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Abstract

In this work, we created laterally large and low disorder quantum well based quan-
tum dots to study single electron additions to two dimensional electron gas sys-
tems(2DEG). Their single electron addition spectra has been studied using a capaci-
tance technique in a dilution refrigerator. As a function of magnetic field and density,
we measured the single electron addition energies from a completely empty dot, up
to dot occupancies of thousands of electrons. For small dots, at low density and mag-
netic field, we found the expected non-interacting Fock-Darwin behavior. However,
at high density and high magnetic field, we observed deviations from single particle
picture which is suggestive of more novel physics.

To observe collective behaviour in quantum dots, we created relatively larger quan-
tum dots so that the dot would behave as a small two dimensional(2D) system.
However, observing such behavior has been challenging due to the difficulty in the
fabrication of sufficiently high quality devices. The quantum dots we are working on
differ from those of previous works in that they do not contain any modulation dop-
ing nor a Schottky barrier above the dot. This new design eliminates all unscreened
dopants. Instead, we populate carriers electrostatically by an external gate.

Here, we report the observation in the addition spectra of interaction driven lo-
calized states and isolated tunneling to edge states. We see electron additions to the
edge states between filling factors ¥ = 1 and v = 2 with single flux quantum (h/e)
periodicity in magnetic field. Remarkably, between filling factors v = 2 and v = 5, we
observe the pairing of electron additions to states at the edges of the quantum dots
with a corresponding 2e charge tunneling. Near filling factor 5/2 and at fixed gate
voltage, these twice-height peaks appear uniformly with a periodicity of h/2e. At
other filling factors in the range v = 2 — 5, the mean periodicity for the twice-height
electron peaks remains h/2e, but the twice-height peaks are instead further bunched
into pairs, with pairs spaced h/e apart. The filling factors for the observed h/2e peri-
odicity coincide with those of a pairing phenomenon seen in conductance oscillations
in Fabry-Perot interferometers|1] that indicated inter-channel entanglement between
edge channels. Moreover, the unusual 2-electron Coulomb blockade peaks suggest a



pair tunneling effect that involves electron correlations that arise in the quantum dot.
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Chapter 1

Introduction

This thesis is comprised of three parts. The first part consists of an introduction
into two dimensional electron gas(2DEG) physics and the single electron capacitance
spectroscopy (SECS). In Chapter 2, we describe the experimental techniques rang-
ing from the the fabrication of a quantum dots to low temperature amplifiers and
the capacitance bridge. Going through numerous variations and iterations in the
fabrication process and measurement scheme, we were able to detect single electron
additions to a small dot. The second part(Chapter 3) of this thesis deals with small
dots in which we mostly observe single particle physics. These dots display Coulomb
blockade physics, Fock-Darwin spectrum and some deviations from the single particle
physics that is driven by interactions between electrons. In the third part(Chapter 4
and 5), we explore the crossover regime to a mini 2DEG. This part contains a number
of new results, not present in the literature, and not expected when we started this
project. We see electron additions to the edge states between filling factors v = 1
and v = 2 with single flux quantum (h/e) periodicity in magnetic field. Moreover,
between filling factors v = 2 and v = 5, we observe the pairing of electron additions

to states at the edges of the quantum dots with a corresponding 2e charge tunneling.
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1.1 Two Dimensional Electron Gas Systems

With the discovery of the integer quantum Hall effect in 1980[2], a new domain in
physics has opened, and it still remains to be an active area of research. Classically,
the electrical Hall conductance is expected to have a linear relation between the
applied magnetic field and the measured Hall conductance. What has been observed
in 1980 was, instead, the quantization of the conductance at certain values. The Hall
conductance versus the magnetic field manifests itself as a staircase(Fig 1-1) with
quantized conductance given by an integer times the fundamental unit of conductance,
e?/h. High precision experiments showed that this value is extremely accurate and is
independent of the sample.

In just less than two years after the discovery of integer quantum Hall effect in
1982, fractional quantum Hall effect was realized|3|. This time, the quantized value
took on fractional values of fundamental unit of conductance. The integer effect is
caused by the strong magnetic field and the presence of the impurities which tend
to enhance the stability of plateau. To observe the fractional effect, the samples
must be extremely clean. It turns out, the mechanism behind fractional effect is
electron-electron interaction whereas integer effect is a single particle effect|4, 5, 6].

The quenching of kinetic energy of electrons in Landau levels under strong mag-
netic field enables a number of intriguing phases developed due to dominant electron-
electron correlation. With advanced fabrication skills, we now can create structures
with unparalleled cleanliness and quality. Although there is a rich pool of studies
of both theoretical and experimental understanding of the quantum Hall system in
semiconductors, there is active study and debate about the energy scales[8, 9|, the
transport mechanisms|10, 11], and the nature of the ground state[12, 13| for many
quantum Hall features.

We study on high quality 2DEGs created in GaAs/AlGaAs heterostructures grown
by molecular beam epitaxy (MBE). This new crystal growth technique was first used
by groups in Bell labs[14] to increase the mobility of charge carriers. In MBE, a

semiconductor crystal can be grown a single atomic layer at a time. By varying the
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Magnetic field (T)

Figure 1-1: Transport measurements showing plateau at Hall resistance for integer
and fractional quantum Hall states|7].

chemical composition, epitaxial layers consistent of different semiconductor materials
can be grown on top of each other. Furthermore, by selecting lattice matched semi-
conductors, this can be done in a way that produces a nearly perfect crystal with few
defects. For a 23nm GaAs quantum well, the confinement energy difference between

the first band and the second band is about 72— = 47 meV where , m;=0.063 m, is

2m?* L?

the band mass of electrons in GaAs. The Fermi energy is only ep = n™ — 3.8 meV

*
me

2. Since the measurement tempera-

at a typical 2D electron density of n = 10" em™
ture is well below 1K(0.1 meV), we can safely assume electrons lie in the first band,
and thermal activation to second subband is nonexistent.

Confining a 2DEG laterally, one can confine particles in three dimensions produc-
ing a quantum dot(QD). As in an atom, the energy levels in a quantum dot become
quantized due to the confinement of electrons. The main advantage of artificial atoms

in experiment is that you can tune their size, shape and electron occupancy. In that

sense it provides a simple system to study confined electrons and their interactions in

19



response to an external parameter such as magnetic field or confinement potential.
Conventionally quantum dots have been studied extensively using transport mea-
surements on lateral quantum dots|[15, 16|, with the exception of transport studies
in vertical structures[17, 18|. Lateral transport measurements of QD structures are
challenging for many reasons: using lateral plunger gates gives different gating for
different states and the lateral systems only couple to states at the edge. In order
to access the single electron addition spectrum of laterally large quantum-confined
structures, we have developed a vertical tunneling geometry which avoids these pit-
falls associated with lateral contacts and allows us to track electron additions up to
thousands of electrons over a wide range of magnetic field. Studying electron addi-
tions to vertical quantum dots provides the capability for sensing both localized and

extended states of electrons|[19, 20, 21, 22|.
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Island

Drain Source

Figure 1-2: Tunneling of electrons between drain and source through an intermediate
island.

1.2 Coulomb Blockade

When we add/subtract electrons to a metal island or a quantum dot, there are differ-
ent energy scales that we need to consider. Therefore, it is essential to comprehend
how Coulomb blockade works. To begin with, consider a charge transport experiment
in which charge flows from drain to source through an intermediate metal island as in
Fig 1-2. We assume conduction of electrons through insulating gaps occurs by quan-
tum tunneling. When a tunneling event happens from drain to the metal island, the
charge on the island is suddenly increases by the quantized amount e. If the electro-
static energy e?/Cy of single excess electron on the island(Cy, is the total capacitance
of the island to the rest of the world) is much greater than electron thermal energy
kgT, the second electron cannot be transferred from reservoir to the island. This is
simply because there isn’t any electron with sufficiently high energy in the reservoir
to tunnel into the island that already has one electron. This suppression is called

Coulomb blockade[23, 24].
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reservoir

="

Gm

bottom electrode

Figure 1-3: A small metallic island is coupled to a reservoir and a gate electrode.
Electron transfer can occur only between the island and the reservoir through a
tunneling barrier. Gate electrode is coupled capacitively and is used to adjust the
electrostatic potential of the island.

In the capacitance measurements we use a system that is depicted in the Figure
1-3. A small metallic island coupled to an infinite reservoir of electrons and a gate.
Particle exchange can occur only by tunneling through a barrier between the island
and the reservoir. The gate is coupled to the island only electrostatically, and can be
used to attract or repel particles into the island. When a tunneling event happens
from the reservoir to the island, it increases the Coulomb energy of the island by
e?/Cys. If this charging energy is much higher than kgT, then the second electron

cannot be transfered to the island. We can write the first condition as,
kT < €*/Cx (1.1)

Secondly, we want the number of electrons on the island to be well quantized.
This means that the uncertainty in an electron’s energy AFE due to electron’s time

spending on the island, At, must be smaller than the charging energy. This condition

22



requires the barrier between the island and the reservoir to be opaque enough so that

the electrons are localized in the reservoir or on the island.

AE =~ h/At < €*/Cs; (1.2)

This implies that both tunneling resistance should have a lower bound|25, 26|,

Ry > h/é? (1.3)

The first condition can be met by making the dot smaller and cooling the entire
system to low temperatures. The second one can be met by weakly coupling of the

island to the reservoir.
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Chapter 2

Single Electron Capacitance

Measurements

Throughout this thesis, our goal is to find an unknown capacitance as a function of
gate voltage or magnetic field. We use single electron capacitance spectroscopy(SECS)
which has been developed in Ashoori Lab|22, 27|, and then we improved this technique

over the years, increased the sensitivity substantially.

2.1 MBE Wafer

We have developed a platform to create quantum well based large QDs with very
low disorder. The dot is confined between two electrodes in the “tunnel capacitor”
structure shown in Fig 2-1. This dot differs from those of previous works in Ref [28§|
in that it does not contain any modulation doping nor a Schottky barrier above the
dot. Instead, we have developed a new sample design that incorporates a small ohmic
contact on top of a etched pillar. This new design eliminates all unscreened dopants.
Instead, we populate the QD with electrons entirely by gating.

To investigate fractional quantum Hall states in the single electron resolution level,
we need ultraclean devices and significantly improved signal to noise ratio. To create
the cleanest structure we have worked with Dr. Loren Pfeiffer at Princeton to create

an “inverted” tunneling structure utilizing cold growth GaAs diffusion barriers. In

25



Tunnel  Blocking
Barrier  Barrier

Top T Back

Contact QD Gate
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Diffusion barrier cold-GaAs

Back Gate Nn-GaAs

Figure 2-1: MBE growth structure of our vertical capacitance geometry and corre-
sponding band diagram.
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this structure the Si dopants in the bottom electrode, which serves as the gate in
these structures, are restricted from migrating up into the quantum well by a thin
GaAs layer grown at substantially lower temperatures as well as the thick AlGaAs
“blocking” barrier.

A schematic of our samples is shown in Fig 2-1. The AlGaAs/GaAs wafer contains
the following layers (from bottom to top): 3000 A n+ GaAs electrode, 60 A GaAs
spacer layer, 600 A AlGaAs blocking barrier, 230 A GaAs quantum well, 90 A AlGaAs
tunneling barrier, 400 A GaAs cap layer. A mesa with deep Ohmic contacts down
to n+ GaAs is initially defined. Then circular Pd/Ge/Au metallic pillars of different
size are fabricated on the top of the mesa. Using these pillars as the etch mask, we
isolate the dots by plasma etch that stops at first AlGaAs layer. We finalize the dots

after making the metallic contact from the pads to the quantum dots.

2.2 Measurement Scheme

A schematic of the core experimental setup is shown in Figure 2-2A. The dot is placed
between two plates of a parallel plate capacitor. Electron may tunnel back and forth
between the dot and the tunneling electrode when the fermi energy is aligned with
quantum levels. The experiments consist of observing the image charge resulting from
tunneling of single electrons from the metallic contact layer to the levels in the dot

as we sweep the gate bias Vj: a potential applied across the plates of the capacitor.

2.2.1 Capacitance Bridge

In order to sense tiny capacitance changes, we have developed an AC charge sensing
technique based on a capacitance bridge. In this technique, we utilize the bridge
as in Figure 2-2A where we balance the sample against a known reference capacitor
by applying an excitation voltage that is 180 degrees out of phase. The voltage in

balance point is nulled when,

‘/;xc + eref _
Zsample Zref

0 (2.1)
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Blocking Tunneling
Barrier Barrier

|

I
%

n+

Figure 2-2: Vertical capacitance geometry. The quantum dot is confined between two
electrodes one of which (tunneling electrode) is tunnel coupled to quantum dot. The
carrier concentration can be tuned by the bias electrode.

where Z,.; = 1/iwC,.s is the impedance of the reference capacitor and Zg,pie is the
impedance of desired sample. To make a reference capacitor we deposit metal lines on
a silicon chip yielding a capacitance of 40 fF. In a purely capacitive circuit, balancing

the bridge in this way, the sample capacitance is given by,

Vie
Csample = Cref~_f (22)

exc

The main motivation behind using this technique is to eliminate the effect of con-
stant stray capacitance. Due to wire bonding and the metallic pads in the fabrication
process, we have a large stray capacitance in parallel to our devices. Even though we
try to minimize the stray capacitance, it remains around 150 fF. Another advantage
of the capacitance bridge is that it allows a precise measurement of the sample ca-
pacitance without needing an independent measurement of the shunt capacitance or
of the gain of any amplifiers.

To balance the bridge, we apply two different excitation voltages to the reference

capacitor while applying a known fixed excitation voltage to the sample. Measuring
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Figure 2-3: Measurement scheme from cryogenic temperatures to the room tempera-
ture. The image on the left shows how cleaved transistors are mounted on the edge
of a silicon chip. The image on the right shows the 1K Pot amplifier.

the voltage at the balance point for each case, we can then compute the excitation
voltages that satisfies the balance condition (Equation 2.1). The capacitance changes
are often very small compared to the total sample capacitance. When this is the case,
we do not need to balance the bridge at each point. Through out of balance signal,

we can directly measure the out of signal and convert that to capacitance.

2.2.2 Low Temperature Amplifiers

Since the cables running to the top of the cryostat have a shunt capacitance of at least
300 pF, using a room temperature amplifier to measure the voltage when working with
a b0 fF sample capacitance would result in significant signal loss. For this reason, we
have designed a cryogenic amplifiers as in Figure 2-3 placed right next to the sample,
which allows us to reduce the total bridge capacitance to a value of around 600 fF. The
main purpose of this first stage amplifier is to behave as an impedance matcher. We
built the cryogenic amplifier using the commercially available high electron mobility
transistor (HEMT). The transistors we use are Fujitsu FHX35X chosen|22] amongst

many other transistors for their low input capacitance, high transconductance and
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Figure 2-4: The schematic of first stage cold amplifier.

low 1/f noise. Since these transistors are available in an unpacked format, we cleaved
the transistors T1 and T2 in Figure 2-4 to reduce the shunt capacitance. When we
mount the transistors, we place them vertically on the edge of a cleaved chip as in
Figure 2-3 so that during a magnetic field sweep its gain remains unaffected.

The schematic of the amplifier is shown in Figure 2-4. The measurement transistor
(T1) is in a common-source configuration receiving the balance point voltage as input.
The second transistor (T2) is the bias transistor. By pinching off the channel at T2,
we use it as a high impedance resistor to gate T1 transistor. It is unconventional
to use transistors as resistors, however the only other alternative is long meander
line resistors. These resistors add a shunt capacitance as much as 1pF reducing our
electron sensitivity. While DC biasing the bias transistor T2, we realized the DC
lines for Vo and Vpsy carry substantial amount of noise which causes input overload

in the lockin amplifier. As a result, we are utilizing simple RC filters to reduce that
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Figure 2-5: The schematic of 1K Pot cold amplifier.

noise. This modification increased our sensitivity significantly.

Noise in the experiment comes mostly from the intrinsic noise of the HEMT tran-
sistor, ground loops or unshielded cables. The HEMT transistors have an intrinsic
noise spectrum that has a 1/f character, and that is characterized as fluctuations in
the channel conductance. Because the noise diverges at low frequencies, there is a
significant advantage to working at high frequencies. The noise becomes qualitatively
bad below about 10 kHz, and makes it impractical to measure single electrons below
this frequency. At 240 kHz, with a well optimized setup, we have achieved input
noises as small as 51V /v/Hz.

2.2.3 1K Pot Amplifier

The cryogenic first stage amplifier shown in Figure 2-4 will suffer from a poor band-
width due to a large capacitance from the cable(roughly 300 pF) connected to its drain
to the room temperature. The output of T3 must charge up this capacitor through

the impedence of load resistance. To circumvent this problem, and to add additional
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amplification that is operating at cold, we are using a low noise cold amplifier staged
at 1K Pot of the cryostat. We use two stage amplifier using commercially available,
very high performance silicon germanium bipolar transistors (NXP BFU725). The
original design[29] is a band-pass filter with low cut-off frequency at 500 MHz. By
adjusting the shunt capacitors in Fig 2-5 to 100 pF' we were able to reduce this fre-
quency to tens of Hz. The advantages of this 1K Pot amplifier is that it has good
input impedance match and flat gain over a decade of bandwidth extending to low

frequencies, and it has stable operation point.

2.3 Capacitance Step

In this section, we discuss the capacitance of our devices and the characteristics of
the tunnel barrier. The tunnel barrier can be modeled as a simple resistance(R;)
and capacitance(Cy) in parallel. Hence, the equivalent circuit schematic for vertical
quantum dots, as in Figure 2-6A, can be thought as the tunnel barrier being in serious
with a capacitance Chocking-

Due to RC equilibration time at the tunneling barrier, the capacitance of quantum
dots becomes also a function of frequency. At low frequencies, there is sufficient time
during one cycle of the measuring voltage for a full electron charge to be transferred
between the tunneling electrode and the quantum dot. In our measurements, we
are usually working in the low frequency regime. In Figure 2-6C, we are presenting
the capacitance of a large quantum dot as a function of gate voltage. The dot is
completely depleted for bias voltages less than Vp,,s = —0.1V. The capacitance
measured at the depletion region is effectively the geometric capacitance between the
two electrodes. With gating, we can populate the quantum dot with electrons. At
this point, we now have available states to tunnel into. Since we are measuring the
capacitance at the low frequency regime, the tunneling electrode will be well coupled
to the quantum dot. As a result, we observe an increase in the capacitance of the dot.
These two extreme cases are simply illustrated in Figure 2-6B. For a large quantum

dot, where the shunt capacitance is negligible compared to sample capacitance, the
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capacitance can be simplified to,

Cy

1 . .
, depletion region

Cy, dot populated

Csample —

The sharp rise in Figure 2-6C in the low frequency capacitance data occurs as
the gate bias is increased beyond the threshold which allows electrons to enter the
quantum well. This capacitance step develops as electrons from the n+ layer fill up
the quantum well, reducing the effective distance between the capacitor plates. From
these data we extract the level arm to be 7 = 4. The sharpness of the capacitance

step is only 50mV, is a signature of cleanliness of our devices.
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Figure 2-6: (A) Equivalent circuit diagram of the sample. (B) Equivalent circuit
diagram in the low frequency regime when the dot is depleted vs populated. (C)
Capacitance of a single quantum well as a function of bias voltage. When the well
is populated, the tunneling electrode becomes coupled to the well which results in a
capacitance step. Excitation voltage is V.. = 1mV.
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Figure 2-7: The density of states of an interacting electron gas at filling fraction
v=1.

2.3.1 Landau Level Formation

Under the presence of an external magnetic field, particles in a quantum well have
quantized cyclotron orbits. As a result, the particles can only occupy orbits with
discrete energy values, called Landau levels. Conventionally, the density of a two-
dimensional electron gas is described in terms of the filling fraction which is defined
as the number of available electrons per landau level degeneracy. Because of the
additional spin degree of freedom, the filling fraction is ¥ = 2 when the first orbital
level is filled, v = 4 when the second level is filled, etc. At v = 0, there are no
electrons in the 2DEG.

At v = 1(Figure 2-7), we have populated the well with enough charge to fill one
spin-state of the N = (0 Landau level. These states are degenerate before we turn on
electron-electron interactions. Due to the formation of an exchange-enhanced spin
gap, as we fill the quantum well, the interaction causes the electrons to spin-align. At
v = 1, the spin up states of N = 0 are completely filled and lie below the Fermi energy,

while the spin down states are completely empty and lie above the Fermi energy.
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Figure 2-8: Capacitance sweeps starting from 0T to 10T. The measurement frequency
is 5OKHz. Excitation voltage is V.. = 1 mV.

In capacitance measurements, we are sensitive to the compressibility of the quan-
tum well. A capacitance gap develops whenever the density of states goes to zero. In
Figure 2-8, we present capacitance sweeps taken at different magnetic fields from 0T
to 10T. At zero magnetic field, we simply observe a capacitance step. As we increase
the magnetic field, we allow landau levels to be formed. At B=2T, the landau level
gaps are clearly formed, and also the exchange interaction begins to lift the degener-
acy of N=0 landau level. At high fields, we also observe a suppression of tunneling

to the bulk.
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Figure 2-9: Frequency response at zero magnetic field. We see a suppression of
capacitance only above 4 MHz. The tunneling barrier is transparent to our common
measurement frequencies which is usually below 1 MHz. Excitation voltage is V.. =
1mV.

2.4 Frequency Response of the Tunnel Barrier

At high frequencies, there is insufficient time during one cycle of the excitation voltage
to fully drive the charge to the quantum dot. Because of RC equilibration time, the
capacitance at high frequency is lower than its low frequency value. The frequency
where the capacitance is significantly suppressed is defined as the roll-off frequency.

In a typical tunneling measurement, the roll-off frequency depends on the tunnel
barrier and the density of states in the electrode and in the quantum dot. We observe
different tunneling rates in zero field and in magnetic field. In the following sections,
we are trying to figure out the roll-off frequency in two extreme cases.

The tunnel barrier thickness was designed so that the mean time for an electron
to tunnel between the n+ layer and the well is less than 1 us. During one cycle of the
excitation charge can tunnel many times back and forth through the barrier.

In Figure 2-9, we present zero field capacitance data taken at different frequencies.
In this measurement, we aim to find out the roll-off frequency at which the capacitance
step is suppressed significantly. Starting from f = 1MHz, sweeping up to f =

4.7 MHz, we begin to observe a capacitance suppression. Mainly, what Figure 2-9
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tells us is that, in zero magnetic field, electrons can tunnel back and forth in phase
with the excitation through the barrier if the measurement frequency is below 1 MHz.
Most of the data in this thesis has been taken at f = 247 KHz indicating that we are
in the low frequency regime.

In Figure 2-10, we present a capacitance sweep taken at fixed magnetic field,
B=10T, for different frequencies ranging from 6.2 KHz to 100 KHz. We begin to
populate the dot at Vgrag = —0.10 V. Near Vgrag = 0.15V, all carriers fall into the
spin polarized landau level v = 1. What is striking in Figure 2-10 is the suppression
of capacitance, at =50 KHz and f=100 KHz. This indicates that the ac excitation
frequency is higher than the roll-off frequency at B=10T. In other words, the period
is shorter than the RC relaxation time of the tunnel barrier. The suppression in
the capacitance data comes from tunneling anomaly near Fermi energy induced by
magnetic field[30]. At high magnetic field, the tunneling is suppressed for states near
the Fermi energy. Unlike the gaps associated with fractional quantized Hall effect
which happens at particular densities, magnetically induced gap is tied to Fermi

level. Hence, we observe a broad tunneling suppression in the capacitance data.
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Figure 2-10: Capacitance sweep at B=10T for different frequencies. At high fields,
the tunneling rate gets slower than zero field. We observe a suppression at near
f=20KHz. This suppression is caused magnetic field induced gap.
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2.5 Single Electron Additions

In Figure 2-11, we observe a sequence of well resolved and reproducible capacitance
peaks. In our tunnel capacitor, near an isolated capacitance peak, at most one elec-
tron is induced to tunnel between the n+ layer and the discrete state in the well.
The electron travels only a fraction, 1/, of the distance between the plates of the
tunnel capacitor. Therefore, the amount of charged induced on the gate due to a
single electron tunneling is e/n, which translates to a voltage change at the balance
point of e/nCspuni- The level arm, 7, is determined to be 4.0 from the MBE growth
parameters and capacitance measurements on large area dots. The lever arm also sets
the reduction factor between externally applied voltage and the voltage drop between
the n+ layer and the quantum well.

The Coulomb blockade peak position as a function of gate voltage reflects the elec-
trochemical potential of the dot. Then, the addition energy - the separation between

the two nearest Coulomb blockade peaks - is given by the following expression:
paot(N +1) = paor(N) = E(N +1) = E(N) + ¢*/C, (2.4)

where E(N+1) and E(N) are sequential single particle states. Here we assume that
C is independent of the number of electrons on the dot. Electrons simply fill single
particle states additionally separated by a constant charging energy AE, = ¢2/C. In
Figure 2-11, we show single capacitance peaks for a dot that has diameter around
120 nm. Since the dominating energy scale is the charging energy, the electron peaks
are mostly evenly spaced by charging energy. This trace is probably the best capaci-

tance data we have taken with clearly visible isolated capacitance peaks.

40



Quantum Dot Limit

<
g’ N=20
o
S S
< o M
AT s
S
o
0.18 0.20 0.22 0.24
Bias (V)

Figure 2-11: Capacitance peaks as a function of the bias voltage. Each peak corre-
sponds to an electron addition to small quantum dot.
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2.6 Electron Temperature

In this section, we will extract the electron temperature using the broadening of a
single electron peaks. Consider DC bias V[, to be set at the center of an isolated
capacitance peak. Then, added a small excitation V.. = vcoswt, the net voltage
over the tunnel capacitor becomes Vigmpie(t) = Vo + vcoswt. The likelihood of the
occupation of that single electron level is given by Fermi distribution, f(Viampie). The
voltage change at the balance point due to a tunneling event is Fermi distribution
function multiplied with e/nClpyunt|27].

During one cycle of the excitation, an electron can tunnel many times back and
forth through the barrier. We choose an AC frequency much lower than the roll-
off frequency of the tunnel barrier so that we operate in the low-frequency limit.
For instance, in the zero temperature limit, the quantum level in the dot tends to
be occupied during positive portions of the AC excitation and unoccupied during
negative portions creating a square wave signal at the balance point. Depending
on how far the DC voltage is from the center of the peak, what we measure in the
lockin is the variable duty cycle square wave amplified through the cold amplifiers.
The lock-in amplifier picks up the Fourier coefficient of this voltage at the excitation
frequency w. Equations 2.5 and 2.6 below were previously described at Ashoori et

al[27].

A we
b ﬁﬂnCshunt

where A, is the total gain from the balance point to the input of lockin. The division

27 Jw
Vieekin(Vo) = / f(Vo + v coswt) cos wtdt (2.5)
0

by v/2 is made because the lock-in reads the rms amplitude of the Fourier coefficient.

A change of variables, U = Vj 4+ v cos(wt), and integration by parts yields

V2e Voto df(U)\/ Vo—U
: = Ay L= (22— )2 2.
VZOCkln(%) vﬂ'?’/CShunt [/OU dU ( v ) U ( 6)
At zero temperature, the derivative, %g), is simply given by §(U —V,,) , where

V,, is the sample voltage at which the nth electron enters the dot. Therefore the
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Figure 2-12: Simulation of the voltage response of an electron addition to AC excita-
tions of varying amplitude

expected response at the lock-in is half an ellipse of height Avﬁ with base
width of twice the amplitude of the AC excitation, centered at the sample voltage
Vn. At nonzero temperatures, and for v < nkgT/e, the height of the peak drops

and becomes amplitude dependent. For v > nkpT /e, the peak height saturates at
V2e

v 71—776‘51111,71,15

, and only its width increases.

In order to understand this behavior, in Figure 2-12, we simulated the voltage
response of an electron addition to AC excitations of varying amplitude. On the
y-axis we present the normalized response at the lockin with respect to maximum
response AU%. The RMS value of the AC excitation is varied from 0.5nkgT /e
to 16nkpT /e. In each subsequent curve the excitation amplitude increases by a factor
of 2. On the x-axis, we sweep the applied DC voltage around the center of the peak
Vo.

Figure 2-12 shows that for v,,,s > nkgT /e, the peak height saturates the maxi-

mum value, and only its width increases. For v,.,,s < 4nkgT /e, the height of the peak
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Figure 2-13: Measured Lockin Signal at varying excitation voltage.

drops and becomes amplitude dependent. The full width at half maximum height
stays constant at roughly 4nkgT'/e. As clearly shown in Figure 2-12, to get maxi-
mum voltage response we need to drive the tunnel capacitor with an AC excitation
greater than v,.,s = 4nkgT/e. Above this excitation voltage, the peaks broaden.
However, below this excitation voltage we will lose the signal height.

Our experimental data from a single isolated capacitance peak(sample QD-23-
1-5) is shown in Figure 2-13. To get an estimation of electron temperature, we
can observe two things. The excitation voltage at which the voltage response is

significantly lower than the maximum response is roughly 4nkgT/e. The peak width
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at the lowest excitation which we can still observe a height is also roughly 4nkgT/e.
Looking at the amplitude that is measured at lockin, we observe that below excitation
voltage V... = 100 uV, peak height starts to drop. Therefore this gives a temperature
estimation of (4nkgT /e = 100 uV) 72mK. This is slightly warmer than the dilfridge
base temperature 45mK. It is likely that the power dissipated by the transistors
heats the sample. In Figure 2-13B, we observe that the peak width increases linearly
with the excitation voltage above 60 uV. Below that excitation, we lose the electron

resolution probably due to low signal to noise ratio.

45



THIS PAGE INTENTIONALLY LEFT BLANK

46



Chapter 3

Small Quantum Dots

3.1 Introduction

Probing of the energy levels and density of states as a function of magnetic field
and density is the natural method to determine the electronic state of a quantum
dot. Previous measurements on electron addition spectroscopy of quantum dots show
well defined transitions into the integer quantum Hall states, indications of possible
fractional states as the dot transitions from the spin-polarized maximum density
droplet at v =1 to lower density droplets at v < 1|20, 21, 17, 18].

In the previous chapter, we have learned how to detect single electron additions
to a quantum dot using capacitance technique. Improving the signal sensitivity and
sample quality in comparison to Ashoori group’s previous work|22|, in this chapter we
present the capacitance measurements starting from small size quantum dots. Most

of the data in this chapter is taken by former postdoc, Neal Staley.

3.2 Single Particle Spectrum

To illustrate the functioning of the capacitance method and the low disorder of the
quantum dots, we first show data from a small dot that has a diameter of ~ 120 nm.
Electron additions occur periodically in gate voltage with roughly a period e/C,,

where Cy is the capacitance between the gate and the dot. After each electron is
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Figure 3-1: Vertical capacitance geometry and single electron additions to a quantum
dot. a, The quantum dot is confined between two electrodes, one of which (tunneling
electrode) is tunnel coupled to quantum dot. The carrier concentration can be tuned
by the gate electrode. Using a capacitance bridge, we balance the sample capacitor
against a known reference capacitor. b, The schematic of a small metallic island
that is coupled to a reservoir and a gate electrode. c, Single electron capacitance
peaks in a small quantum dot as a function of external magnetic field and gate
voltage. For electron numbers N > 15, “zig-zags” appear in the traces arising from
the lowest energy available electronic state shifting between the interior and the edge
of the dot. d, Isolated electron additions as a function of gate voltage. The spacing
between successive capacitance peaks largely reflects the additional energy required
to overcome the Coulomb repulsion of the existing electrons in the dot.
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added to the dot, adding a successive electron requires increased gate voltage due
to Coulomb repulsion|31, 32, 21, 24]. Figure 3-1, presents capacitance data taken
from a small dot in a dilution fridge with 45mK base temperature. These data show
electron additions from N =1 to N = 20 under an external perpendicular magnetic
field show features that fit with a model of a small quantum dot with a parabolic
confining potential[33, 34]. As the gate voltage is sweeped on the y-axis, capacitance
peaks appear for every electron that enters to the dot. Note that the lateral extent of
electrons in the dot gradually increases with electron number, decreasing the observed
spacing.[21] The first dozen electron additions can be bunched into groups of two
electron additions, with each group of two showing very similar behavior in magnetic
field, in agreement with a simple model in which electron states are occupied by two
electrons with opposite spin states. The dotted line shows the density and B value
at which all electrons occupy spin-degenerate states belonging to the lowest orbital
Landau level (v = 2 in a 2DEG).

The spacing between the capacitance peaks in Figure 3-1d reflects the energy to
add one more electron to a dot containing N electrons. The experimental spectra
shows electronic states are well separated by Coulomb blockade. In Figure 3-1c we
observe many features of a noninteracting electron model with an additional charging
energy. The energy spectrum in a B field aligned with positive z axis can be solved
analytically for a dot with a harmonic confining potential[33, 34]. The energy E,, of a
state with a radial quantum number n = 0,1, 2, ... and angular momentum quantum

number , [ = 0,£1, 42, ... is given by
1
Ey=2n+ |+ 1)h(1w§ + wH)Y? 4+ 1/21hw, (3.1)

where hwy is the electrostatic confinement energy and hw, is the cyclotron energy.
The calculated spectrum for hwy = 4meV is given at Figure 3-2. States of positive
[ correspond to electrons moving anticlockwise as viewed looking down from positive
z axis, negative [ states move in the opposite direction. Therefore positive [ states

have magnetic moment pointing opposite to applied magnetic field whereas negative [
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Figure 3-2: Spinless Fock-Darwin spectra for given n and 1. At given chemical poten-
tial, the highest energy electron will have zig zags every time there is a crossing of

different states.
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Figure 3-3: (A) Capacitance peaks of a small quantum dot. Low magnetic fields
fit well to a Fock-Darwin Hamiltonian. (B) Fock-Darwin calculation for electron
additions to a small quantum dot under external magnetic field.

states have magnetic moment aligned with magnetic field. As a result, with increasing
magnetic field electrons with negative [ states will have lower energy than the rest.

Consequently the electrons with high energies will fall into lower energy states.
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The “zig-zags” in the evolution of the single particle peaks with magnetic field
indicate crossings of energies of single-particle states. As the magnetic field increases,
the energies of the edge states move down relative to the states in the bulk since
their orbital magnetic moment is aligned with the field[20]. At the crossovers of
different states, the highest energy electron tracks the state that is energetically lower.
Consequently, the peak position is expected to zig and zag as the highest energy
electron moves from one state to another. The zig-zag behavior ends when all electrons
fall into lowest Landau level, at filling factor v = 2.

The calculated ground state spectrum including a degeneracy of two for the elec-
tron spin is given in the Figure 3-3B. This spectrum fits the experimental data well
in Figure 3-3A. Single particle states calculated here are have the simplest symmetric
parabolic confinement shape. In real systems, electrons present in the dot modify the
bare confinement potential significantly due to screening. The resulting potential has
a flattened bottom in the regions of nonzero electron densities|35].

We observe deviations from single particle picture due to electron-electron inter-
actions. First, due to exchange interactions, at low densities we observe singlet to
triplet transitions similar to work done by Tarucha et al. [17]. And at high magnetic
field, we observe discontinuous electron additions near filling factor v = 1, similar to

work done by Ooesterkamp et al. [18].

3.3 Maximum-Density Droplet and Charge Redistri-
butions

When all electrons are fallen into spin unpolarized state v = 2, increasing magnetic
field spin polarizes the dot, and compresses the droplet. At high magnetic fields over
a region of the charge density, the electrons are spin polarized near v = 1. This is the
maximum-density-droplet (MDD) state[36] in Figure 3-4. The stability of this state is
determined by the balance of different forces such as Coulomb interaction, confining

potential, and exchange interaction|36]. When the magnetic field is increased even
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Figure 3-4: Wedding cake picture. When all electrons are fallen into spin unpolarized
state v = 2, increasing magnetic field spin polarizes the dot. The maximum density
droplet state is when all electrons are at spin polarized state v = 1. At lower density
droplet, we believe that abrupt changes happen in the charging configuration resulting

in discontinuous behavior near filling factor v = 1.

further, the density of electrons also grows. As a result, the total Coulomb energy

increases due to Coulomb interaction.

Therefore, in order to minimize the total

energy, the droplet goes through charge reconfiguration as in Figure 3-4.
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Figure 3-5: Near filling factor v = 1, we observe discontinuous electron additions to
a QD.

Figure 3-5 shows that as we change the magnetic field, and the number of electrons,
we observe numerous discontinuities and in particular regions a large suppression in
the tunneling rate. These discontinuities cannot be explained in the single particle
picture. In applying a very small AC excitation, the highest energy electron moves
across the tunneling barrier back and forth. At high magnetic fields, near filling factor
v = 1, these discontinuities suggest that there is a large suppression in the tunneling
of electrons. The addition of last electron to the QD lowers the configuration energy
preventing the last electron to be removed from the QD. Using higher AC excitations,
electrons have enough energy to overcome this barrier. In Figure 3-6 and 3-7, we
present the data using higher AC excitations. Here, in Figure 3-6, we observe that
the discontinuous lines become continuous, because electrons have sufficient energies

to overcome the energy barrier that is resulted from charge reconfiguration.
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Oosterkamp et al.[18] saw similar behavior in previous transport measurements
through a vertical quantum dot. They attribute all these jumps to abrupt charge
redistributions of the droplet in the lower density droplet. In the simplest toy model,
if the addition of a new electron to a quantum dot containing N electrons necessitates
a major shift in the ground state arising from a “reconstruction” of the quantum dot
edge. Therefore the unreconstructed N electron system plus one electron has small
overlap with final N + 1 electron ground state, leading to a reduced tunneling rate
for small excitations. While Oosterkamp et al. used a vertical quantum dot geometry
somewhat similar to ours, it differed in that they had tunnel barriers to tunneling
electrodes (source and drain) above and below the dot, respectively, and they made
measurements on the dot by sending currents through the vertical quantum dot. For
ground state measurements, current was measured in response to a small dc drain
source voltage. When an electron hops from the drain to N-electron system, it can
hop out to the source easily if it doesn’t result in abrupt charge reconfiguration. For
a range of magnetic field and gate biases the addition of a new electron causes edge
reconstruction, the new N + 1 ground state diminishes the tunneling probability and
yields a suppressed tunneling current across their devices. In applying larger source-
drain voltages they can observe new excited states forming that result from the edge
reconstruction. In contrast, in our capacitance measurements, we basically work at
equilibrium and what we observe is effectively the same as what Oosterkamp et al.
observe at zero bias. At low source-drain voltages, due to regions of strongly reduced
tunneling rates, they observe similar discontinuities in their spectra.

At high electron number and magnetic field these sharp discontinuities evolve into
"hidden” electron states. Oosterkamp et al[18], only seem to see two of these abrupt
transitions, and they attribute it to the start of the lower density droplet regime.
They also attribute this to a state change in the system. On the other hand, we
see more than 10 abrupt transitions, likely caused by a phase transition into a lower
energy ground state. We attribute these behaviors to a phase transition between

different ordered states driven by electron-electron interactions.
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Figure 3-6: Increasing the AC excitations, we can sense the "hidden additions". The
AC excitation is 300 V.
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Figure 3-7: The capacitance peak as a function of AC excitations. Electrons appear
to be stuck at an energy minimum. At high excitations, electrons have enough energy
to overcome this barrier.
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Chapter 4

Mini 2DEG

4.1 Introduction

Previous studies of electron addition spectroscopy with both vertically and laterally
defined quantum dots have focused on relatively small dots. Complementing our
study of small quantum dots, we study quantum dots with significantly larger area to
explore many electron interactions and the origins of fractional quantum Hall (FQH)
states. Most FQH states can be understood as an interaction between single elec-
trons bound to an integer number of quantized vortices within composite fermion
theory|4, 37]. Fractions outside of the composite fermion sequence, such as the frac-
tion at filling factor v = 5/2, must result from more complicated interactions|38].
In particular the v = 5/2 state has been commonly interpreted as resulting from a
condensate of paired composite fermions described by the Pfaffian wavefunction|5, 6],
which would exhibit non-Abelian braiding statistics useful for topologically protected
quantum computation|39, 40, 41]. Having this in mind, we studied large quantum
dots (effectively small 2D electron systems) to understand the underling mechanism
responsible for fractional quantum Hall states.

Increasing the sample size by an order of magnitude, we observe effectively quan-
tum Hall physics in comparison to Coulomb blockade physics we have shown in pre-
vious chapter. Under the presence of an external magnetic field, electrons in a mini

2DEG develop Landau levels. Here we present capacitance data from a large dot
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Figure 4-1: (A) Capacitance gaps of a mini 2DEG. Under a perpendicular magnetic
field, a 2DEG forms Landau levels. We observe capacitance gaps corresponding to

each integer filling factor up to v = 8. (B) Dissipation plot. In the lighter regions,
the dissipation goes higher as the tunneling rate slows down.
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of 800 nm lithographic diameter. Figure 4-1 provides a guide for the phase space.
Complete gate bias scans are taken at a sequence of fixed magnetic fields. After sub-
traction of a smooth background, we obtain a two-dimensional array of the sample
capacitance as a function of magnetic field and gate bias.

Electrons start to populate the dot at around Vgyas = —0.1V. When there are
sufficiently many electrons in the dot, we observe the integer quantum Hall states as
we sweep the external magnetic field from 0T to 10T. In Figure 4-1A darker regions
correspond to fully filled incompressible states whereas lighter regions correspond to
partially filled compressible metallic states. The filling factor v is the number of
spin polarized Landau levels filled with electrons. We control v by changing the 2D
electron density at a constant magnetic field to fill the Landau levels successively.
Alternatively one can maintain the 2D system at a fixed density while changing the
magnetic field so that v changes due to variation in the degeneracy of the Landau
levels.

In Figure 4-1B, we show the dissipation as a function of gate voltage and external
magnetic field. When the dot is depopulated, there are no available states to tunnel
into. As a result the dissipation is zero below Vgrag = —0.1V. We perform our
measurements at a frequency (f=247 kHz) well below the zero field roll-off frequency
of tunneling barrier(Chapter 2.4). Figure 4-1B shows zero dissipation in the low
magnetic field regime. However in high magnetic fields, we observe a slow-down in
the tunneling rate which allows us to pick up dissipation. We also observe a surprising
enhancement in dissipation along filling factor v = 5/2 indicating a surpression of

tunneling rate.

4.2 First Electron Additions to Minmi1 2DEG

In Figure 4-2, the first electron addition to mini 2DEG appears at —0.094 V at zero
magnetic field. All peaks start out with nearly zero slope and move monotonically
to higher gate bias with increasing magnetic field. At high B fields the curves run
nearly parallel to the line £ = hw./2, with hiw. being the cyclotron frequency. The
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Figure 4-2: (A) Starting from first electrons, the single electron additions to mini
2DEG. As we add more electrons the charging energy decreases. The energy spac-
ing between subsequent electrons also decreases. After the addition of roughly 40
electrons, we are losing the single electron resolution. The horizontal lines are arti-
fact from patching different data sets into one single figure. (B) The very first few
electrons enter to the dot with no dissipation. For some electron additions, the a
dissipation peak is observed.

data are taken with a small excitation 200 nV at 247kHz, a frequency sufficiently
lower than the tunneling rate so that the electrons can tunnel in and out of the dot
in-phase with the applied excitation. As more electrons are added to the dot, the
charge droplet expands laterally, and this increases the capacitance of the droplet
to the surroundings, thereby decreasing the charging energy for electron additions.
Eventually the charging energy diminishes below experimental resolution, and the

capacitance peaks slowly diminish as in the top left region in Figure 4-2.
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4.3 Localized States

In the absence of disorder, Landau levels occur at sharply defined intervals of the
cyclotron energy hw,. as in Figure 4-3A. Disorder due to defects and impurities leads
to localization of electron wavefunctions in the sample and the broadening of Landau
levels. In the single-particle picture, electrons populate states in a fixed disorder
potential. However, Coulomb repulsion produces a potential landscape that varies
with the filling factor in an attempt to minimize the total electrostatic energy|42|.
The capacity of screening the disorder potential is maximized when the Fermi energy
is tuned to partially filled landau level. In between Landau levels as in Figure 4-3B,
there is less screening of the electrons due to lower density of states within a Landau
gap. In Figure 4-4, we show two distinct groups of interaction driven localized states
that appear at filling factors v = 1 and v = 2. Those localized states follow the
slope of the underlying Landau levels and appear only when the landau level is fully
filled. Screening of the electrostatic potential arising from disorder depends sensitively
on Landau level filling factor[42, 43, 10]; a partially filled significantly screens the
disorder potential but, around integer v, the electronic density of states is small
and the disorder potential is poorly screened, leading to compressible charge pockets
separated by incompressible barriers. In Figure 4-4, the peaks that run parallel to
integer v arise from electron additions to these pockets|44, 45, 46].

Similar peaks appear around every well-developed integer quantum Hall state as
also appeared in previous work[44] studying a 2DES gated by a local scanning single
electron transistor (SET)[44, 47, 48]. The charging peaks in that prior work arose
from electrons moving laterally within a very large 2DES to fill individual localized
compressible islands in an otherwise incompressible region. In contrast, charge quan-
tization always occurs in our lithographically defined quantum dots, allowing us to
observe single electron additions into both compressible and incompressible regimes.
This capability has led us to observe a remarkable series of periodic electron additions

that appear in the compressible regions.
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Figure 4-3: (A) Landau levels of a 2DEG in a clean and (B) in a disordered sample.
Disorder due to defects and impurities leads to localization of electron wavefunctions
in the sample and the broadening of Landau levels. (C)The compressible charge
pockets are surrounded by an incompressible barrier.
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Figure 4-4: Localized states within the incompressible regions. These states, unlike
the extended states in the bulk, are confined to a small region within the gap. There-
fore, they follow the underlying filling factor. Here we present the localized states
within filling factor » = 1 and v = 2. The states that are nearly parallel to field axis
are the first electrons.
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Chapter 5

Pairing of Single Electron Additions
at the Edge

5.1 Introduction

We now focus on performing fine measurements at compressible and regions with very
large numbers (~ 2000) electrons in the dot. In Figure 5-1, we observe unpredicted
states that are evenly spaced in magnetic field. Unlike the electron additions in a
small quantum dot (Fig 1c) where the electron addition peaks show zig-zags, the
spectra show only uniform straight lines. The energies of these states all move down
with increasing magnetic field, as would be expected only for electronic states at the
edge of the mini-2DES.[20] To our surprise, we do not see any sign of states moving up
in energy. This observed downward movement of all observed states and the perfect
periodicity suggest that the edge of the 2DES remains “compact”, with all angular
momentum states filled. This is the situation that is sometimes expected at filling
factor v = 1[49, 18] in a “maximum density droplet” (MDD) with no “edge state
reconstructions”[50] occuring in the range of these data sets. In the case of such a
v =1 MDD, one would expect a single electron addition for each additional magnetic
flux quantum (h/e of magnetic flux) threaded through the dot. We note that our data
at these densities and filling factors do not always display all electron additions to the

dot. In a large area 2D electron system, tunneling from a 3D electrode into the bulk
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Figure 5-1: (A) Capacitance plot of mini 2DEG as a guide for the phase space. (B)
Between filling factors v = 2 and v = 5, we observe, almost exclusively, states that
move down in energy with magnetic field, as expected for edge states. (C) Between
filling factors ¥ = 1 and v = 2, these appear periodically in magnetic field with a
period that corresponds to a flux quantum of h/e treading the dot. However, between
filling factors v = 2 and v = 5, the field periodicity of the peaks halves resulting h/2e
oscillations.

of 2D system is suppressed exponentially by a magnetic field induced Coulomb gap to
tunneling[51|. In contrast, there is only power-law suppression for tunneling into edge
states[52], and electrons tunneling to the edge still do so at short time scales compared
with the inverse frequencies of the ac excitations in our measurements. At fixed gate
bias, electrons enter the dot as we increase magnetic field, but charge balance can
be maintained as electrons, not visible to the experiment(due to low tunneling rate),
tunnel out of the dot from the dot-center to the tunneling electrode.

In the following chapters, we present data taken on two QDs, one of which is twice
as large as the other. Most of the data presented is from the larger one unless it is

explicitly stated.

68



5.2 Isolated Tunneling to Edge States

This observed downward movement of all observed states and the regular periodicity
observation suggest that the dot remains compact, as would be expected in a “max-
imum density droplet” with no “edge state reconstructions” occuring in the range of
these data sets. During a tunneling event, the small excitation signal (200 pV RMS)
we apply only results in observable peaks from the edge states despite the fact that
the bulk is partially filled.

At the edges of the 2DEG, the electron density changes from zero at the edge to
its bulk value through the smooth edge potential in GaAs heterostructure. In previ-
ous theoretical works|43, 53], it has been shown that the self-consistent electrostatic
potential changes in a steplike manner due to the formation of alternating stripes of
compressible and incompressible electron liquids. In Figure 5-2 we visualize this step
like edge potential and resulting compressible edge state and the incompressible stripe
between the edge and the bulk while the filling factor is between v = 1 and v = 2.
In figure 5-2, being inspired from Chklovskii’s work[43, 53], we show how the single
particle picture differs from self-consistent electrostatic picture resulting in stripes of
incompressible regions between the edge and the bulk.

Consistently, in the capacitance measurements, we can detect the single electron
additions to edge states mainly at high densities and high magnetic fields. Keeping
the density constant, we observe that the bulk-edge separation is strongest between
filling factor v = 2 and v = 3. As we reduce the magnetic field(moving to higher
filling factors), the capacitance signal that comes from the tunneling to edge states
gets weaker but it is still visible until the filling factor v = 5. However in the low

magnetic field region, we cease to observe isolated edge states.
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Figure 5-2: Quantum Hall edge states profile. (A) Vertical capacitance structure
under external magnetic field. (B) The energy profile when the density is tuned to
between filling factor v = 1 and v = 2. Due to the increasing potential near the edge,
we observe the bending Landau levels. The edge channel has a finite width. Below
that we show the electron density as a function of the distance to the boundary. Red
strip represent regions with compressible liquid, blue strip represent incompressible
liquid.
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5.3 2e Electron Charge Tunneling

Testing the possibility of electron pairing in the tunneling event, the amount of charge
transferred is determined using the capacitance height. This indeed showed 2e charge
being tunneled back and forth between the electrode and QD.

Contrary to the belief that it would take more energy to add each successive elec-
tron to a quantum dot as the electrons would repel each other, our measurements
have revealed an astonishing phenomenon: for the high-density regime, electron ad-
ditions can occur in pairs. In capacitance measurements, we can detect how much
charge is tunneled by looking at the peak height[27]. In Figure 5-3, compared to first
electrons and the edge states between filling factor v = 1 and v = 2, we show that 2e
charge is tunneling back and forth to quantum dot when the density is tuned between
filling factor v = 2 and v = 5. One could argue that the doubling of frequency arises
from the fact that there are two edge states between v = 2 and v = 3. However, the

doubling of peak frequency commences v = 2 and persists all the way to v = 5.

71



First Electron Additions

0.05 vV, = 100pV
B=0T
0.04

|

0.03

AC=0.04 fF

AC (fF)

0.02

0.01

0.00

-0.0792

-0.0796 -0.0794
Bias (V)

-0.0800 -0.0798

Paired Electrons between v=2 and v=3

0.08

0.06

0.04

AC (fF)

0.02

0.00

0.3654 0.3656
Bias (V)

0.3658

0.3650 0.3652

-0.0790

Edge states between v=1 and v=2

0.04 - Vv, =100uV
T B=10.25T
0.03 AC=0.04 fF
0.02
0.01
0.00
0.2710 0.2712 0.2714 0.2716 0.2718 0.2720
Bias (V)

Paired Electrons
0.3650 0.3652 0.3654 0.3656 0.3658 0.3660

First Electron

-0.0800 -0.0798 -0.0796 -0.0794 -0.0792 -0.0790
Bias (V)

Figure 5-3: Electron charge comparison between one of the first electrons and one

of the edge states. The capacitance peak is proportional to A,z

shunt

charge of tunneled electron, A, is the total gain of the amplifiers, and Cjy,¢ is the
shunt capacitance to the ground. We show that between filling factor v = 3 and
v = 3, 2e charge is tunneling back and forth.
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Figure 5-4: Capacitance peaks that correspond to paired electrons as a function of
magnetic field. The peak height is directly proportional to electron charge.
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5.4 Fourier Analysis

To investigate the B dependence of capacitance peaks at constant density, we perform
discreet Fourier transformation. Between filling factor v = 1 and v = 2, Figure 5-5
shows the capacitance peaks appear periodically in magnetic field with a period that
corresponds to a flux quantum of h/e treading the dot. Fourier transform(Figure
5-5C) shows that the periodicity in magnetic field when the filling factor is between
v=1and v =2is AB = 7.4mT. Consequently, an area of A = h/eAB = 0.56 pm?
is deduced from AB period. This area is compatible with the lithographic size.

These observations were found to be robust and reproducible in different QDs of
different sizes. In a smaller dot, between v = 1 and v = 2, we observed that capaci-
tance peaks have field periodicity of AB = 12.8 mT indicating an area of 0.325 pm?.

However, between filling factor v = 2 and v = 5, the field periodicity of the peaks
halves resulting h/2e oscillations. This is clearly evident in the edge states plot near
filling factor v = 5/2. The red curve in Figure 5-6C, shows that the Fourier transform
has a frequency peak twice as large indicating multiple windings.

Using the Fourier transform, we can also estimate the capacitance peak height.

In this analysis we use the discrete Fourier transform of a sequence of N numbers as:

N
1 _2mig
X’“:NZH zj-e W, (5.1)

where z; is the jth component of the sequence. Assume the sequence z; has the
sinusoidal form , x; = Ae*Fki , with frequency k. Then the Fourier sequence will have

peak at k with an amplitude proportional to A.

(5.2)
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Figure 5-5: (A)Capacitance peaks in the compressible region between filling factor
v =1and v = 2. (B) The discreet Fourier transform of field sweeps at each density.
(C) The mean Fourier transform indicating the frequency of the single electron peaks.
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In the limit N — oo this sum is non-zero only when k = k yielding X; = A. In
other words, the height of Fourier component is linearly proportional to capacitance
height. We can utilize this to investigate electron height when the data is noisy and
we have hard time isolating a single peak. In this analysis we have taken account the
different point spacing and different record lengths.

In Chapter 2.6, we have demonstrated the expected response of electron tunneling

as a function of excitation voltage. For v,,,s > nkgT/e, the peak height saturates

€
Cshunt ’

X and the base width broadens twice the amplitude of the AC excitation. Since
we ran the measurements with an excitation voltage v,.,,s = 200 £V much higher than
kpT /e, we expect the capacitance height to be saturated and be proportional to
electron charge.

In Figure 5-6C, we observe that the Fourier component near filling factor v = 5/2
is twice as large as near filling factor v = 3/2. Since we have run the measurements
in the same cool down, with the same operation point, with the same total shunt
capacitance; this observation suggests that the capacitance peak height (correspond-
ingly the quantized electron charge) near filling factor v = 5/2 is twice as large as

near filling factor v = 3/2. However this Fourier analysis isn’t our main basis for

concluding the 2e charge tunneling. In Chapter 5.3, we have argued our reasoning.
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Figure 5-6: Capacitance peaks at h/e and h/2e. (A) Capacitance data taken as a
function of gate voltage and magnetic field in the h/e regime. The filling factor is
near v = 3/2. (B) When the gate voltage is tuned to near filling factor v = 5/2, the
periodicity in magnetic field is halved. (C) Corresponding Fourier transforms of two
different regions as a function of ®/AB. Blue curve is the Fourier transform near
v = 3/2, and the red curve is for near v = 5/2 indicating a Fourier peak at an area
twice as large as the peak for the blue curve.
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Figure 5-7: A very fine measurement is performed to narrow down the peaks even
more. The AC excitation is 100 pV. We also see the localized states non-interacting
with the edge states at all.

5.5 Bunching Phenomena

What is even more surprising to us is the observation of bunching phenomena be-
tween v = 2 to v = 5. In Figure 5-7, we are presenting our finest data taken with
1001V excitation voltage with sub-milliTesla field steps. The main result from this
experiment is that the 2e electron peaks come also in pairs.

Figure 5-8 shows this bunching behavior while sweeping magnetic field from v = 2
to v = 3. As it is depicted in Figure 5-8, we concluded that bunching occurs for all
compressible filling factors between v = 2 and v = 3 except for a narrow region
around v = 5/2. The bunching phenomena continue showing up until the filling
factor v = 5. The halving of periodicity, bunching phenomena, and localized states

have been observed in another sample which has an area of 0.325 pm? as well.
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Figure 5-8: Edge states between v = 2 and v = 3.
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The ranges of filling factors over which we observe the pairs and their occurance
in edge states, suggests a close relation to observed pairing of electrons seen in an
entirely different type of experiment|l, 54| utilizing an electronic version of Fabry-
Perot interferometer(FPI)[55]. The FPIs are fabricated on a 2DEG confined by two
quantum point contacts. Allowing only the outermost edge through the QPCs, FPI
is predicted to have conductance oscillations when the total flux is changed by one
flux quanta(h/e). This predicted behavior has been observed between filling factors
v = 1—2, however the periodicity in magnetic field is halved, yielding h/2e oscillations,
at a wide range between filling factor » = 5/2 and v = 5. In addition, the quantum
shot noise measurements at QPC yield a quasiparticle charge equal to the electron
charge at filling factor v = 1 and v = 2, whereas the quasiparticle charge is twice
the electron charge at filling factor from v = 5/2 to v = 5. These observations
suggest that the pairing exists within one interfering edge channel though the exact
mechanism causing edge state attraction is still unknown.

These observations are compatible with our results despite the experiments are
substantially different. In capacitance measurements on quantum dots, we see capac-
itance peaks corresponding to single electron tunneling to edge states whereas FPI
interferometer shows the conductance oscillations. In Figure 5-7, we can isolate each
electron peak by increasing the averaging time after narrowing down the peak width.
This is a simple evidence that our peaks are not some sort of sinusoidal oscillations

but dirac delta functions broadened by temperature and AC excitation.

To summarize,

e The h/e oscillations between filling factors v = 1 — 2 are in perfect agreement

in both experiments.

e The h/2e periodicity appears between v = 2 and v = 5 in quantum dot mea-

surements whereas it appears between v = 5/2 and v = 5 in FPI measurements.

e (Capacitance measurements show single electron transitions whereas FPI mea-

surements show conductance oscillations.
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e Capacitance peaks have 2e charge between v = 2 and v = 5, the shot noise at
FPI’s quantum point contact indicates 2e electron charge between v = 5/2 and

v =>5.

e Capacitance measurements show 2e charged peaks pair up between v = 2 and
v =5 except for filling factor v = 5/2. Bunching of the capacitance peaks have

no correspondence in FPI measurements.

Having two entirely different experiments showing similar results is intriguing in
the sense that the underlying mechanism might be the same. Capacitance measure-
ments show a periodicity that corresponds to h/2e oscillations between filling factor
v =2 and v = 5, and the electron additions bunch in pairs in this range except for a

the vicinity of v = 5/2 where bunching disappears for a very narrow range.
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Figure 5-9: We observe that edge states bunch everywhere between v = 2 and v = 5,
except for the narrow band at v = 5/2. This figure illustrates how the bunching
transitions to uniform peaks.
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Figure 5-10: We observe that edge states between v = 3 and v = 4 as well as between
v=4and v =>.

5.5.1 Beyond filling factor v = 3

The pairing appears between filling factor v = 3 and v = 5 except when the density
is tuned into around integer filling factors. Within the gaps, we lose resolution of
the edge states mainly because of dominance of the localized states. In Figure 5-10,
we show the capacitance peaks in two different compressible regions. Fourier analysis
revelas that for filling factor v > 3, we have the same magnetic field periodicity as the
pairing between v = 2 and v = 3. This rules out the simple argument in which the
number of available edge states determine the magnetic field periodicity. One might
naively expect that, for instance, between v = 3 and v = 4, we have three edge states

indicating h/3e oscillations, but this is not what we observe.
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5.6 Missing Bulk States

In this section, we present arguments to account for the missing bulk states. Along
the magnetic field direction while the gate voltage is constant, electrostatics consider-
ations suggest that the number of electrons in the dot should remain roughly constant.
At fixed gate voltage, as we increase the magnetic field, we, instead observe periodic
electron additions to the edge, seemingly suggesting an increase in the number of
electrons within the dot. However, at constant gate voltage, the electrostatics makes
it implausible to keep adding electrons along a wide range of magnetic field.

We resolve this conundrum by noting that, due to significant tunneling suppres-
sion to the bulk[30], the bulk states may become invisible to our measurements.
Since quantum Hall edge states have similar low energy excitations as Luttinger
liquid[56, 57|, their tunneling behaviour has power-law temperature dependence|52]
whereas tunneling to the bulk has exponential dependence. Consequently, the small
AC excitation we use in capacitance measurements is only capable of sensing the edge
states.

We estimate the total number of electrons added to the quantum dot to completely
fill a spin polarized landau level. At a specific field value(B = 7.2'T), that number
is given as BA/®y. At the same magnetic field, between filling factor and v = 2
to v = 3, we estimate the number of electrons added to the edge by counting the
number of capacitance peaks. Comparing those two numbers, we show that there are
more electron additions to the QD than the number of electrons added to the edge.
In other words, as we sweep the gate voltage, we add electrons both to the edge and
also to the bulk. Our measurement is only capable of sensing the edge states due to
tunneling suppression to the bulk.

Here we show how we performed this analysis. Figure 5-11 shows data from the
edge states between filling factors v = 2 to v = 3 at a narrow field range around
B=7.2T. Between the centers of filling factor v = 2 and v = 3, we count total 239
peaks. Since we know each peak holds 2 electrons, this makes N45 = 478 electrons.

From the periodicity of field oscillations(h/e), we deduce the area of this sample to
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be 0.56 pm?. Given this area, at magnetic field B=7.2 T, we expect the Landau level

to have a degeneracy of,

_B.A _ (7.2T)(0.56 pm?)

= =976
h/e 4.13 mTpm?

No

Nq, ~ 2Nedge

This discrepancy tells us that we are electro-statically adding Ng electrons, and
observing only some of those electrons as edge states. The ratio of the number of
electrons added to the bulk vs to the edge is sample dependent. Depending on the
area of the bulk against the edge, this ratio might be different.
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Figure 5-11: Edge states from filling factor v = 2 to v = 3 at a narrow field range
around B=7.2T. To make the edge states visible to the eye, the plot is cut into four
pieces. Between the center of filling factor v = 2 and v = 3, we count total 239 peaks.
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Figure 5-12: Capacitance and dissipation data for edge states between filling factor

v =2 to v = 3. The excitation voltage is V... = 150 nV. The area for this sample is
A = 0.325 pm?.

In Figure 5-12, we present capacitance and dissipation data for some edge states.
Observing high dissipation means that the electron tunneling slowed down as com-

pared to measurement frequency f = 247 kHz.
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Figure 5-13: Dissipation at two different frequencies, (A)f = 380kHz and (B) f =
98 kHz. The dissipation disappears at f = 98 kHz while we still see the edge states
in the capacitance at this frequency. The magnetic field is fixed at B = 6.9T. The
excitation voltage is V., = 10011V. The area for this sample is A = 0.56 pm?.
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Chapter 6

Fabrication of Quantum Dots

In this section, we describe the process for fabricating our quantum dots. The goal of
this fabrication process is to confine electrons in small pockets within the quantum
well plane, and to make contacts to the top and the bottom electrodes of the tunnel
capacitor. Creating submicron quantum dots and detecting single electrons in capac-
itance measurements require us to reduce the shunt capacitance as much as possible.
Therefore, we define a mesa, make deep ohmic contact to the bottom electrode, define
dots, lay out metal on the dots, and finally make contacts to the dots. The detailed
fabrication process is listed in Appendix A.

The AlGaAs/GaAs wafer contains the following layers in Table 6. Fabricating
very small dots can be very challenging due to large thickness of the conducting
mesa. To increase the yield of small sized quantum dots, we reduced the thickness of

top contact electrode quite dramatically.
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substrate GaAs (undoped)

1 bottom initial growth GaAs(intrinsic) 3000 A
2 bottom blocking barrier Alp.323Gag gr7As 4000 A
3 bottom electrode GaAs(n+, 4 x 10'®) 2000 A
4 bottom electrode GaAs(n+, 1 x 10'8) 1000 A
5  bottom spacer #1 GaAs(intrinsic) 30 A
6  cold growth/diffusion barrier* GaAs(intrinsic) 30 A
7 blocking barrier Al 393Gag 677 As(intrinsic) 600 A
8  quantum well GaAs(intrinsic) 230 A
9 tunnel barrier Al 393Gag 677 As(intrinsic) 90 A
10  top spacer GaAs (intrinsic) 25 A
11 top electrode (n+, 1 x 10'%) 200 A
12 top electrode (n+, 4 x 10'®) 400 A
13 top electrode Delta doped top layers 25 A x8

top surface

6.1 Mesa Definition and Contact to the Bottom Layer

We cleave the GaAs heterostructure to small pieces(5.5 mm by 5.5 mm) and then we
solvent clean with TCE, acetone and IPA. Using photolithography we define the mesa
pattern as in Fig 6-1A and isolate the mesa using a wet etch in diluted acid etch:
240 : 8 : 1(H50 : H3O5 : HyS0y). The etch should remove all the material up to
insulating substrate. Hence it is crucial to check the etch depth under a profilemeter.
To make contact to the bottom layer, we define pads at both sides of the mesa using
photolithography. We deposit a stack of 5nm Pt, 200nm Au, 100nm Ge, 73nm Pt,
100nm Au, 50nm Ge, 55nm Pt. Annealing this stack to 530°C for 100s, we make a

spiky ohmic contact to the bottom layer.
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Figure 6-1: (A) Mesa definition and contact to the bottom layer. Here we have three
deep ohmic contacts to the bottom electrode, and 12 metallic pads to potentially
yield that many devices. (B) An SEM image after the dry etch. (C) A completed
device that has contact to a metallic pad.

6.2 Ohmic Contacts to the Top Layer

In this step, we define a variety of quantum dots an ebeam writer. To make a low
resistance ohmic contact there are various recipes. For our devices we deposit a stack
of 60nm Pd, 170nm Ge, 10nm Ti, 50nm Au. Annealing to 350°C for 300s, we
contact to the top electrode in heterostructure. To isolate the single quantum dots
from each other, we utilize the top metal stack as an etch mask. We remove GaAs
using BC'l3&S Fg until it selectively stops at AlGaAs. An SEM image after the dry
etch is provided in Fig 6-1B. To connect the pillars to the metallic pads, we perform
another e-beam write and deposit a stack of metal. In this last step, we don’t need

to anneal the stack. A completed device is shown in Fig 6-1C.
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Figure 6-2: The SEM image of the completed devices.
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Chapter 7

Summary and Directions for Future

Research

One of the main advantages of studying vertical quantum dots using single electron
capacitance spectroscopy is that it has the capability of probing both localized and
delocalized states of electrons. This allows us to study two-dimensional dots of various
sizes from small dots to mini 2DEGs. In capacitance experiments, we measure the
energies needed to add successive electrons to a quantum dot. Using an electrostatic
gate we draw electrons into dot one at a time.

In the small dot regime, we observe distinct electron additions since quantum
level spacing and the charging energy is large. The energy spectrum of a small dot
under an external magnetic field is well described by Fock-Darwin spectrum. Our
experimental data fits well to single particle spectrum with some deviations that arise
from electron-electron interaction. Near filling factor v = 1, we see discontinuities
in the single electron additions indicating large tunneling suppression under extreme
conditions.

In the medium size dot regime, we can add thousands of electrons into the dot and
still resolve single electrons. In high densities, landau levels are formed. In between
filled landau levels, we observe localized states where the charge is confined to small
puddles. As a result these localized states follow the underlying Landau filling factor.

Our technique allows us to zoom into metallic regions where the landau level is
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partially filled. Performing ultra fine measurements at compressible and high density
regions, in Figure 5-1 we observe unpredicted states that are evenly spaced in magnetic
field. Unlike the electron additions to a small quantum dot where the highest energy
electron zig-zags, these periodic states are uniform everywhere. The energies of these
states all move down with increasing magnetic field which suggests that they are edge
states.

Between filling factor v = 1 and v = 2, the periodicity of electron additions
correspond to h/e flux addition to the dot where as between filling factor v = 2
and v = 5, the periodicity of electron additions is halved. Careful measurements
of the peak height showed that between filling factor v = 2 and v = 5, a charge
2e is tunneled back and forth to the dat. Contrary to the belief that it would take
more energy to add each successive electron to a quantum dot as the electrons would
repel each other, our measurements have revealed an astonishing phenomenon: for

the high-density regime, electron additions can occur in pairs.

7.1 Further Study of Edge States

In this thesis, we have shown various interesting data that show a pairing of two
electrons at the edge of a QD. A lot of work is needed to explain the nature of this
pairwise attraction. Does the edge turn into a chiral superconductor? What are
the relevant energy scales? How can we distinguish this from edge states which are
already dissipationless?

To understand the edge states, we need to answer some of these open questions:

e Edge states seem to disappear in between Landau gaps. Why do they disappear?

e We do not see any signature of edge states when the filling factor v = 1 is
partially filled. Is this due to experimental resolution or due to the fact that
the edge is not de-coupled from the bulk?

e Why does bunching disappear at filling factor v = 5/27
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e Above few hundred milliKelvin base temperatures, we observed that the edge
states disappear. A careful study is needed to further explain what causes this

mechanism.

e We have shown that there are missing bulk states that are invisible to capac-
itance measurements. Potentially, using smaller dots with higher excitations,

we could show possible indications of the bulk states.

e Studying the spin textures of the edge states using parallel magnetic field.

7.2 Further Study of Localization

In this thesis we showed data from two different extreme quantum dot sizes. The
small dots we measured have an area at the order of 0.02 pm?, whereas the medium

2. In the medium size dots, the localized states are

size dots have area near 0.5 pm
well defined and lives within incompressible filling factors. Figure 7-1A shows the
localized state that is formed in the filling factor » = 1 and v = 2. What is surprising
to us is that when we follow the kinks in the small dot region, we create these straight
lines that is precisely parallel to underlying filling factor. We believe there might be a
link between the localized states in the medium size dots and the edge reconstruction
in the small dot. The simplest idea is to perform capacitance measurements on a

different size dot between these two extremes to unravel the mechanism of localized

states.

7.3 Spectroscopy of the Excited States in Quantum
Dots

Single electron capacitance measurements directly probes only the ground states in
the dots. Another very intriguing experiment could be to explore the excited states
in the dots, particularly for the edge states we observed. With the time domain

spectroscopy|58] we developed in our lab, we can develop a powerful probe for both
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Figure 7-1: Comparison between the localized states in mini 2DEG and the edge
reconstruction in very small dots. (A) The localized states within filling factor v = 1
and v = 2. When a landau level is fully filled, the fermi energy is within the gap where
we can tunnel into charge puddles. (B) In the small dot regime, we observe kinks.
Following those kinks, we produce very straight lines that follow the underlying filling
factor. Those lines almost look identical to localized states in the medium size dot.

ground states and the excited states. Instead of applying a sinusoidal AC signal, in
the time domain spectroscopy we apply a real time pulse to the dot and measure the
capacitance response as electrons tunnel from the reservoir to the dot. At the very
beginning of the pulse, as electrons tunnel into the dot, they induce an image charge on
a nearby gate electrode. Measuring this charge real time, we can deduce the initial
tunneling current. The details of how this spectroscopy works is comprehensively
explained at Oliver Dial’s PhD thesis[59].

If the height of the pulse is just about the charging energy, then one electron is
added to the dot. For increasing magnitude of the initial pulse more channels (due to
the dot’s excited states) will be available for tunneling. By measuring the rate versus
the magnitude of the pulse we can map the excitation spectrum of the dot.

In Figure 7-2, we have tried to perform pulsing experiments on a quantum dot.
We run the measurements at 4T on a dot that has 3fF capacitance. On the y-axis the

excitation pulse goes from -25mV to 25mV. When the dot is depleted(to the left of
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Figure 7-2: The first attempt of a tunneling spectroscopy of a quantum dot. This dot
is a relatively large quantum dot that has area of 3fF. The magnetic field is B=4T.
We can only see the signatures of formed landau levels.

the Figure 7-2), dark region shows low density of states. And as we gate the sample
at B=4T, we can see clear signatures of landau levels despite low signal to noise ratio.
In our current structures the barrier is extremely fast. To be able to see excited states
we need to lower tunnel barrier in our sample. Since our samples are extremely small,
the capacitance change that comes from a single electron is less than 0.01fF. A slower

tunnel barrier would allow us to increase averaging time in the charging curve.
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Appendix A

Fabrication of GaAs Pillar Quantum

Dots

Process for creating sub micron sized pillar shaped quantum dots on high mobility

GaAs /AlGaAs heterostructures.

A.1 Mesa Definition

1. Use 5.5mm by 5.5 mm GaAs heterostructure
2. Solvent clean wafer

(a) Sonicate 5min in TCE, Acetone and IPA

w

. Spin photoresist (coater in TRL)

(a) SPR 700 at 4000RPM for 45s for thickness of 1 ym

(b) 1 min bake at 95°C

=~

. Expose mesa pattern (EV1 in TRL)
(a) 2.5s exposure

5. Develop (Photo-wet-Au in TRL)
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(a) 75s in Dow MF CD-26
6. Etch Mesa (acid-hood in TRL)

(a) Etch in 240 : 8 : 1(HQO : HQOQ : HQSO4)
(b) Rate 2.8 nm/s(confirm on a dummy first)

(c) Etch for 400s(1pum) depending on the wafer.

7. Verify etch depth on dummy wafer (Profilometer)

A.2 Ohmic Contact to the bottom layer

Process to create the etched gates defining the interferometer.
1. Solvent clean wafer
(a) Sonicate 5min in TCE, Acetone and IPA
2. Spin photoresist (coater in TRL)

(a) SPR 700 at 4000RPM for 45s for thickness of 1 um

(b) 1 min bake at 95°C

3. Expose mesa pattern (EV1 in TRL)
(a) 2.5s exposure

4. Develop (Photo-wet-Au in TRL)
(a) 75s in Dow MF CD-26

5. Short oxide etch (Acid hood in TRL)
(a) 10:1 Hy: HCI for 5s

6. E-beam evaporate Ohmic metal Stack(EbeamAu in TRL)
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(a) Deposit a stack of 5nm Pt, 200nm Au, 100 nm Ge, 73nm Pt, 100nm Au,
50nm Ge, 55 nm Pt

7. Liftoff using Acetone (Photo-wet-Au in TRL)
(a) Rinse in IPA, (water afterwards only in TRL).
8. Anneal the ohmics. (RTA in TRL)

(a) Anneal to 530°C for 100s

A.3 Pillar definition/Ohmic Contacts to the top

Process for defining the pillars using an AlGaAs etch stop, and utilizing the ohmic

contacts as a self- aligned etch mask.
1. Solvent clean wafer
(a) Sonicate Smin in TCE, Acetone and IPA
2. Spin PMMA (PMMA spinner)

(a) 4000RPM A11 45s, bake 180°C for 3 min

(b) 4000RPM A4 45s, bake 180 °C for 3 min
3. Expose PMMA using ebeam writer (Raith)

(a) 10KeV, 30um Aperture, 275uC/cm? Dose, 26nm Grid size
4. Develop (Photo-wet-Au in TRL)

(a) MIBK:IPA (1 : 3) for 60s and IPA for 15s
5. Short oxide etch (Acid hood in TRL)

(a) 10:1 Hy: HCI for 5s

6. E-beam evaporate Ohmic metal Stack(EbeamAu in TRL)
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(a) Deposit a stack of 60nm Pd, 170nm Ge, 10 nm Ti, 50 nm Au
7. Liftoff using Acetone (Photo-wet-Au in TRL)

(a) Rinse in IPA and water afterwards
8. Anneal the ohmics. (RTA in TRL)

(a) Anneal to 350°C for 300s

9. Etch Pillar using BCI3&S Fg with low bias voltage 80V to selectively etch GaAs
and stop at AlGaAs (Plasmaquest in TRL)

(a) BCl3 = 5lscem, SFg = 17scem, Pressure=37.5mTorr, Bias=80V

(b) Etch rate at GaAs is roughly 5 A°/s

10. Verify pillar quality using SEM. (Optional)

A.4 Contact to the top ohmic

Process to create the top gates defining the interferometer and plungers.
1. Solvent clean wafer
(a) Sonicate bmin in TCE, Acetone and IPA
2. Spin photoresist (coater in TRL)

(a) SPR 700 at 4000RPM for 45s for thickness of 1um

(b) 1 min bake at 95°C

3. Expose mesa pattern (EV1 in TRL)
(a) 2.5s exposure

4. Develop (Photo-wet-Au in TRL)
(a) 75s in Dow MF CD-26
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5. Etch up to insulating layer to disconnect top and bottom ohmics(Acid hood in
TRL)

(a) Etch in 240 : 8 : 1(H0 : HyO5 : H3SOy)
(b) Rate 2.8 nm/s

(c) Etch for 280s(700nm)
6. Spin PMMA (PMMA spinner)

(a) 4000RPM A11 45s, bake 180°C for 3 min
(b) 4000RPM A11 45s, bake 180°C for 3 min

(c) 4000RPM A4 45s, bake 180°C for 3 min
7. 10nm Au deposition (EbeamFP in TRL)
8. Expose PMMA using ebeam writer (Raith)
(a) 10KeV, 120um Aperture, 275uC /cm? Dose, 26nm Grid size
9. Develop (Photo-wet-Au in TRL)
(a) MIBK:IPA (1 : 3) for 60s and IPA for 15s
10. E-beam evaporate Ohmic metal Stack(EbeamAu in TRL)

(a) Deposit a stack of Ti/Au/Ag/Au (Thick enough to exceed the etch, roughly
800nm)

11. Liftoff using Acetone (Photo-wet-Au in TRL)
(a) Rinse in IPA and water afterwards

12. Don’t anneal the last metal stack.
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Appendix B

The List of Fabricated Quantum Dots

Based on the capacitance data, we estimate that the dot diameter is 0.6 mm less than
lithographic diameter due to undercut. We have taken the small dot capacitance data

from QD 1-5. The edge states has been observed at QD 5-6 and 5-2.

Mesa Device Lith d(um) Contacted | Mesa Device Lith d(um) Contacted
1 1 0.4 Yes 2 1 1 Yes
1 12 0.45 Yes 2 12 1.05 Yes
1 2 0.5 Yes 2 2 1.1 Yes
1 11 0.55 Maybe 2 11 1.15 Yes
1 3 0.6 Yes 2 3 1.2 Yes
1 10 0.65 Yes 2 10 1.25 Yes
1 4 0.7 Yes 2 4 1.3 Yes
1 9 0.75 Yes 2 9 1.35 Yes
1 5 0.8 Yes 2 5 1.4 Yes
1 8 0.85 Maybe 2 8 1.45 Yes
1 6 0.9 Yes 2 6 1.5 Yes
1 7 0.95 Yes 2 7 1.55 Yes
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Mesa Device Lith d(um) Contacted | Mesa Device Lith d(um) Contacted
3 1 1.6 Yes 4 1 0.4 Yes
3 12 1.7 Yes 4 12 0.45 Yes
3 2 2 Yes 4 2 0.5 Yes
3 11 3 Yes 4 11 0.55 Maybe
3 3 4 No 4 3 0.6 Maybe
3 10 6 Yes 4 10 0.65 Maybe
3 4 1.6 No 4 4 0.7 Yes
3 9 1.7 Yes 4 9 0.75 Yes
3 5 2 Yes 4 5 0.8 Maybe
3 8 3 Yes 4 8 0.85 Yes
3 6 4 No 4 6 0.9 Yes
3 7 6 Yes 4 7 0.95 Yes
5 1 1 No 6 1 0.4 Maybe
5 12 1.05 Yes 6 12 0.45 Maybe
5) 2 1.1 Yes 6 2 0.5 Yes
5 11 1.15 Yes 6 11 0.55 Maybe
5 3 1.2 Yes 6 3 0.6 Yes
5) 10 1.25 Yes 6 10 0.65 Yes
5) 4 1.3 Yes 6 4 0.7 Yes
5 9 1.35 Yes 6 9 0.75 Maybe
5 5 1.4 Yes 6 ) 0.8 Yes
5) 8 1.45 Yes 6 8 0.85 Yes
5 6 1.5 Yes 6 6 0.9 Yes
5 7 1.55 Yes 6 7 0.95 Yes
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Mesa Device Lith d(um) Contacted | Mesa Device Lith d(um) Contacted
7 1 1 Maybe 8 1 1.6 Yes

7 12 1.05 Yes 8 12 1.7 Yes

7 2 1.1 Yes 8 2 2 Yes

7 11 1.15 Yes 8 11 3 Yes

7 3 1.2 Yes 8 3 4 Yes

7 10 1.25 Yes 8 10 6 Yes

7 4 1.3 Yes 8 4 1.6 Yes

7 9 1.35 Yes 8 9 1.7 Yes

7 5 1.4 Yes 8 5 2 Yes

7 8 1.45 Yes 8 8 3 Yes

7 6 1.5 Yes 8 6 4 No

7 7 1.55 Yes 8 7 6 Yes

9 1 0.4 Maybe 10 1 1 No

9 12 0.45 No 10 12 1.05 Maybe
9 2 0.5 Maybe 10 2 1.1 Yes

9 11 0.55 No 10 11 1.15 Yes

9 3 0.6 Maybe 10 3 1.2 No

9 10 0.65 No 10 10 1.25 Maybe
9 4 0.7 Yes 10 4 1.3 No

9 9 0.75 No 10 9 1.35 Yes

9 5 0.8 Yes 10 ) 1.4 No

9 8 0.85 Maybe 10 8 1.45 Yes

9 6 0.9 Yes 10 6 1.5 No

9 7 0.95 Yes 10 7 1.55 Yes
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