavy doping of the GaAs and AlGaAs layers that lie be-
tween the metallic pads and the 2D hole system has two pur-
poses [201]. First, it reduces the thickness of the Schottky barrier
at the GaAs/metal interface. The reduction of the Schottky barrier
strongly enhances the electron tunneling process and leads to an
ohmic behaviour of the GaAs/metal interface. Second, the doping
of the GaAs cap and AlGaAs spacer layers generates a conductive
path from the metallic pads to the 2D hole system.

• Hall bar: Once the ohmic contacts are realized, we pattern the
Hall bar that defines the current and voltage probes together with
a 200 µm wide measurement area by laterally confining the 2D hole
system (Fig. 3.4(c)). To realize the Hall bar, we perform a deep
wet etching, in the sense that the heterostructure is etched beyond
the 2D hole system. A small overlap between the edge of the Hall
bar and the ohmic contacts is realized in order to avoid a Corbino
geometry (see Fig. 3.5(a)).

• Quantum dots: The quantum dot, located inside the Hall bar,
is also realized by laterally confining the 2D hole system using
wet etching (Fig. 3.4(d)). However, to define the QD, we perform
a shallow etch: the structure is only etched down to the doped
layer. This technique ensures the depletion of the zones lying below
the etched areas and keeps the surface states away from the QD.
Moreover, the deformation of the lithographic pattern due to the
anisotropic and lateral etching becomes less important.

• Front gate: After the QD definition, the metallic top gate is
deposited on top of the QD and the Hall bar (Fig. 3.4(e)). The top
gate covers the entire Hall bar, so that its effect on the hole density
and vertical confining potential can be probed by Shubnikov-de
Haas (SdH) and Hall measurements. For our samples, the metallic
top gate is made of a 10 nm thick Ti adhesion layer and a 50 nm
thick Pt layer.

An optical microscopy image of a finished QD sample is shown in
Fig. 3.5(a). One can clearly distiguish the ohmic contacts, the Hall bar,
the QDs areas and the top gate. In the corners of the sample, one can also
observe the alignment marks used to obtained a perfect superposition of
the different fabrication steps.



52 HOLE OPEN QUANTUM DOTS
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Figure 3.5: (a) Optical microscopy image of a QD array sample realized on a
GaAs heterostructure. One can distinguish the ohmic contacts (OC), the Hall
bar (HB), the QD arrays (QDA) and the top gate (TG). (b) Photograph of a
sample mounted on a sample holder using gold wires and silver epoxy.

Once the fabrication process is over, the sample is mounted onto a
sample holder5 using vacuum grease as glue (Fig. 3.5(b)). The ohmic
contact pads are connected to the sample holder’s pins using gold wire
with a diameter of 25 µm and an electrical conductive silver epoxy6. The
silver epoxy is baked for 1 hour at 120◦C.

3.2.3 Measurements

3.2.3.1 Cryogenic system

The magnetotransport measurements were performed in an Oxford
Instrument Kelvinox 300 dilution refrigerator with a base temperature of
∼ 30 mK and equipped with a superconducting solenoid that generates
a magnetic field up to 17 T. We use a home made stainless steel mixing
chamber (MC) carrying a [porous Ag]/[Ag] cold finger7. The sample is

5The sample holders are glass epoxy component mounting boards from Wearnes
Cambion LTD, Castleton, Hope Valley, Derbyshire, S33 8WE, England.

6We used EPO-TEX H31D silver epoxy from Epoxy Technology Inc., 14 Fortune
Drive Billerica, MA 01821-3972, USA.

7Silver powder with 70 nm diameter particles was sintered on the cold finger to a
packing fraction of ∼ 50% in order to increase the effective surface contact between
the 3

He/4
He mixture and the Ag cold finger and enhance the heat transfer between

these two materials. The Ag powder was packed at a pressure of ∼ 100 bars at room
T and was subsequently baked out for 1 hour at 100

◦C in an inert atmosphere [166].
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Cold finger

DIP socket

Cu wires matching

Figure 3.6: Photograph of the bottom of the mixing chamber.

mounted under vacuum on a dual in-line pin (DIP) socket fixed at the
bottom of the MC, close to the cold finger (see Fig. 3.6). The sample
is cooled via the Cu measurement wires which are thermally anchored
onto the cold finger and the MC’s body using 7031 General Electric
(GE) varnish. The system temperature is determined using a RuO2

thermometer thermally anchored to the cold finger. A resistive wire
with a resistance of 500 Ω, matched in a non inductive way on the body
of the mixing chamber, is used as heater.

In order to avoid system heating due to the ambient electromagnetic
noise, low pass filters are placed on each measurement wire at the top of
the refrigerator. The filters are an RLC circuit made of a 1kΩ resistor
in series with a commercial LC component8 containing a capacitance
of 330 pF. The cutting frequency of the filters strongly depends on the
sample’s resistance. For lock-in amplifier frequencies below 15 Hz, the
filters used here allow the measurements of samples with resistance up
to 1 MΩ without attenuating the measurement signal.

The data obtained from the measurement apparatus located in a Far-
raday cage are transferred to the NanoFreeze acquisition program9 via

The 70 nm Ag powder is commercially available from ULVAC Materials, Inc., 516
Yokota, Sammu-shi, Chiba-ken 289-1297, Japan.

8The LC filters were purchased from RS Component (stock n◦ 239-163).
9The NanoFreeze acquisition program was developped for the Wavemetrics Igor

Pro software by Dr. Cédric Gustin. It provides a highly flexible data acquisition
framework that controls the refrigerator status, the magnet source as well as the
measurement apparatus through GPIB controllers.
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a GPIB/ethernet controller. In order to electrically decouple the acqui-
sition computer from the low-noise measurement system, the ethernet
data transfer from the GPIB controller to the computer is performed
using a wireless connection.

3.2.3.2 Electrical characterization

The conductance of the QDs was measured using a PAR 124A lock-in
amplifier working at a frequency of 15 Hz and by applying a constant
current of 1 nA to the sample. The measurement current was chosen to
be as small as possible in order to avoid unwanted heating effects, but
large enough to obtain a reasonable signal/noise ratio when measuring
the MCFs and the WAL correction to the conductivity. A simple way
to verify if the measurement current heats the sample is to reduce the
current and check if the MCFs and the WAL peak amplitudes remains un-
changed. In order to remove contributions from the measurement wires
and directly access the resistance of the QDs, we use a four-terminal con-
figuration measurement circuit. In our case, however, the configuration
is not really four-terminal as we always measure a part of the Hall bar
in series with the QD. Fortunately, the resistance added by the 2D hole
system in the Hall bar is ∼ 2 orders of magnitude smaller than the QD’s
resistance and, consequently, is negligible.

The magnetic field is generated by applying an electrical current to
the superconducting solenoid located in the 4He bath using an Oxford
Instrument IPS120 magnet source. For the magnetotransport measure-
ments performed on the hole open quantum dots, B was always applied
strictly perpendicular to the plane of the 2D system. In order to prop-
erly measure the rich spectrum of MCFs, B was slowly swept at a rate of
10−4 T/s. Sweeping the magnetic field across B = 0 T strongly increases
the MC temperature. In order to minimize the impact of this heating
effect on the measurements, both the positive and negative B part of the
magnetoconductance traces were taken by decreasing the absolute value
of B and by lowering the B sweeping rate to 1.7×10−5 T/s below 0.09 T.
As for the measurement of the WAL peak located around B = 0 T, it was
performed at fixed B’s, point by point. The magnetic field was swept to
the different target fields at a rate of 3.4×10−5 T/s and the temperature
was relaxed to the desired value before the conductance measurements.
Moreover, for the particular case of the WAL peak, the conductance was
calculated by averaging 30 different measurements in order to improve
the signal/noise ratio.

At very low T , the hole-phonon coupling becomes weak and the holes’
T can deviate from the T of the lattice and hence from the T given
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by the thermometer. Below 150 mK, we then estimate the real T of
the holes from an analysis of the SdH oscillations measured in the 2D
hole system by correcting the effective T against linear fits to activation
plots at integer filling factors (see Ref. [132]). Using this technique, the
deviation of the effective holes’ T from the MC’s T was found to be
around 10 mK at 100 mK, while the holes’ real base T was determined
to be ∼ 70 mK.

3.3 Sample description

The samples were realized, using the fabrication process described
above, from a p-type GaAs quantum well grown by molecular beam
epitaxy on a (311)A wafer. The quantum well was grown at Princeton
University in the group of Prof. M. Shayegan. A schematic layout of
the quantum well structure can be found in Appendix C, where it is
referred to as M439. The two-dimensional hole system has a density
p = 2.3 × 1015 m−2 and a low-T mobility of 35 m2/Vs, equivalent to a
mean free path of 2.7 µm. The mobility quoted here was measured along
the [2̄33] high-µ direction.

1 µm

(a)

2 µm

(b)

233

0
1
1

Figure 3.7: SEM images of (a) D1 and (b) D2. The orientation of the QDs
with respect to the heterostructure’s crystallographic axes is also shown.

Two different dots with similar shapes but different areas (1.4 µm2 -
D1 and 4.5 µm2 - D2) were fabricated. The dots’ areas were deduced from
the lithographic dimensions and by taking into account the depletion
regions, which were estimated from the effective width of the quantum
point contacts, given by the number of modes entering the cavity. SEM
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images of the two QDs are given in Fig. 3.7. The orientation of the QDs
with respect to the heterostructure’s crystallographic axes is also shown.

50 µm

Figure 3.8: Image of a 10× 10 array of QDs. The QDs are spaced by 10 µm.
The picture has been taken after the e-beam lithography step.

In order to average out the MCFs and access the WAL correction
to the conductivity [37, 98], we fabricated two additional samples made
of arrays of 10 × 10 dots with cavities similar to D1 and D2. These
samples are denoted as A1 and A2 for the smaller and the larger dots,
respectively. A picture of a QDs array is presented in Fig. 3.9. The QDs
of the array are arranged in quincunx (as indicated in the figure) and
spaced by 10 µm in order to avoid ballistic focusing from one dot to the
other.

As described in Section 1.4.3, the spin-orbit interaction in p-type
GaAs is strong and leads to a splitting of the valence band into heavy
holes (spin = ± 3

2
) and light holes (spin = ± 1

2
). In the quantum well

used to fabricate our QD samples, only the heavy hole subband is popu-
lated. Moreover, the spin-orbit interaction gives rise to a zero magnetic
field spin-splitting. The magnitude of this spin-splitting can be probed
by SdH measurements [122, 148]. In this work, we investigate two dif-
ferent configurations: p = 2.3 × 1015 m−2 with an asymmetric confining
potential, and p = 1.7× 1015 m−2 where the quantum well is made sym-
metric by means of the gate voltages. Figure 3.9 shows the longitudinal
resistivity of the 2DHS measured for both configurations. In Fig. 3.9(b)
and (d), we plot the corresponding Fast Fourier Transform (FFT) power
spectrum performed on the ρxx vs B−1 traces. For the first configura-
tion, at p = 2.3×1015 m−2, three peaks are well defined. The two lowest
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Figure 3.9: Longitudinal resistivity of the 2D hole system at (a) p = 2.3 ×
1015 m−2 and (c) p = 1.7×1015 m−2. Panels (b) and (d) show the corresponding
FFT analysis of the SdH oscillations.

peaks at 3.7 and 5.3 T are related to the split spin subbands10 while the
higher frequency peak is their sum and represents the total sheet density
of holes. For the second configuration at p = 1.7 × 1015 m−2, because
the applied gate voltage makes the quantum well symmetric and sup-
presses the SIA contribution to the total spin-orbit interaction, the two
frequencies merge to the same value at 3.4 T. We then observe only two
peaks, one corresponding to the spin subbands and one to the total hole
density. Note that in the latter configuration, even though the confining
potential is symmetric and only one frequency is observed for the two
spin subbands in the SdH data, the zero magnetic field spin-splitting is
still present [203].

3.4 Magnetoconductance fluctuations in single

open quantum dots

The conductance g of D1 at p = 2.3× 1015 m−2 is plotted in the up-
per panel of Fig. 3.10 as a function of B for various temperatures. The

10However, the position of the two lowest peaks in the FFT does not indicate the
densities of the spin subbands [203].
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Figure 3.10: Magnetoconductance of D1 (upper panel) and D2 (lower panel)
for p = 2.3 × 1015 m−2 at T = 80, 95, 135, 200, 300 and 500 mK. For clarity,
traces are shifted upwards by 0.5 e2/h. A magnetoconductance trace of D1 at
80 mK measured in a second cooldown (bold trace) is also shown in the upper
panel and is shifted downwards by 1.5 e2/h.
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T ’s indicated here are the corrected T ’s using the technique described
in Section 3.2.3.2. At the lowest temperatures, we observe reproducible
magnetoconductance fluctuations (MCFs), symmetric with respect to
B = 0 T, that can be attributed to quantum interferences of holes in-
side the dot. When T is increased, these MCFs are strongly reduced
in amplitude and disappear for T & 500 mK. At these high T ’s, only
the slowly varying background remains, caused by ballistic effects in the
cavity and the reduction of backscattering at the quantum point contact
leads [190]. From the mean conductance, we deduce that 5 to 6 modes
are populated in each quantum point contact. We also note that for
B > 0.25 T, SdH oscillations are visible in the dot’s magnetoconduc-
tance traces. Similar data were obtained at p = 1.7×1015 m−2 with two
modes in each quantum point contact lead. The lower panel of Fig. 3.10
shows the magnetoconductance of D2 at p = 2.3× 1015 m−2 and various
T ’s. The traces obtained from D2 are similar to that from D1, while
the MCFs exhibit a smaller amplitude and higher frequencies due to the
larger area of D2 compared to D1.

Figure 3.11: Magnified view of the magnetoconductance traces measured in
D1 at p = 2.3 × 1015 m−2 and T = 80 mK. Traces are from two different
cooldowns.

Around B = 0 T, a sharp peak is observed in the conductance of D1
at low T (Fig. 3.10, upper panel). This peak is reminiscent of the WAL
correction to the conductivity. However, the superposition of the MCFs,
which are comparable in magnitude, prevents any quantitative analysis of
the WAL effect. This is clearly evidenced by a comparison of the B = 0 T
peak for two different cooldowns of D1 (see Fig. 3.11). When a QD is
thermally cycled between room and very low-T , the disorder potential
inside the cavity is modified, leading to a different MCFs pattern. The
WAL peak, on the other hand, is not sensitive to this change and is



60 HOLE OPEN QUANTUM DOTS

preserved.

3.5 Weak antilocalization in open quantum dot

arrays

Figure 3.12: Comparison of the magnetoconductance of single QDs (D1 and
D2) and QD arrays (A1 and A2) for p = 2.3 × 1015 m−2 and T = 80 mK.

In order to suppress the MCFs and access the WAL correction to
the conductivity, it is necessary to average out the magnetoconductance
traces obtained from QDs with the same area and the same number
of modes in the QPC leads but with different intrinsic shapes. This
averaging is naturally performed when measuring the conductance of QD
arrays. While the lithographic geometry is identical for all the QDs of
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the array, the disorder potential differs in each QD due to their different
location in the 2DHS. As the disorder potential is not identical, each
QD has then its own MCFs pattern, similar to what happens for two
different cooldowns of the same QD.

Figure 3.13: g(B)−g(B = 0) as a function of B at the indicated temperatures
for (a) A1 and (b) A2 at p = 2.3 × 1015 m−2 as well as (c) A1 and (d) A2 at
p = 1.7× 1015 m−2. Solid lines show the fits of the WAL peak using the RMT.
The mean conductance 〈g〉 at B = 0 is given for each case.

A comparison of the low-T magnetoconductance traces of single QDs
and QD arrays is presented in Fig. 3.12 for p = 2.3 × 1015 m−2. As ex-
pected, the conductance of the arrays consists of a slowly varying back-
ground, similar to that of the single dots, but without the MCFs. Around
B = 0 T, a peak associated with WAL can clearly be observed in the
magnetoconductance of both QD arrays. The T -dependence of this peak
is shown in Fig. 3.13 for both samples and for both investigated config-
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urations. Similar to the MCFs, it disappears above ∼ 500 mK, further
indicating that it is related to coherent effects in the cavities. Also, the
general shape of the WAL peak seems to be independent of the sym-
metry of the vertical confining potential. Moreover, because the holes’
trajectories enclose a smaller magnetic flux in a dot with a smaller area,
the width of the WAL peak is found to be larger in the case of A1 than
A2. Note also that our hole WAL peaks spread over a B range approxi-
matively 4 times larger than in electron quantum dots with comparable
areas [213, 37].

3.6 Dephasing time of 2D hole quantum dots

We now come to a more quantitative analysis of our data. To our
knowledge, there has been no theoretical attempt to study the coherent
transport of holes in quantum dots. In particular, an appropriate model
for magnetotransport in GaAs hole quantum dots, in the spirit of the
theory developed for WAL in 2DHSs [13], would possibly give access to
both τφ and the spin relaxation times.

Generally, electron transport in open quantum dots is described using
the random matrix theory (RMT). Although the RMT doesn’t account
for the complex band structure of GaAs hole systems under study here,
it has been recently extended in order to take the spin-orbit interaction
into account [7, 32, 43]. We use this framework to analyze our magne-
toconductance data.

We start with the study of the WAL peak that provides information
on both dephasing and spin-orbit interaction in the quantum dots. We fit
the WAL peak using Eq. (2.18) [32] with m∗ = 0.38 me, where me is the
free electron mass. The fits are shown in Fig. 3.13 as solid curves. The
three parameters of this model are τφ, τso and c, where c is a geometrical
factor. For each sample and configuration, c is determined from the fits
to the lowest T traces. We obtain values ranging from 0.03 to 0.06.
These values of the geometrical factor are found to be much smaller
than 1 and reflect the large width of the WAL peak. The fits indicate
that τso is too small (. 10−11 s) to be probed by the WAL in our
samples and further confirm that the quantum dots are in a strong spin-
orbit coupling regime11. This deduction stands for both investigated
configurations, meaning that the QDs remain in the strong spin-orbit
regime while the SIA contribution has been reduced to zero by making
the vertical confining potential symmetric. The BIA contribution alone

11Calculations of the WAL correction to the conductivity using the RMT and our
QDs’ parameters collapse on the same curve at fixed τφ for all values of τso . 10

−11
s.



3.6. Dephasing time of 2D hole quantum dots 63

is sufficient to induce a strong spin-orbit regime in our QDs. We therefore
extract the hole τφ in the quantum dots by setting τso = 0 in the fits.
The T -dependence of τφ in samples A1 and A2 is plotted in Fig. 3.15(a)
and is discussed below.

Figure 3.14: Magnified view of the MCFs of (a) D1 and (b) D2 at p =
2.3 × 1015 m−2 and T = 80 mK after background subtraction (see text). The
mean conductance 〈g〉 is calculated in the range −0.2 < B < 0.2 T. (c)
Variance of the MCFs as a function of T for D1 and D2.

The analysis of the MCFs also gives a measure of the carrier dephas-
ing time. The RMT allows us to extract τφ from the variance of the dot’s
conductance, var(g):

var(g) =

∫ ∞

0

∫ ∞

0

f ′(E)f ′(E′)cov(E,E′)dEdE′ , (3.1)

where E and E′ are energies, f ′(E) is the derivative of the Fermi function,
and cov(E,E′) is the conductance correlator, given by Eq. (2.23) [43].
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Before calculating var(g), we isolate the MCFs from the background
by applying a high-pass filter to the traces. The determination of the cut-
off frequencies fc was performed as in Ref. [85]. We have used fc = 12
and 17 T−1 for D1 at p = 2.3 × 1015 m−2 and p = 1.7 × 1015 m−2,
respectively, and fc = 37 T−1 for D2 at p = 2.3 × 1015 m−2. Filtered
traces are shown in Fig. 3.14 for D1 and D2 at p = 2.3 × 1015 m−2 and
T = 80 mK.

Once the background is removed, we calculate the variance of the
MCFs in the range 0.04 < B < 0.2 T. This range was chosen in order
to ensure that time reversal symmetry is broken and also because of the
SdH oscillations appearing for B > 0.25 T. The MCFs variance is plotted
in Fig. 3.14(c) as a function of T for D1 at p = 2.3 and 1.7 × 1015 m−2,
and for D2 at p = 2.3×1015 m−2. Once the MCFs variance is extracted,
we calculate the hole τφ using Eq. (3.1). As established from the analysis
of WAL, we set τso = 0 in the calculation. The value of τφ deduced from
the MCFs is shown in Fig. 3.15(b) as a function of T .

Figure 3.15 shows the hole dephasing time determined from our data.
In Fig. 3.15(a) we show τφ extracted from the fits to the WAL peak of
samples A1 and A2. Figure 3.15(b) shows τφ deduced from the vari-
ance of samples D1 and D2. For all investigated cases τφ exhibits a
T -dependence that lies between T−1 and T−2. The dephasing time does
not change significantly when the number of modes in the leads is re-
duced from ∼ 6 to ∼ 2. While values of τφ extracted from the MCFs
analysis are slightly smaller (see Fig. 3.15(c)), the results obtained from
these two different methods are in excellent agreement12.

By comparing τφ in our hole samples with data reported for elec-
trons in GaAs open quantum dots [24, 40, 84, 98, 120], we observe that
τφ is approximately one order of magnitude smaller for holes. Gener-
ally, the expected mechanisms leading to dephasing at low T in quan-
tum dots are carrier-carrier scattering [98] as well as geometrically re-
lated mechanisms such as dwell-time limiting effect [86] and environ-
mental coupling [26, 59]. The T -dependence of τφ in our dots can be
described within the Fermi liquid theory as the sum of a T−2 and a
T−1 terms originating from large-energy-transfer carrier-carrier scatter-
ing (Eq. (2.25)) and from the Nyquist scattering mechanism (Eq. (2.26)),
respectively [9, 39]. Nevertheless, within the Fermi liquid theory, the
value of τφ is expected to decrease only by a factor of ∼ 3 for holes with
respect to electrons because of their smaller Fermi energy and lower
mobility. This reduction factor does not explain the small value of τφ

12An effective mass m∗
= 0.38 me (heavier heavy holes) has been used in our

calculations of τφ. Using m∗
= 0.2 me (lighter heavy holes) reduces the extracted

value of τφ by a factor of ∼ 2 for both sets of data.
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(a) (b)

(c)

Figure 3.15: Dephasing time τφ of holes as a function of T . (a) τφ extracted
from the WAL correction to the conductivity in samples A1 and A2. (b) τφ
calculated from the variance of the MCFs in samples D1 and D2. Open and
solid symbols correspond to asymmetric and symmetric confining potential,
respectively. The dotted lines indicate various T dependencies. Error bars are
determined from uncertainties in the number of modes in the quantum point
contact leads and in the dots’ areas. (c) Comparison of the T -dependence
of τφ for sample D1 (MCFs analysis) and sample A1 (WAL analysis) at p =
2.3 × 1015 m−2.
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extracted for our quantum dots. However, Fermi liquid theory has been
formulated for electrons and might not be directly applicable to 2D holes.
Moreover, in 2DHSs other mechanisms such as intersubband scattering
can contribute to the total hole dephasing.

We now compare τφ extracted for our dots with values measured in
2DHSs. Unfortunately, in GaAs (311)A 2DHS, the magnetoconductance
around B = 0 originates from a combination of different factors [149],
making the extraction of τφ from the WAL difficult. Nevertheless, τφ
measurements have been reported for very low density (311) GaAs, as
well as for (100) GaAs and InGaAs p-type quantum wells [132, 135, 152,
163, 176]. Extracted τφ values in these 2DHSs are consistent with τφ
measured in our quantum dots. This indicates that the small value of
τφ observed in our samples is likely related to scattering mechanisms in
the 2DHS.

The Zeeman energy has been shown theoretically [88] and experi-
mentally [71] to reduce the MCFs’ variance by a factor of two when the
spin splitting is sufficiently strong to allow the spin states to become
statistically independent. Moreover, a strong enough parallel magnetic
field breaks time reversal symmetry and suppresses the WAL correction
to the conductivity. At intermediate values of the Zeeman energy, the
amplitude of the WAL is reduced [32, 43]. In our experiments, the hole
QDs were subjected to a strictly perpendicular B and, for the study of
the MCFs and of the WAL, the Zeeman energy was negligible. However,
the strong spin-orbit interaction in 2DHS leads to a B = 0 T spin split-
ting that is not accounted in the RMT. The effect of such a splitting on
the statistical properties of open QDs, and in particular on the MCFs,
is not clear and should be further investigated. This study could be
performed by increasing the spin splitting by means of a second mag-
netic field applied parallel to the 2D system and monitoring the evolution
of the MCFs’ variance, similar to the experiment by Folk et al. [71] in
electron QDs.

3.7 Magnetoresistance hysteresis at integer fill-

ing factors

In Fig. 3.16, we plot the high-B magnetoresistance of D1 for p =
2.3 × 1015 m−2 and T = 70 mK. Data are shown for both up and down
sweeps of B. The most striking features of these traces is the observation
of hysteresis around interger LL filling factors ν = 1, 2 and 3. Around
ν = 2 (Fig. 3.16(c)), Aharonov-Bohm oscillations are superimposed on
the magnetoresistance background. Such oscillations have already been
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Figure 3.16: (a) High-B magnetoconductance of D1 for p = 2.3 × 1015 m−2

and T = 70 mK. Data are shown for both up (red trace) and down (black
trace) sweeps of B at a rate of 0.02 T/min. The shaded areas highlight the
B-ranges around ν = 3 and ν = 2 that are presented in a magnified view in
panels (b) and (c), respectively. In panel (c), the up sweep trace is shifted
upwards by 2 kΩ for clarity.
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Figure 3.17: High-B magnetoconductance of A2 at T = 70 mK for p =
2.3 × 1015 m−2 (upper panel) and p = 1.7 × 1015 m−2 (lower panel). In the
upper panel, data are shown for both up (red) and down (black) sweeps of B
at a rate of 0.03 T/min. In the lower panel, similar data are presented at two
different sweep rates of 0.03 T/min (red, black) and 0.1 T/min (yellow, grey).
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observed in the magnetoresistance of open QDs in the quantum Hall
regime, and were attributed to the formation of edge state loops inside
the cavity [25]. While the hysteresis around ν = 2 is not as clear as for
ν = 1 and 3, it can be seen as a perturbation of the frequency of the
Aharonov-Bohm oscillations. When B is swept (up or down) and ν = 2
is approached, the Aharonov-Bohm oscillations’ frequency first strongly
increases. Then, while passing through ν = 2, it becomes very low and
comes back to normal. Similar results were obtained from D2.

In Fig. 3.17, similar data are shown for the QD array A2 at p =
2.3 × 1015 m−2 (upper panel) and p = 1.7 × 1015 m−2 (lower panel).
In the case of the QD arrays, all the fluctuations are smoothed out and
only the magnetoresistance background remains. The hysteresis at the
integer LL filling factors can clearly be observed for both investigated
configurations, indicating that it is not related to the shape of the vertical
confining potential. In the lower panel of Fig. 3.17, we show data for two
different sweep rates. Around ν = 1, the size of the hysteresis increases
with the sweeping rate.

Similar hysteresis features were observed in gated electron QPCs and
closed QDs in the quantum Hall regime [154, 155] and were attributed
to time-varying B-induced eddy currents. Such time-varying B-induced
currents in clean 2D systems become large when ρxx → 0 at integer or
fractional LL filling factors [107, 131] and can persist for hours after the
B sweep stops. In order to explain the magnetoresistance hysteresis in
their gated nanostructures, Pioro-Ladrière et al. [154, 155] invoked these
long-lived eddy currents as the origin of charge transfer from the center
to the egdes of the 2D areas surrounding the nanostructure. This charge
accumulation in the regions adjacent to the metallic top gates, whose
sign depends on the B sweep direction, modifies the depletion under the
gates and, hence the geometry of the device. Similar arguments can be
used to interpret our data. While our samples are defined by etching,
charge accumulation at the edge of the devices could possibly modify the
size of the depletion zone and the shape of the lateral confining walls.
In our case, however, it is not clear whether the eddy currents are only
induced in the surrounding 2D system areas or also inside the cavity of
the QD. Indeed, the perturbation of the Aharonov-Bohm oscillations’
frequency indicates a modification of the area of the edge state loop
inside the cavity.
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3.8 Conclusion

In this chapter, we presented the fabrication process used to con-
struct open QDs from a p-type (311)A GaAs quantum well. Using this
fabrication process, we realized two single QDs with areas of 1.4 and 4.5
µm2 as well as two 10× 10 QDs arrays with similar cavities as the single
dot samples.

We report the first magnetotransport measurements on hole open
QDs, that show clear evidence of coherent transport when T < 500 mK.
The single QDs’ magnetoconductance traces show a rich spectrum of
fluctuations, while the QD arrays allow a direct measurement of the
WAL correction to the conductivity. We have analysed these coherent
effects using an extended RMT that includes spin-orbit interaction and
have extracted a T -dependence for τφ together with an upper limit for
τso.

From the analysis of the WAL peak, we determined that τso .

10−11 s, independent of the shape of the vertical confining potential.
This indicates that the BIA contribution to the spin-orbit interaction is
large enough to induce a strong spin-orbit regime in our micrometer-sized
QDs. The realization of p-type GaAs-based systems with controlable
spin-orbit interaction through a modification of the vertical confining
potential could only be achieved by decreasing the devices’ size or by
reducing the BIA contribution to the spin-orbit interaction. The reduc-
tion of the BIA contribution could be performed by modifying the total
hole sheet density.

The T -dependence for τφ extracted from our magnetotransport mea-
surements lies between T−1 and T−2. While this T -dependence resem-
bles that measured in similar electron QDs, the value of τφ is found to
be one order of magnitude smaller for holes than for electrons. On the
other hand, the value of τφ extracted from our samples is consistent with
that reported for various p-type 2D systems, indicating that the small
value of τφ observed here is likely related to scattering mechanisms in
the 2DHS.



Chapter 4

Thermopower in 2D systems

Thermopower is one of the easiest experiments that
can be performed on conductors.

P. M. Chaikin

4.1 Introduction

The thermoelectric properties of materials, that have been discovered
experimentally by Seebeck and Peltier, relate the heat flux and the elec-
trical current flowing through matter. The thermoelectricity is expressed
in three different, yet related phenomena, namely the Seebeck, Peltier
and Thomson effects [78, 142, 168].

Since their discovery in the 19th century, the thermoelectric effects
have generated much interest for many different applications. The most
widespread thermoelectric-based device is the thermocouple that pro-
vides a low cost and wide T -range thermometer. Several other appli-
cations have been considered, such as thermoelectric coolers and heat-
to-electricity converters [168]. Thermoelectric coolers, for example, have
been used for particular applications like CPU cooling and have the ad-
vantage to be void of mobile parts. However, thermoelectric materials
currently available are not performant enough to allow thermoelectric
devices to be pervasive in daily applications. Recent work has mainly
focused on the development of new high-performance thermoelectric ma-
terials [142, 168], especially with low dimensionality [53, 168].

Beyond the industrial applications, thermoelectric effects are also of
great interest for the understanding of the electronic properties of ma-
terials. Indeed, the sign, magnitude and T -dependence of the thermo-
electric coefficient provide many complementary pieces of informations

71
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to those given by the electrical conductivity. In particular, the thermo-
electric effects are sensitive tools to probe 2D system’s ground state and
the scattering mechanisms involved in the conduction process [36]. The
thermoelectric coefficients are thus perfectly suitable to investigate the
2D metal-insulator transition (MIT) problem. As an example, thermo-
electric effect studies have helped identify the ground state of B-induced
insulating phases in 2D GaAs [19] and SiGe [158] hole systems.

In the following chapters, we will investigate the evolution of Seebeck
coefficient for the parallel B-induced MIT [2D GaAs hole heterostruc-
tures] as well as for perpendicular B-induced MIT [2D bilayer GaAs hole
systems]. This chapter briefly reviews the essential concepts for under-
standing the thermoelectric effects in 2D carrier systems. It also presents
the samples’ preparation and the measurement technique used to access
the Seebeck coefficient in 2D GaAs heterostructures down to very low T .

4.2 Basic concepts

T T+∆T

∆V

Figure 4.1: Illustration of the Seebeck effect in a rod-shaped sample subjected
to a thermal gradient. The Seebeck coefficient or thermopower S is given by
the ratio of the voltage drop ∆V to the temperature difference ∆T .

The Seebeck effect is the voltage drop appearing between two points
of a material, which are kept at different temperatures. If one considers
a rod-shaped sample subjected to a thermal gradient, as presented in
Fig. 4.1, the Seebeck coefficient or thermopower S is defined by:

S = lim∆T→0

∆V

∆T
. (4.1)

The thermopower is an intrinsic property of the considered material and
generally has three different origins (or components): the diffusion ther-
mopower Sd, the phonon-drag thermopower Sg and the magnon-drag
thermopower. The latter is only observed in magnetic materials or in
materials containing magnetic impurities. Therefore, in the clean 2D
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semiconductor heterostructures under scrutiny in this work, the total
thermopower S is the sum of the diffusion and phonon-drag contribu-
tions:

S = Sd + Sg. (4.2)

A simple picture to understand the diffusion thermopower Sd of a
conductor is the following. When the sample is subject to a thermal
gradient, because of the spreading of the Fermi-Dirac distribution, there
will be more carriers with higher velocities in the hot side of the sample.
The carriers then leave the hot side faster than the cold side. This results
in a net flux of carriers from the hot side to the cold side of the sample.
At equilibrium, a voltage drop is established, due to the accumulation of
carriers at the cold side, and counterbalances the flux generated by the
asymmetry of the Fermi-Dirac distribution spreading. Interestingly, the
diffusion thermopower has been shown to be a measure of the entropy
per carrier or of the heat per carrier over T [36].

The phonon-drag thermopower Sg can be described as follows. The
thermal gradient applied to the sample induces a flow of phonons from
the hot side to the cold side. Due to the phonon-carrier interaction,
there will be a net transfer of momentum from phonons to carriers, pref-
erentially in the direction of the thermal gradient. The carriers are then
dragged by the phonons to the cold side of the sample.

Based on these simple descriptions of diffusion and phonon-drag ther-
mopowers, we have seen that the carriers tend to accumulate at the cold
side of the sample for both effects. One then expects a negative ther-
mopower for electron systems and a positive one for hole systems. The
situation, however, is a bit more complicated and the nature of the car-
riers alone does not necessarily determine the sign of S. A more quanti-
tative description of diffusion and phonon-drag thermopower is provided
in the following sections for the particular case of 2D systems.

4.3 Diffusion thermopower in 2D systems

4.3.1 Degenerate carrier gas

Within the Boltzmann approach, the diffusion thermopower Sd of a
2D degenerate carrier gas (Fig. 4.2) can be expressed as a function of
the conductivity σ through the famous Mott formula [66, 74]:

Sd =
π2k2

BT

3q

d lnσ

d lnE

∣

∣

∣

∣

EF

, (4.3)
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x

Figure 4.2: Schematic representation of the DOS as a function of the energy
and the allowed states vs position in real space for a metal.

where q is the carrier charge. If σ is expessed in terms of an energy de-
pendent relaxation time τ(E) ∝ Eα, where α is a constant, then Eq. (4.3)
writes as

Sd =
π2k2

BT

3qEF
(1 + α). (4.4)

Assuming that α is T -independent, the diffusion thermopower of a de-
generate 2D carrier gas is then expected to decrease linearly with T . It
can be shown that the first term of Eq. (4.4) expresses the entropy of
the system. The second one, on the other hand, measures the energy
dependence of the dominant carrier scattering mechanism.

When a magnetic field is applied perpendicular to the 2D carrier
system, Sd is a tensor with two independent components, under the
assumtion that the system is isotropic in the xy plane. One distinguishes
between the longitudinal thermopower Sxx = Syy and the transverse
thermopower (Nernst Ettingshausen coefficient) Sxy = −Syx. Within the
Boltzmann approach, the diffusion thermopower coefficients read as [66]

Sd
xx =

π2k2
BT

3qEF

(

1 +
α

1 + β2

)

, (4.5)

Sd
yx =

π2k2
BT

3qEF

(

1 +
αβ

1 + β2

)

, (4.6)
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where β = µB. The bars over the Sd symbols denote that these equa-
tions only describe the non-oscillatory part of the diffusion thermopower
coefficients. Indeed, at low T , when B is increased, oscillations in ρ and
Sd are observed when the LLs’ separations exceed their broadening. At
low B, when the LLs are not fully resolved, the oscillatory part of the
thermopower coefficients can be calculated from ρxx and ρxy using the
Mott formula (see Ref. [66] for details). The thermopower oscillations
are phase shifted by π/2 with respect to the ρxx oscillations. At higher
B, in the quantum Hall regime, i.e. when the localized states play a
predominant role, the separation of the smooth and oscillatory parts of
Sd is no more appropriate. In this regime, Sd

xx can be extracted from
the entropy per carrier [66]. One then expects Sd

xx to oscillate between
0, when EF lies between two LLs, and a maximum value of

Sd
xx =

kB ln 2

q(n+ 1

2
)
, (4.7)

when n + 1

2
LLs are populated. In the high-B regime, the Sd

xx and ρxx

oscillations are in phase. Finally, note that Sd
yx is expected to be small

at high B [66].

4.3.2 Energy gap

x

Figure 4.3: Schematic representation of the DOS as a function of the energy
and the allowed states vs position in real space for a semiconductor. Transport
takes place by carriers excited above the energy gap.

Let’s now consider a 2D system that presents an energy gap Eg
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(Fig. 4.3). We have seen previouly that the diffusion thermopower can
be simply expressed as the heat per carrier over T . In such a system, the
heat carried by a particle excited across the energy gap is given by the
difference between the band edge energy and the chemical potential of the
system ∼ EF . The heat of an excited carrier is then (Eg − EF ) ∼ Eg/2
and the diffusion thermopower is [36]

Sd ∼ Eg

2qT
=
kB

q

Eg

2kBT
. (4.8)

A more rigorous estimation of Sd in gapped systems provides [212],

Sd =
kB

q

(

Eg

2kBT
+ C

)

, (4.9)

where C is a constant of order unity that takes into account the energy
dependence of the relaxation time. Similar to Eq. (4.4), which is devel-
oped for a degenerate carrier gas, the first term of Eq. (4.9) represents
the carriers’ entropy while the second term depends on the energy de-
pendence of the scattering mechanisms. If Eg ≫ kBT , the entropy term
dominates and one finds Eq. (4.8) again. The diffusion thermopower of a
system with an energy gap has a T−1 dependence and diverges as T → 0.

4.3.3 Strongly disordered 2D systems

x

Figure 4.4: Schematic representation of the DOS of a disordered semiconduc-
tor. Localized states have filled the band gap and the mobility edge has moved
into the band. Carrier transport occurs by jumps between localized states.
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In the presence of disorder, localized carriers’ states can be introduced
into the band gap of a semiconductor system (Fig. 4.4). If the disorder
is sufficiently important, a continuous DOS can even be established in
the gap and a finite value of the DOS can be observed at EF . When
disorder is further increased, the states in the conduction and valence
bands’ tails become localized [36, 45]. The energy difference between EF

and the energy onset of the extended states is referred to as the mobility
gap Eµ.

When kBT ≫ Eµ, transport occurs by activation of carriers across
the mobility gap. At low T (kBT ≪ Eµ), however, transport in such
disordered sytems takes place between localized states (Fig. 4.4). The
probability for an electron to be transferred from one state to another
decreases exponentially with the distance r between the sites and also
with the energy difference ∆E between these two sates. The transfer rate

between two different states is then proportional to e−are
− ∆E

kBT , where a
is a constant characterizing the spatial decrease of the carrier wavefunc-
tions. This transport mechanism is known as Variable Range Hopping
(VRH).

If one consider a 2D disordered system with a slowly varying DOS
around EF , the conductivity of the system has the following form [34,
215]:

σ = σ0 exp
[

−(T0/T )1/3

]

, (4.10)

where σ0 is weakly dependent on T , and

T0 = A 4a2

πkBD(EF )
, (4.11)

with A ∼ 7. This transport mechanism is known as the Mott VRH. The
diffusion thermopower in 2D systems with Mott VRH is given by [34]

Sd =
kB

2q
a4/3

[

1

πD(EF )

]2/3 ∂ lnD(E)

∂E

∣

∣

∣

∣

EF

(kBT )1/3. (4.12)

The diffusion thermopower is then expected to behave as T 1/3, while the
magnitude as well as the sign of Sd are mainly determined by the shape
of the density of states distribution around EF .

The above considerations have been formulated for systems with
a slowly varying DOS around EF . However, it has been shown that
Coulomb interaction between localized states decreases the DOS around
EF . Then, in the presence of carrier-carrier interactions, the DOS ex-
hibits a minimum in the vicinity of the Fermi level and vanishes at EF ,
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x

Figure 4.5: Schematic representaion of the DOS of a disordered semiconduc-
tor. Localized states have filled the band gap and the mobility edge has moved
into the band. The carrier-carrier interaction leads to a reduction of the DOS
around EF , i.e. the formation of a Coulomb gap. Carrier transport occurs by
jumps between localized states.

forming the Coulomb gap (Fig. 4.5). At low T , the conduction mainly
occurs through the states within the Coulomb gap. Under this condition,
the transport is referred as Efros-Shklovskii VRH and the conductivity
is expressed as [34, 215]

σ = σ0 exp
[

−(T ′
0/T )1/2

]

, (4.13)

with

T ′
0 =

8aq2

kBK
, (4.14)

where K is the dielectric constant. Here again, σ0 is only weakly T -
dependent. As for the diffusion thermopower, it reads as [34]

Sd =
kBq

K
a
∂ lnD0(E)

∂E

∣

∣

∣

∣

EF

, (4.15)

where D0(E) is the non-interacting DOS. The low-T thermopower of
system with a Coulomb gap is expected to be T -independent. Here,
also, the magnitude and the sign of Sd are determined by the shape of
the DOS around EF .
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4.4 Phonon-drag thermopower in 2D systems

Let’s assume that phonons are a 3D gas subjected to a thermal gra-
dient. Under these conditions, there is also a pressure gradient and, con-
sequently, a net force in the direction of the thermal gradient. Thanks
to the carrier-phonon interaction, a fraction of this force is exerted onto
the carriers. At equilibrium, an electric field couterbalances the force
exerted by the phonon gas. Based on these simple considerations, it can
be shown that, for a 2D degenerate carrier gas with a sheet density n2D,
the phonon-drag thermopower Sg can be written as [74]

Sg =
CLz

3qn2D

τ ′p
τ ′p + τpe

, (4.16)

where C is the specific heat, Lz is the specimen’s dimension in the con-
finement direction, τ ′p is the phonon relaxation time excluding carrier-
phonon scattering and τpe is the phonon relaxation time due to scattering
from carriers only. Al low T and low n2D, τ ′p is limited by boundary scat-
tering and Sg can be reformulated as

Sg =
CLz

3qn2D

Λ

vsτpe
, (4.17)

where vs is the sound velocity, and Λ is the phonon mean free path.
For single crystals with non-specular reflections, Λ corresponds to the
specimen’s minimum dimension. Considering that the lattice thermal
conductivity κl can be expressed as [78]

κl =
1

3
CvsΛ, (4.18)

the phonon-drag thermopower writes as

Sg =
κlLz

qv2
sn2D

τ−1
pe . (4.19)

As established in Eq. (4.19), the T dependence of the phonon-drag
thermopower is determined by the lattice thermal conductivity and by
the electron-phonon interaction. In a crystalline solid, where Λ is limited
by boundary scattering, κl has the same T dependence as the specific
heat [78] and is proportional to T 3. The phonon relaxation time due to
scattering from carriers only τpe, on the other hand, is strongly dependent
on |q|/2kF , where q is the average phonon wavevector [74].

At low T , when the average phonon wavevector |q| ≪ 2kF , τpe is
small and increases with T . The increase of τpe with T depends on
the material used to build the 2D system. In systems with screened
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deformation potential scattering, the evolution of τpe with T leads to
Sg ∝ T 6. If the screened piezoelectric scattering dominates, Sg ∝ T 4.
When screening is negligible, a T 4 and a T 2 dependence correspond to the
deformation potential and piezoelectric carrier-phonon scattering mecha-
nisms, respectively [159]. In GaAs heterostructures, piezoelectric carrier-
phonon scattering has been shown theoretically to be the dominant con-
tribution below 2 K [124], in agreement with experimental results that
have reported a T 4 dependence at very low-T for both electron [70, 183]
and hole [64, 65, 137] systems. In Si inversion layers, a T 6 dependence
of Sg has been reported [68], consistent with carrier-phonon scattering
mediated by a screened deformation potential. In p-type Si/SiGe hetero-
structure, a T 4 dependence of Sg observed [159]. In this particular case,
however, it is not clear whether this behavior arises from screened piezo-
electric carrier-phonon scattering or unscreened deformation potential
carrier-phonon scattering.

When |q| = 2kF , τpe shows a maximum [74]. At this particular
T , Sg ∝ T 3. Such behavior of the electron-carrier scattering rate and
the phonon-drag thermopower have been observed in various 2D sys-
tems [74], including GaAs heterostructures [70, 137].

At higher temperatures, i.e. for |q| ≫ 2kF , τpe falls rapidly when T
is increased and Sg increases much more slowly than T 3. Finally, when
the temperature is further raised, measurements in electron GaAs het-
erostructures [67] have shown that Sg reaches a maximum and decreases
with increasing T . Note that in this regime, the phonon mean free path is
limited by phonon-phonon scattering and decreases below the boundary
scattering value.

In a perpendicular B, quantum oscillations of Sg have been reported
in various 2D systems. While there is no theoretical framework to de-
scribe the low-B behaviour of Sg, the high-B oscillations can be de-
scribed in a simple picture. They arise from the modulation of the avail-
able initial and final possible states for carriers interacting with phonons,
whether the Fermi level lies between two LLs or is close to the center
of a LL. Note also that the magneto-oscillations of Sg

xx were found to
be in phase with that of ρxx both at low-B and in the quantum Hall
regime [74]. The behaviour of Sg

yx in a magnetic field is still poorly un-
derstood and several controversial results have been reported. For details
concerning Sg

yx, see Ref. [66] and references therein.
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Figure 4.6: Schematic representation of the thermopower measurement set
up (see text).

4.5 Low-T thermopower measurement technique

4.5.1 Sample preparation and mounting

The samples used to measure the thermopower in 2D GaAs hole
heterostructures are 8×2 mm2 pieces of wafer (see Fig. 4.6). Four ohmic
contacts, spaced by ∼ 1 mm, are placed on each side of the sample,
around the center of the longer edges. The ohmic contacts consist in
small droplets of In/Zn alloy (92%/8%) deposited by means of a soldering
iron. In order to make the Zn dopant atoms diffuse in the heterostructure
and electrically contact the 2D hole gas, the samples are annealed at
∼ 440◦ C for 10 minutes in a reducing atmosphere. After the realization
of the ohmic contacts, a 400 µm wide Hall bar is patterned on the sample
(shaded area in Fig. 4.6) using e-beam lithography and wet etching.
Following to the Hall bar patterning, a metallic top gate is evaporated
on the sample. The top gate is realized by e-beam lithography and lift-
off. A metallic back gate that covers the entire sample’s rear can also be
added1.

Carbon paint thermometers [19] are deposited on the sample’s sur-
face as shown in Fig. 4.6. Two gold wires with a diameter of 25 µm are
embedded in each carbon paint thermometer to measure their resistance.
In order to optimally probe the sample’s T , the gold wires need to be as

1The fabrication techniques used to prepare the thermopower samples (e-beam
lithography, wet etching, gate deposition,...) are similar to those used to fabricate
the open QDs. See Sec. 3.2 for details.
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close as possible to the sample’s surface. The procedure used to prepare
the thermometers is the following. The gold wires are placed on the
sample’s surface and attached to the sample’s egdes using photoresist.
Then, the carbon paint drop is deposited on the wires at the center of
the sample and dried under ambiant conditions overnight. As shown
in Fig. 4.7(a), the T -dependence of the carbon paint thermometer’s re-
sistivity makes them particularly suitable for low T measurements. In
order to optimize the T measurement in the range 30 - 500 mK, the ther-
mometers’ resistance has to lie beetween ∼ 70 and ∼ 120 Ω at room T .

For thermopower measurements, a controlled thermal gradient has
to be applied to the sample. To that purpose, the measurements are
performed under vacuum. One end of the sample is thermally anchored
to the cold finger of the MC of a dilution refrigerator2(heat sink), while
a strain gauge used as heater3 is glued on the other end of the sample
(see Fig. 4.6). The anchorage of the sample to the cold finger and to the
heater is performed using 7031 GE varnish. A piece of cigarette paper
soaked in GE varnish is intercalated between the back gate and the cold
finger to avoid electrical contact.

4.5.2 Thermometry

Once the systems have been cooled down, the thermometers are first
calibrated. In order to improve the quality of the T measurements, we
make two different calibrations, below and above 200 mK. The calibra-
tions are performed by recording the thermometers’ resistance, while the
MC’s T is slowly rised by increasing MC’s heater power by 0.1% every
3s. The resistance of a carbon paint thermometer as a function of T
is shown in Fig. 4.7(a) for the entire investigated T -range. The carbon
paint thermometers’ resistance is measured in a two-contact configura-
tion using PAR 124A lock-in amplifiers. As this resistance goes up to
∼ 10 MΩ at low-T (see Fig. 4.7(a)), we use very low frequency of ∼ 4
Hz in order to avoid signal cutting by the RLC filters4. The relation of
the temperature to the thermometers’ resistance is then determined by
fitting the data to a polynomial law, using the following equation:

lnT =
∑

i

Ci (lnR)i , (4.20)

2The low-T measurement system is described in Sec. 3.2.3.1.
3The heater is a 1 mm long strain gauge with a resistance of 120 Ω (QLFA

model) purchased from Tokyo Sokki Kenkyujo Co.,Ltd., 8-2, Minami-Ohi 6-Chome,
Shinagawa-Ku, Tokyo, 140-8560 Japan.

4See Sec. 3.2.3.1 for details about the filters.
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Figure 4.7: (a) Resistance as a function of T of a carbon paint thermometer.
(b) and (c) Calibration curves for the carbon paint thermometer. Fits were
done using Eq. (4.20) for T < 200 mK (b) and T > 200 mK (c). Temperature
difference ∆Tth measured between the carbon paint and MC’s thermometers
for T below (d) and above (e) 200 mK.
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where Ci are constants. The number of terms in the polynoms is ad-
justed to optimize the fit. Figure 4.7(b) and (c) present the fits of lnT
vs lnR (open circles) above and below 200 mK, respectively. The quality
of the calibrations can be checked by monitoring the temperature differ-
ence ∆Tth measured between the carbon paint and MC’s thermometers.
Figures 4.7(d) and (e) show ∆Tth for the fits presented in Figure 4.7(b)
and (c), respectively, revealing that it is less than 1 mK in the investi-
gated range. It is worth noting that the jumps observed in ∆Tth below
200 mK correspond to the change of the lock-in amplifier’s range. These
jumps are reproducible and are also similar for the two different lock-in
amplifiers. Consequently, if the range of the lock-in amplifiers measur-
ing the resistances of the two carbon paint thermometers are switched
together, the effect of these jumps cancels when calculating the gradi-
ent across the sample. The accuracy of the T difference between the
two carbon paint thermometers is then generally better than 0.5 mK for
temperatures below 200 mK.

The thermopower measurements are performed using an ac tech-
nique. Consequently, the thermal gradients can not be measured simul-
taneously with S. It is then necessary to first characterize the thermal
gradient that establishes along the sample for a given power in the heater
and a given T . The thermal characterization of the sample is realized
at B = 0 T and proceeds as follows5. Once the MC’s T has been ad-
justed to the desired value, we apply a dc voltage V dc

heater to the heater
in series with a resistor6 and record the evolution of the carbon paint
thermometers’ T for several values of V dc

heater. This procedure is repeated
for a series MC’s T included between 40 and 500 mK. The T difference
between the voltage probes ∆T is given by

∆T =
Loc

Lth
(Thot − Tcold) , (4.21)

where Thot and Tcold are the temperatures of hot and cold side carbon
paint thermometers, respectively (see Fig. 4.6). As the thermometers do
not measure T exactly at the position of the voltage probe, we assume
that the thermal gradient is constant along the sample and correct the
measured T difference by a geometrical factor Loc/Lth, where Loc is

5If an In back gate is used, the thermal characterization is also performed at
B = 0.1 T. Indeed In becomes superconductor below 3.4 K and has a critical field
of ∼ 0.029 T at T = 0 K. The superconductor/metal transition of the In back gate
changes the overall thermal conductivity of the sample and modifies the thermal
gradient along the sample.

6Typically, at 100 mK, a current of 5 µA is the heater, corresponding to a power
of 3 nW, produces a ∆T of ∼ 5 mK. At 500 mK, a current 58 µA in the heater,
corresponding to a power of 0.4 µW, leads to a ∆T of ∼ 10 mK.
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the distance between the ohmic contacts used as voltage probes for the
thermopower measurements and Lth is the distance between the carbon
paint thermometers. The mean sample temperature Tm is given by

Tm =
Thot + Tcold

2
. (4.22)

Note that ∆T is always kept below 10% of Tm and below 10 mK.

4.5.3 Thermopower measurement

For the thermopower measurements, the thermal gradient is created
by passing a sine wave current at a frequency f = 1.3 Hz through the
heater and the voltage signal is measured at 2f between two contacts
on the same edge of the sample using a Signal Recovery 5210 lock-in
amplifier. The value of the frequency is chosen to be low enough to let
the system thermally follow the heater excitation. The integration time
was adapted depending on the magnitude of the measured thermopower
signal: we used values from 3 to 30 s for the smallest signals. As the
value of the thermal gradient was previously determined by appying a dc
voltage V dc

heater to the heater in series with a resistor, one must be careful
to convert this dc value to the corresponding rms voltage provided by
the output of the lock-in amplifier V rms

heater using:

V rms
heater =

V dc
heater√

2
. (4.23)

Similarly, the thermoelectric voltage measured using the lock-amplifier
V rms

TP has to be converted to a dc value:

V dc
TP = 2

√
2V rms

TP . (4.24)

The thermopower S is then calculated using:

S =
V dc

TP

∆T
. (4.25)

It is worth noting here that our measurement technique implies that we
probe S along the length of the sample. Two different samples are then
required to measure the thermopower for two different crystallographic
directions.

For magnetothermopower measurements, the magnetic field is always
swept from the high-B end-point down to zero. The sweep rate is adapted
to the integration time used for the data acquisition, as well as to ensure
the thermal stability of the system. We generally sweep B at a rate
between 0.01 and 0.05 T/min.
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To finish this chapter, it is worth summarizing the essential assump-
tions that were made to measure thermopower data that are presented
in the following two chapters:

• While thermopower is an intrinsic property of the considered mate-
rial, the measurement set up implies that the measured S contains
contributions from the sample Ssample as well as from the measure-
ment wires Swires. Indeed, as the temperature differences along the
two measurement wires are not identical, it can be shown that the
measured S is given by the following relation: S = Ssample−Swires.
However, since the thermopower of gold, used for the measurement
wires, is extremely small at low T , we assume that Swires ≈ 0.

• The carbon paint thermometers are in thermal equilibrium with
the sample and the thermal gradient is constant between the ther-
mometers. To reduce heat conduction through the gold wires used
to measure the resistance of the thermometers, they are connected
to the DIP socket through ∼ 15 mm long segments of Nb/Ti su-
perconducting wires.

• The thermal gradient is small enough to ensure that S is measured
in the linear regime.

• The thermal gradient is independent of B. This assumption is
well respected as the main heat conduction mechanism through
the samples comes from the GaAs lattice.

• The carriers are in thermal equilibrium with the lattice. We have
seen in Sec. 3.2.3.2 that, due to the reduction of hole-phonon inter-
action with decreasing T , the holes’ T can deviate from the temper-
ature of the lattice at very low T . This deviation can weakly mod-
ify the T -dependence of the measured thermopower below 100 mK.
However, it does not change the global S vs T behaviour and it
does not affect the conclusions of the following chapters.



Chapter 5

Parallel magnetic

field-induced metal-insulator

transition

N’a de convictions que celui qui n’a rien approfondi.

E. Cioran

5.1 Introduction

The past two decades have witnessed extensive theoretical and ex-
perimental work on the subtle interplay between disorder and carrier-
carrier interaction that dictates the low temperature T behavior of two-
dimensional systems in semiconductor structures [2, 114, 173, 48]. Within
the scaling theory of localization [1], carriers in non-interacting 2D sys-
tems with disorder have been predicted to be localized. In such systems,
the resistivity is expected to increase logarithmically or exponentially as
T → 0 for weak and strong localization, respectively. It has been shown
that in the presence of weak carrier-carrier interaction the localization
should be strengthened [10]. On the other hand, strongly interacting 2D
systems are expected to form a Wigner crystal at low T [182, 200]. Due
to the unavoidable presence of disorder in 2D semiconductor structures,
the Wigner crystal should be pinned and the system should not conduct
at T = 0. Based on these theoretical predictions, 2D systems have for a
long time been expected to solely behave as insulators.

In the early 1980s, experimental investigations [28] provided evidence
of a logarithmic increase of the resistivity in agreement with the local-
ization theory.

87
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In the 1990s, a striking metallic T -dependence of the resistivity was
reported in Si-MOSFETs [113]. This observation was made in a low den-
sity 2D system with much higher mobility than those previously avail-
able. Following this seminal work, similar data have been recorded for
2D systems in various materials, including n-GaAs/AlGaAs heterostruc-
tures [90], p-GaAs/AlGaAs heterostructures [89], p-SiGe heterostruc-
tures [42], n-AlAs heterostructures [151] and n-GaAs FETs [119]. How-
ever, the density and T ranges where the metallic behaviour is observed
have been shown to be material dependent. The strong metalliclike T -
dependence of the resistivity, as well as the low density range where
this metallic regime is observed, first suggested the formation of a new
metallic phase stabilized by strong carrier-carrier interaction1.

If the carrier density is further reduced, such metalliclike 2D system
is driven through a metal-insulator transition (MIT) [113]. Deep in this
insulating state, the T -dependence of the resistivity is consistent with
with hopping in the presence of a Coulomb gap (Efros-Shklovskii VRH).
Interestingly, when a parallel magnetic field B‖ is applied to the system,
a huge positive magnetoresistance is observed in both the metallic and
in the insulating state [177]. The magnetoresistivity first strongly in-
creases as ∼ B2

‖ and saturates once the minority spin subband has been
depopulated [194, 186]. Moreover, it was found that B‖ also destroys the
metallic behavior, suggesting that the MIT could be related to carriers’
spin.

Many different conjectures have been proposed to describe the metal-
lic behavior of 2D systems and the transition to an insulating state at
lower densities or in the presence of B‖. The two prominent theses for
the description of the metallic regime observed in 2D systems are based
on the Fermi liquid theory. The first one describes the metallic behavior
as arising from a dependence upon T , B‖, n2D of the screening of the
charged impurity potential [48, 47]. The second, on the other hand, ex-
plains the strong metallic T -dependence as stemming from the delocaliz-
ing effects caused by strong carrier-carrier interaction [164, 209]. Within
this theory, a strong B‖-induced positive magnetoresistance is expected
as B‖ quenches the delocalizing effects of the carrier-carrier interaction
by aligning the spins. Nevertheless, these Fermi liquid-based theories do
not explain the strong increase of the effective carrier mass that has been
reported in the vicinity of the density-induced MIT [174, 175]. Several

1The strength of carrier-carrier interaction can be probed by the ratio of the

Coulomb energy to the Fermi energy: rs =
m∗q2

4π~2K
√

pπ
, where K is the dielectric

constant. The carrier-carrier interaction is supposed to be weak for rs ≪ 1 and
strong for rs ≫ 1.
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other models have been developed to describe the ground state of 2D
systems close to the MIT (for a review, we refer to Refs. [2, 114, 173]).

Most experiments performed to study the MIT in 2D systems consist
of electrical transport measurements and only poor attention has been
paid to the other electronic properties of these systems. The study of
the carriers’ specific heat, for example, could contribute to decrypt the
nature of the MIT. In fact, one of the fundamental thermodynamic quan-
tities, the compressibility, has been adressed experimentally across the
MIT. The compressibility measures the ability of the system to screen
external charges. Macroscopic measurements of the compressibility as a
function of the carrier density in 2D p-type GaAs heterostructures have
shown a sign reversal from negative to positive value at the MIT [54].
While the negative value and the p-dependence of the compressibility
in the metallic regime are well understood by the Hatree-Fock the-
ory [58, 76], its behaviour in the insulating regime, the sign reversal
and the vanishing value at low-p, first suggested a phase transition to an
incompressible state, possibly a Wigner crystal [54]. Soon after, further
measurements of the local compressibility in similar systems have con-
firmed the behavior of the compressibility in the metallic regime, as well
as the presence of a thermodynamic change at the p-induced MIT [76].
These measurements, however, have shown that the behavior of the com-
pressibility in the insulating regime is spatially inhomogeneous. More-
over, local measurements of the compressibility exhibit clear signatures
from the charge traps in the doping layer, highlighting their important
role in the systems’ thermodynamic ground state. Finally, similar local
compressibility measurements have been performed on 2D GaAs FETs
that do not contain any intentional dopants [77]. Results in these sys-
tems confirms the presence of a thermodynamic change at the MIT and
suggested the presence of two phases in the insulating regime: a contin-
uous compressible phase and an incompressible, discrete phase. As the
carrier density is reduced, the discrete phase grows to the detriment of
the continuous compressible one. The compressibility results have em-
phasized the inhomogeneous nature of the p-induced insulating phase
and have highlighted the importance of sample’s parameters, like the
presence of charge traps in the doping layer, in the determination of the
thermodynamic ground state.

Up to now, no clear, universally accepted understanding has been
established and the nature of the metallic phase and of the MIT are
still hotly debated. The main difficulty arises from the fact that the
true nature of the system’s ground state can only be probed at T = 0.
Within this context, it is worth noting that very recent investigations
have reported the disappearance of the metallic behavior in 2D GaAs
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FETs below 30 mK [95], indicating that the true system’s ground state
is probably insulating.

In the previous chapter, we have seen that the diffusion thermopower
is sensitive to the density of states at the Fermi level. For a metallic 2D
system, made of a degenerate 2D hole gas, Sd can be expressed in terms
of the conductivity σ using the Mott formula:

Sd =
π2k2

BT

3qEF
(1 + α) . (5.1)

where α describes the energy dependence of the scattering mechanisms.
Assuming that α is T -independent, the diffusion thermopower of metal-
lic 2D systems decreases linearly with T . For insulating 2D systems, we
distinguish three different cases. First, if an energy gap separates the
ground state from its excitations, Sd diverges as T−1 when T is low-
ered (Eq. (4.9)). Second, for systems with a mobility gap, Sd should
vanish as Sd ∝ T 1/3 at low T if the transport occurs through Mott
VRH (Eq. (4.12)). Finally, if the system presents a Coulomb gap and
Efros-Shklovskii VRH is responsible for transport, Sd exhibits a con-
stant value (Eq. (4.15)). Thermopower is then particularly suitable to
study the MIT in 2D systems as it can precisely determine the nature of
system’s ground state and provides valuable information concerning the
dominant scattering mechanisms.

In this chapter, we study dilute (311)A GaAs 2D hole systems through
magneto-thermopower measurements along the [011̄] and [2̄33] crystal-
lographic directions. Our results indicate that, below 150 mK, in the
diffusion regime, S decreases linearly with T at low B‖, as expected for
a metallic system. Interestingly, at high B‖, in the insulating phase,
S drops and saturates to zero for the [2̄33] direction, while for the [011̄]
direction it changes sign. This remarkable behavior suggests that the sys-
tem’s ground state is not modified when it is driven through the MIT,
instead, it shows that the apparent MIT is accompanied by a dramatic
change in the dominant scattering mechanism. In particular, we cast our
data within the screening model [80, 48] and explain the negative ther-
mopower in terms of B‖-dependent interface roughness and intersubband
scattering [63].

5.2 Sample description

The samples investigated in this chapter are two 8×2 mm2 rectangu-
lar pieces from a p-type GaAs/AlGaAs heterojunction grown by molec-
ular beam epitaxy on (311)A. The heterojunction has been fabricated in
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the group of Prof. M. Shayegan at Princeton University. A schematic
layout of its structure is available in Appendix C, where it is referred
to as M230. The heterojunction has a hole density p = 4 × 1014 m−2

and exhibits a mobility anisotropy [91] stemming from the mesoscopic
corrugation of the (311)A GaAs/AlGaAs interface [197]. The mobilities
are µ = 38 m2/Vs along the [2̄33] (high-µ) and 18 m2/Vs along the [011̄]
(low-µ) directions at 1.5 K.

In order to study ρ and S along the two crystallographic directions,
one sample had its length along the high-µ direction and the other one
along the low-µ direction. The samples were prepared as described in
Section 4.5.1.

Since the response of a 2D GaAs hole system to B‖ depends on the
orientation of the magnetic field with respect to the crystal axes [150,
186], B‖ was always kept parallel to [2̄33]. This particular configuration
and the low carrier density of 1.9×1014 m−2 chosen for the experiments,
allow the observation of MIT and subband depopulation at lower B‖’s.
This makes the thermopower measurements easier as the required ther-
mal stability is more difficult to achieve when sweeping at very high-B‖’s
in our experimental set-up. Moreover, it precludes any spurious super-
position of the MIT with the Shubnikov-de Haas oscillations appearing
at high-B‖ due to a small misalignment between the sample and the
magnetic field. Finally, note that while most of the data presented in
this chapter were recorded for p = 1.9 × 1014 m−2, similar results were
obtained at p = 2.3 × 1014 m−2.

5.3 Magnetotransport measurements

We first present magnetotransport measurements performed at p =
1.9 × 1014 m−2 and show ρ as a function of B‖ at various temperatures
and for current along both crystallographic directions in Fig. 5.1(c). At
B = 0, ρ exhibits a metallic behavior2. By sweeping up B‖, ρ first
strongly increases for both directions and displays an insulating behavior
above a critical magnetic field Bc

‖ ∼ 1.7 T. The T -dependence of ρ at var-
ious B‖ in the metallic and in the insulating regime is further illustrated
in Fig. 5.1(a) and (b) for the low-µ and the high-µ crystallographic direc-
tions, respectively. When B‖ is further raised, the ρ variation slows down
and increases approximately linearly for B‖ & Bd

‖ ∼ 2.7 T, corresponding

2The ratio of the Coulomb energy to the Fermi energy, rs, is equal to 22.8 in our
sample for p = 1.9 × 10

14
m

−2, using m∗
= 0.38 me.
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Figure 5.1: Temperature dependence of ρ along (a) the low-µ and (b) the
high-µ crystallographic directions for p = 1.9 × 1014 m−2 and B‖ = 0, 1, 1.7,
2.2 and 3 T. (c) Longitudinal resistivity as a function of B‖ at various T ’s
for p = 1.9 × 1014 m−2. Data are shown with the current applied along two
crystallographic directions (high-µ and low-µ).
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to the complete depopulation of the minority spin subband [194, 186]3.
The behavior of ρ as a function of B‖ and T observed here is typical for
dilute 2D carrier systems and is similar to that previously reported in
the literature.

Within the screening model [48, 47], the strong increase of the resis-
tivity for B‖ < Bd

‖ is ascribed to the reduction of screening of the charged
impurity potential due to the depopulation of the minority spin subband.
The slower increase of ρ for B > Bd is attributed to the magneto-orbital
effect originating from the finite width of the 2D system [46, 188]. If we
compare data obtained for the two different crystallographic directions,
we observe that the ratio ρ(Bd

‖)/ρ(0) at 40 mK is ∼ 4 and ∼ 8 along
the high- and low-µ directions, respectively. Theoretically, this ratio has
been predicted to have a maximum value of 4 [47], but larger values
have already been reported for low density Si-MOSFETs [177]. Recent
experimental studies have suggested that the large values of ρ(Bd

‖)/ρ(0)

could be related to interface roughness scattering [115]. This explana-
tion seems consistent with our observation, since for (311) p-type GaAs
heterojunctions interface roughness scattering is known to play a more
important role along the low-µ direction compared to the high-µ direc-
tion [91].

5.4 Magnetothermopower measurements

The T -dependence of S at various B‖ is presented in Fig. 5.2 and
Fig. 5.3 for p = 1.9 × 1014 m−2 and for both crystallographic direction.
We first focus on S at low-B (. Bc

‖). At T ’s between 500 mK and ∼ 200,
S decrease as T 4 when T is lowered. This behavior is consitent with low-
T phonon-drag thermopower in a 2D system with screened piezoelectric
coupling [124]. Below ∼ 150 mK, S decrease linearly with T and behaves
as expected from the diffusion thermopower of a 2D degenerate hole gas.
The low-B behaviour of S, i.e. the T -dependencies and the T transition
from phonon-drag to diffusion thermopower is consistent with previous
experiments on GaAs/AlGaAs heterostructures [64, 137, 183].

When B‖ is increased, we observe that, for T & 0.2 K, S remains
∝ T 4. Below 0.15 K, S ∝ T for B‖ . Bc

‖ and both crystallographic

directions. However, the behavior of S change drastically when B‖ & Bd
‖ .

Indeed, at magnetic fields higher than Bd
‖ , the diffusion thermopower

3Note also that for B‖ > Bd
‖ , ρ shows Shubnikov-de Haas oscillations, caused by

a small misalignment of the 2D hole gas with respect to B‖. From these oscillations,
we deduce that the misalignment is smaller than 1.5◦ for both samples.
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Figure 5.2: Temperature dependence of S at different magnetic fields and
p = 1.9 × 1014 m−2 for (a) the low-µ and (b) the high-µ direction. Data are
plotted on a logarithmic scale for S ≥ 1 and on a linear scale for S ≤ 1.
The dashed lines correspond to S = 0 and the solid lines indicate various
temperature dependencies.
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Figure 5.3: Temperature dependence of S at different magnetic fields and
p = 1.9 × 1014 m−2 for (a) the low-µ and (b) the high-µ direction. The main
panels present the low-T data. The insets show the thermopower in the phonon-
drag regime. The dashed lines correspond to S = 0. The error bars are given
by the noise of the lock-in amplifier, the magnitude of the applied thermal
gradient, and the accuracy of the thermometers’ calibration.
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Figure 5.4: Thermopower as a function of B‖ for the low-µ (solid traces)
and the high-µ (dotted traces) directions at two different temperatures and
p = 1.9 × 1014 m−2. The dashed line in the bottom panel indicates S = 0. In
the lower panel, the corresponding value of α is shown on the rigth axis.

drops to zero along the high-µ direction, and becomes negative along
the low-µ direction.

The unexpected behavior of Sd at high-B‖ is further illustrated in
Figure 5.4 which displays S as a function of B‖ at two different tempera-
tures for p = 1.9× 1014 m−2 and for the two crystallographic directions.
At 480 mK, in the phonon-drag regime, S behaves similarly to ρ: it in-
creases monotonically with B‖ for both crystallographic directions. On
the other hand, at 120 mK where the diffusion contribution dominates, S
has a small positive value at low-B‖ and it is constant up to ∼ Bc

‖. Inter-

estingly, between Bc
‖ and Bd

‖ , S drops to zero along the high-µ direction,
while for the low-µ direction it decreases more dramatically and reverses
its sign. For B‖ & Bd

‖ , S remains constant for both crystallographic
directions.
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5.5 Discussion

None of the models developed for 2D insulators can succesfully de-
scribe the intriguing behavior of S observed for B‖ & Bc

‖. First, the
vanishing S as T → 0 is not consistent with the presence of an energy
gap in the ground state. Second, the difference observed between the two
crystallographic directions cannot be described within theories developed
for Mott or Efros-Shklovskii VRH. Moreover, for VRH transport, Sg has
been predicted to be equal to zero [215], contradictory to our results.
On the other hand, the behavior of Sd above Bc

‖, i.e. the sign anomaly
and the anisotropy, can be explained using Eq. (5.1) provided that B‖

induces a dramatic change in the dominant scattering mechanism. As
illustrated in the lower panel of Fig. 5.4, the deduced α ∼ −0.8 at low
B‖ decreases to ∼ −1 and ∼ −1.7 along the high-µ and low-µ directions,
respectively.

Sign anomalies of the diffusion thermopower have also been reported
at B = 0 in high-density electron GaAs/AlGaAs heterojunctions and
Si inversion layers [75, 169], as well as in the metallic-like phase of p-
type GaAs quantum wells [137] and Si/SiGe heterostructures [159] in
the vicinity of the MIT. They have been attributed to the onset of the
second subband population or to interface roughness scattering. In par-
ticular, the diffusion thermopower of dilute p-type GaAs quantum wells
has been addressed theoretically within the screening theory [125]. In
this work, the effect of several scattering mechanisms, including scatter-
ing by charged and neutral impurities, alloy disorder, interface-roughness
as well as electron-phonon scattering, have been carefully considered. It
has been shown that interface-roughness scattering with long range inter-
face layer-fluctuations is the only scattering mechanism with an energy
dependence that can explain the sign reversal of S observed in p-type
GaAs quantum wells close to the MIT. Similar arguments could be in-
voked to interpret the behaviour of S observed in our heterojunction for
B‖ & Bc

‖. The in-plane magnetic field can modify the scattering through
two different mechanisms. First, it pulls the hole’s wave function closer
to the interface, thereby making roughness scattering more efficient. Sec-
ond, B‖ depopulates the minority spin subband and, as a result, modifies
intersubband scattering. Moreover, the origin of the sign reversal of S as
stemming from an increased strength of interface roughness scattering is
consistent with the weaker effect observed along the high-µ direction.

Our thermopower data seem consistent with the screening model [48,
47] and suggest that the system’s ground state is not modified across
the MIT: the 2D system behaves as a degenerate hole gas both in the
metallic and in the insulating states. Moreover, our results indicate that
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at the MIT, B‖ induces a dramatic change in the dominant scattering
mechanism. However, due to the lack of theoretical calculations for the
thermopower in strongly interacting systems, we can not exclude that
hole-hole interaction may also play a significant role [209]. Within this
context, additional experimental investigations on comparable 2D sys-
tems with less interface roughness scattering, like (100) C-doped p-type
GaAs/AlGaAs heterostructures, could determine the importance of hole-
hole interaction across the B‖-induced MIT.

5.6 Heterojunction vs quantum well

To further illustrate the role of the interface scattering mechanism in
the present measurements, we compare, in Fig. 5.5, S along the high-µ
direction at ∼ 100 mK and at B = 0 as a function of the carrier density
for the heterojunction investigated here and for the quantum well studied
in Ref. [137]. At high densities, the measured values of S are similar for
both samples and increase monotonically when p is reduced. Between
p = 2 and 3 × 1014 m−2, S shows a sign anomaly in the quantum well,
while for the heterojunction it remains positive and increases steadily.
The solid line in Fig. 5.5 shows the value of Sd vs p calculated for a
2D degenerate hole gas using Eq. (5.1). The calculation was performed
with α = 0.76 and m∗ = 0.38 me. The measured S is in excellent
agreement with the calculation down to p ∼ 3.5 × 1014 m−2 for the
quantum well and down to p ∼ 2× 1014 m−2 for the heterojunction. For
p . 2 × 1014 m−2, where the systems approach the MIT, the measured
thermopower strongly increases for both samples.

Assuming that interface roughness scattering is the mechanism re-
ponsible for the sign change of S at low T , the difference observed be-
tween the heterojunction and the quantum well at B = 0 can possibly
be ascribed to the confinement of the holes’ wave function. Indeed, the
confinement is stronger in the quantum well and the holes’ wave func-
tion is closer to the interface, making interface roughness scattering more
dominant. Moreover, in quantum well structure there is an additional
GaAs/AlGaAs interface in comparison to the case of the heterojunc-
tion. Figure 5.6 presents the mobilities and the T -dependencies of ρ as
a function of p along the high-µ direction for both the heterojunction
and the quantum well samples. The heterojunction sample has a much
higher mobility than the quantum well sample (Fig. 5.6(a)), resulting in a
stronger metallic behavior and a lower density for the MIT (Fig. 5.6(b)
and (c)). This lower mobility measured for the quantum well seems
consistent with a stronger interface roughness scattering. However, the
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simple explanation given here has to be considered carefully. Indeed, it is
not clear whether the differences observed in the electrical transport only
stem from an increased strength of the interface-roughness scattering for
the quantum well samples or if other parameters have to be accounted
for. Further investigations are needed to clarify the problem.

Figure 5.5: Thermopower as function of p along the high-µ direction at ∼ 100
mK and at B = 0 for the heterojunction (Het) investigated in this chapter and
for the quantum well (QW) studied in Ref. [137]. The solid line shows the
expected value of Sd for a degenerate hole gas (Eq. (5.1)) at 100 mK with
α = 0.76.

Finally, we comment on the strong increase of S observed for p .

2× 1014 m−2 for both samples. At these carrier densities, the measured
behavior of S strongly deviates from what is extected from a degener-
ate hole gas using Eq. (5.1) (see Fig. 5.5). It is worth noting here that
the thermopower signal was particularly noisy for data recorded at these
densities, most probably because our low-f technique is not adapted to
very low-p regime where the samples are strongly inhomogenous. How-
ever, the results seem consistent with data reported in the metallic phase
of Si-MOSFETs [69] where similar increase of the diffusion thermopower
was observed at densities just above the MIT. In that work, an upturn
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(a) (b)

(c)

Figure 5.6: (a) Mobility determined at 1.5 K as a function of p along the
high-µ direction for the heterojunction (Het) investigated in this chapter and
for the quantum well (QW) studied in Ref. [137]. Panels (b) and (c) show the
T -dependence of ρ at various carrier densities for the quantum well and the
heterojunction, respectively.
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to a T−1 dependence of Sd in the insulating phase was also measured
down to the lowest investigated T (∼ 300 mK). Such a T -dependence of
Sd could be explained as stemming from thermally activated transport
through an energy gap or a mobility gap. However, very low-T measure-
ments are still required two distiguish between these to cases. Indeed Sd

is expected to be constant or to behaves as T 1/3 at low-T for a mobil-
ity gap with and without carrier-carrier interaction, respectively. On the
other hand, it should diverge as T → 0 for an energy gap. It is also worth
noting that no change in the behaviour of the phonon-drag thermopower
has been observed across the MIT, inconsistent with a transition to VRH
transport. However, these results are only reported for densities close to
the MIT. More thermopower data deep in the insulating regime could
certainly help determine the nature of the insulating phase.

5.7 Conclusion

In this chapter, we studied high mobility, dilute p-type (311)A GaAs
heterojunctions subjected to an in-plane magnetic field. The resistivity
of these samples first strongly increases as function of B‖ and a MIT is
observed at a critical magnetic field Bc

‖. Above Bd
‖ that corresponds to

the depopulation of the minority spin subband, ρ saturates and increases
linearly with B‖.

We report thermopower measurements in the B‖-induced MIT. The
diffusion thermopower is a very suitable tool to investigate such MIT
as it is directly sensitive to the system’s ground state and the dominant
scattering mechanism. For B‖ . Bc

‖, the low-T thermopower, dominated
by the diffusion contribution, behaves as expected for a degenerate hole
gas and decreases linearly with T . However, Sd changes dramatically
around the MIT. Along the high-µ direction S drops to zero, while for
the low-µ direction it changes sign. This remarkable behavior indicates
that the apparent MIT does not originate from a modification of the
system’s ground state. Instead, the MIT appears to be accompanied by
a dramatic change in interface roughness and intersubband scattering
mechanisms. These conclusions are strengthened by the results obtained
in the phonon-drag regime that do not exhibit any change of S across
the MIT.





Chapter 6

Reentrant insulating phase in

bilayer hole systems

La vraie science est une ignorance qui se sait.

Montaigne

6.1 Introduction

In chapter 1, we described 2D carrier systems as degenerate Fermi
gases of non-interacting particles. However, the realization of 2D systems
with extremely low disorder has allowed the Coulomb interaction be-
tween carriers to become a major parameter in the determination of the
system’s ground state. With the emergence of the carrier-carrier inter-
action, many peculiar many-body ground states have been observed ex-
perimentally and were described theoretically as arising from the subtle
interplay between Coulomb interaction, disorder, and magnetic field [49].

The signatures of several many-body states, generally observed in
clean 2D carrier systems, are observed in Fig. 6.1 that shows the longi-
tudinal resistivity of a 2D GaAs hole system1 with p = 4.2 × 10−14 m2

as a function of a perpendicular B. Quantum Hall states (QHSs) are
observed at fractional filling factors like ν = 2

3
, 3

5
, 2

5
and 1

3
. Such states

are not expected for non-interacting systems. The first observation of
a QHS at fractional ν was performed in 1982 at ν = 1

3
in a 2D GaAs

electron system [185]. Since then, many other QHSs have been reported

1The traces presented in Fig. 6.1 were measured from the M230 heterostructure
(see Appendix C).
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Figure 6.1: Longitudinal magnetoresistivity of a 2D GaAs hole system with
p = 4.2 × 10−14 m2. Below B = 1.5 T, the data are multiplicated by 100 for
clarity. The various T traces plotted for B > 1.5 T illustrate the reentrant
insulating phase around the fractional QHS at ν = 1/3.

at fractional filling factors with odd denominators [49]. At these partic-
ular ν’s, the carriers have been shown to condense into a liquid-like state
that presents an energy gap in its excitation spectrum. Contrary to the
case of the integer QHE, this gap does not stem from the quantization
into LLs, but rather originates in the Coulomb interaction between the
carriers2.

A second intriguing feature illustrated in Fig. 6.1 is the insulating
(IP) phase observed around the fractional QHS at ν = 1

3
. Wigner pre-

dicted that interacting carriers in metals should crystallize if they have
no kinetic energy [200]. In low-disorder 2D systems, a sufficiently large
perpendicular B is expected to quench the kinetic energy of the carriers,
leading to the formation of a Wigner crystal [49]. The reentrant IPs
observed at low-T in GaAs 2D electron single-layers [49, 81, 104] around
the fractional QHS at ν = 1

5
and electron bilayers [126] in the vicinity of

total filling factor ν = 1

2
, as well as in dilute, single-layer, GaAs 2D hole

systems [171] near ν = 1

3
have been attributed to the formation of pinned

2Theoretically, the fractional quantum Hall effect was first described using a set of
non-interacting quasi-particles with fractional charges [117]. More recently, a second
description of the effect was proposed, where the interacting carriers are replaced
by non-interacting quasi-particles made of a carrier attached to an even number of
quantum magnetic fluxes - the composite fermions [87, 101].
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Wigner crystals. Several experimental phenomena, including non-linear
I−V characteristics [81, 171] and thermopower measurements [19], have
linked these insulating phases to a B-induced 2D pinned Wigner crystal.

Recently, a similar reentrant IP was observed in interacting GaAs
bilayer hole systems around the QHS at total filling factor ν = 1 [187].
It was suggested in Ref. [187] that this IP signals a bilayer Wigner crystal,
stabilized at such high ν by strong Landau level mixing due to higher
effective mass of holes, and by the interlayer Coulomb interaction in the
bilayer system.

The QHS at ν = 1, flanked by the IP, has also attracted much atten-
tion over the past decade. Let’s consider a bilayer system made of two 2D
systems with the same carrier density and separated by a distance d in
the limit of no interlayer tunneling. If d is large, the interlayer Coulomb
interaction is negligible and the two layers behave independently. In this
case, no QHS is expected at total filling factor ν = 1 since it corresponds
to ν = 1

2
in each layer3. Once the two 2D systems are brought into

close proximity, the interlayer Coulomb interaction becomes a promi-
nant parameter leading to the observation of a many-body QHS at total
filling factor ν = 1. This many-body state, described as a quantum Hall
ferromagnet [108] or as a Bose-Einstein condensate of excitons [57, 138],
exhibits many peculiar properties, including Josephson-like tunneling be-
havior [180], superfluidity in counterflow transport [110, 189] and quan-
tized Hall Coulomb drag [111].

While magnetotransport studies in bilayer systems have intensified
in recent years [109], little attention was paid to their thermoelectric
properties. Thermopower coefficients are unique tools to study the elec-
tronic properties of 2D systems as they are sensitive to the density of
states at the Fermi level. In particular, for a 2D insulating system, the
diffusion thermopower Sd

xx can distinguish between a mobility gap and
an energy gap. In the first case, Sd

xx should vanish as Sd
xx ∝ T 1/3 or be

constant at low T , for Mott and Efros-Shklovskii VRH, respectively. In
the latter case, when an energy gap Eg separates the ground state from
its excitations, Sd

xx is expected to diverge at low T as:

Sd
xx

∼= kB

2e

Eg

kB
T−1. (6.1)

Hence, Sd
xx can critically test if the IP results from the strong localization

3In the composite fermion description of the fractional QHE, ν =
1
2

corresponds
to the zero effective magnetic field configuration for composite fermions made of a
carrier attached to two quantum magnetic fluxes. The LL filling factor ν =

1
2

is
shown in Fig. 6.1 for a 2D single-layer hole system. As expected, no QHS is observed
at this ν.
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of the carriers (mobility gap) or from the formation of a pinned Wigner
crystal (energy gap).

We study here the thermopower of interacting GaAs bilayer hole
systems around ν = 1. When the hole densities in the two layers are
equal, at filling factors near ν = 1, our measurements show that the
diffusion thermopower diverges as T−1 when the temperature is lowered
below ∼ 100 mK. This behavior corroborates the magnetotransport [187]
and the non-linear I−V results. The T dependence of the thermopower
indicates the opening of an energy gap, consistent with the formation of
a pinned, bilayer Wigner crystal near the QHS at ν = 1, and allows us
to extract an estimation of the Wigner crystal melting temperatures as
a function of ν [64].

6.2 Sample description

Two-dimensional bilayer systems can be realized by two distinct
means, using double quantum well or wide quantum well structures.
First, in wide quantum well structures [127], filling the quantum well
with carriers bends the flat potential inside the well. This bent potential
acts as a barrier and splits the carrier distribution to two coupled elec-
tron layers. In these samples, the splitting of the carrier distribution in
two layers increases with the carrier density (see Fig. 6.2(a)). Second, in
double quantum well structure, the carriers are simply confined to two
narrow quantum wells separated by a barrier (see Fig. 6.2(b)).

Two parameters are of particular interest in bilayer systems at ν = 1.
The first is the d/lB ratio, where d is the distance between the two layers
and lB is the magnetic length at ν = 1. This parameter measures the
ratio of the interlayer Coulomb interactions and the intralayer Coulomb
interactions. The second is the interlayer tunneling. The magnitude
of this tunneling determines energy gap ∆SAS between the two low-
est, symmetric and antisymmetric, double quantum well subbands. The
subbands’ splitting ∆SAS then provides a useful tool to probe the im-
portance of the interlayer tunneling. It is obvious that double quantum
well structures provides more controllable bilayer systems since both the
strength of the interlayer carrier-carrier interaction, as well as the inter-
layer tunneling can be determined through the height and the width of
the barrier. Note that the many-body QHS at ν = 1 has been shown to
develop in bilayers with d/lB . 1.8 [111, 139] and with extremely small
interlayer tunneling [49].

The samples we have studied are Si modulation-doped p-type GaAs
double quantum wells grown by molecular beam epitaxy on undoped
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Figure 6.2: Schematic representation of the band structure and carrier distri-
bution in 2D bilayer systems built from (a) wide quantum well and (b) double
quantum well structure.

GaAs (311)A wafers. The two samples consist of two 15 nm wide GaAs
quantum wells separated by an AlAs barrier with a thickness of 11 nm
(sample A) and 7.5 nm (sample B). The growth of the double quantum
wells has been performed at Princeton University in the group of Prof.
M. Shayegan. A schematic layout of the quantum well structures can
be found in Appendix C, where they are referred to as M417 (sample
A) and M440 (sample B). The width of the AlAs barrier and the large
effective mass of the holes assure a weak interlayer tunneling 4. Two
8 × 2 mm2 rectangular pieces of wafer were cut with their length along
the [011̄] (sample A) and [2̄33] (sample B) crystallographic directions. On
both specimens, we patterned 400 µm wide Hall bars in order to reduce
density inhomogeneities. Ohmic contacts (alloyed InZn) were made to
both layers. A back-gate was used to tune the charge distribution of
the two layers. The charge imbalance is denoted by ∆p = (pT − pB)/2,
where pB and pT are the hole densities of the bottom and the top layer,
respectively. For balanced charge distributions (∆p = 0), the total hole
density for both samples is close to p = 5 × 1014 m−2.

6.3 Magnetotransport measurements

We first summarize the magnetotransport results for our samples. In
Fig. 6.3, we illustrate for sample A the longitudinal resistivity ρxx as a
function of B at low T for a balanced configuration ∆p = 0. Consistent
with the sample’s extremely small interlayer tunneling, at low B the

4A simple band calculation yields a tunneling energy ∆SAS less than 1 µV for the
bilayer systems studied here.
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Figure 6.3: Upper panel: longitudinal resistivity ρxx as a function of B at the
indicated temperatures for sample A at a total density p = 5.1×1014 m−2. For
the data in the figure, the densities of the individual layers are equal (∆p = 0).
Top inset: The T dependence of ρxx at ν = 0.92, 0.95, and 1.1. Bottom inset:
A magnified view of the low-B ρxx trace at 30 mK. Lower panels: differential
resistance in the insulating phase of sample A as a function of the dc bias for
ν = 1.1 (left panel) and 0.95 (right panel) at 30 mK.
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ρxx trace exhibits minima only at even integer fillings ν = 2, 4, 6, etc.
The strong interlayer interaction, however, leads to a many-body QHS
at ν = 1 [109]. Similar magnetotransport data were obtained for sample
B. The ratio of intralayer and interlayer energies d/lB is 1.47 for sample
A and 1.29 for sample B, close to value of d/lB for which the many-body
ν = 1 QHS has been previouly observed in GaAs bilayer systems [99,
109, 180, 187]. The measured QHS excitation gaps 1∆, extracted from
the T dependence of ρxx at ν = 1, are 0.13 and 0.67 K, respectively.
The larger 1∆ for sample B is consistent with its smaller d/lB ratio, i.e.
stronger interlayer Coulomb interaction.

The many-body QHS at ν = 1 is flanked by reentrant IP’s [187] as
illustrated by the magnetoresistivity traces at various T ’s. The resistivity
strongly increases when T → 0, for B’s between ∼ 1.8 T (ν = 1.17) and
∼ 2 T (ν = 1.05) and for B & 2.2 T (ν = 0.96). The T -dependence of
ρxx at ν = 0.92, 0.95, and 1.1 is displayed in the top inset to Fig. 6.3 and
further reveals the insulating behavior of the resistivity at these fillings.
This reentrant insulating phase and termination of the quantum Hall
effect is reminiscent of that reported in single-layer systems around ν = 1

5

for electrons and ν = 1

3
for holes, as well as in the vicinity of ν = 1

2
in

electron bilayer systems. Both the larger hole effective mass that induces
stronger Landau level mixing and the additional Coulomb interaction of
a bilayer system have been shown to displace the B-induced Wigner
crystal to higher ν’s. As suggested in Ref. [187] it is then tempting to
attribute the reentrant IP observed in our samples to the formation of a
hole bilayer Wigner crystal.

Finally, in the bottom panels of Fig. 6.3 we show I−V characteristics
at filling factors near ν = 1 for sample A, exhibiting a strongly non-linear
behavior. The differential resistance measurements were performed by
applying a current made of a dc and a small ac components to the sample
and measuring the ac voltage drop using a lock-in amplifier. The distance
between the voltage probes used to measure these I − V characteristics
was 1.2 mm. Non-linear I − V traces have been reported in the IP
of electron single layer around ν = 1

5
, where a threshold voltage was

needed to generate a decrease of the differential resistance [81]. This
electric field threshold was interpreted as a critical value necessary to
induce a depinning of the Wigner crystal. While we do not observe any
sharp threshold voltage in our data, our non-linear I −V characteristics
are very similar to previous measurements reported for the IP near ν = 1

3

in single-layer GaAs 2D hole systems [171].
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6.4 Magnetothermopower measurements

6.4.1 Thermopower in the insulating phase

Figure 6.4: Sxx as a function of B at four temperatures below 120 mK for
sample A. Inset: Sxx vs B is displayed at T = 285, 310, and 365 mK in the
phonon-drag regime.

We now present the results of our Sxx measurements, summarized in
Figs. 6.4 and 6.5, and consider first the phonon-drag regime. Figure 6.4
shows Sxx vs B traces for sample A at various temperatures. The curves
at T = 285, 310, and 365 mK, where the phonon-drag is dominant, are
displayed in the Fig. 6.4 inset. Similar to ρxx data, we observe minima
at even filling factors (ν = 2, 4, and 6) and at ν = 1 consistent with
a vanishing density of states at the Fermi level [74] and with previous
measurements of thermopower in the phonon-drag regime in GaAs bi-
layer systems [100]. In the phonon-drag regime, a dramatic decrease of
Sxx is found in the entire investigated B range as T diminishes. This is
clearly indicated by the T evolution of Sxx at various fillings shown in
Fig. 6.5 for both samples.
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Figure 6.5: Top panel (sample A): T dependence of Sxx at different filling
factors when the bilayer is balanced. Bottom panel (sample B): T dependence
of Sxx at ν = 1.14 for balanced (•) and imbalanced (◦) charge distributions.
Inset: ρxx vs T at ν = 1.14 for the balanced and the imbalanced configurations.
The dotted lines indicate various T dependencies. The error bars are given by
the noise of the lock-in amplifier, the magnitude of the applied thermal gradient,
and the accuracy of the thermometers’ calibration.
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In the top panel of Fig. 6.5, Sxx vs T is displayed for sample A at ν =
1.1, 1, 0.95, 0.92 and for B = 0.1 T when the bilayer system is balanced.
In the bottom panel of the figure, we show Sxx vs T for sample B. Data
points are presented at ν = 1.14 for a balanced and a slightly imbalanced
charge distribution. At high T , Sxx

∼= Sg
xx follows the well known T 4

law [124] for all the experimental configurations shown in Fig. 6.5 5.
At low temperatures, where the thermopower is dominated by the

diffusion contribution, Sxx increases with decreasing T in the IP’s reen-
trant around ν = 1. The main result of this chapter is illustrated in
Fig. 6.4 by the Sxx vs B traces at T = 113, 71, 58, and 51 mK 6. The
divergence of Sxx at low T in the IP is further illustrated in Fig. 6.5.
Focusing on the data shown in the top panel of Fig. 6.5, we observe that
at ν = 1, Sxx rapidly approaches zero as expected for a QHS with no
entropy [36] and Sxx at B = 0.1 T is proportional to T below 200 mK
as expected for a diffusion-dominated thermopower in a metallic system.
However, at ν = 1.1, 0.95, and 0.92, Sxx ∝ T−1 as T → 0. This di-
vergence of Sxx in the reentrant IP’s at very low T is very similar to
that observed in the reentrant IP around ν = 1

3
in 2D single-layer hole

systems [19]. It indicates the opening of an energy gap and suggests the
formation of a pinned bilayer Wigner crystal near ν = 1.

Sample B exhibits qualitatively the same behavior. In the lower panel
of Fig. 6.5 we show Sxx vs T data for sample B at ν = 1.14 where mag-
netotransport reveals an IP. The Sxx data show a divergence at low T
when the bilayer system is balanced (closed circles, ∆p = 0). In the
same panel we also show data (open circles, ∆p = 2.6 × 109 cm−2) for
sample B when charge distribution is imbalanced, i.e., when charge is
removed from the the bottom layer via the application of positive back-
gate bias. For the imbalanced state, Sxx at ν = 1.14 turns from a T−1

to an approximately linear temperature dependence. This observation is
in agreement with magnetotransport results showing that the insulating
behaviour for ν > 1 disappears for small charge imbalance between the
two layers [187]. The disappearance of the IP for ν > 1 is illustrated
in the inset of Fig. 6.5, where the longitudinal resistivity at ν = 1.14
is plotted as a function of T for both balanced and imbalanced config-

5We note that Sg
xx, for T > 200 mK, is one order of magnitude larger in sample A

than in sample B. The difference likely results from different values of Λ, which de-
pends on the specimens’ macroscopic properties such as thickness and surface rough-
ness [18, 74].

6In the field range 1.3 < B < 1.7 T, we observe a weak (non-zero), oscillating Sxx

signal. We do not know the origin of these features. We speculate that they may be
signaling the presence of fractional QHS’s (e.g. at ν =

4
3
), and a competition between

such states and the engulfing IP. Note that, interestingly, ρxx in this field range is
rather featureless and shows a deep minimum (ρxx > 0).
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urations. However, the imbalanced configuration measurement has to
be considered carefully as the two layers are not probed equally [199].
For a better understanding of the thermopower properties of imbalanced
bilayer systems, experiments with independent contacts to each layer
would be more appropriate.

Wigner crystalWigner crystal

Figure 6.6: Evolution of the melting temperature Tm as a function of ν of
the pinned, bilayer Wigner crystal in sample A. The top axis shows the cor-
responding magnetic fields. Inset: Tm is extracted from the T dependence of
Sxx by assuming that the rise in Sxx signals the melting of the Wigner crystal.

We now turn to a more quantitative discussion of our thermopower
data. From the T -dependence of Sxx, shown in Fig. 6.5 and the inset
to Fig. 6.6, we can extract an estimation of the Wigner crystal melting
temperatures as a function of ν using a phenomenological approach. To
estimate the melting temperature Tm, we assume that the solid-to-liquid
transition occurs when Sxx starts to rise as T is lowered. As illustrated
in the inset to Fig. 6.6 for ν = 0.93, we have fitted at fixed filling factors
the phonon-drag thermopower with a T 4 law for T & 200 mK and the
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diffusion thermopower with a T−1 law for T . 100 mK. The intersection
of these two fits determines Tm(ν). In Fig. 6.6, Tm vs ν is shown for
sample A. The reentrant behavior of the IP is illustrated by the evolution
of Tm; Tm is finite in a small filling range centered near ν = 1.1 and at
ν & 0.95, but is vanishingly small near ν = 1 (B = 2.1 T) where the
quantum Hall ground state is present. The magnitude of the estimated
Tm in our sample is similar to the reported values of the Wigner crystal
melting temperature in single-layer 2D hole [19] and electron [81, 146]
systems around ν = 1

3
and 1

5
, respectively. Using Eq. (6.1) and the Sxx =

αT−1 fit to the diffusion regime, an estimate of the energy gap associated
with the pinned Wigner crystal can be made when Eg ≫ kBT [19].
This energy gap likely corresponds to the creation energy of thermally
activated defects (such as bound pairs of dislocations), which may be
responsible for electrical conduction in the pinned Wigner crystal [60].
For example, at ν = 0.92, Eg/kB = 0.34 K in sample A. This value is of
the same order of magnitude as the activation energy EA/kB = 0.15 K
determined from fitting ρxx in the low-T range to ln(ρxx) ∝ EA/2kBT ,
and compares well with the Wigner crystal melting temperature Tm =
0.18 K at this filling.

6.4.2 Thermopower at ν = 1

We finally focus on the T -dependence of Sxx at ν = 1 presented
in Fig. 6.7 for samples A and B. Interestingly, the phonon-drag ther-
mopower deviates from the usual T 4 dependence below ∼ 300 mK for
sample A and below ∼ 400 mK for sample B. The phonon-drag ther-
mopower then vanishes around T ≈ 300 mK for sample B, while for
sample A, Sxx is non-zero down to T ≈ 100 mK. These results corrobo-
rate the magnetotransport data. Indeed, as deduced from the resistivity
measurements, sample B has a stronger many-body QHS at ν = 1, in
agreement with its smaller d/lB ratio. No sign of diffusion thermopower
is observed in the entire investigated T -range as expected for a QHS with
no entropy [36].

6.5 Conclusion

In this chapter we investigate interacting 2D GaAs bilayer hole sys-
tem in the limit of weak interlayer tunneling. Magnetotransport data
show that these systems exhibit a many-body QHS at total filling factor
ν = 1. When the bilayer is balanced, this peculiar QHS is flanked by
a reentrant IP. It has been suggested that this IP could result from the
formation of a pinned bilayer Wigner crystal, stabilized at such high ν’s
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Figure 6.7: T -dependence of Sxx at ν = 1 for samples A and B. The hole
density is 5.1 × 1014 m−2 for sample A and 5.2 × 1014 m−2 for sample B.



116 REENTRANT IP IN BILAYER HOLE SYSTEMS

by strong LLs mixing due to the large effective mass of holes and by the
additional interlayer Coulomb interaction of the bilayer system.

We report thermopower measurements in the reentrant IP around
the QHS at ν = 1. The diffusion thermopower is a very useful tool
to study such IP as it can distinguish between a mobility gap (strong
localization) and an energy gap (Wigner crystal). Indeed, when T → 0,
Sd

xx is expected to vanish or be constant for the former, while it should
diverge for the latter. For T & 200 mK, in the phonon-drag regime,
our results show that Sxx decreases as T 4 in the entire investigated B-
range. This behavior of the phonon-drag thermopower is similar to that
predicted and observed in GaAs single-layer systems. At very low T ,
when the diffusion thermopower dominates, Sxx diverges as T−1 in the
IP’s reentrant around ν = 1. This behavior clearly indicates the opening
of an energy gap and suggests the presence of a pinned hole bilayer
Wigner crystal. Interpreting our thermopower data in terms of a Wigner
crystal melting, we have extracted an estimation of Tm vs ν.



Conclusions and perspectives

Dans les sciences, le chemin est plus important que le
but. Les sciences n’ont pas de fin.

Erwin Chargaff

The main scientific outcomes of this thesis are various findings in
two-dimensional (2D) GaAs holes systems, including open quantum dots
(QDs), the parallel magnetic field (B‖) induced metal-insulator transi-
tion (MIT) and the reentrant insulating phase (IP) around Landau level
filling factor ν = 1 in bilayer systems. The study of open hole QDs
was the first purpose of this thesis. The diversity of the subjects ap-
proached here originates from the initial difficulties encountered to re-
alize exploitable GaAs open hole QDs. Indeed, numerous attempts to
study holes QDs led to devices with an extremely noisy conductivity,
making the observation of coherent transport impossible. Ironically, it
is after we started the thermopower studies of 2D insulating systems,
and at the moment when our initial goal was almost abandonned that
we succeed in fabricating measurable open hole QDs. Obviously, this
highly non-linear history has led to the somewhat disparate manuscript
presented here. The most significant results of this work can therefore
be separated in three distinct parts.

Here we report for the first time the fabrication as well as low tem-
perature T magnetotranport measurements of open hole QDs. Beyond
the development of an adapted fabrication process, it was brought to
light that the heterostructure used as substrate for the QDs’ realization
plays a major role for the production of devices exempt of noise. The
quantum well structure used to fabricate the QDs presented in Chapter 3
is, at the moment, the only structure that provided quiet devices. Nev-
ertheless, the application of a top gate voltage still introduced noise in
the transport data. The understanding of the parameters that generates
the noise in the low-T conductivity of open QDs is then particularly im-
portant for future realization of more flexible QD devices using the top
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gate technique. In particular, as the presence of switching impurities in
the doped layer is a possible source of noise, the fabrication of QDs using
the combination of shallow etching and top gates should be investigated.

The magnetotransport traces measured on our hole quantum dots
revealed signatures of coherent transport, namely magnetoconductance
fluctuations (MCFs) and weak anti-localization (WAL), below 500 mK.
We used arrays of QDs to average out the MCFs and access the WAL
correction to the conductivity. These coherent effects were analyzed
using an extended random matrix theory (RMT) that includes spin-
orbit interaction. We extracted a T -dependence for the dephasing time
τφ together with an upper limit for spin-orbit scattering time τso. The
deduced τφ exhibits a T -dependence that lies between T−1 and T−2.
While this T -dependence resembles that measured in similar electron
QDs, the value of τφ is found to be one order of magnitude smaller for
holes than for electrons. On the other hand, the value of τφ extracted
from our samples is consistent with that reported for various p-type 2D
systems, indicating that the small value of τφ observed here is likely
related to scattering mechanisms in the 2D hole system.

The analysis of the WAL peak in the QDs’ magnetoconductivity pro-
vides the upper limit for τso and tells us that our open QDs are in the
strong spin-orbit interaction regime. The original interest for open hole
QDs was the production of devices with controlable spin-orbit coupling,
that are potentially attractive for the field of spintronics. Indeed, 2D
GaAs holes are subject to stronger spin-orbit interaction than 2D GaAs
electron systems where it can generally be neglected. Moreover, the
structure inversion asymmetry contribution to the total spin-orbit inter-
action can be significantly tuned through a modification of the quantum
well symmetry by means of top and back gates. However, from the
analysis of the WAL peak, we determined that τso . 10−11 s, inde-
pendent of the shape of the vertical confining potential. This indicates
that the bulk inversion asymmetry (BIA) contribution to the spin-orbit
interaction is large enough to induce a strong spin-orbit regime in our
micrometer-sized QDs. The production of p-type GaAs-based systems
with controlable spin-orbit interaction through a modification of the ver-
tical confining potential can, therefore, only be performed by decreasing
the devices’ size or by reducing the BIA contribution to the spin-orbit
interaction. The reduction of the BIA contribution could possibly be
performed by changing the total hole sheet density.

Our work also highlights the lack of adapted theory for both the
analysis of the magnetotransport measurements in open hole QDs and
the prediction of the hole dephasing time’s in 2D systems or in QDs.
The analysis was performed here using theories developed for electron



Conclusions and perspectives 119

systems that do not account for the complex band structure of GaAs
holes. In particular, the extended RMT does not take the spin-orbit
induced zero magnetic field spin-splitting into account. In electron QDs,
the Zeeman-induced spin splitting has been shown to reduce the MCFs’
variance by a factor of 2. Further investigations on our holes QDs with
an additional parallel magnetic field or at tilted angles could tell us if
the spin-orbit-induced spin-splitting has a similar effect on the MCFs’
variance.

The second part of this work focused on the B‖-induced MIT in di-
lute 2D hole systems. Since the early 90s, the observation of a striking
metallic T -dependence of the conductivity in dilute 2D systems, as well
as transitions to insulating behavior at lower carrier densities or in a B‖

have generated a lot of controversy. Several ground states have been pro-
posed to explain the experimental behavior of the conductivity. Here, we
have studied the longitudinal thermopower S across the B‖-induced MIT
in a dilute (311)A 2D hole heterojunction. At low-B‖, in the metallic
regime, the low-T thermopower, dominated by the diffusion contribution,
behaves as expected for a degenerate hole gas and decreases linearly with
T . However, the diffusion thermopower Sd changes dramatically around
the MIT. Along the high mobility direction S drops to zero, while for
the low mobility direction it changes sign.

A similar sign reversal of the diffusion thermopower was previously
observed in a 2D (311)A GaAs quantum well in the vicinity of the p-
induced MIT. This effect has been adressed theoretically within the
screening theory and was attributed to interface roughness scaterring.
Similar arguments can be invoked to explain the behavior of S in our
samples. The in-plane magnetic field can modify the scattering through
two different mechanisms. First, it pulls the hole’s wave function closer to
the interface, thereby making roughness scattering more efficient. Sec-
ond, B‖ depopulates the minority spin subband and, as a result, sup-
presses intersubband scattering. The origin of the sign reversal of S as
stemming from an increased strength of interface roughness scattering
is consistent with the weaker effect observed along the high mobility di-
rection. The remarkable behavior of Sd then seems to indicate that the
apparent B‖-induced MIT does not originate from a modification of the
system’s ground state but is rather accompanied by a dramatic change
in interface roughness and intersubband scattering mechanisms. These
conclusions are strengthened by the results obtained in the phonon-drag
regime which do not exhibit any change of S across the MIT.

While our results are in agreement with the screening theory, they
cannot definitively refute that carrier-carrier interaction plays a role.
Nevertheless, our work provides thermopower measurements that could
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be used, beyond the usual conductivity data, to critically test the dif-
ferent proposed theories. Experimentally, the interpretation given here
could be further tested by performing similar measurements in compara-
ble systems with smoother GaAs/AlGaAs interfaces like C-doped (100)
2D hole systems or (100) 2D electron systems. Also, thermopower mea-
surements in the p-induced MIT could provide valuable informations on
both the insulating and metallic regimes.

Finally, the third part of this work deals with the IP observed in
bilayer hole systems around the many body quantum Hall state (QHS)
at ν = 1. Bilayer systems, where two 2D carrier gases are brought
into close proximity, have been shown to exhibit a rich physics arising
from the new, layer degree of freedom. In interacting bilayer systems
with weak interlayer tunneling, a peculiar many-body QHS is observed
at ν = 1. In GaAs bilayer hole systems, the ν = 1 QHS is flanked
by a reentrant IP. It has been suggested that this IP could signal the
formation of a pinned bilayer Wigner crystal, stabilized at such high ν’s
by strong LLs mixing due to the large effective mass of holes and by the
additional interlayer Coulomb interaction of the bilayer system.

We report thermopower measurements in the reentrant IP observed
in GaAs bilayer hole systems around the QHS at ν = 1. At very low
T , when the diffusion thermopower dominates, Sxx diverges as T−1 in
the IP’s reentrant around ν = 1. This behavior clearly indicates the
opening of an energy gap and suggests the presence of a pinned hole
bilayer Wigner crystal. From the thermopower data, we extracted an
estimation of the Wigner crystal melting temperatures as a function of
ν using a phenomenological approach.

Further thermopower investigations on bilayer systems with separate
contacts to each layer would also be of great interest. Ideed, this partic-
ular configuration would allow the measurement of the thermopower in
each layer independently. While for balanced systems, it should provide
similar results as those described in Chapter 6, it would further allow to
unambiguously study the evolution of the reentrant IP as well as of the
ν = 1 QHS as a function the density imbalance ∆p.
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The extended RMT

conductance correlator

Within the extended random matrix theory (RMT) that includes the
Zeeman splitting and the spin-orbit interaction [7, 32, 43], the conduc-
tance correlator cov(E,E′) writes as

cov(E,E′) =
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The dimensionless parameters x2, a2, a2
⊥, b, b2⊥ correspond to the en-

ergy scales εB, εso⊥ , εso‖ , εZ, εZ⊥ rescaled with respect to the mean level
spacing ∆, and are given by

x2 = πεB/∆,

a2
⊥ = πεso⊥ /∆,

a2 = πεso‖ /∆, (A.8)

b = πεZ/∆,

b2⊥ = πεZ⊥/∆,
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where the characteristic energy scales of the systems write as

εB = κETh
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.

Here, ETh = ~vF lm/2L
2 is the Thouless energy, with vF the Fermi

velocity, lm the mean free path and L the size of the QD, λ2 = λ1λ2, and
κ, κ′, and κ′′ are coefficients of order unity. The two length scales λ1

and λ2 are associated with spin-orbit coupling along the two directions
in the plane of the quantum dot. The coefficients κ′ and κ′′ depend on
the sample geometry and on the ratio λ1/λ2 of the spin-orbit lengths.
The coefficient κ′′ also depends on the direction of the magnetic field.
The coefficient κ depends on the sample geometry only.

Finaly, note that the corresponding quantities x′, b′, b′⊥ are defined
when calculating the parameters at a different value of the magnetic
field B′.
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Appendix B

Process sheet

The Table presented here below provides the detailed process sheet
we used to fabricate our hole open QDs from GaAs heterostructures.
The etching times given here are those used for the M439 wafer (see
Appendix C).

Step description Products Parameters

Sample cutting GaAs/AlGaAs hete-
rostructure

size: 3 × 3 mm

Standard cleaning - trichloroethylene 5 min boiling
5 min ultrasonic bath

- acetone 5 min boiling
5 min ultrasonic bath

- methanol 5 min
- dried with N2

Sample sticking onto a 2 inch Si wafer
using carbon paint

10 min on a hot plate
at 100◦C

Resist spin coating 6% PMMA 950K 5000 rpm
in chlorobenzene 6000 rpm/s

1 min
Resist backing 10 min on a hot plate

at 160◦C
E-beam lithography magnification: ×400

dose: 250 µC/cm2

Ibeam ∼ 670 pA
Development - MIBK/iso (1/3) 1min 30 sec

- isopropanol 30 sec
- DI H2O 5 min
- dried with N2
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Metallization 13 nm Ni deposition rate:
30 nm Be ∼ 0.1 nm/s
100 nm Au
15 nm Ni
50 nm Au

Lift-off acetone ultrasonic bath or
bath heating can be
used

Standard cleaning - trichloroethylene 5 min boiling
5 min ultrasonic bath

- acetone 5 min boiling
5 min ultrasonic bath

- methanol 5 min
- dried with N2

Rapid thermal atmosphere: 1 min at 450◦C
annealing 95% N2 / 5% H2

Standard cleaning - trichloroethylene 5 min boiling
5 min ultrasonic bath

- acetone 5 min boiling
5 min ultrasonic bath

- methanol 5 min
- dried with N2

Sample sticking onto a 2 inch Si wafer
using carbon paint

10 min on a hot plate
at 100◦C

Oxyde removal - H2SO4/H2O(1/240) 15 sec
- DI H2O 5 min
- dried with N2

Sample degazing overnight under vac-
uum in an oven at
140◦C

Resist spin coating 6% PMMA 950K 5000 rpm
in chlorobenzene 6000 rpm/s

1 min
Resist backing 10 min on a hot plate

at 160◦C
E-beam lithography magnification: ×400

dose: 250 µC/cm2

Ibeam ∼ 670 pA
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Development - MIBK/iso (1/3) 1min 30 sec
- isopropanol 30 sec
- DI H2O 5 min
- dried with N2

Wet etching - H3PO4/H2O2/H2O
(1/1/25)

1 min 30 sec

- DI H2O 5 min
- dried with N2

Standard cleaning - trichloroethylene 5 min boiling
5 min ultrasonic bath

- acetone 5 min boiling
5 min ultrasonic bath

- methanol 5 min
- dried with N2

Sample sticking onto a 2 inch Si wafer
using carbon paint

10 min on a hot plate
at 100◦C

Oxyde removal - H2SO4/H2O(1/240) 15 sec
- DI H2O 5 min
- dried with N2

Sample degazing overnight under vac-
uum in an oven at
140◦C

Resist spin coating 3% PMMA 950K 6000 rpm
in chlorobenzene 6000 rpm/s

1 min
Resist backing 10 min on a hot plate

at 160◦C
overnight in a oven at
140◦C

E-beam lithography magnification: ×2000
dose: 190 µC/cm2

Ibeam ∼ 25 pA
Development - MIBK/iso (1/3) 1min 30 sec

- isopropanol 30 sec
- DI H2O 5 min
- dried with N2

Wet etching - H3PO4/H2O2/H2O
(1/1/25)

45 sec

- DI H2O 5 min
- dried with N2
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Standard cleaning - trichloroethylene 5 min boiling
5 min ultrasonic bath

- acetone 5 min boiling
5 min ultrasonic bath

- methanol 5 min
- dried with N2

Sample sticking onto a 2 inch Si wafer
using carbon paint

10 min on a hot plate
at 100◦C

Resist spin coating 6% PMMA 950K 5000 rpm
in chlorobenzene 6000 rpm/s

1 min
Resist backing 10 min on a hot plate

at 160◦C
E-beam lithography magnification: ×400

dose: 250 µC/cm2

Ibeam ∼ 670 pA
Development - MIBK/iso (1/3) 1min 30 sec

- isopropanol 30 sec
- DI H2O 5 min
- dried with N2

Metallization 10 nm Ti deposition rate:
50 nm Pt ∼ 0.1 nm/s

Lift-off acetone ultrasonic bath or
bath heating can be
used

Standard cleaning - trichloroethylene 5 min boiling
5 min ultrasonic bath

- acetone 5 min boiling
5 min ultrasonic bath

- methanol 5 min
- dried with N2

Table B.1: Process sheet for the fabrication of hole open QDs
from 2D GaAs heterostructures.



Appendix C

Heterostructures layout

In this Appendix, schematic representations of the growth sequences
of the heterostrutures used in this work are presented. All the het-
erostructures used in this thesis are high-mobility p-type GaAs 2D sys-
tems fabricated by MBE on (311)A GaAs wafers.
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130 HETEROSTRUCTURES LAYOUT

1.4 nm AlAs

10 nm GaAs

15 nm Al0.3Ga0.7As

10 nm Al0.3Ga0.7As

25 nm Al0.3Ga0.7As

4 nm Al0.3Ga0.7As

35 nm Al0.3Ga0.7As

0.7 nm AlAs

20 nm GaAs

1.7 nm GaAs

0.7 nm AlAs

(311)A GaAs substrate

Si: 1.75 x 10
18

 cm
-3

Si: 1.75 x 10
18

 cm
-3

Quantum well

x 195}

M439

Figure C.1: M439 - growth structure. This quantum well was used for the
fabrication of the open hole QDs presented in Chapter 3.
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12 nm GaAs

24 nm Al0.3Ga0.7As

12 nm Al0.3Ga0.7As

200 nm Al0.3Ga0.7As

4.6 nm Al0.3Ga0.7As

120 nm Al0.3Ga0.7As

5 monolayers AlAs

1 µm GaAs

12 nm GaAs

2.8 nm AlAs

(311)A GaAs substrate

Si: 1.74 x 10
18

 cm
-3

Si: 1.74 x 10
18

 cm
-3

Heterojunction

x 20}

M230

Figure C.2: M230 - growth structure. This heterojunction was used to study
the B‖-induced MIT through thermopower measurements (see Chapter 4).
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15 nm GaAs

12 nm GaAs

18 nm Al0.21Ga0.79As

8.5 nm Al0.21Ga0.79As

500 nm Al0.21Ga0.79As

1 nm Al0.21Ga0.79As

200 nm Al0.21Ga0.79As

15 nm GaAs

11 nm GaAs

2.1 nm GaAs

0.6 nm AlAs

(311)A GaAs substrate

Si: 2 x 10
18

 cm
-3

Si: 1 x 10
18

 cm
-3

Double quantum wells

x 45}

2.1 nm GaAs

0.6 nm AlAs
x 20} } x 4

50 nm Al0.21Ga0.79As

}
0.6 nm AlAs

M417

Figure C.3: M417 - growth structure. This double quantum well (sample
A) was used to investigate the thermopower in the reentrant insulating phase
observed around ν = 1 in 2D bilayer hole systems (see Chapter 6).



133

15 nm GaAs

12 nm GaAs

18 nm Al0.21Ga0.79As

8.5 nm Al0.21Ga0.79As

500 nm Al0.21Ga0.79As

1 nm Al0.21Ga0.79As

200 nm Al0.21Ga0.79As

15 nm GaAs

7.5 nm GaAs

2.1 nm GaAs

0.6 nm AlAs

(311)A GaAs substrate

Si: 1.9 x 10
18

 cm
-3

Si: 1 x 10
18

 cm
-3

Double quantum wells

x 45}

2.1 nm GaAs

0.6 nm AlAs
x 20} } x 4

50 nm Al0.21Ga0.79As

}
0.6 nm AlAs

M440

Figure C.4: M440 - growth structure. This double quantum well (sample
B) was used to investigate the thermopower in the reentrant insulating phase
observed around ν = 1 in 2D bilayer hole systems (see Chapter 6).
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