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Abstract

Mesoscopic system, a system with scale between the size of a quantity of atoms
and of materials measuring micrometers and can be treated as a tiny macroscopic object.
With the development of information technology, the size of semiconductor device starts
to approach the boundary of classical physics and into the region ruled by quantum
mechanics. In order to maintain or reach higher performance of semiconductor device, a
lot of quantum phenomenon need to be considered. Therefore, in this thesis we use two
two-dimensional electron systems to probe the effective mass of carrier. One sample is
GaAs/AlGaAs and the other is InGaAs/InAlAs heterostructure. By measuring the
longitudinal resistivity at difference temperatures and magnetic fields and before the
system enters insulator-quantum Hall (I-QH) transition, we use Shubnikov-de Haas
oscillations to determine the effective mass of carriers. Especially the former one, it
contains InAs self-assembled quantum dots to further manipulate the effective disorder
by means of varying the gate voltage which will change the ability of carrier to screen out
the disorder potential. We find that the measured effective mass increases with increasing
effective disorder. Such results indicate increasing strength of electron-electron
interactions with increasing effective disorder. Therefore, our experimental results

suggest that interaction effects need to be considered in the I1-QH transition.

Keywords: two-dimensional electron system, SdH oscillations, insulator-quantum Hall

transition
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1. Introduction of low-dimensional electron systems

1.1. Two-dimensional electron system

The two-dimensional electron system (2DES) has made a tremendous impact on
modern condensed matter physics, materials science, and, to perhaps a lesser extent,
statistical mechanics and quantum field theory. It lies at the boundary between three-
dimensional electron systems, which are generally Fermi liquids, and one-dimensional
systems, which are not. It also lies at another boundary which is between metals and
insulators. The three-dimensional electron system in the presence of disorder (impurities
and defects) can be an electrical conductor or insulator, but in the presence of any
disorder, a one-dimensional system is always an insulator. Previously it was thought that
the two-dimensional electron system was insulating [1], but recent experiments have
shown that at low enough densities it can in fact be conducting [2]. In addition, it has a
low electron density, which may be readily varied by means of an electric field. The low
density implies a large Fermi wavelength (typically 10 nm), comparable to the
dimensions of the smallest structures (nanostructures) that can be fabricated today. The
electron mean free path can be quite large (exceeding 10 um). Therefore, due to the
combination of a large Fermi wavelength and large mean free path, quantum transport is

conveniently studied in a 2DES.

1.1.1. The GaAs/AlkGai1-xAs heterostructure

In order to study quantum-mechanical effects in a 2DES, it is necessary to make
a heterojunction using semiconductor materials that are as free from random unintentional
potential modulation as possible. Because of the difference in their band gaps and to

equalize the electrostatic, the conduction and valance bands are distorted and a layer of
1
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electrons may form at the heterojunction interface. This accumulation layer is very thin

(~ 100 A), such that the electron's motion in the direction perpendicular to the interface

is quantized. The drawback with the metal-oxide-semiconductor junction is that there are
occupied dopant states in the oxide-semiconductor interface region exactly where the
two-dimensional system forms. In addition, the oxide barrier is not smooth and contains
a high density of trapped charge since it is amorphous. The GaAs/AlxGaixAs
heterostructure partly solves these problems: these heterostructures are grown by
molecular beam epitaxy and the interface region where the 2DES forms is flat to within
a monolayer with no trapped charge. Through the modulation doping, extremely high

2DES mobility can be obtained [3, 4].

The band structure of a GaAs/AlxGaixAs heterostructure in which a 2DES forms
is shown in figure 1.1(a) before equilibration of the donor states. AlxGaixAs has a larger
band gap than that of GaAs but has the same lattice structure, Al atoms substituting for
Ga atoms, and approximately the same lattice constant. Electrons in the donor region in
figure 1.1(a) are well above the bulk chemical potential and therefore flow out to the
surface and interface regions during equilibration. As with the metal-oxide-
semiconductor junction a dynamically 2DES can form at the interface, here at the
GaAs/AlGaAs interface, if the doping concentration and length scales are chosen
correctly. Figure 1.1(b) shows the result of equilibration, and the other sample of

InAlAs/InGaAs also use the same concept to form 2DES at the interface.
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( a) Two-dimensional (b)

electron system
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AlGaAs

—d—

Fig. 1.1 (a) GaAs/AlGaAs heterostructure before equilibration. (b) GaAs/AlGaAs heterostructure
after equilibration. (Taken from Ref. [5])

1.1.2. Tuning the carrier concentration of a 2DES

The dependence of the carrier density n,, on surface gate voltage for both the
metal-oxide-semiconductor junction and the GaAs/AlGaAs heterostructure may be
calculated from a simple capacitor model. One plate of the capacitor is a metal surface
gate and the other is the two-dimensional electron system. The capacitance of the device
is approximately, C = €A/d where d is the distance from the surface gate to the two-
dimensional electron system and A is the area of the device. If we substitute this into the
capacitor equation @ = CV, we have

A
eAnZDA = _AV

A7, (1.1)

for an electron system, where An,, is the change in carrier density of the two-

dimensional electron system caused by a change in gate voltage AV, this simplifies to

(1.2)

£
A =—AV,,
Nap od 9
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it is the reason why we can adjust the two-dimensional electron density only by varying
the applied gate voltage. By applying a negative bias to the metal surface, the height of
the gate barrier is increased and the potential well at the GaAs/AlGaAs interface is
reduced in energy. Eventually, the bound state in the potential minima is raised above the
Fermi energy, depleting the well of free carriers. Conversely, by applying a positive bias

to the gate, one may capacitively induce carriers into the 2DES [6].

1.2. GaAs 2DES containing self-assembled InAs quantum dots

The fabrication of quantum dots has attracted a great deal of interest, both for
investigating fundamental physics and device applications such as quantum dot solar cells
[7], lasers [8], quantum computation [9], etc. Moreover, it has been discovered that dots
can be self-assembled during a modified growth of highly lattice-mismatched
semiconductors [10]. We note that, physicists have used InAs dots embedded in GaAs as

a studied system which exhibits those behaviors [7-10].

The dots arise from this modified growth mechanism in which about 1 monolayer
InAs uniformly covers the GaAs, which is called the wetting layer, but the subsequent
InAs aggregates into three dimensional islands strained to the GaAs because of the about
7 % lattice mismatch between InAs and GaAs. Figure 1.2(a) shows the typical structure
of the sample with a GaAs 2DES containing self-assembled InAs quantum dots. Figure
1.2(b) shows the schematic of the conduction band profile in the growth direction, at the

site of InAs deposition.
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(a) (b)

GaAs

n -AlGaAs

AlGaAs
InAs

dot

GaAs .{ e wwwwwww .

AlGaAs

GaAs substrate

Fig. 1.2 (a) Structure of the GaAs 2DES containing self-assembled InAs quantum dots sample.
(b) Schematic of the conduction band profile in the growth direction, at the site of InAs
deposition.

When InAs self-assembled quantum dots are grown in the center of a
GaAs/AlGaAs quantum well, the quantum dots provide the scattering for the 2DES. For
example, in order to observe insulator-quantum Hall transition, Kim et al. showed that by
depositing self-assembled InAs quantum dots in GaAs well as a short-range repulsive
scattering site [11]. Sakaki et al. showed that by inducing InAs quantum dots in the
vicinity (150-800 A) of a 2DES can dramatically reduce the transport mobility from
1.1x10° to 1.1 x10® cm?V [12]. Moreover, Yoh et al. placed InAs quantum dots even
closer to 2DES were able to measure some charging effects [13]. Therefore, it was shown
how self-assembled InAs dots can tailor the electrical properties of 2DES. This provides
new opportunities for controlled studies of the scattering of electrons in a 2DES. Here we
used InAs self-assembled quantum dots growth in the region of a GaAs/AlGaAs
heterostructure to study magnetoresistance oscillations in the strongly insulating regime

as described in chapter 4.
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2. Transport theory in two-dimensional electron systems

2.1. Classical Hall effect

The significance of the Hall effect [1, 2] lies in determining the type and
concentration of charge carriers which are two fundamental parameters for a
semiconductor sample. This effect is easy to understand on the basis of the free-electron
theory of a conductor. Let us consider a p-type semiconductor sample. When a magnetic
field is present, these charges experience a force, called the Lorentz force. As illustrated
in figure 2.1, a uniform magnetic field applied along the y-axis and a current | traverses

the homogeneous sample along the x-direction. Thus, the Lorentz force
F=qBxB= quaByk, (2.1)

where v, is the drift velocity of charge carrier, will deflect the trajectory of the carrier
from its course. This mechanism leads to an accumulation of positive charges at the
z-direction side of the sample. However, an electric field Ey is inevitably produced
toward the opposite z-direction to resist the Lorentz force. An equilibrium quickly
develops in which the electric force on each positive charge builds up until it just cancels

the Lorentz force. It means that when
qEy = quyaBy, = Ey = v4B,, (2.2)

the drifting carriers move along the specimen without further accumulation. A Hall
potential difference V} is associated with the Hall field E, across sample width /.
The terminal voltage Vy = EyW can be measured by connecting a voltmeter across the

sample width. Furthermore, the drift velocity is related to the current density through

doi:10.6342/N'TU201801443
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] =nev,, (2.3)
where n is the carrier concentration of the sample. This leads to

Ey = % JB, . (2.4)
The Hall field is thus proportional both to the current and to the magnetic field. In two
dimensions, the proportionality constant Ey, /] B, is known as the Hall coefficient, and is
usually denoted by Ry = 1/ne. Since Ry is inversely proportional to the carrier
concentration n, it follows that we can determine n by measuring the Hall field. It is
worth mentioning that the carrier concentration in a semiconductor may be different from
the impurity concentration. In addition, the sign of the Hall coefficient depends on the
sign of the charge carriers. Thus electrons and holes, being negatively and positively

charged, lead to a negative and positive Hall coefficient respectively.

Fig. 2.1 A schematic diagram of the measurements of the classical Hall effect.
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2.2. Density of states
The concept of density of states plays an important role in the study of electron
transport properties. Density of states is the number of available electronic states per unit
volume per unit energy around an energy E. For the free electron gas, the energy of the
two-dimensional electrons in a single subband is given by

h2Jc2

E(k) = — (2.5)

where k is the wave vector and m* is the effective mass of carrier. In a two-dimensional
system, the k-space area between vector k and k + dk is 2rkdk. The k-space area per
state is (2rr/L)?. Therefore, the number of electron states in the region between k and

E+ dk are

2mkdk ,  kdk

Denoting the energy and energy interval corresponding to k and dk as E and dE, we see

that the number of electron states between E and E + dE per unit area are

NEdE—kdk— m*
(E) T 2m 2mh?

dE . 2.7)

Because electron can have two states for a given k-value: spin-up or spin-down, the

density of states becomes

m
N(E)=—. (2.8)

doi:10.6342/N'TU201801443



It is worth mentioning that in a 2DES the density of state shows no energy dependence.
Additionally, the ground state of electron is filled at zero temperature, we can obtain the

relation

*

m

=WEF' (29)

n

where n is the carrier density and E is the Fermi energy. Using the above equation, the

Fermi wave vectors (the radius of Fermi circle) is determined by

J2mE
.= % — VZmn. (2.10)

2.3. Landau quantization

The quantum Hall effect (QHE) was first discovered on condition that the
degenerate electron gas in the inversion layer of a metal-oxide-semiconductor field-effect
transistor is fully quantized when the transistor is operated in a strong magnetic field of
order 15 T and at liquid helium temperatures [3]. The characteristic feature of quantum
Hall effect is that the Hall resistance shows a serious of steps and precisely quantized Hall
plateaus with applied magnetic field difference from the classical one which shows
monotonic linear increasing resistance. It is impressive that the quantized Hall resistance
R,y = h/ve?, where h is the Planck constant and v is an integer filling factor, depends
exclusively on fundamental constants and is not affected by irregularities in the
semiconductor like impurities or interface effects. Normally, the energy E of mobile
electrons in a semiconductor is quasi-continuous can be compared with the kinetic energy

of free electrons with wave vector k but with an effective mass m* ,

10
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2
E =

oy (kZ+ k3 +k2). (2.11)

If the energy for motion in one direction (usually the z-direction) is fixed, one obtains a
2DES, and a strong magnetic field perpendicular to the two-dimensional plane will lead
to a fully quantized energy spectrum, which is necessary for the observation of the QHE

[4]. Figure 2.2 shows the typical QHE as a function of perpendicular magnetic field.

12r

101 4

fol— J
2r -
m{;’v T
800 :
S oo 1
-~

o 400k 4
200} -

u i & - i L_ A J " J L

0 2 A i

MAGNETIC FIELD (T)
Fig. 2.2 Experimental curves for the Hall resistance p,,, and the longitudinal resistivity p,, of a
GaAs-AlxGai-xAs heterostructure as a function of magnetic field B. (Taken from Ref. [4])
11
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2.3.1. Landau levels

Here we will consider the conducting behavior of one electron in a two-
dimensional plane with a strong perpendicular magnetic field applied. The Hamiltonian

is given by

(B —ed)?, (2.12)

2m*

where 4 is the vector potential satisfies the condition B=V x 4. To represent the
Schrddinger equation HY = EW explicitly it is necessary to choose a gauge. Two
particularly convenient gauges are the Landau gauge and the rotationally invariant
symmetric gauge. The latter gauge is most useful in the study of interacting electrons [5].

So with suitable gauge transformation, the vector potential becomes A= (0,B,,0),

which gives a magnetic field in the z-direction B = BZ. Then we can obtain the energy

eigenvalues E,, after solving the Schroédinger equation.

2 1
En(pz; TL) = Zli:l* + (Tl +§) hwc,n =01273--, (2_13)

where w, = eB/m™ is called cyclotron frequency. When in 2DES, the energy will be
quantized into Landau levels, i.e. E,, = (n + 1/2) hw, because of the confinement of
electron to the x-y plane with p, = 0. It is worth noting that the density of states of an
unbound two-dimensional system is modified form the continuous band of states in zero

magnetic field into the discrete energy levels, as shown in figure 2.3.

As shown in figure 2.3(b), in an ideal system, the density of states is like delta

functions and the energy separation between the Landau levels is hAw.. However, in a real

12
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(a) (b) A (c)

A A
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— : Y /1L of states
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> > : —
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Fig. 2.3 Schematic diagrams of density of state in a 2DES and N (E) is density of state and
w; = eB/m” is proportional to B. (a) At B = 0, N is constant. (b) At B # 0, N is quantized by
Landau quantization. (¢) With the existence of disorder, Landau levels are broadened.

system, as shown in Fig 2.3(c) the Landau levels are broadened because of the existence

of disorder.

2.3.2. Shubnikov-de Haas oscillations

The formation of Landau levels results in oscillations in the resistivity of a
material essentially for the same reasons as discussed above. For measuring the effective
mass of electron, these oscillations, known as Shubnikov-de Haas (SdH) effects has

become a powerful tool to use in heterostructures and alloys.

At zero temperature and in the presence of a magnetic field the density of states

g acquires an oscillatory component Ag which, at low fields, can be written [6]

2STE

— STm), (2.14)

A oo
9() =2 ) exp(—sm/w.Tq4)cos(
9o s=1 hw,

where g, is the zero-field density of states, w. = eB/m* is the cyclotron frequency, and
€ is the electron energy. The above equation is valid subject to the Landau levels are
broadened and each can be represented by a Lorentzian with a width I" independent of
energy or magnetic field, such that 7, = 2/2I". When one gradually varies the magnetic
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field perpendicular to the sample, the Fermi energy is swept by the alternate maxima and
minima of density of states. These lead to a series of oscillations in the longitudinal
resistivity, known as the SdH oscillations. Assuming only one subband is occupied and
neglecting the contribution of higher harmonics, the oscillatory part Ap,, of the magneto-
resistivity can be expressed as [7]

T
Bpuc(B,T) = 4poD(m’, Thexp(— =) (2.15)
q

where p, is a constant and expected to be the zero-filed longitudinal resistivity

Pxx(B = 0) although there are reports on the deviations [8], 1, is the quantum mobility,

the temperature factor D(m*,T) = ﬁ x = 2m?kym*T/heB, h is the reduced Planck

constant, kg is the Boltzmann constant, and m* is the electron effective mass. This
equation is expected to hold true for small magneto-oscillations before well-developed
guantum Hall states and zero longitudinal resistivity appear with increasing B. This

provide a useful tool for calculating effective mass m* and quantum lifetime 7, from the

temperature and magnetic field dependences of the SdH oscillations.
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3. Device fabrication and experimental techniques

3.1. Device processing

3.1.1. Hall bar

Optical lithography is used to fabricate relative large structures like Hall bar,
ohmic contact and gate pads [1]. Figure 3.1 shows the standard steps in the optical
lithography processes. The cleaved chip is first immersed in dilute HCI solution to remove
surface oxides. Mesa fabrication begins by spinning photoresist onto the surface of the
cleaved chip. The chip is then backed for 10 minutes at 90°C in a fan oven to dry off any
remaining solvent and harden the photoresist. A chrome-on-quartz glass photomask
designed for a Hall bar is held above the sample to selectively expose the photoresist
using ultra-violet light. The positive photoresist is broken into smaller organic units that
are much more easily dissolved by developers that do not attack the unexposed material.
Therefore, the unexposed photoresist remaining on the surface of the chip will protect it
from the subsequent wet-etch. The chip is then immersed in H2SO4 : H202 : H20 mixture,
which etches the unprotected regions. The etching is allowed to proceed such that the
underneath 2DES is completely destroyed, thereby electrically isolating the unetched
regions. All resist is removed from the chips' surface by immersing the sample in acetone.
Accordingly, a Hall bar shaped mesa is left above the cleaved chip as shown in figure

3.1(a)~(e).
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Fig. 3.1 A schematic diagram illustrating the optical lithography processing steps. (Taken from
Ref. [1])

3.1.2. Ohmic contacts

An annealed AuGeNi metallization is the most common technique used to
fabricate conventional ohmic contacts to a 2DES. The chip is soaked in chlorobenzene to
harden the top surface of the photoresist after exposure through a second photomask. The
hardened surface of the resist develops at a slower rate than the lower layers and an
overhang edge profile is produced. This is necessary for easy lift-off of the subsequent
metallization stages [1]. In order to improve the adhesion of the ohmic metallization,
dipped the sample in a dilute HCI solution to remove the oxide layer from surface. The
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AuGeNi are evaporated onto the surface of the sample in the required thickness. After the
evaporation, used the acetone to remove the metal deposited on it and the remaining resist,

leaving the metal lying directly in contact with the surface of the sample.

Subsequently the evaporated metal was annealed such that the metal diffused
down through the chip and contacts the 2DES. This is the procedure for fabricating ohmic
contacts as illustrated in figure 3.1(f)~(j). The quality of the contacts is examined by linear
I-V characteristics both at room temperature and at 77 K to check whether the contact is
good or not to the 2DES. It is quite common for contacts to freeze-out at low

temperatures. If this is the case, the chip may be re-annealed to improve poor contacts.

3.1.3. Front gate

The procedure for depositing a front gate is similar to depositing the ohmic contact
metallization but without the annealing stage. For better adhering to the GaAs surface,
the gate metallization used a 10 nm layer of NiCr. In order to make electrical contact to
the NiCr gate, a 100 nm Au layer is evaporated to create bond pads (see figure 3.2). The

completed Hall bar is shown in figure 3.2.
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Transparent gate
10 nm NiCr

Mesa

Ohmic pads

Bonding pads
100 nm Au

Fig. 3.2 An optical photograph (50 x magnification) of a completed Hall bar of GaAs with
ohmic contacts and a transparent full gate (Taken from Ref. [1]) and lower one is InGaAs.
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3.2. Cryogenic system

An Oxford Instruments dilution refrigerator can perform measurement at
temperatures from 600 mK to 20 mK and magnetic fields up to 13.6 T. A device is
mounted on a probe and gently lowered into the 3He space. Base temperature is reached
in about 2-3 hours after fully insert the sample. When the mixture of liquid *He and “He
is cooled below a tri-critical point (about 869 mK, see figure 3.3), it separates into two
phases: One phase contains more 3He, so called the concentrated phase. The other
contains less ®He, so called the dilute phase (6% 3He in 94% “He). The cooling
mechanism is obtained from the evaporating of 3He from the concentrated phase into
the dilute phase and *He which are removed from the dilute phase are recondensed

into liquid *He at the still.

The pumping system at room temperature then return 3He to concentrated phase
by removing the *He gas from the still and passes it through the nitrogen and helium cold
trap to remove impurities. And the 3He is condensed by passing it through a tube in
thermal contact with the helium main bath and condensing on the 1 K pot. A flow
impedance is used to maintain a high enough pressure in the 1 K pot region for the gas to
condense whilst allowing a flow pass through at a reduced pressure. After passing through
the heat exchanger, the liquid *He enter the condensed phase. This circulation of *He

allows the base temperature to be maintained indefinitely.
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Fig. 3.3 Phase diagram of *He-*He mixtures.
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Fig. 3.4 A schematic diagram showing a dilution refrigerator. (Taken from Ref. [1])

21

doi:10.6342/N'TU201801443



3.3. Measurement set-up

3.3.1. Four-terminal resistance measurement

The four-terminal resistance measurement is the normal technique for the
transport measurement without the influence of contact resistance. The technique is based

on the van der Pauw method, and the following conditions need to be satisfied:
1. The sample must have a flat shape of uniform thickness.

2. The sample must not have any isolated holes.

3. The sample must be homogeneous and isotropic.

4. All four contacts must be located at the edges of the sample.

5. The contacts are sufficiently small.

O,

(<)
(©)
|
Fig. 3.5 A schematic diagram of van der Pauw electrical configuration with contacts on the

boundary of the sample. (Taken from Ref. [2])
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Figure 3.5 shows an arbitrarily shaped sample with four contacts at the edges. Base on

the theoretical result deduced by van der Pauw in 1958 [2]:

i
exp{ ) Ryn,op} + exp{ )

RNO,PM} =1, (3.1)

where p is the resistivity and d is the thickness of the sample and the definition of

resistance Ry op IS

Vun
Rynop = ? ) (3.2)
p

where Vyy is the potential difference between contact M and N when a current I,p is
passed through contact O and P. We can derive the resistivity of the sample from the

equation above by numerical method after the measurement.

In the measurement, the standard four-terminal AC lock-in techniques were used
on the sample with Hall bar shape as shown in figure 3.6. The longitudinal resistance can

be defined as R,, = V34/1, and Hall resistance can be defined as R,,, = V,4/1.

D
u Lock-in i

: 3 4 o]

L |

1 Lock-in I
AC source |

J_ Reference signal

Fig. 3.6 A schematic diagram of a four-terminal resistance measurement with a Hall bar device.
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4. Magnetoresistance oscillations in GaAs and InGaAs

systems

4.1. Introduction

This chapter discusses magnetoresistance measurements performed on GaAs/
AlGaAs and InGaAs/InAlAs heterostructures. The former one contains self-assembled
InAs dots which have been inserted in the center of the GaAs quantum well. The data was
taken by Gil-Ho Kim and detailed analysis in the strongly insulating regime was done by
me. The latter one is measured by me and other group members and detailed analysis was
also done by me. As mentioned in section 2.3.2, here we use the SdH oscillations to
determine the effective mass of GaAs and InGaAs. Since we can tune the GaAs sample’s
effective disorder of this 2DES by changing the bias, we have obtained the relation

between disorder and effective mass and will discuss it later.

4.2. Device structure

The structure and conduction band diagram of GaAs sample are schematically
shown in figure 4.1. The self-assembled InAs quantum dots serve as scattering centers

for the 2DES.

4.3. Background

4.3.1. The radio of Coulomb energy to kinetic energy r;

Here we define a symbol r; as the radio of Coulomb energy to kinetic energy to

compare how large is the disorder interaction in 2DES.
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Fig. 4.1 GaAs sample structure and conduction band diagram. The distance between surface
gate and 2DES is about 107 nm. The InGaAs sample structure and band diagram is similar to
GaAs but without InAs quantum dots.

Consider a free electron and its Kinetic energy Ej,

P?  h?ki
2m* 2m*’

E, =

(4.1)

where # is the reduced Planck constant, m* is the effective mass and kg is the wave

vector at the Fermi level and kr = v2mn in two-dimensional system. The Coulomb

interaction energy, E., between two electrons is given by

eZ

Ec (4.2)

4rer’

where ¢ is the permittivity. For estimating the distance r between two electrons in a two-
dimensional system, one can multiply the area by the carrier concentration to estimate the
average distance between two electrons
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1
mr’n=1=>r=—. 4.3
(nr*) N (4.3)
From the equation above, we obtain
e? e?
471&3L 4715L
_Ee_ TV _ _ Vmn _ mler om (4.4)

. = = = — < —,
° Ex R’k R2(Q2mn)  4meh?Vymn  Vn
2m* 2m*

since we can tune the carrier density by varying the bias, the effective disorder will change
together and the effective mass may change, too. That is the reason we cannot treat the
effective mass as a constant in this 2DES. In later analysis of the experiment data, by

using the SdH oscillations, we will show that the effective mass does change with bias.

4.3.2. Effective mass

The electrons in crystal are not free, but instead interact with the periodic potential
of the lattice. The movement of electrons in periodic potential over long distances larger
than the lattice spacing, can be very different from their motion in vacuum. The canonical
definition given for the effective mass is that it is related to the curvature of the conduction
and valence bands in the band structure (energy dispersion in terms of k-vector) for
electrons and holes respectively. We can see that from the following: the definition of

group velocity v, = dw/dk and the frequency associated with a wave function of energy

€ by quantum theory is w = €/h, and so

_1de 4c
YT (4:5)
and then differential the above group velocity to obtain
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dv, 1 d?%e 1 d?e dk

it hdkdt h@edr A
The work &e done on the electron by the electric field E in the time interval 6t is
be = —eEv,dt, (4.7)
and by using (4.5) we observe that
de
de = ﬁdk = hv,6k, (4.8)
on comparing (4.6) with (4.7) we have
eE
6k = —(7)&, (4.9)
where hdk/dt = —eE. So we can write (4.9) in terms of the external force Fas
h dk _ F 4.10
According to (4.10), (4.6) becomes
dv, 1 d%e v 111
@ - ot (4.11)

If we identify #2/(d%*e/dk?) as a mass, then (4.11) assumes the form of Newton’s

second law and define the effective mass m* by

1 1 d%e
m*  h2dk?’

(4.12)

and that is the canonical definition of effective mass. But with the help of SdH

oscillations, we can get the effective mass as well which I will introduce in section 4.5.
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4.3.3. Insulator-quantum Hall transition

Insulator-quantum Hall (I-QH) transition is an interesting physical phenomenon
in the field of two-dimensional physics and is predicted by Kivelson, Lee and Zhang [1]
in their seminal work on the global phase diagram (GPD). It is worth mentioning that the
scattering introduced by the self-assembled InAs quantum dots provides the necessary
disorder to observe I-QH transitions. It is possible to manipulate the screened random
potential experienced by the electrons by varying their density. From section 1.1.2 we
know that by varying the gate voltage V, the carrier density n can be varied therefore V;
can be regarded as a means of varying the effective disorder of the sample, an important
parameter in the study of I-QH transition [2]. The temperature-independent points in p,,
at a critical magnetic field Bc are the signature of [-QH transition.
For B < B py, decreases with increasing temperature, characteristics of an
insulating regime and for B > B py, increasing with increasing temperature,
which shows that the 2DES is in quantum Hall regime. Within the GPD, the only allowed
I-QH transition is the spin-degenerate 0-2 transition where the symbols 0 and 2
correspond to the insulating state and the v = 2 QH state, respectively [1].

In most cases, before a strongly-disordered 2D system enters the 1-QH transition,
no oscillations in p,, can be observed in the insulating state. However, in our GaAs
2DES containing self-assembled InAs quantum dots, pronounced oscillations in p,., can
be observed. Such features provide compelling experimental evidence for Landau
quantization in the insulating state. As a result, we intend to further probe these interesting

oscillations in the insulating state.

29

doi:10.6342/N'TU201801443



4.4. Result and discussion

4.4.1. GaAs Sample

This section shows how we calculate the effective mass of GaAs sample by using
the observed SdH oscillations. Figure 4.2 presents one of the experimental results for
showing the procedure of determining the effective mass. According to section 2.3.2, we
calculate Ap,, (B, T), the amplitude of SdH oscillations, first by connecting the inflection
point around filling factor v = 4 and find the difference between the dashed lines at v =
4 to the lowest point of corresponding curve (with same color) and then divided by 2
which are 3.41 kQ, 3.17 kQ, 2.9 kQ, 2.48 kQ, 2.16 kQ, 1.73 kQ and 1.49 kQ from 0.06
K to 0.78 K respectively. When this method is applied, one usually chooses v much
greater than we do to avoid appearance of spin splitting and quantum Hall state but in this
paper, they determine the effective mass with v — 1/2 [3]. On the other hand, based on
the experimental result, v = 4 is the suitable choice we get to calculate Ap,,(B,T).
The temperature-independent points in p,, at Bcz =~ 1.2 T and Bcz = 2.1 T and this
transition is referred to as 0-2-0. Based on the GPD, the only allowed I-QH transition is
the spin-degenerate 0-2 transition therefore the oscillation we use to calculate Ap,., iSv =
4 (as we can see in the measured Hall resistance pxy).

To fit the Ap,, with equation (2.15), we first rewrite the equation to this form

T
APy (B, T) = 4pyD(m*, T)exp(— .U_B) = (2.15)

q
Apo. = y(T) = aBT _ . T _ 2m’kpm’ 113
pxx - y - Slnh(BT)' o= poeXp 'qu ) B - heB ) ( ' )
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where p, is a constant and expected to be the zero-filed longitudinal resistivity, u, is the

quantum mobility, the temperature factor D(m*,T) = sifhx, x = 2m%kym*T/heB ,

h is the reduced Planck constant, kg is the Boltzmann constant and m* is the electron
effective mass. From equation (4.13) we can now determine the effective mass.

heB

—_—. 4.14
2m%kpg (4-14)

m" ="

— 0.06 K

Vg =-0.274V —0.18K

—0.30 K
—0.42 K
—0.54 K
— 0.66 K
—0.78 K

Xy

P& p  (KQ)

—0.42K
—0.54 K

0.66 K
——0.78K

XX

2.5
B (T)
Fig. 4.2 p,x(B) and p,,, (B) atV, =-0.274 V at various temperatures.
m Ap
SdH fit of Ap,,
n Model sdH (User)
Equation a*B*x/sinh(B *x)
Reduced 0.0035
34 Chi-Sqr
Adj. R-Squar 0.99336
Value Standard Erro
. 3.37032 0.03995
c Apxx 317321 0.06701
53
%
Q
<
2
[
T T T T T T T 1

00 01 02 03 04 05 06 07 08
T (K)
Fig. 4.3 The fitting result of equation (4.13) and one can use parameter [3 to determine effective

mass which is 0.162 m, where m, is the rest mass of electron.
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The following figures are the rest of experiment data of B — p,, plot and its T — Ap,.,

plot start from gate voltage V

~0.284 VoV,

—0.256 V.

—0.01K
—0.13K
—0.25K
—0.37K
—0.49K
—0.61K
—0.73 K

e
53
%
QU
/
20
0 P R R R MR IR ! ! !
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
B (T)
" Ap,
8 m ——— SdH fitof Ap,,
Model sdH (User)
, Equation o*B*x/sinh(8 * x)
Reduced 0.11184
| Chi-Sar
Adj. R-Square 0.97327
6 - Value  Standard Error
—_ a 7.41814 0.2239
C Apxx B 4.2096 0.20113
=
% °]
Q
<
4 -
3 -
|
2 T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
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Fig. 4.4 Upper figure is the B — py, plotat 1,

-0.284 V and the Ap,., are 7.96 kQ, 6.61 kQ,

6.02 kQ, 5.11 kQ, 3.92 kQ, 2.95 kQ and 2.29 kQ from temperature 0.01 Kto 0.73 K
respectively. The lower figure shows the result fitted by using SdH oscillations and the effective
mass is 0.199 m, by using equation (4.14).
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Fig. 4.5 Upper figure is the B — p,, plotat I, = -0.282 V and the Ap,, are 6.58 k€, 5.49 kQ,
4.78 kQ, 4.06 kQ, 3.38 kQ, 2.52 kQ and 2.04 kQ from temperature 0.02 K t0 0.74 K
respectively. The lower figure shows the result fitted by using SdH oscillations and the effective
mass is 0.194 m, by using equation (4.14).
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Fig. 4.6 Upper figure is the B — p,, plot at I, = -0.280 V and the Ap,, are 5.33 kQ, 4.58 kQ,

4.08 kQ, 3.62 kQ, 2.99 kQ, 2.22 kQ and 1.98 kQ from temperature 0.03 K to 0.75 K respectively.
The lower figure shows the result fitted by using SdH oscillations and the effective mass is
0.18 m.
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Fig. 4.7 Upper figure is the B — py, plot at I, = -0.276 V and the Ap,, are 3.97 kQ, 3.53 kQ,
3.21kQ, 2.78 kQ, 2.35 kQ, 1.9 kQ and 1.61 kQ from temperature 0.05 K to 0.77 K respectively.
The lower figure shows the result fitted by using SdH oscillations and the effective mass is
0.169 m,,.
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Fig. 4.8 Upper figure is the B — p,, plot at I, = -0.272 V and the Ap,, are 3.01 kQ, 2.85 kQ,
2.5kQ, 2.2 kQ, 1.98 kQ, 1.67 kQ and 1.4 kQ from temperature 0.07 K to 0.79 K respectively.
The lower figure shows the result fitted by using SdH oscillations and the effective mass is
0.154 m,,.
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Fig. 4.9 Upper figure is the B — p,, plot at I, = -0.268 V and the Ap,, are 2.34 kQ, 2.27 kQ,
2.02kQ, 1.75kQ, 1.67 kQ, 1.42 kQ and 1.26 kQ from temperature 0.08 K to 0.80 K respectively.
The lower figure shows the result fitted by using SdH oscillations and the effective mass is
0.14 m,.
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Fig. 4.10 Upper figure is the B — p,, plot at V; = -0.264 V and the Ap,, are 1.8 kQ, 1.81 kQ,
1.68 kQ, 1.55kQ, 1.43 kQ, 1.29 kQ and 1.15 kQ from temperature 0.09 K to 0.81 K respectively.
The lower figure shows the result fitted by using SdH oscillations and the effective mass is
0.12 m,.
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Fig. 4.11 Upper figure is the B — p,., plot at I, = -0.260 V and the Ap,, are 1.53 kQ, 1.49 kQ,
1.40 kQ, 1.32 kQ, 1.34 kQ, 1.22 kQ and 1.1 kQ from temperature 0.1 K to 0.82 K respectively.

The lower figure shows the result fitted by using SdH oscillations and the effective mass is
0.099 m,,.
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Fig. 4.12 Upper figure is the B — py, plot at 1,

T (K)

-0.256 V and the Ap,., are 1.29 kQ, 1.3 kQ,

1.27kQ, 1.2kQ, 1.16 kQ and 1.17 kO from temperature 0.11 K to 0.71 K respectively. The lower
figure shows the result fitted by using SdH oscillations and the effective mass is

0.074 m,.
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To sum up the result, figure 4.13 shows the relation between effective mass and gate
voltage. As we can see from this figure, the effective mass raises up with increasing

negative V;, however the effective mass of GaAs should be 0.067 m,. To explain this

behavior, we introduce the radio of Column energy to kinetic energy 7.

0.22—-
0.20—- } }
0.18 -

0.16—-

0141 .

m* (m,)

0.12 L
0.10 H ﬁ
0.08

0.06 — % }

0.04

I I I I I I I 1
-0.285 -0.280 -0.275 -0.270 -0.265 -0.260 -0.255 -0.250
V, (V)

Fig. 4.13 Effective mass of GaAs changed by apply more negative gate voltage start from
0.074 m, to 0.199 m, where m, is the rest mass of electron.

From section 4.3.1 and equation (4.4), we know that r, o< m* /+/n. To see whether
1, 1S the reason why effective mass change with gate voltage, first we need to calculate
carrier density n in different gate voltage and apply to equation (4.4). Consider that there

is only one Landau level and combine with equation (2.9), we have

_m*E _m* 1h _m* 1heB o (eB) 415
Ly R Ry (2 wC)_nhZ 2 (m*) nEVH) (4.15)
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where v is the filling factor. Figure 4.14 shows the plot of I, — n by choosing v = 2 with

its corresponding magnetic filed B. From section 1.1.2, we know that by applying a

negative bias to the metal surface, the height of the gate barrier is increased and the

potential well at the GaAs/AlGaAs interface is reduced in energy. Eventually, the bound

state in the potential minima is raised above the Fermi energy, reducing the two-

dimensional carrier density which is consistent with figure 4.14. And we can also confirm

the parallel-plate capacitor model is valid experimentally by combining with equation

(1.2) and slope of figure 4.14. The derived distance d between surface gate and 2DES is

about 114 nm which is almost the same as the actual value (~ 107 nm).

8.20E+014 —
8.00E+014 —
7.80E+014 —
7.60E+014 —

7.40E+014

n (1/m?

7.20E+014 —
7.00E+014 —
6.80E+014 —
6.60E+014 —

6.40E+014

(4.16)

m  Carrier density
—— Linear fit of carrier density

Equation
Weight

Residual Sum
of Squares

Pearson's r
Adj. R-Square

n

Intercept
Slope

y =a+b*x
No Weighting
9.39056E25

0.99846

0.99658
Value Standard Err
2.13051E1 2.60592E13
5.2069E15 9.64804E13

Fig. 4.14 Carrier density n become lower when applying more negative V;.

T T T T T T T T T T T T T T 1
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Now we have measured effective mass m* and carrier density n with difference
gate voltage V;, we can see the trend of ;. Figure 4.15 show the V; — r; plot and the 7
become larger with applying more negative gate voltage which is also consistent with the
fact that: the carrier can screen out the disorder. In the other word, the ability of carrier to
screen out the disorder potential decrease as n is lowered, and therefore 1, can be

regarded as a means of varying the effective disorder of the sample.

\ = Interaction strength\

gt

HH
HH

w
|
HEH

T T T T T T T T T T T T T T 1
-0.285 -0.280 -0.275 -0.270 -0.265 -0.260 -0.255 -0.250
vV, (V)

Fig. 4.15 Interaction strength r; become higher with apply more negative .

By combining the data presented in figure 4.13 and figure 4.15, we show a
. —m”/m plot as shown in figure 4.16 where effective mass m* of GaAs is normalized
by its ideal value of GaAs which is 0.067 m,. Base on the theoretical result where a

many-body approach which takes the electron-electron and electron-impurity interaction
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effects into account at zero temperature [4], the trend within 1 < r; < 7 is consistent with

our experimental result.

3.5+

. Hﬁ%

2.5 - @ﬂ—'

] R
€ 2. -
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1.5 Y
1.0 +¥
0.5 T T T T T T T T T T T T
1 2 3 4 5 6 7

I's

Fig. 4.16 Relation between normalized effective mass m*/m and interaction strength r; where
m”™ is the experimental result of effective mass of GaAs and m is the ideal value of effective
mass of GaAs.

4.4.2. InGaAs Sample

Here we measure the other sample with standard four-terminal AC lock-in
techniques mentioned at section 3.3 which is the same method as measuring GaAs one
and the result is shown at figure 4.17. Also applying the same method to calculate the
effective mass of InGaAs. As mentioned previously, determining the Ap,, at around
1.45 T first and fit the data by equation (4.13). Figure 4.18 shows the fitting curve and

acquired fitting parameter A and B. With parameter B, we can derive effective mass of
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InGaAs which is 0.043 m, where m, is the rest mass of electron and is pretty much the

same as the ideal one, 0.041 m,,.
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Fig. 4.17 The B — R,,, plot and the AR, at B around 1.45T are 43.09 Q, 42.62 Q, 42.77 Q, 42.16
Q,40.2 Q, 39.08 Q, 38.18 Q, 37.32 Q, 35.87 Q, 35.04 Q, 34.02 Q, 33.18 Q, 31.86 Q, 30.44 Q,
28.57 Q and 26.64 Q from temperature 0.1 K to 4.0 K respectively and the radio of width and
length of the channel for deriving resistivity is 0.23.
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Fig. 4.18 The result fitted by using SdH oscillations and the effective mass is 0.043 m by using

equation (4.14).
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4.4.3. Conclusion

By using SdH oscillations and before the system enters 1-QH transition, the two-
dimensional GaAs electron system containing self-assembled InAs quantum dots sample
shows that the effective mass of carrier become higher together with effective disorder
which can be tuned by varying the gate voltage and this phenomenon is also confirmed
by theoretical result where a many-body approach which takes the electron-electron and
electron-impurity interaction into consideration. By using the same method, the other

InGaAs sample shows that the effective mass of carrier as it should be.
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5. Conclusion

We have presented magneto-transport measurements on a gated strongly-
disordered two-dimensional GaAs electron system containing self-assembled InAs
quantum dots and on InGaAs. In most cases, before a strongly-disordered two-
dimensional system enters the I-QH transition, no oscillations in py, can be observed.
However, oscillations in py, are observed before the system enters the I-QH transition in
our GaAs sample providing compelling experimental evidence for Landau quantization
in the insulating state. In both sample of GaAs and InGaAs, we calculate the effective
mass by using SdH oscillations and analyze the amplitudes as a function of temperature.
The InGaAs one shows that the result is almost the same as the ideal value but the other
sample is not when applying different gate voltage. In the strongest disordered case, the
measured effective mass is around 0.2m,, which is significantly larger than that in GaAs
(0.067 m,), where m, is the rest mass of electron. The GaAs contains self-assembled
InAs guantum dots allows us tuning the disorder by means of changing the gate voltage
and we find that the measured effective mass increases with increasing effective disorder.
Such results indicate increasing strength of electron-electron interactions with increasing
effective disorder. Furthermore, the theoretical result also shows the same trend when
including many-body interaction such as electron-electron and electron-impurity
interaction effects into consideration. Therefore, our experimental results suggest that

interaction effects need to be considered in the I-QH transition.
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