On the Dynamics of Single-Electron Tunneling
In
Semiconductor Quantum Dots under
Microwave Radiation

A Dissertation
Submitted to the Physics Department
of
Ludwig-Maximilians-Universiat Minchen

by
Hua Qin
from Wujin, China

30th July 2001, Ninchen



1. Gutachter: Prof. Dr. J. P. Kotthaus

2. Gutachter: Prof. Dr. W. Zwerger

Tag der niindlichen Pisfung: 26th July 2001



Abstract

Efforts are made in this thesis to reveal the dynamicsrafie-electron tunneling and

to realizequantum bits (qubits) in semiconductor quantum dots. At low tempera-
tures, confined single quantum dots and double quantum dots are realized in the two-
dimensional electron gas (2DEG) of AlGaAs/GaAs heterostructures. For transport
studies, quantum dots are coupled to the drain and source contacts via tunnel barriers.
Electron-electron interaction in such closed quantum dots leads to Coulomb-blockade
(CB) effect and single-electron tunneling (SET) through discrete quantum states. SET
and its dynamics in single and double quantum dots are studied using both transport
and microwave spectroscopy.

In transport spectroscopy, SET is monitored by measuring the direct tunnel current
through the quantum dots in both the linear and nonlinear transport regimes, where
ground states and excited states of the quantum dots are resolved. In a double quantum
dot, bonding andanti-bonding molecular states are formed. Quantum dots proved to be
well controlled quantum mechanical systems. In analogy to real atoms and molecules,
single quantum dots and double quantum dots are teamidutial atomsandartificial
molecules, respectively.

In microwave spectroscopy, continuous microwave radiation is applied to quantum
dots. Photon-assisted tunneling (PAT) through the ground state and excited states is
observed in single quantum dots. In a double quantum dot, the molecular states can be
coherently superimposed by microwave photons, inducindréfoe oscillations and a

net direct tunnel current which is experimentally measurable. A qubit is formed in a
double quantum dot.

Two new microwave spectroscopy techniques are developed in this thesis to explore
the dynamics of PAT (SET) in quantum dots. Both techniques are dadtetbdyne
detection of photon-induced tunnel current (photocurrent). In one method, two co-
herentcontinuous microwave sources with a slight frequency offset are combined to
generate a flux of microwave photons. The photon intensity varies in time at the offset
frequency. The induced alternating photocurrent at the offset frequency is detected by
a lock-in amplifier. The in-phase component of the photocurrent reflects the tunneling
strength, and the out-of-phase component reveals the dynamics of electron tunneling.
In the other method, two coheremtlsed, i.e., broadband, microwaves are applied to
irradiate the quantum dots, where the dynamic charge relaxation and the pumping by
microwave pulses are studied. Both techniques allow to resolve PAT in the nonlinear
transport regime. A long charge relaxation time of single quantum dots is found by
using both techniques. No superposition of the ground state and the excited state is
achieved.
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Chapter 1

| ntroduction

Since the invention of the semiconductor transistor in 1947 [BB48], this technology
has led to a revolution in computation, information processing, and communication
devices. All this has had a great impact on most peoples’ work and our daily life.
Nowadays, the most common electronic transistor is the Complementary Metal-Oxide-
Semiconductor (CMOS) field-effect transistor [Sze85]. The physics involved is based
on classical diffusive electron transport. Higher operation speed requires a further re-
duction of the device dimensions and a much smaller power dissipation. This will
eventually lead to a break-down of the classical approach when the device dimension
will be comparable to the Fermi wavelength and hence to the electron’s phase coher-
ence length. Recent advances in material science and modern nanometer fabrication
techniques enable the fabrication of nanometer sized quantum electronic devices, in
which electron transport is described by quantum mechanics.

The aim of this work is to investigate transistors in this quantum limit beyond the
regime of classical physics. Transistors in this quantum regime are small regions of
conducting material in which only 10 to 100 electrons are confined, hence they are also
termedquantumdots. Since the dot’s diameter is comparable to the Fermi wavelength,
discrete electronic states can be distinguished similar to real atoms. In this sense,
guantum dots can be calleuitificial atoms [HK93, Kas93, Ash96], while coupled
guantum dots can be seen as artificial molecules. In addition to the energy quantization
the number of electrons in the dots is well defined. This is due to the strong electron-
electron interaction, which can be approximated by a constant capacit@gyef(the

dot. A charging energy?/Cs, which can be much larger than the thermal energy, is
required to add a single electron to the quantum dot. At sufficiently low temperatures,
electron tunneling is blocked by this Coulomb charging energy, leading to the so-
called Coulomb-blockade effect (CB) [GD92, MF95, KMM"™97]. Coulomb blockade,
however, can be overcome by the gate voltage, or by other excitation mechanisms,
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1. Introduction

e.g., phonons and photons, inducsiggle-electron tunneling (SET) through discrete
guantum states [GD92, MF95, KMND7].

A particularly simple and spectacular example of such a device igifilsen single-

electron transistor. A silicon single-electron transistor is constructed by connect-
ing a silicon quantum dot to a drain and a source contact via two tunnel barri-
ers [TRH"96, GLC97, Til00]. A nearby plunger gate is used to tune the transistor.
Using the silicon-on-insulator (SOI) material, sub-10 nm single-electron transistors
have been fabricated, operating even at room temperature. Single-electron transistors
based on silicon and AlGaAs/GaAs heterostructures have been used as ultra sensitive
charge detectors [VLV96, RJSaP98] and single photon detectors [Mat99, KBA@).

The charge sensitivity has been shown to be as low as dfeie/v/Hz. This re-

sult is only an order of magnitude away from the theoretical limit@f®e/\/Hz.

An adiabatic electron pump based on an open quantum dot has been realized as
well [SMCG99]. Naturally, single-electron transistors also found applications in
metrology [KF99, KEMZ99]. Silicon single-electron transistor might challenge the
conventional CMOS devices, since the former can be integrated much more densely
and the required technologies are compatible with the existing state-of-the-art.

Studies on the electronic states and the transport properties are of great importance
both for the understanding of the physics involved in such small devices and for ap-
plications. Quantum dots can be strongly coupled to contacts, leading to a strong hy-
bridization of localized discrete electronic states in the dot with the continuum in the
contacts. As a result higher order tunneling becomes important and effects such as the
Kondo effect can be observed [GGSBB, SBK"99, SFE 00]. Recently, semicon-
ductor quantum dots were proposed to be applied to dgfiaetum bits (qubits) for
guantum computation [Bar95, Lan96, LD98, BRB0O1]. The essential point is to make

a controllablecoherent superposition of two quantum states1() and|2)) in semicon-

ductor quantum dots. The quantum states can be the charge states or electron spin
states. The superposition of two quantum states can be realized by time-dependent
microwave photons [BRBO01], which is in analogy to the excitation of hydrogen atoms
by laser light:

[s) = a(t)[1) + b(£)[2). (1.1)

The qubit can be read out by measuring the tunnel current through the quantum
dots [BRBO1]. On the other hand, single-electron transistors are proposed for read-
out devices for qubits, i.e., the transistor is a charge amplifier operating in the vicinity
of the quantum limit [SS97, DS00]. Definitely, read-out devices will induce a collapse

of the coherent states. This dephasing effect has been studied both experimentally and
theoretically [Gur97, AWM97, BSH98]. On the other hand, since quantum dots are
usually fabricated in solid-state host materials, quantum states are naturally coupled to
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their thermal and electromagnetic environment, leading to dephasing. Inelastic scatter-
ing of electrons by other electrons, phonons, and spin-flip scattering reduces the phase
coherence [SIA94, Dat95, AGKL97, Imr97]. In order to realize quantum states with a
longer lifetime, the quantum dots have to be isolated from the environment.

The investigation of the dynamics and dephasing of the electronic states in solid-
state quantum dots is thus of great importance. By studying the time-dependent
properties of quantum dots, the dynamics of electron transport can be obtained.
Recently, time-resolved Cooper pair tunneling in coupled Josephson junctions has
been studied by Nakamurat al [NPT99]. Mooij and van der Wakt al have
shown the realization of qubits from two macroscopic Josephson persistent-current
states [MOLF99, vdWtHW"00].

In this work, qubits are formed from the bonding and anti-bonding molecular states
of a tunnel-coupled double quantum dot at low temperatures. The superposition of
two molecular states is realized by applying microwave photons, indiRabg os-
cillations. Coherent superpositions are monitored by measuring the induced photon-
assisted tunneling (PAT) and tuning the coupling strength between two quantum dots.
Superpositions of the ground state and an excited state in single quantum dots are stud-
ied as a comparison. Coherent continuous and pulsed microwave sources are applied
to reveal the dynamics of single-electron transport.

The thesis is organized as follows:

In chapter 1, an introduction to this work and the motivation will be given, fol-
lowed by two sections on the techniques for fabricating quantum dots from a two-
dimensional electron gas (2DEG) of an AlGaAs/GaAs heterostructure and on transport
spectroscopy for characterizing quantum dots.

A review of basic theories on electron transport in quantum dots is givelrejpter 2.

In the first section, Coulomb-blockade and single-electron tunneling will be discussed
in the classical regime, where the level spectrum is a continuum. Single-electron tun-
neling through discrete quantum states (of artificial atoms) will be discussed in the
second section. The effect of tunnel coupling on transport properties is presented. In
the last section the formation of “ionic” and “covalent” molecules from two tunnel-
coupled quantum dots will be given.

In the first part ofchapter 3, a silicon single-electron memory based on Coulomb-
blockade and single-electron tunneling in the classical regime at room temperature
will be presented. In the second part, the formation of single quantum dots and the
characterization by transport spectroscopy will be shown. The formation of “ionic”
and “covalent” double-dot molecules will be given in the third part, in which the inter-
action between the molecular states and acoustic phonons will be addressed as well.
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1. Introduction

In chapter 4, basic theoretical aspects on time-dependent transport through single
guantum dots and double quantum dots in the non-adiabatic regime will be consid-
ered. Photon-assisted tunneling through single quantum dots (Tien-Gordon picture)
and Rabi oscillations between two quantum dots will be discussed.

Experimental studies on photon-assisted tunneling in single quantum dots will be pre-
sented in the first part @hapter 5. In analogy to real atoms, photo-ionization of single
guantum dots is observed, i.e., the ground state of the dot is depopulated by microwave
photons and an excited state is then occupied, which is confirmed by probing the tun-
nel current through the excited state. The dynamics involved in this photo-ionization
process is studied in the third part of this chapter, where a new microwave technique
is applied to reveal the time-dependent transport. In the second part, coherent super-
positions of the bonding and anti-bonding molecular states by microwave photons or
by both microwave photorend acoustic phonons will be shown. A coherent superpo-
sition of photon- and phonon-assisted tunneling is observed in a double quantum dot.
In the last part, pulsed microwave radiation is applied to reveal the dynamic charge
relaxation processes in a single quantum dot.

The conclusion and outlook will be given anapter 6.



1.1. Quantum Dot Fabrication
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Figure 1.1: The conduction band profile in the direction perpendicular to the surface of a
modulation-doped AlGaAs/GaAs heterostructure.

1.1 Quantum Dot Fabrication

The quantum dots studied in this thesis are fabricated by confining a small region of
2DEG from the large area of 2DEG of an AlGaAs/GaAs heterostructure. The band
structure of a generic AlGaAs/GaAs heterostructure is shown in Fig. 1.1. The donors
in the doped AlGaAs layer provide electrons accumulated in the interfacial potential
well, forming an electron channel: A quasi two-dimensional electron gas due to the
confinement in the direction perpendicular to the wafer. The spacer layer between the
donors and the channel reduces the scattering of electrons in the channel by donors,
hence the mobility of electrons in the channel is increaged(8 x 10° cm?/Vs). The

exact heterostructures used in this work are listed on page 114 in App. A.

Formation of Planar Quantum Dotsfrom 2DEG
For the quasi two-dimensional electron gas with an are& abntinuum energy bands
(subbands) are allowed in the plane of 2DE& §). However, there exist discrete

energy levels for the electron motion in the directiohgerpendicular to the plane of
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1. Introduction

2DEG. The energy levels for the 2DEG have the form of two-dimensional subbands,

h2
EFE=F —— (k2 2 1.2
sn T QmZ (kx + ky)? ( )

where,E,,, is the bottom of each subband due to the confinement in directipm is

the effective electron mass, ahgl k, are the components of wave vectors in the plane

of the 2DEG. The specific spectrum bf,, depends on the details in the confinement
potential in directiore. Usually, at low temperatures even the lowest subb&ng) (s

not completely occupied and the higher subbands do not participate in transport, which
is the case in this thesis.

Including spin degeneracy, the density of states of electrons for the subbands(a
constant

D(E) = —=¢. (1.3)

- 7wh?

Given a sheet electron densityraf ~ 2 x 10! cm2, the Fermi wavelength is obtained
asAp = /27 /ng ~ 60 nm.

To define a small quantum dot from the large area of 2DEG, about six main steps
are processed. The details can be found on page 111 in App. A. Below, these steps
are briefly described: In the first step, a piece of AlGaAs/GaAs heterostructure (about
5 x 5 mm?) is cleaved from the wafer and cleaned. In the second step, a mesa of 2DEG
is formed by wet etching. The layout of the mesa is transfered from the optical mask to
the surface of the heterostructure by optical lithography. The cross-like mesaiis 30
wide and more than 1 mm long (see Fig. A.3 (a)). In the third step, ohmic contacts
are defined at the ends of the mesa for probing the current flowing through the device.
Again, the pattern transfer is done by optical lithography. In the fourth step, gold
contacts are deposited on the surface connecting the large ohmic contacts (later used
for connections to the bonding pads on a chip carrier) and the small connection pads
(later for connections to the inner nanometer sized Schottky gates). The pattern transfer
is done by optical lithography as well. In the fifth step, electron beam lithography is
used to pattern the Schottky gates, which are then realized by deposition of gold, as
schematically shown in Fig. 1.2 (a) and (b). In the last step, the whole heterostructure
with defined circuits is glued into a chip carrier and the circuits are connected to the
measurement setup (see Fig. A.3 (b, ¢)). The sample is then ready for the transport
studies at low temperatures.

By applying negative voltages to Schottky gates, the electron gas under the gates are
depleted. The outer two pairs of Schottky gates form two quantum point contacts

For the quasi 2DEG, the confinement in the directionzaf strong. Electrons behave two-
dimensionally as long as the temperature is lower than the distance between neighboring subbands
and the confinement potential is high enough so that the lowest unoccupied subband is a bounded state.
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1.1. Quantum Dot Fabrication

(©
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|

Figure 1.2: (a, b) A planar quantum dot is confined from the large area of 2DEG of an Al-
GaAs/GaAs heterostructure. The confinement is induced by the negative gate voltage applied
to five pairs of Schottky gates on the surface. (c) The schematic energy profile of the confined
guantum dot.

(QPCs) separating the central region of 2DEG from the whole 2DEG [VWh88R

The two middle gates (plunger gates) further shrink the central region into a small
puddle of electrons (see Fig. 1.2 (a) and (b)). When the conductance of the QPC is
above2e? /h, there are a few open modes for electron transport and no tunnel barrier is
formed, i.e., electrons are not confined. When the conductance of two QPCs becomes
lower than2e? /h, tunnel barriers are formed and electrons are confined in the island
(see Fig. 1.2 (c)) [BWVKP91]. When the size of the island becomes comparable to
the Fermi wavelength, discrete quantum states appear due to the confinement in
andy-dimension. The energy of electrons is fully quantized and the density of states
becomes

D(E) < Y _§(E - Ey), (1.4)

whereF; is the discrete single-particle states. Hence, this small island of electrons is
called a quantum dot and an “artificial atom” [Kas93, HK93, Ash96].

For this kind of planar quantum dots formed by electrostatic confinement potential,
the confinement strength inandy direction is much weaker than that in thelirec-

tion. The actual potential is calculated in a self-consistent way [Kum92, Sto96]. For
the simplicity, it can be approximated by a parabolic potential or a parabolic potential
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1. Introduction
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Figure1.3: A Finite one dimensional potential well. Above energy Vi, a continuum of energy
occurs, in which virtual energy levels exist. The virtual states possess finite lifetimes due to
the leakage of wavefunctions out of the potential well.

with a flat bottom [HK93]. The mean level spacing is approximated\by 7h?/m? A.

The electronic states confined in the quantum dot is schematically shown in Fig. 1.3,
where the 3D potential well is illustrated as a 1D square potential well with regular
tunnel barriers. Below the energy, which corresponds to the Fermi levelg(1:,) in

the drain and source contact (see Fig. 1.2 (c)), there exist discrete stationary quantum
states. Abové/, a continuum of quantum states begins. Within the continuum, how-
ever, there still exist some approximately stationary states. Such a state is also called
“virtual energy level”, since it possesses a finite life time:

P(t) o< exp ( - ;), (1.5)

where,P(t) is probability density to find an electron on the virtual states the mean-

life of the virtual state, reflecting the leakage of electrons through the barriers. The life
time (r) is related to the tunneling rat&’Y at which an electron on the virtual state
escapes out of the potentidl:= 1/7. Obviously, by increasing the width of the tun-

nel barriers the leakage is less and hence the confined virtual state has a longer life
time. In the limit of infinitely wide barriers, the virtual state develops into a stationary
state. Comparing to a tunnel barrier formed by a thin layer of isolating materials, the
tunnel barriers formed by QPCs are low in energy and wide, as schematically shown in
Fig. 1.2 (c). The tunneling rates differ for quantum levels at different energies. How-
ever, one of the advantages of this kind of planar quantum dots is that the transparency
of barriers can be tuned continuously by gate voltages.
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1.2. Methods of Characterizing Quantum Dots

Basic Physical Parameters of Planar
AlGaAgGaAs Quantum Dots

The AlGaAs/GaAs heterostructures used in this thesis are listed on page 114 in App. A.
The 2DEG is typically located 40 — 90 nm below the surface. The effective electron
mass in the GaAs host crystal is about ~ 0.067m.. A typical electron density

of n. = 2 x 10'* cm~2 is found at a low temperature of 4 K. The corresponding
Fermi wavelength is about 60 nm, which is comparable to the dot size. From the
electron mobility around:, ~ 1 x 10° cm?/Vs, the mean free path is estimated as

l; = vpmip./e ~ 10 pm, which is much larger than the dot size. The phase co-
herence length is usually slightly shorter than the mean free path for a high mobility
2DEG at low temperatures [Dat95]. Given a planar quantum dot with a dot radius of
0.1um, the mean level spacing is abaht= /2 /m?r? ~ 120 peV ~ 1.3 K. Quantum
effects in transport through such small quantum dots are pronounced since the mean
level spacing of electronic states can exceed the temperature. Furthermore, the total ca-
pacitance’y, &~ 8¢pe,.r &~ 90 aF (, = 12.9 is the relative static dielectric constant for
GaAs) classically describes the ability of containing electrons on the dot. The charging
energy of adding an additional electron onto the ddfis= ¢?/Cx ~ 1.8 meV. At

low temperaturesk(zp1” < E¢), charge quantization can be observed when the trans-
mission of electrons through the dot is small, i.e., the conductéheg e¢*/h. This
charging energy gives rise to the Coulomb-blockade effect, which can be overcome by
the gate voltage, the drain-source bias, or the temperature.

1.2 Methodsof Characterizing Quantum Dots

Since the transmission of electrons through quantum dots is determined by the overlap
of the wave functions in the dots and the leads, the transport studies of quantum dots
reveal the electronic structure of quantum dots.

For quantum dots as shown in Fig. 1.2, both direct drain-source curightqd dif-
ferential conductancey(= dI;,/dVy,) can be measured. This method is usually
calledtransport spectroscopy. To measure the differential conductance, a small low
frequency alternating-current (ac) modulation voltage is added to the direct-current
(dc) drain-source biad7y, + @ cos(2w ft) with e? < e|Vy|, A, kT, the amplitude of

the resulting alternating current Is~ 31736 = ¢gv. By measuring this current using a

2In capacitance spectroscopy, no direct current flows through the quantum dot. However, the de-
tection of capacitance, induced by electrons tunneling between the quantum dots and a contact, gives
information on the electronic structure as well.

3Limited by the bandwidth of the cables used, the upper limit for this frequency is about 5 kHz.
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1. Introduction

lock-in amplifier, the differential conductange= dI,;/dV,; is obtained. The detailed
measurement setup is described on page 117 in App. B

Microwave radiation with the one-photon energy comparable to the mean level spac-
ing is applied to quantum dots, inducipgoton-assisted tunneling (PAT) through the

ground states and excited states. Photon-induced ground (excited) state transitions in
the linear regime can be revealed by measuring the photocurrent through the quantum
dots. In the nonlinear regime, the resonances are considerably broadened and photon-
induced features can not be well resolved.

In addition to the straightforwanah crowave spectroscopy mentioned above, new tech-
nigues are developed to obtain more information on the dynamics of electron transport
through quantum dots. On page 122 in App. B, two techniquebkeiarodyne detec-

tion of photocurrent are described in detail. The basic principle is the following: Two
coherent microwave sources with a slight frequency offset (the intermediate frequency)
are added to generate a flux of microwave photons whose intensity varies periodically
in time with the intermediate frequency. Under the irradiation of such a flux of pho-
tons, the resulting alternating photocurrent at the intermediate frequency is solely due
to the irradiation, which can be detected using a lock-in amplifier. Furthermore, since
microwave sources are coherent, the rigid phase relation determines a constant time
base for both the high frequency microwave signal and the intermediate frequency
current signal. Hence, the relative phase between the alternating photocurrent and the
incident microwave radiation is reliable and can be extracted with a lock-in ampilifier.
This relative phase reflects the amount of time spent by electrons to tunnel through
the quantum dots, i.e., it presents a method to investigate the dynamics of electron
transport in quantum dots.

In comparison to the above described technique, where a flux of “monochromatic” mi-
crowave photons (i.e., at a single frequency) is generated, another heterodyne detection
technique applied in this thesis is termiebadband microwave spectroscopy: Two
nonlinear transmission lines (NLTLs) are driven by two coherent single microwave
sources. The pulsed microwave signals from the NLTLs are then combined to gen-
erate a flux of photons in a wide frequency range (20 — 400 GHz). Using a lock-in
amplifier, photon-induced tunneling induced by different excitation energies can be
detected. Since the heat load induced by broadband radiation is constant, the physical
properties of the quantum dots are fairly unchanged when broadband spectroscopy is
conducted. The pulsed nature allows to reveal the dynamics of electron transport.

10



Chapter 2

Coulomb-Blockade Effect and
Single-Electron Tunneling: Theory

At low temperatures, when a nanometer sized island (dot) is weakly coupled to the
contacts via tunnel barriers, the Coulomb repulsion by electrons on the island affects
electron transport. The Coulomb interactions among the electrons on the island can
be classically described with a total capacitatge This approximation of electron-
electron interaction is called the@nstant-interaction model. To add a single electron

onto the island, a charging energy &f/Cs, is required. Hence, the tunneling of
electrons onto the island is usually blocked by this so-calleal omb-blockade (CB)
energy. The Coulomb-blockade, however, can be eliminated by varying the gate volt-
age which is applied to the island via the gate capacit&@rceElectrons are added
onto the island one by one at certain gate voltages. The resulting conductance os-
cillations are called as Coulomb-blockade oscillations, siegle-electron tunneling

(SET) regulated by Coulomb-blockade effect.

To observe Coulomb-blockade, the thermal fluctuation should not overcome the charg-
ing energy:

€
kpT < O (2.1)
Furthermore, the time-averaged fluctuation of electron number on the island must be
negligible: (§N?) < 1, i.e., the average electron numidé¥) is well defined [MF95].
This condition is equivalent to that the time) (during which an electron stays on the
island should be much larger than quantum uncertainty in this imgTho77]. 7 >
dT. The tunnel currentl{) induced by a single-electron tunneling event is akgut
The energy uncertainty ) is smaller than the applied small bias voltagé: < eV'.

Hence, fromérdE > h, anddr < 7 ~ e/I, the following equivalent condition for

11



2. Coulomb-Blockade Effect and Single-Electron Tunneling: Theory

Coulomb-blockade is obtained

62
G=5 <7 (2.2)

<|~

Coulomb-blockade oscillations were first observed in metallic grains [GZ68], where
the mean level spacing is much smaller than the temperature k3T, i.e., the

level spectrum can be treated as a continuum. Hence the transport belongs to the
classical regime. For semiconductor quantum dots, since> kg7 can be usu-

ally fulfilled by reducing the dot size or the temperature. Coulomb-blockade effect
in this quantum regime was first observed by Scott-Thomas [SBRK Reviews on
single-electron tunneling and Coulomb-blockade effect can be found in a few litera-
tures [AL91, GD92, MF95, KMM97].

In this chapter, Coulomb-blockade and single-electron tunneling in metallic island are
discussed in Sec. 2.1. In Sec. 2.2, single-electron tunneling in the quantum regime is
presented. A tunnel-coupled double quantum dot is studied in Sec. 2.3.

2.1 Metallicldands

A simple starting point for understanding quantized charge transport is the charging
process in a small metallic island (as shown in Fig. 2.1 (a)). The metallic island is
coupled to the substrate via a tunnel barrier and is capacitively coupled to a plunger
gate. The barrier's conductance is much smaller #¥gp, i.e., the island is almost
isolated from the substrate. Since the mean level spacing is much smaller than the
thermal energy\ < kpT, a number of quantum levelg £47/A) in the island take

part in transport. Hence the resonant tunneling of electrons through different states are
mixed and the quantum levels in the island can be treated as a continuum.

The tunnel barrier itself is characterized by a capacitatice ¢*/kpT and a resis-
tance ofR > (e?/h)~!. The classic capacitancg describes the Coulomb repulsion
from electrons already on the island. A gate volt&gés applied to the island via the
gate capacito€’, (see the equivalent circuit in Fig. 2.1 (b).

The quantum charge fluctuation on the island is negligible, i.e., the electron number
on the island is well defined. Furthermore, the lifetime broadening of quantum levels
in the island is much lower than the temperatie,< kzT. The possibility to find

N electrons on the island in equilibrium with the contact (the substrate as shown in
Fig. 2.1) is given by the grand canonical distribution function [vVHBS92, Bee91]

P(N) = const. x exp{—kBLT(F(N) ~ NEp)), (2.3)

12



2.1. Metallic Islands

plunger
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(a) vgo:?/.{ —l (c) = )

tunnel barrier GND
1(N)

substrate 4 E .
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C C,R
\4 £ / R island
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Figure2.1: (a) A metallic island is connected to an electron reservoir via an ultrasmall tunnel
junction (characterized by a capacitance C and a resistance R), and is capacitively coupled
to the plunger gate by a gate capacitor C,. The charge on the island is ) = —Ne. (b) The
equivalent circuit for the device. (c) The energy landscape of the device. The dashed line
indicates the condition of charge fluctuation: u(N) = EF.

where,F'(N) = E(N) — TS is the free energy anfi(N) is the ground state energy
of the island. At zero temperature, when béttV — 1) and P(N) are non-zero, the
electron number in the dot fluctuates betwean- 1) and N. To haveP(N — 1) x
P(N) # 0, the following condition must be met:

u(N) = F(N) = F(N ~ 1) = Ep, (2.4)

where, the chemical potential V) of the island represents the transition energy be-
tween the [V — 1)-electron state and th&-electron state. At zero temperature, the
free energy equals the ground state energy of the island. The ground state energy of
the island with a charg@ = —Ne is

—Ne
E(N) - / dQ Vtislanda
0

Q G
V;'san V?
land s + Oy

where, Vi qnq IS the potential of the island ar@dy, = C, + C'is the total capacitance
of the island. The ground state energy is written as

Ne)? C
E(N) = (203 - Neglv, (2.5)
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2. Coulomb-Blockade Effect and Single-Electron Tunneling: Theory
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Figure2.2: Adding single electrons onto the island by increasing the gate voltage (Er = 0 is
assumed).

As shown in Eqg. 2.5, the gate voltage is an external control on the total electrostatic
energy of the island. The energy change induced by a change in gate voltage is evenly
distributed to single electrons on the island. The coefficierdonverting the change
in gate voltageAV, to the average energy change of a single electtén is deduced
to be
AE  10E(N) C,
eAV, N edV, Oy

(2.6)

At certain gate voltages, the condition of charge fluctuation (see Eqg. 2.4) is fulfilled:

V) = (V=5 v
= 20y e

Thus, at a gate voltage &f~(N) = (N — 1/2)e/C, — Er/ea, the electron number

on the island fluctuates betweeN 1) and N. The N-th electron tunnels through

the island. As increasing the bi&S further, single electrons are added onto the island
one by one, as shown in Fig. 2.2. The periodicity of gate voltage for adding electrons
is

AV, = — 2.7)

which is determined only by the gate capacitance. In the middle of two neighboring
charge-fluctuating points, i.el;;”(N — 1) = (N — 1)e/C, — Er/ea, no electron
tunnels. To charge th&-th electron onto the island, the gate voltage is increased from

€ EF
“(N-1)=(N-1)— — £
VN1 = (V- -
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2.2. Single Quantum Dots

to

€ EF
Ve(N)= N - ZF,
g( ) C, ex

Accordingly, the average single-electron’s energy is changed by

Ewi = Ec
B _/Vg*(N) iaE(N)dV
Vo~ (N-1) oV, !
2
e
= —, 2.8
s (2.8)

Eq. [2.8] indicates that for adding an extra electron from the contacts to the island this
electron has to obtain an addition eneigy, i.e., the energy of each single electron on
the island must be reduced B. The energy is thus called theharging energy*

of the island, which is determined by the total capacitance.

In this device, since electrons fluctuate only between the island and the substrate, no net
tunnel current flows through the device. However, the capacitance of the island exhibits
oscillations when electrons are added to (removed from) the island. This is what the
capacitance spectroscopy performs on quantum dots [H1189, ASW93, DLH"94].

2.2 Single Quantum Dots

Both metallic and semiconductor dots can have a small size so that the charging ener-
gies become larger than the thermal enedgy:>> kgT. For semiconductor quantum

dots the mean level spacinly is much larger than that of small metallic dots with

a similar size. As discussed before, to observe Coulomb-blockade effect, the con-
ductance of the dot should be small (< e2?/h), which requires thé:I' < kT,

A. Whenhl' < kgT < A, Coulomb-blockade oscillations reveal the quantum me-
chanical coherence in resonant tunneling of electrons through single quantum states.
Hence, single-electron tunneling has been used as a method of level spectroscopy in
semiconductor quantum dots.

Connected to two contacts (drain and source) via tunnel barriers and capacitively cou-
pled to a plunger gate, a quantum dot formsiragle-electron transistor based on
Coulomb-blockade effect. According to the constant-interaction model, the two tun-
nel barriers are characterized by capacitancgsand Cg, respectively, as shown in

1The charging energy can be obtainedas = u(N) — u(N — 1) = €2?/Cx, according to the
definition of u(N) in Eq. 2.4
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2. Coulomb-Blockade Effect and Single-Electron Tunneling: Theory

Fig. 2.3 (a). The capacitance between the plunger gate and the dot is denotgd as
The extra electron number in the dotVs In such a device, the fluctuation of electrons
on the island can be probed by measuring the direct tunnel cuighttirough the
island or the differential conductance £ dl;s/dVys).

In the following two sections, two regimes are discussed, concerning different coupling

strengths between the dot and the contacts. In the weak coupling regime, only the
lowest order of tunneling is considered. In the case of strong coupling where the
localized electronic states in the dot hybridize with the continuum in the contacts,

higher order tunneling processes through virtual states (cotunneling) are enabled.

oV, T T
rd [s
——C, ' '
...... ........
Hd €
drain m m source Hs
VdsC ;
Q = —Ne L ¢ drain
Co Cr f_?yfﬂ_s ______________________ source
(a) (b)

Figure 2.3: (a) A quantum dot is coupled to the drain and source contacts via two tunnel
barriers. The drain-source bias V;, shifts the difference in the Fermi energies of both contacts.
The gate voltage varies the dot’s electrostatic potential. (b) In the resonant tunneling regime
with hT'; = h(T¢ +T%) < kgT < A, single electrons tunnel through discrete quantum states.

2.2.1 Weak Coupling to Contacts

In the weak coupling regime, the tunneling of electrons between the dot and the con-
tacts are only a negligible perturbation to the ground state energy. The electrostatic
energy of the system is described with three parametéis:V, and N. The Fermi
levels of the left (1;) and right (1,) contacts are related by the drain-source bias:

Ha — Hs = —eVis. (29)
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2.2. Single Quantum Dots

The dot’s potential/y,; can be written as:

Q Cr C,
O L S i 9
dot Cy Oy ¢ Cy !

where,() = —Ne, andCy, = C, + Cr + C, is the total capacitance of the dot. The
total electrostatic energy of the systémV) is then written as

—Ne
U(N) = /0 AQVin,

(Ne)®
205,

where,a, = C1,/Cyx, anda = C,/CY, are factors of energy-to-voltage, converting the
drain-source bias and the gate voltage into the contributed energies of the dot (refer to
Eq. 2.6), respectively.

In the model of constant electron-electron interaction, the ground state energy of a
quantum dot can be simply written as a sum of the single-particle energy and the
electron-electron Coulomb energy:

N
Eat(N) =) e+ U(N), (2.10)

i=1
wheree; are the single-particle ground state energy of the dételectrons are dis-
tributed through the discrete quantum lewgls = 1, 2, 3, . ... Each quantum state;
possesses a finite widthI(;), which is determined by the tunneling rate between the
drain ("¢) and sourcel(§) contact: [; = ['¢+T'¢). The distribution is denoted 4},
wheren; is either 1 or 0, indicating theth level is occupied or empty, respectively.

— Ne[agVys + aVy],

The possibility of N electrons to remain in the dot in equilibrium with the drain and
source contacts is given by the grand canonical distribution function [vHBS92, Bee91]:

Edot(N) - N,ud,s

P({n) = 7 exp{-= =, (211)
whereZ is the partition function:
7 =" exp{~[Es(N) = Npta,) /kpT}. (2.12)

{ni}

At zero temperature, as discussed in Sec. 2.1, charge number fluctuates bétween (
1) andN whenu(N) = Egt(N) — Egot (N — 1) = pig, i€,

1. e?
en + (N — 5)0—2 - 6{(% = )Vas + an‘j(N)} = s (2.13)
1, e?
vt (V=3 —efonu tavz ) = pe (214)
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Figure 2.4: (a) CB diamonds revealed by plotting the dot’s conductance (g) in the V4, — V,
plane (dark: g > 0, white: g = 0). The solid (dashed) lines represent the tunneling of electrons
between the source (drain) contact and the dot. Within the diamonds, the number of electrons
in the dot is fixed at N, N — 1, etc. (b) At zero drain-source bias, the electron number is
increased one by one by increasing the gate voltage in steps of e/C,; + Ae/ea (see details in
text). (c) The dot’s conductance shows oscillations as a function of the gate voltage. The finite
peak width stems from both the finite lifetime and the temperature.

where e isthe ground state energy of the quantum dot containing NV electrons.?

Eq. 2.13 (Eq. 2.14) corresponds to the charge fluctuation between the drain (source)
contact and the dot. Eq. 2.13 and Eq. 2.14 can be rearranged in the following format

lLoe (Cs—0Cp) €N — Hs
SNy = (N LHE Ly N 2.1
‘/;rd ( ) ( 2) Cg + Cg Vds + e ’ ( 5)
N B l.e (g EN — Hs
Ver (N) = (N =3) oG, Vis +——— (2.16)

AtV 7 (N)and V3 (N), the quantum state e v is* aligned” with the Fermi levelsin the
drain and source contact®, respectively. Accordingly, the above two conditions stand

2In the constant-interaction model, the ground state does not directly depend on the gate voltage. In
the reality, the gate voltage will change the dot shape and hence the ground states. Thiswas observedin
the statistic properties of peak spacing in the CB regime [SBA T96, SHW97, PCS+98, Alh0Q].

SInfact, itisthe renormalized quantum level e - according to Egs. [2.13, 2.14] that matchesthe Fermi
levels. For simplicity, the term “quantum state e ;" is used in this thesis instead of the renormalized
guantum state when it is speaking about the level alignment.
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2.2. Single Quantum Dots

for the drain- and source-related resonance (tunneling). V7 (N) differs from V5 (IV)
only when anon-zero Vy, isapplied. At Vs = 0, the distance between two neighboring
peaksis
e 1

AVy = c, + a(GNH —€n), (2.17)
where, ey, and ey are the ground state with (V + 1) and N electrons in the dot,
respectively.
By mapping the condition of e ectron tunneling specified by Eq. [2.15] and Eq. [2.16]
in the V4, —V, plane, Coulomb-blockade diamonds are obtained, as shown in Fig. 2.4
(@). The solid lines (boundaries) mark the source-related tunneling, and the dashed
lines for the drain-related tunneling. The corresponding slopes of these drain- and
source-related boundaries (s = 0V, /0Vy;) are

Cy —Cp Cr

= = - 14+ 2>1 2.1
C
Sy = _Fj <0. (2.19)

Similar to the device discussed in Sec. 2.1, the voltage-to-energy coefficient (o) of the
plunger gate has the same form as Eg. 2.6, and the charging energy is the same as
defined in EQ. 2.8:

Cg 1

R A — 2.20
Cy ~ Jsa + Js3] (220)
2
e

EFr = —.

c s

However, the addition energy required for adding an additional electron to the dot
includes the single-particle energy:

Foia = Ec + (en11 — €n). (2.21)

In thisthesis, no exact relation between the ground state energy and the electron num-
ber is known. Approximately, (ex+1 — ex) Will be taken as the excitation energy of
the lowest excited state of the dot containing NV electrons or roughly as the mean level
spacing A.

Linear transport regime

According to the work by Beenakker et al [Bee91], in the linear transport regime, i.e.,
eVys = 0, the conductance of a quantum dot is given as

2 > drs
g = ‘ ZZ riF’-.x
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2. Coulomb-Blockade Effect and Single-Electron Tunneling: Theory

Poy(Nomi = 1){1 = f(e+ UN) = UN =1) = )}, (222)

where P,,(N,n; = 1) isthejoint probability that the dot contains )V electrons and the
i-th quantum level is occupied, and the Fermi-Dirac distribution

fle+ UN) = U(N = 1) = prg) = (2.23)
€& +UN)—U(N—1) — pgs1) !
{1 o [ e )

isthe probability of occupied statesin thedrain or source contacts. Eq. 2.22 isasum of
the contributions to conductance from all tunneling processes with different statistical
weights, which correspond to different level configurations with N electrons on the
dot at finite temperatures. Clearly, EQ. 2.22 is temperature-dependent.

At low temperatures, where hT' < kT < A, E, only tunneling through one quan-
tum state (¢;), which is the closest to the Fermi levels, contributes to the dot’s con-
ductance at near-zero bias. The conductance of a quantum dot in this linear transport
regimeisgiven by

T
T 4kpTTE+ T

—calVy — V7 (N)]
2kpT

g cosh 2 { }s (2.24)
where V7 (IV), standing for the gate voltage at which the tunneling of the N-th elec-
tron occurs, is determined by Eq. 2.15 or Eq. 2.16 with V;, = 0. The conductance
peak has a full-width-at-half-maximum of the gate voltage as

3.52kgT

FWHM = , (2.25)
ex

indicating that the electron transport is thermally broadened.

As increasing the tunneling rates through the barriers, the lifetime of a quantum state
becomes shorter, i.e., the intrinsic level width of the state gets larger. When A >
hI' > kgT, the broadening of a conductance peak is dominated by the lifetime of
the involved quantum state but not by the temperature. However, in this regime the
discreteness of quantum states are still resolvable since both AI' and k 31" are smaller
than A. The transmission probability through one quantum level of the dot has the
Breit-Wigner form

T(V,) hLi/2 . (2.26)
(hT3/2)* + {ealV, = V2 ()]}
The full-width-at-half-maximum of the conductance peak is thus
FWHM = hri, (2.27)
(187
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2.2. Single Quantum Dots

In thisregime, the broadening of the conductance peak al so reflects the contribution of
inelastic scattering of electrons, e.g., inelastic scattering by other electrons, phonons
or photons. The peak height of resonant tunneling in this regime will be reduced by
inelastic scattering.

In the regime where the lifetime broadening and temperature broadening are compa-
rable in magnitude (hI" ~ kzT), the total width of the conductance peak shows a
combination of both mechanisms, which can be approximated as [GGGK *+98]

0.78hI"; + 3.52k5T
eq '

FWHM =~

(2.28)

The conductance peak has a temperature broadened Breit-Wigner form [FMM *93,
GGGK*9g].

Nonlinear transport regime

In the linear transport regime where e|V,| < A, electrons can tunnel only through the
lowest unoccupied state. Hence, Coulomb-blockade oscillations in the linear regime
resulted from adding or removing electrons reveal the so-called addition spectrum. A
finite drain-source bias opens up the transport window between the Fermi levelsin the
drain and source contacts: —eVy, = g — ps. AS |Vy,| increases and e|Vy,| > A,
excited states can be aligned with the Fermi levels and contribute to transport. Hence,
the tunneling of electronsin the nonlinear regime provides the excitation spectrum of
the quantum dot. As shown in Fig. 2.5, tunneling through excited states are revealed
in the SET regime. In the figure, Eo(N — 1), Ex(N), and Eq(N + 1) represent the
ground state energy of the quantum dot containing N — 1, N, and N + 1 electrons,
respectively. E; (V) and E, (V) arethefirst and second excited state of the dot with N
electrons. Similarly, F; (N + 1) and Ey(N + 1) are the first and second excited state
of the dot with N + 1 electrons.

In the nonlinear transport regime, new channels induced by inelastic processes con-
tribute to transport through the quantum dot as well. Different to the elastic processes,
inelastic channels have different decay partial width T';,. The presence of inelastic
processes modify the pure coherent tunneling. When I';,, < T, electron transport is
coherent resonant tunneling. While when I';,, > T, the transport turns out to be se-
guential. Strong inelastic tunneling in the SET regime would mask resonant tunneling
through excited states. The total tunnel current is a sum of all possible transitions
which have different contributions since the tunneling rates are different for different
channels.
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@
Eo(N + 2) — Eg(N + 1)
..... Ex(N+1) ZEo(N) .
Ha 1) Ex(N+£1) = Eo(N)...|
Eo(N +1) — Eq(N) s
..... Eo(N+1) —Ei(N)
..... Eo(N. 1) = Eo(N) .|
drain Eo(N) — Eo(N —1)
source
o Ve

0
Figure2.5: (a) Chemical potentials of the dot correspond to different transitions. (b) Coulomb-
blockade diamonds reveal CB (white) and SET (dark) regimes. In SET regimes, tunneling
through excited states is illustrated as dotted lines. For those dotted lines parallel to the dashed
(solid) boundaries of CB diamonds, the dot’s chemical potential is matched with uy (us), i.e.,

drain- (source-) related resonance. At a positive drain-source bias marked by a vertical dash-
dotted line, six resonances are related to different transitions as shown in (a).

2.2.2 Strong Coupling to Contacts

In CB regimes, even when the dot-contact coupling is weak (hI' < kgT) there is
small charge fluctuation of the number of electrons on the dot, which corresponds to
the process in which electrons momentarily tunnel onto the dot with an energy deficit
on the scale of the Coulomb charging energy [GM90, AN90, ZS91, AN92, MF95].
Electronsinvolved in this process stay on avirtual quantum state for a sufficiently short
interval so that the energy uncertainty of this state is larger than the charging energy
and hence the whole tunneling process can be realized. This tunneling process is the
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2.3. Coupled Double Quantum Dots

so-called cotunneling [AN90, AN92, GM90], which induces off-resonance tunneling
in CB regimes. With stronger tunnel coupling with contacts, but A" < kg7 till holds,
cotunneling in CB regimes can be enhanced.

This cotunneling process has been studied using perturbation theories by taking into
account the finite tunneling strength between the dot and the contacts. The first order
is zero due to the Coulomb-blockade effect. The second order is the leading effect,
which leads to two distinct types of cotunneling: elastic cotunneling and inelastic
cotunneling [GM90, AN90Q]. In elastic cotunneling, an electron tunnels from one of
the contacts onto the dot and out of the dot through the same intermediate state of the
dot. In this process, the state of the quantum dot is unchanged and the cotunneling
current is linear with the drain-source bias. In inelastic cotunneling, an electron that
tunnels from one of the contacts into a state of the dot is followed by an electron in
another state of the dot tunnels into the other contact. In this process, the dot state is
changed inducing an electron-hole excitation in the dot and the cotunneling current is
nonlinear with the drain-source bias.

When kT < /EcA and eV, < A, elastic cotunneling dominates. For small quan-
tum dots, when electrons can traverse the dot much faster than the time spent in the
virtua state (~ h/E¢), i.e., electrons can go through a virtua state of the dot, the
off-resonance current induced by elastic cotunneling isfound [AN90, AN92]

hGLGrA (1 1
b ey S 2.2
4rre? {E1 + E, }Vd“ (2.29)

where E; (E3) corresponds to the energy associated with adding (removing) an elec-
tron to (from) the dot. It is clear that the sum of F; and F, approximates the charging
energy. Ey + Es = F.qq =~ Ec. G, and G, are the independent conductances of the
left and right tunnel barriers, respectively.

When kT > A or e|Vy,| > A, inelastic cotunneling prevails. The current induced by
inelastic cotunneling can be written as[AN90, AN92]

2
hgf;’* (Eil + E%) {(eVar)? + (27kT)? Vi (2.30)
Inelastic cotunneling strongly depends on the temperature and the applied bias, which
increase the number of possible electron-hole excitations in the dot for the realization
of inelastic cotunneling processes. Both elastic and inelastic cotunneling current are
proportional to G, G'r. Thisisacharacteristic of an off-resonance tunneling process.

el—co __
Ids -

in—co __
[ds -

2.3 Coupled Double Quantum Dots

Single quantum dots can be viewed as artificial atoms [Kas93, HK93, Ash96], then
coupled quantum dots can be treated as artificial molecules [Kou95, BHVKE96]. Two
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2. Coulomb-Blockade Effect and Single-Electron Tunneling: Theory

guantum dots can be coupled to each other el ectrostatically and quantum mechanically.
Both electrostatic coupling and tunnel coupling between the dots determine the charge
configuration, electronic states, and electron transport in coupled dots. In the former
case, the inter-dot interaction concerned is mainly the electrostatic energy which is
characterized by inter-dot capacitance. Electrons are localized in each dots and the
electron number on each dot iswell defined. Given the quantum mechanical coupling,
electrons can tunnel from dot to dot. The inter-dot tunnel conductance can be com-
parable to or even larger than 2¢2/h. Electrons are delocalized throughout the whole
structure by tunneling, i.e., electron number on each dot will fluctuates. Nonetheless,
the total electron number can be preserved when the double dot isweakly connected to
the contacts. The modification of electronic states due to the tunnel coupling between
the dots is analogous to the chemical bonding between real atoms.

V L V R B 1 ]
¢ Cre Cir & L i
t
CgL CgR r r I
C C /“Ld . .
L : - " Hs
Vds
i drain
—eVgs T source
|
(@) (b)

Figure 2.6: (a) The equivalent circuit of a coupled double dot according to the constant-
interaction model. (b) The level diagram for the coupled double dot in the quantum regime
where discrete levels are resolved at low temperatures (hI'V, hAI'E Al « kpT < A < E¢).

In this thesis, only coupled double quantum dot realized in the 2DEG of an Al-
GaAsAsGaAs heterostructure is discussed. Two single quantum dots are coupled by
a tunnel barrier. Connected to the drain and source contacts by two tunnel barriers,
the double dot allows to probe the tunnel current, as shown in the equivalent circuit in
Fig. 2.6 (). These tunnel barriers can be tuned by the respective gate voltages. In this
thesis, dot-contact couplings are restricted to be weak, i.e., the double dot is amost
isolated from the contacts and hence the finite width of the quantum states of the dots
can be reduced. Furthermore, the drain-source biasis set to be small so that only two
ground states (one in each dot) participate in transport, as shown in the level diagram
in Fig. 2.6 (b). The potentials of the dots and hence the quantum states of the dots can
be tuned by respective plunger gate voltages, i.e., V., (V,z) for the left (right) dot, as
shownin Fig. 2.6 (a). The detuning between these two quantum states and the popul a-
tion of single electrons in the double dot can be well controlled by these two plunger
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2.3. Coupled Double Quantum Dots

gate voltages. The double quantum dot can be tuned to be “ionic” (“covaent”), i.e.,
a single electron is localized (populated) between two dots. As well controlled two-
level systems, double quantum dots are proposed as quantum bits (qubits) for compu-
tation [LD98] and as quantum noise detectors [AKOQ]. For both applications, el ectron
dynamics and interactions with environment are of great importance.

Sincetwo dots are weakly coupled to the contacts, the dot-contact tunneling and the in-
duced change in contacts and dots can be neglected. The electron-electron interactions
is described by relevant capacitances according to the constant-interaction model. The
tunneling between the dotsisincluded additionally when the dots are strongly coupled
to each other. The Hamiltonian of the double dot with );, = —Nre and Qr = —Nge
on the left and right dot respectively can be written as [Pfa98, RCU96]

H = HL+HR+HT+H0, (231)

where, H;, and Hp stand for the Hamiltonians for the left and right dot excluding the
inter-dot electrostatic interaction (H ), respectively. H isthe Hamiltonian describing
the inter-dot tunneling. The detailed H;,, Hg, Hr, and H. are

2
fo €
H;, = Z {ELi - 6(7dLVds + ’YgLVqL + fYLRthR)}dTLidLi + Ng— (232)
€L CEL

62

Hrp = Z {GRj — e(YarVas + Yri VgL + VgR%R)}dTRdej + NIQ{C—ER (2.33)

JER

Ho = &N Np{12 4 Jen,

¢ 7 O Oy T O

Hr = Y tyddp;+Hec, (2.34)
ii'€L;j,j €R

where, €;, and eg; are quantum states in the left and right dot, respectively. Accord-
ingly, the electron number operators are Ny, = Y-, d} .dp; and Np = 3 d} .dy;. The
factors 47, and v, describe the influence of V;; on the potentials of the left and right
dot. Similarly, v,;, and v, stand for the influences from the left and right gate volt-
ages. The coefficients v, and vz, represent the influence of the right gate voltage
to the left dot and the influence of the left gate voltage to the right dot, respectively.
In the experiments, this kind of crosstalk between gate voltages usually exists. v,
and yor describes the mutual electrostatic interaction between two dots. It is clear
that vo.,/Cx, equalsto vor/Cs,. The above factors are determined by capacitances
shown in Fig. 2.6 (a), whose explicit expressions are listed on page 123 in App. C.
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2.3.1 Weak Coupling between the Dots

In the weak tunnel coupling regime, Hr is negligible comparing to the electrostatic
energy between the dots. The ground state energy can be written as

E(Nz,Nr) = Ep+Er+ Eper, (2.35)

where, £, ER, and E;, .,  represent the energies for the left dot, the right dot and the
inter-dot el ectrostatic energy, respectively. They are expressed in detail:

NL 2

Q
E;, = E €ri + ﬁ + (varVas + vorVor + 7rVyr) Qr,
=1 L

QQ
Er = Z €rj + ﬁ + (varVis + YriVyr + YorVyr)Qr:
=1

_ [Jer | Ter
Eror = [CEL—FCER]QLQR-

Following the same procedure as described in Sec. 2.2, the conditionsfor charge trans-
port under finite drain-source bias (—eVy, = g — pts) ae

pr(Np,Nr) = E(Np,Ng)— E(Ng —1,Ng) = a; (2.36)
prLr(Np, Nr) = pn(Ni, Ng) — pr(Np, Ng)
= E(Np,Ng—1)— E(Ny —1,Ng) =0, (2.37)
or
LLR(NL, NR) = E(NL, NR) - E(NL, Ng — 1) = Hs; (2-38)
prr(Np, Nr) = pr(Np, Ngr) — pr(Np, Ng)

Inthe aboveequations, i, (N, Nr) and iz (N, Nr) represent the chemical potentials
of theleft and right dot, determining the energy levelsat which the N, -th (/Vi-th) elec-
tron tunnel between the left (right) dot and the drain (source) contact. i1 r(Ny, Ng)
is the difference between /JJL(NL; NR) and ,U,R(NL, NR) MLR(NLa NR) = 0 indicates
that a single electron fluctuates between the dots: (N, Ng — 1)<>(N — 1, Ng).

Eq. [2.36] and Eqg. [2.37] follow that the charge fluctuation between the drain and
the left dot, and between the left and the right dot, respectively. This situation is
illustrated in the level diagram shown in Fig. 2.6 (b), which can be termed as drain-
related resonance. EQ. [2.38] and Eq. [2.39] represent the charge fluctuation between
the right dot and the source contact and between the dots, respectively. Accordingly,
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2.3. Coupled Double Quantum Dots

these conditions are for the source-related resonance. Both the drain- and source-
related resonances induce finite tunneling through the double dot.

In thelinear transport regime (Vs = 0, g = ps), the above two conditions are unified.
The conditions can be rewritten as following

1, €?
up = en+ (N — = +[7QL+7QR

2) Cor ]62NR — e(Vgr.Vor + YLrVgR)

Csr, Csr
= d, (2.40)
1 e YQL |, VQRY 2
— Ng— - Np —
MR €r + (Ng Q)CER + |:CEL + CER]e . — (VrReVyr + Y9rVyr)
= Us. (2.41)

The above two conditions mapped in the V,z — V1, plane yield a hexagonal charging
diagram [LCW 96, BHVKE96, FT97], as shown in Fig. 2.7. In the charging diagram,
the boundaries (dashed lines) labeled as BL and BR are determined by Eq. [2.40] and
Eq. [2.41], respectively. The dotted lines correspond to Eq. [2.37] and Eq. [2.39]. Only
both conditionsdescribed by Eq. [2.40] and Eq. [2.41] arefulfilled, i.e., at the crossing
points (pl and p2) of theline BL and BRin Fig. 2.7, transport through the double dot is
enabled. Along the boundaries tunnel current can suppressed in a sufficiently weakly
coupled double dot since the two quantum states (e, and € ) are mismatched and their
wavefunctions are localized in the respective quantum dot*.

The slopes for boundaries BL and BR are

kpr, = —7YLr/YerL
kpr = —’YgR/’YRL-

Given the crosstalk between the dotsis zero, the boundary BL and BR become parallel
with the axis of V,r and V,;, respectively. As shown in Fig. 2.7, the direction A,
determined by connecting the crossing points pl and p2, has a slope of

k= JgR — VLR (2.42)
YgL — VRL
The distance in V,;, between two successive boundaries (BL), which can be obtained
from the charging diagram (as shown in Fig. 2.7), is

ZXGL +-62/(72L

€YglL

l;addL

67@L
4Again, for the simplicity, e, and e are used instead of 17, and i g defined in Eq. [2.40, 2.41]

AV, = (2.43)
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Figure2.7: A charging diagram of a weakly tunnel-coupled double quantum dot.

Similarly, the distancein V,r between two neighboring boundaries (BR) is

AER + 62/023

6791{

Eodir

engR

Clearly, the peak spacing AV, (AV,r) depends on the charging energy and the ground
state energies of the left (right) dot.

Away from the crossing points, the number of electrons on the dots can be taken as
constant. The variations of the gate voltages shift the potentials. Two energy variables
are important in understanding the role of the two plunger gates. The average (i =
(ur. (N, Np)+ur(N, Ng))/2) of and the difference (urr = prr(Nr, Nr)) between
the chemical potentials of the left and right dot. According to Eq. 2.40 and Eq. 2.41,
the change in the average of and the difference of 1.;, and 1z can be expressed as

AVyp = (2.44)

1
op = 3 e(Vor, + Yre)OVyr + e(Vor + VLR)IVyR|, (2.45)
Sprr = —e(Vor — YrL)OVyr + e(Vgr — YLr)O VR, (2.46)
= —GOéL(“/;L + 605}25‘/9}2- (247)

Using the factors «;, and a defined in Eq. [2.47], the relative difference between
pr, and pr can be easily obtained. In the direction of A (see Eq. [2.42]), the relative
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2.3. Coupled Double Quantum Dots

difference between the chemical potentialsis constant since 6., = 0. In the level
diagram as shown in Fig. 2.6 (b), this characteristic can be illustrated in the following
way: By shifting both the gate voltages (V/,;, and V,z) near one of the crossing points
in the direction A, the levels ¢;, and ¢y are lifted or lowered by the same amount of
energy. On the other hand, there exists a direction B, along which iz = 0. Direction
B has a slope of

kg = —JoR T VLR (2.48)
VoL + VRL
Usually, direction B is not perpendicular to direction A since
2 A2
ha x hp = — 2R TLR 4y (2.49)
gL — TRL

The separation of p1 from p2isaresult of the Coulomb interaction between the charges
on the two dots. The differences in gate voltages between the neighboring p1 and p2
are

26Ct

AVPIP2 _ Tgr — VLR , 2.50
9t Yor.Ygr — YRLYLR Cs1.CsR (2:50)
VoL — Y 2eC

Yor.Ygr — YrRLVLR Csr.CsR’

which are proportional to the inter-dot capacitance C';. From p1 to p2, both chemical
potentials on the left and right dot are lifted by an amount of

262Ct
E, = . 2.52
' Oy Csr (252)

E.; istermed inter-dot charging energy.

2.3.2 Strong Coupling between the Dots

As the tunnel coupling is increased so that Hr in Eq. [2.31] is not negligibly small,
inter-dot tunneling induces charge fluctuation between the dots. The inter-dot coupling
can be described with a tunneling rate I'?, as shown in Fig. 2.6. It isrelated to a
tunneling matrix element ¢+ = AI'*. With an inter-dot tunnel coupling not too strong so
that Coulomb-blockade still prevails, i.e., t < e%/Csr, e?/Csr, only asingle electron
fluctuates between thedots: (Ny,, Ng) < (N +1, NpF1), and theinter-dot tunneling
isonly asmall perturbation to the system. The total electron number is constant N =
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2. Coulomb-Blockade Effect and Single-Electron Tunneling: Theory

N, + Ng. The ground state of the system is then a superposition of two ground states
with different charge configurations [Pfa98]:

|N>:a|NL,NR>+b|NL+1,NR—1>, (253)

where the coefficients depend on the detuning of two decoupled ground states for the
isolated dots 0 F = E(NL + 1, Np — 1) — E(NL, NR) = WLR (See beIOW) and the
tunneling strength ¢. The ground states of this coupled two-level system are

1

E = 5{E(z\fL,z\fR)+E(z\fL+1,J\fR—1)— (5E)2+4t2}, (2.54)

1
By = S{BON,Np) + BN, + 1L, Ng — 1) + VOB + 48}, (259)

namely the bonding and anti-bonding states, respectively. Which can be further written
as

1

E. = p—5V/0@E? +4, (2.56)
1

B = [i+5V(0E) +422, (2.57)

where, i = (E(Ngp, Ng) + E(Ni + 1, Ng — 1))/2 is the average of the chemical
potential on the left and right dots. The distance between the molecular statesis

E, - E_ =/(6B)2 + 422 (2.58)

The detuning between the two decoupled ground states is the chemical potential dif-
ference between the dots:

(SE = E(NL+1,NR— ].) —E(NL,NR),

= MLR,

which can be tuned by the gate voltages as shown in Eq. [2.47]. InFig. 2.8 (@) and (b),
the molecular states areillustrated in the level diagram and plotted as a function of the
detuning.

Close to the crossing points alone the line of pl and p2, the detuning is zero and the
tunnel-coupling induced level splitting (£, — E_) — |dE| reaches its maximum 2¢.
Both coefficients in Eq. [2.53] equal 0.5, indicating a single electron can be found on
the two dots with an equal probability. Being completely delocalized among the two
dots, asingle electron in the bonding state tunnels back and forth between the two dots
at aRabi frequency of Q, = 2¢/h. However, at the crossing point pl the bonding state
is below the Fermi levelsin the contacts with a distance of ¢. At the crossing point p2,
the bonding state is above the Fermi levels with a distance of ¢. At sufficiently low
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Figure 2.8: (a) A level diagram illustrates the formation of the bonding (£_) and the anti-
bonding (E) molecular states in a double dot. The dashed lines represent the two decoupled
guantum states (e, and eg). (b) The bonding and the anti-bonding molecular states as a
function of the detuning (§E). (c) The observation of molecular states near the crossing points
in a charging diagram.

temperatures, the bonding state at pl (p2) isaways occupied (empty) and no electron
tunnels through the double dot. Tunneling through the bonding state can be tuned by
gate voltages as shown in Fig. 2.8 ().

Alone the boundaries of the hexagons (dashed linesin Fig. 2.9), the detuning becomes
nonzero, but the bonding state is almost aligned with the Fermi levels in the contacts.
The nonzero detuning will “localize’ the electron in one of the dot. The localization
depends on the inter-dot tunneling strength and the magnitude of the detuning. The sin-
gleelectron istotally localized on one of the dot when the inter-dot tunneling strength
is negligibly small, which corresponds to the situation discussed in the previous sec-
tion. Given a strong inter-dot tunnel coupling, a single electron on one dot has a small
but finite probability to be found on the other dot. Hence, afinite tunneling current can
be detected closely along the boundaries of the hexagonsin the charging diagram (see
Fig. 2.8 (c) and Fig. 2.9). The charging diagrams in this regime are then different to
the weak tunnel coupling regime shownin Fig. 2.7.

When an anti-bonding state is aligned with the Fermi energies in the contacts, tunnel-
ing isenabled only when the drain-source bias or the temperature becomes comparable
to the tunnel splitting (e|Vys| ~ 2t or kgT ~ 2t). In a charging diagram, tunneling
through the bonding and anti-bonding states can be resolved, as shown in Fig. 2.8
(c) where the thicker (thinner) solid line corresponds to transport through the bonding
(anti-bonding) molecular state. In Fig. 2.9, only tunneling through the bonding states
is displayed.
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2. Coulomb-Blockade Effect and Single-Electron Tunneling: Theory

As will be shown in Sec. 4.2 and Sec. 5.2, a localized single electron on one of the
dot can be delocalized by microwave radiation when the microwave photons are in
resonance with the bonding and anti-bonding states. Rabi oscillations [SW96] and
electron transport [SW96, SN96, SWL00] through a tunnel-coupled double quantum
dot have been studied theoretically in this regime. Experimentally, Fujisawa et al
studied PAT through a double quantum dot [FT97].

Figure2.9: A charging diagram of a strongly tunnel-coupled double quantum dot. Solid lines
indicate finite tunnel current. The dashed lines are the boundaries of hexagons as shown in
Fig. 2.7.

Line Shape of the Tunnel Current Peaks

Resonant tunneling through the double quantum dot strongly depends on the relative
magnitude between the tunneling rates of the three barriers(T'?, T, and T'%). At low
temperatures, the peaks usually have a Lorentzian line shape [Pfa98], which is a re-
sult of the coherent superposition of incident tunneling electrons with the two-level
guantum system. At higher temperatures, the resonant tunneling peak is temperature
broadened since the incident electrons at the Fermi energies are thermally fluctuated.

By varying the gate voltage V,;, and fixing the gate voltage V,r, resonant tunneling
through bonding molecular states can be reached. By converting the gate voltage V.
into to 0 £/ according to Eq. [2.47], a single resonant tunneling peak as a function of
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V1. can be approximated with

OFE
’LUICBT

I45 oc cosh™( ), (2.59)
where the constant w determines the FWHM (= 1.76wkgT) of the peak. However,
thisFWHM issmaller than that of a,, — 0 F peak extracted from the charging diagram
in direction B, i.e., with a constant /2 since both 6E = u1r and fi are shifted. For a
single trace extracted across a crossing point in direction A, since 1.1, = 0 the double
dot operates like asingle dot and a single peak as afunction of éx (refer to Eq. [2.45])
can be well approximated with cosh ™2 (871/2kpT).

In Sec. 3.3 and Sec. 5.2, the peak broadening will be extracted from the charging
diagrams without and with microwave radiation, respectively. As will be shown in
Sec. 4.2, photon-induced transport under a near-zero bias, is dightly influenced by
thermal fluctuations in the contacts since both the bonding and anti-bonding states
are far from the Fermi levels in the contacts. By reducing the fluctuations due to
the contacts in this way, the dephasing of electron transport is mainly determined by
other dynamic inelastic scattering processes, e.g., by phonons, photons, and impurities
involving spin flips.
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Chapter 3

Transport Spectroscopy of
Semiconductor Quantum Dots:
Experiment

3.1 Charging Effect in An Array of Silicon Nanocrys-
tals

In this section, a device application based on single-electron tunneling is dis-
cussed [GLC97, QGL199]. The device is a memory unit: a metal-oxide-
semiconductor field-effect transistor (MOSFET), as schematically shown in Fig. 3.1
(a). For the details on fabrication see page 113 in App. A. Silicon nanocrystals em-
bedded in SIO, matrix serves as the floating gate [Sze85], in which electrons can be
stored. The storage of electrons, representing a bit of information, changes the channel
conductance and hence can be read out by measuring the current through the channel.

With apositive gate voltage applied to the polysilicon gate, an inversion layer isformed
in the interfacial region between the p-type silicon substrate and the SIO,, layer. This
inversion layer serves as an electron channel (n-channel) between the drain and source
contacts. The channel isW = 5 ym wide and L = 10 um long. Between this
channel and the nanocrystals close to the channel, the thin layer of SiO,, is about
l; =~ 2 nmthick and formsthetunnel barrier. The SO, layer, between the nanocrystals
and the polysilicon gate, is thicker (I, ~ 15 nm). No electron can tunnel through this
barrier. A simplified equivalent circuit is drawn in Fig. 3.1 (b) where only a single
nanocrystal is considered. The nanocrystals have a cylindrical shape with the long
axis (about 13 nm) perpendicular to the surface. The average diameter (along the
short axis) of the nanocrystals is about d ~ 5 nm (see Fig. A.1 (b) in App. A). The
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Figure 3.1: (a) A MOSFET-type single-electron memory. Silicon nanocrystals are used as
floating gates, storing electrons from an n-channel. Stored electrons in nanocrystals reduce
the potential of and hence the conductance of the n-channel. (b) The equivalent circuit for
a single nanocrystal. (c) The energy landscape of a single nanocrystal connected to the n-
channel by a tunnel barrier.

estimated partial capacitance between a single nanocrystal and the polysilicon gate is
C, ~ eoe,md? /41, ~ 4.6 x 1072 aF. Similarly, the partial capacitance between asingle
nanocrystal and the n-channel is C; ~ eye, md?/4l; ~ 3.5 x 10~! aF. The capacitance
C isthe surface capacitance of the n-channel which depends on the gate voltage and
it is much larger than both C'y and C;. For a single nanocrystal, the charging energy
isEc =~ €?/(C, + Cy) ~ 0.2 eV, which ismuch larger than k5T ~ 26 meV at room
temperature.

Since kT < E¢, tunneling of electrons from the n-channel to nanocrystals is regu-
lated by Coulomb-blockade. Electrons can tunnel at certain gate voltages:

Q") N (N +3)e

N)7 =

(3.1)

where, v is a constant structural parameter, C; is the effective total capacitance be-
tween the polysilicon gate and the channel, and (Q*) is the effective (fixed and mo-
bile) positive charges in the silicon oxide matrix between the polysilicon gate and the
channel. N isthe number of electrons stored in a single nanocrystal. The first term
is a background potential induced by positive charges in the oxide matrix. The sec-
ond term is due to single electrons stored in the nanocrystal. For ssimplicity, the Fermi
energy and the discrete quantum state energy are absorbed into the first term. This
approximation will introduce errors in the effective number of positive charges (see
below).
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3.1. Charging Effect in An Array of Silicon Nanocrystals

In thisreal device, the size fluctuation of the nanocrystalsislarge. The induced energy
fluctuation is larger than the temperature broadening. The discreteness of guantum
states of nanocrystalsis smoothed out. In this case, nanocrystals can be approximated
asmetallicisdandsasdiscussedin Sec. 2.1. To describe the effect of the storage of elec-
trons on the current through the channel, an average electron number (V) is adopted.
With (V) electrons stored in each nanocrystal, the threshold voltage V;, of V, for
opening the n-channel is modified®:

o (QT)Y —em(N) Cy
=V — - 2
Vin = Van Co Co C,+C; (3.2

where, V9 is a constant determined by the Fermi level in the p-type silicon sub-
strate [Sze85], m is the effective total number of nanocrystals close to the channel.
The second term indicates that positive chargesin the silicon oxide matrix decrease the
threshold voltage. The third term is the effect of electron storage which increases the
threshold voltage. Assuming a Gaussian distribution for the diameters of nanocrystals,
the average el ectron number at a certain gate voltage of 1/, is obtained self-consistently

= [N N (Cy — Cy)?
N) = exp{——L—"1dC,,
< > NX:I/CN \/% p{ 20_2 } g
Ne
O = @
Vo= 7veg
(N+1)e
CN+1 = T
v, — &

where, C, and o are the average and the variance of C,, respectively.

Under a small drain-source bias, a direct current flows through the channel which
is opened when V, > Vj;,. In the linear regime (V4 < V, — V), the current is
proportional to the gate voltage:

I = { I3, (Vo = Vin) Vy > Vi 33)

0 Vg<V,;h.

By measuring the I, — V, characteristics, single-electron charging effect is observed
in the shift of threshold voltage and hence in the variation of drain-source current. In
Fig. 3.2, the measured I, — V, characteristic is compared to the simulation based on
the above model. Two curves are measured by increasing the gate voltage from -20 V
to +35V (curve (a) in Fig. 3.2) and by continuously sweeping the gate voltage from

Here, we disregard the different work functions of p-type silicon, silicon oxide and the P *-doped
polysilicon gate, which induce afinite threshold gate voltage.
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+35V t0 -20 V (curve (b) in Fig. 3.2), respectively. In curve (a), six aimost equally
spaced reduction of drain-source current are clearly resolved when the gate voltage is
above +10 V. In curve (b) the current smoothly and linearly decreases to zero as the
n-channel is closed by a negative gate voltage.

lgs (LA)

ﬁ(a)

20 10 0 10 20 30 40
Vg (V)

Figure3.2: The I4, — V, characteristics measured at room temperature. The curve (a) rep-
resents the data obtained by sweeping the gate voltage from negative to positive. The curve
(b) is measured by sweeping back the gate voltage to -20 V immediately after the sweeping of
curve (a). The solid line (offset by 0.25 uA for clarity) is a simulation based on single-electron
tunneling taking into account the drift of positive charges in the SiO, matrix and a size distri-
bution of nanocrystals.

When the gate voltageisbelow +10V the observed variationin current ismainly dueto
the drift of positive mobile charges, leading to a voltage-dependent threshold. Above
+10V, theinfluence of mobile positive charges keeps constant since most of the mobile
charges are driven to the interface between the channel and the silicon oxide layer.
When electrons tunnel into nanocrystals one by one regulated by Coulomb-blockade,
the channel potential and electron density in the channel are reduced, inducing step-
like features in current. The simulation (solid line) shows good agreement with the
observation. In the simulation, parameters are taken as m = 8.5 x 10°, Cy = 4.2 x
1072 aF ~ C,, 0 =1.0 x 1073 aF and C; = 0.1 pF. The density of fixed and mobile
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positive charges are taken as 6 x 10'2 cm~2 and 6 x 10 cm~2, respectively, both of
which are one order of magnitude higher than the density of nanocrystals (m /(W L) ~
1.7 x 10*2 cm™2).

In comparison to curve (a), curve (b) is amost linear, indicating that no charge is
moving around in the SIO, matrix. From this, it is inferred that both the electrons
stored in nanocrystals and the mobile positive charges are fixed at least during the
measurement time (about 3 minutes). The faster decay in current in the negative gate
voltage region indicates that mobile positive charges are dragged by the electric field
toward the polysilicon gate and electrons begin to leak out of the nanocrystals toward
the substrate where they are recombined with holes.

Summarizing for this section, Coulomb-blockade of electron storage in silicon
nanocrystalsis observed at room temperature. Single electrons are stored in nanocrys-
tals by tuning the gate voltage. The storage time is longer than 3 minutes. Due to
alarge size fluctuation and about 8.5 x 10° nanocrystals are charged simultaneously,
discrete quantum states are not resolved in this device.

3.2 Transport Spectroscopy of Artificial Atoms: Single
Quantum Dots

In a quantum dot formed in the 2DEG of an AlIGaAs/GaAs heterostructure, the tunnel
barriers and the potential of the dot are well controlled by relevant gate voltages. In
Sec. 3.2.1, the formation of such a quantum dot is described. In Sec. 3.2.2, transport
spectroscopy is performed mainly by measuring the Coulomb-blockade diamonds, re-
vealing both the ground states and excited states. The lifetime of ground states is
studied by tuning one of the tunnel barriers.

The measurements are conducted at a*He/* He bath temperature of 7j, = 140 mK under
zero magnetic field. The actual electron temperatureis saturated at 7' = 170 mK.

3.2.1 Formation of A Single Quantum Dot

This quantum dot is realized from QD-sample#1 described on page 114 in App. A. As
showninFig. 3.3, thesingledot? isformed by applying proper negative gate voltagesto

20nly the measurement shown in Fig. 3.4 were obtained with a different configuration of gate volt-
ages as shown in Fig. 3.3. For the left single dot, the plunger gate is formed by gate #10 and #15.
Similarly, the gates #2 and #13 form the plunger gate for the right single dot. The gates#3 and #17 are
bounded together, biased at around —600 mV, serve as the left tunnel barrier for the left single dot. The
gates #14 and #16, biased at —670 mV, form the right tunnel barrier for the right single dot. The gates
#1 and #8 are biased around —627 mV.
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Figure3.3: The formation of the left single quantum dot. The white dashed lines schematically
show the edge of the 2DEG.

gates#1, #3, #8, #10, #15 and #17. Gate #15 serves as the plunger gate controlling the
dot potential. The left (formed by gates #3 and #17) and right (formed by gates#1 and
#3) tunnel barriers can be well tuned by gate voltage Viz;, and Vg, respectively. The
other gates are not used and hence are grounded to minimize the possible electronic
noi se.

The 2DEG is located 90 nm below the surface of an AlGaAs/GaAs heterostructure.
The electron sheet density at 4 K is about n, ~ 1.7 x 10' cm~2, and an electron
mobility of . ~ 8 x 10° cm?/Vs, yielding a mean free path of around 5 zm (for more
details see page 114 in App. A). The lithographic diameter of the dot is about 800 nm,
while the effective electronic diameter is expected to be smaller (see below).

With the left and right tunnel barriers tuned in balance, the dot’s conductance is mea-
sured while the plunger gate voltage is swept. The conductance shows more than
200 oscillations as shown in Fig. 3.4 (a). By decreasing the plunger gate voltage, not
only the dot potential is increased, but also both the left and right tunnel barriers are
more opague. As shown in Fig. 3.4 (b), peaks (I and II) at higher gate voltage have a
L orentzian shape, while at |ow gate voltages peaks have acosh”(ea(vg,—Vf)/QkBT)
shape. The Lorentzian shape indicates that the life-time broadening overcomes the
temperature broadening (hI' > kgT’). Some peaks between | and |1 have a tempera-
ture broadened Breit-Wigner peak shape since the lifetime and temperature broadening
are comparable in magnitude. This effect is revealed further in detail by tuning one of
the tunnel barriers (see Sec. 3.2.2).
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Figure 3.4: (a) More than 200 Coulomb-blockade oscillations are measured in the quantum
dot as shown in Fig. 3.3. In the inset, conductance peaks are fitted with Zfzo cosh™?(—ea(V, —
Vi) /2kpT). (b) Similarly, about 200 oscillations are found from the right quantum dot (see the
footnote on page 39). In the insets, three single conductance peaks are extracted at different
gate voltages, which is marked by I, Il and Ill. For low gate voltage (I), the conductance peak
has a cosh™*(—ea(V, — V,7)/2ksT) shape, i.e., the temperature broadening dominates. At
higher gate voltage (lll), the large dot-contact barrier's transparency gives rise a Lorentzian
shaped peak, indicating the lifetime broadening. 7' = 170 mK.

3.2.2 Level Spectroscopy

Asdiscussed in Chap. 2, Coulomb-blockade diamonds characterize the quantum dot in
both thelinear and nonlinear regimes. Within the CB regimes, i.e., inthe CB diamonds,
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no electron tunneling isenabled, whilein SET regimeselectronstunnel through ground
states and excited states.

In Fig. 3.5, CB diamonds are shown. CB regimes are marked by “CB”, and SET
regimes are denoted by “SET”. In the direction of lowering the gate voltage under zero
bias V;, = 0, each peak indicates a ground-state resonance where a single electron is
removed from (added to) the quantum dot. At a finite drain-source bias, each ground-
state resonance splits into two resonances (“gd” and “gs’) as shown in Fig. 3.5. The
solid lines “gd” and “gs’ (boundaries of the Coulomb diamonds) mark the resonance
of aground state which ismatched by the Fermi levelsin the drain and source contacts,
respectively. The dashed lines (3, v and §) represent transport through excited states.
In parallel with the boundary “gd”, these resonances are drain-related. From the slopes
of the drain- and source-related boundaries (s; = 4+9.75 and s, = —6.56) (refer to the
definitions on page 19), the coefficient of converting the gate voltage to energy scale
isobtained: o = 1/(|s1| + |s2]) = 6.1 x 10~2. From the distance (AV},) between
two adjacent conductance peaks, the addition energy is obtained E,4q = ea|AV,| ~
345 peV. In the SET regime (see Fig. 3.5), tunneling through excited statesis visible.
Excited states 3 and v are observed Aej; ~ 110 peV and Ae; ~ 250 eV above
the ground state. The excited state J is located Ae; ~ 170 peV below the ground
state. The charging energy estimated is about E- = ¢2/Cx, ~ 205 €V by taking an
averaged level spacing of 140 peV.

Assuming a 2D disk shaped quantum dot, the total capacitance of the dot is C'y ~
8¢per, which yields a dot diameter of about 1.5 yum. On the other hand, since
A =~ h?/m*r?, where m* ~ 0.067m, is the effective electron mass, the effective
dot diameter is then estimated as 2r &~ 200 nm. The different values of dot size es-
timated above have large deviations from the lithographic diameter (=~ 0.8 zm). The
irregular shape rather than sphere and the presence of nearby gold gates induce errors
in the above estimations. Since the quantum dot is formed 90 nm below the surface
and the gates have awidth about 220 nm, the upper limit for the effective dot diameter
isaround 2r ~ 600 nm. With such adimension, the dot contains about n, x 7r? ~ 480
electrons. Since more than 200 oscillations are observed,® there are about 200 — 300
electrons in the dot when the gate voltage is around —700 mV — —600 mV.

To revedl the influence on confined electronic states by contacts, CB diamonds from
the conductance are measured by closing the right tunnel barrier: Vi changes from
—607.6 mV to —627.6 mV. As shown in Fig. 3.8, four measurements in the order
(from (a) to (d)) of reducing the right tunneling rate are shown. The left tunnel barrier

3As mentioned in the footnote on page 39, the gate configuration for the measurements shown in
Fig. 3.4 is different to that shown in Fig. 3.5. The dots, however, are amost the same since the gate
voltages applied are almost identical. With two bounded gates as the plunger gate, the gate capacitance
is about two times the gate capacitance when only one gate is applied as the plunger gate. Hence, the
peak distancein Fig. 3.4 is only about half of that in Fig. 3.5.
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Vg (MV)

Figure 3.5: CB diamonds (conductance), measured from the left single dot with Vg =
—600.08 mV and Vgr = —627.6 mV, is plotted in a linear grayscale presentation (white:
g ~ 0 uS, black: g < 0.55 uS). The solid lines mark the resonances of ground states (gd: drain-
related ground state resonance, gs: source-related ground state resonance). The dashed
lines represent transport through excited states (3, v, and §, see text and Fig. 3.6 for details).
T =170 mK.
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Figure 3.6: (a) Four diamonds are extracted from the measurement shown in Fig. 3.5. The
vertical axis is converted from the gate voltage by AE = —eaAV, = —ea(V, —V,7), V7 is
the resonance position at zero drain-source bias. The resonances of 3, v and §, which are in
parallel with the dotted boundaries, are drain-related excited state resonances. (b) Possible
transitions through excited states of the dot with N or (IV + 1) electrons are listed.



3.2. Transport Spectroscopy of Artificial Atoms: Single Quantum Dots

Vs = 450 peV

Vs = -450 peV

T
250

T
0

AE (peV)

1
-500

Figure3.7. Single traces are extracted from Fig. 3.5 at (a) Vs = +450 peV, (b) Vis = 0 peV,
and (c) Vys = —450 peV. Ground state resonance shown in (b) splits into two (drain- and
source-related) resonances separated by e|V;,|. Between the ground state resonances, reso-
nances of excited states (3, v and §) are revealed.
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Figure 3.8: CB diamonds (conductance) of the left single dot with different tunneling rates
through the right tunnel barrier, which is tuned by the gate voltage Vgg: (&) —607.6 mV (black:
g < 0.7 uS, white: g ~ 0 uS), (b) —617.6 mV (black: g < 0.4 uS, white: g ~ 0 uS), (c)
—627.6 mV (black: g < 0.5 uS, white: g ~ 0 S), and (d) —630.6 mV (black: g < 0.04 xS, white:
g~ 0uS). T =170 mK.
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Figure3.9: The FWHM (open squares) and the peak height (solid circles) of a conductance
peak at V;; = 0 vary with the gate voltage Vg controlling the right tunnel barrier. T'= 170 mK.

(Ve = —600.08 mV) istuned to be small: 'Y < kpT. With the largest tunneling
rate of the right barrier (Vzr = —607.6 mV), Coulomb diamonds are still clearly
shown (see Fig. 3.8 (a)). Under strong coupling between the dot and source contact,
the source-related resonance is not well established at afinite drain-source bias, while
the drain-related resonance is stronger and sharper. It follows that the quantum state
at the Fermi energy in the source is much more broadened than that at the drain Fermi
level. At zero drain-source bias, the quantum dot state at the Fermi level possesses a
level width as a sum of the partial tunneling rates to both contacts. The FWHM of the
conductance peak at afinite temperature is [GGGK 98]

0.78h(T% + T*) + 3.52k T
eq '

FWHM = (3.4)
The FWHM is expected to decrease linearly with reducing the tunneling rate. As
shown in Fig. 3.9, the FWHM and the peak height at resonance is plotted versus the
gate voltage V3. The conductance of theright barrier isfound proportional to Vg in
the voltage range shown. In accordance with Eq. [3.4], the FWHM linearly depends
on the right tunneling rate when Vgr > —617 mV. When the tunneling rate T'* ap-
proaches zero with further decreasein Vi, 4, the FWHM reflects only the broadening

4At Vgr = —627.6 mV, I'® issmall but not zero, otherwise no tunneling through the dot is enabled,
i.e., no FWHM can be determined.
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from the drain contact and thermal broadening. As shown in Fig. 3.9, the minimum
peak height (at Vzr = —627.6 mV) is eI /4kpT (I'Y + I'*) ~ 0.11 uS, and the
minimum FWHM isea x FWHM = ea x 0.88 mV = 53.7 peV. Taken the balanced
tunnel barriers (I'? ~ T'*) at Vzr = —627.6 mV, the total lifetime broadening is es-
timated: hT' = (' + T°) ~ h x 70 MHz. Accordingly, the electron temperature
can be estimated (about 176 mK) and isin agreement with the bath temperature of the
3He/*He mixture.

While decreasing the tunneling rate I'*, the conductance increases at first, and then
decreases linearly. The increase of peak conductance with reducing the tunneling rate
isasignature of resonant tunneling. The further decrease in tunneling rate reduces the
total transmission rate.

3.3 Transport Spectroscopy of An Artificial Molecule:
A Double Quantum Dot

A tunnel coupled double quantum dot presents awell controlled two-level system (two
guantum states, one in each dot), in which the detuning between two levels and hence
the localization of an electron in the two dots can be tuned by the gate voltages applied
to each dot and by the tunnel coupling between the dots. The double dot can be tuned
into the weak and strong coupling regime. In the weak coupling regime, the inter-dot
interaction is dominated by electrostatic inter-dot charging effect. In the strong cou-
pling regime, electrons can tunnel back and forth between the dots easily. The two
coupled levels form the bonding and anti-bonding molecular states. Even with alarge
detuning between the two quantum levels, tunneling through the bonding molecular
state can be observed. In this regime, both the tunnel coupling and the electrostatic
interaction have to be taken into account. Under weak tunnel coupling of the double
dot to the contacts, the dephasing due to electron-el ectron interaction between the dots
and the contactsisminimized. It is possible to study the interaction of molecular states
with excitation from the environment, e.g., discrete phonon modes[KR94, FvdWK00].
Double quantum dots are proposed to realize quantum bits (qubits) [LD98] and detec-
tors for quantum noise [AKQO].

3.3.1 Formation of A Tunnel-Coupled Double Quantum Dot
The double quantum dot is realized from the same sample as that has been studied
in Sec. 3.2 (see more detailed descriptions on page 114 in App. A). As shown in

Fig. 3.10, the gates #3 and #17 form the tunnel barrier coupling the left dot with the
drain contact. The gates #14 and #16 control the tunnel barrier between the right dot
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Figure3.10: A double quantum dot is formed from the same sample shown in Fig. 3.3. The
gate voltage Vg = —600 mV and Vg = —670 mV control the left and right tunnel barriers,
respectively. The gate voltage V; > —605 mV is for tuning the tunnel coupling between the
dots. The gate voltage V;;, and V,x are used for tuning the potentials on the left and the right
dot, respectively. The white dashed lines schematically show the edge of 2DEG. T' = 170 mK.

and the source contact.> Accordingly, gates #1 and #8 are used to form the central
tunnel barrier which couples the left and the right dot. The gates #15 and #2 serve as
the plunger gates for the left and the right dot, varying the dot potential's, respectively.
Each plunger gate has a crosstalk to the neighboring dot, i.e., achangein theleft (right)
plunger gate voltage will induce a slight potential change in the right (left) dot. The
sampleiscooled at a bath temperature of 7, = 140 mK, while the electron temperature
isabout 7" = 170 mK. No magnetic field is applied to the sample.

With the central gate voltage fixed at —590 mV and —580 mV, two dots are weakly
and strongly coupled, respectively. Asshownin Fig. 3.11, thetunnel current plottedin
the V,r — V., plane forms the charging diagram, revealing the charge configurations
on both dots. As discussed in Sec. 2.3 (see Fig. 2.7), the charging diagram at weak
coupling consists of pairs of discrete peaks (pl and p2) in a rhombic pattern. The
distance between p1 and p2 reflects the electrostatic charging energy between the dots.
In Fig. 3.11 (a), the peaks pl and p2 are broadened and very close to each other.

5Since these two gates are bounded together with gate #13 which is used mainly to define the right
dot, a change in the tunnel barrier is always accompanied with a change in the dot shape and the dot
potential. However, the impact of the latter change on transport can be neglected.
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Figure3.11: Charging diagrams (current) of the (a) weakly coupled and (b) strongly coupled
double dot are shown in the linear grayscale presentation. In (a), black: I;; > —12 pA, white:
Iis =~ 0.5 pA). In (b), black: I;s > —18 pA, white: I;; ~ —1.5 pA). Accordingly, the central gate
voltage V; is —590 mV and —580 mV. In both cases, the drain-source bias is less than 50 uV
and 7' = 170 mK.

In contrast, the charging diagram at stronger coupling shows a different pattern with
peak pl and p2 well separated (see Fig. 3.11 (b)). The finite tunnel current along the
boundaries of hexagons are tunneling through the bonding molecular state, which is
not observed in the weak coupling regime.
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3.3.2 Characterization of the Double Quantum Dot

Measurement of charging diagrams is the most important method for characterizing
double guantum dots [BHVKE96, FT97]. To calibrate the energy scale of the con-
trol gate voltages, the factor a;, and o (defined on page 28, relating the left and the
right gate voltages to the chemical potential difference between the dots) have to be
obtained. From transport under finite drain-source bias, however, it is difficult to re-
veal these values since transport through a double dot in the nonlinear regime is much
more complicate than through a single quantum dot.® In this thesis, the energy cali-
bration is done by determining both sidepeaks from photon-assisted tunneling (PAT)
(see Sec. 5.2) and the energy-to-voltage factors for each single dot without microwave
radiation. We obtain the following factors (see Sec. 2.3.1 for the definition of these
parameters):

Yoo ~ 8x 1072
’yRL ~ 2 X 1072,
Yor & Tx 1072

Yir ~ 1x1072

The effective coefficients are a;, ~ ap ~ 6 x 102 for the left (V) and the right
(Vyr) gate voltage. The direction A and B have slopes of k4 ~ 1 and kg ~ —0.8,
respectively.

Under finite bias, the onset of tunneling through an excited state starts at Ae*
120 peV above the ground state, which is consistent with the excited states (Aej
110 peV, Ael, = 250 peV, and Ae; = 170 peV) obtained for the single dots (see
Sec. 3.2). The addition energiesfor the left (E,447,) and right (E,4qz) dot are 351 ueV
and 232 eV, respectively. Accordingly the total capacitance of the dots estimated are
Csy, ~ 693 aF and Cxr = 755 aF. From Eq. [2.50] or Eq. [2.51], the inter-dot capaci-
tanceisobtained as C; ~ 100 aF and C; ~ 181 aF from the charging diagrams shown
inFig. 3.11 (a) and (b), respectively. According to Eqg. [2.52], the corresponding inter-
dot electrostatic energies changed between pl and p2 is estimated as E,; ~ 50 ueV
and £, ~ 91 pueV for the weak and strong coupling, respectively. The central gate
voltage (V;) changes both the inter-dot tunnel coupling (¢) and the inter-dot capacitive
coupling (C}).

I &

In Fig. 3.12 (@), a charging diagram of the dot’s conductance (g) is obtained at
V; = —560 mV. The crossing points p1 and p2 are well separated. Tunneling through

81t is till feasible to get a7, and a.p from transport in the nonlinear regime. For a weakly coupled
doubledot, the crossing point p1 (p2) will split into twoin direction A under afinite bias. The magnitude
of the splitting is proportional to the bias applied. For avery strongly coupled double dot, which can be
treated as alarge single dot, the charging diagram turns out to show parallel conductancelines.
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the bonding state formed by two quantum states with a large detuning (alone the
boundaries) is strong and comparable to that through a bonding state with a zero
detuning (near the crossing points). With even higher gate voltage V;, the central
tunnel barrier diminishes and electrons' movement from dot to dot is classically al-
lowed. The double dot acts as a large single dot, and parallel conductance lines are
formed in the charging diagram. In Fig. 3.12 (c), five single traces extracted along the
dashed lines around crossing points (p1 and p2) as show in Fig. 3.12 (a) are plotted.
Between the crossing points, finite conductance is clearly resolved. The single trace
showninFig. 3.12 (d) is approximated by four cosh *(67i/2k 5T )-shaped peaks, where
Ofi = oy, Since urr = g, — pr = 0 (refer to Eq. [2.45]). These four peaksare divided
into two pairs (s; , S14) and (sS4, S ), respectively. Peak s, and s, locate on the
right and left side of point p1, respectively. Similarly, s, and s, locate on theleft and
right side of crossing point p2. The results shown here fit into the picture of molecular
states formed by two coupled quantum states (see Sec. 2.3.2). Peak s;, and s, rep-
resent tunneling through the anti-bonding statesand s;  and s, stem from transport
through bonding states. The difference in the energy of the double dot between pl
(p2) and s+ (s;+) is half of the tunneling strength, i.e., £, as shown in Fig. 3.12 (d).
Compared to the large electrostatic splitting £.; ~ 95 ueV (the corresponding inter-
dot capacitance is about 192 aF), the tunnel splitting ¢ ~ 45 peV is comparable to
the thermal broadening (3.52k5T ~ 52 peV) at T = 170 mK. Under near-zero drain-
source bias, the tunnel splitting in this double quantum dot is broadened by thermal
excitation and the induced peaks are masked between pl and p2. Transport through
the anti-bonding states is indeed excited by thermal energy, otherwise only transport
through the bonding states can be observed.

The bonding and anti-bonding molecular states formed by two quantum dots with a
zero detuning (60F = 0) are hardly visible in the charging diagrams when the tem-
perature is high. However, as will be shown in Sec. 5.2, temperature broadening is
reduced in photon-induced resonances between two molecular states with a large de-
tuning (0 E # 0) since the (anti-) bonding stateis (above) below the Fermi levelsin the
contacts. By minimizing the thermal excitation in thisway, the formation of molecular
states can thus be clearly resolved.

3.3.3 Interaction of Molecular Stateswith Acoustic Phonons

By tuning the gate voltages V,;, and V,r, the energy difference between the molec-
ular states can be controlled . With a zero detuning of the two decoupling quantum
states (0 £ = 0), strong resonant tunneling through the bonding state is enabled near
the crossing points. With a non-zero detuning, no tunneling is alowed given the tun-
nel coupling between the dots is sufficiently small, i.e., electrons are localized in each
dot. However, various excitations can induce transitions between two quantum states,
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Figure3.12: (a) The charging diagram (conductance) of the strongly coupled double quantum
dot (V; = —560 mV, black: g < 0.5 uS, white: g ~ 0 uS). (b) Schematic illustration of electro-
static splitting (E¢;) and tunnel splitting (2¢) around the crossing points p1 and p2. (c) Single
traces are extracted along dashed lines shown in (a). (d) The fit of curve #3 in (c) reveals the
formation of bonding and anti-bonding molecular states. 7' = 170 mK.

generating a finite tunnel current through the double dot. Hence, a double quantum
dot can be used as a detector of excitations from the environment. Coupled quantum
dots are proposed as quantum spectrometers [AK00, KR94]. Under excitation of mi-
crowave photons, photon-assisted tunneling is observed (see Sec. 5.2). One of the nat-
ural excitation isfrom phonons since quantum dots are fabricated in GaAs host crystal.
Acoustic phonon energies it into the energy scale in the double dot (< 350 peV).

Asshown in Fig. 3.13 (@), two neighboring resonant tunneling peaks are plotted. The
coupling between the dotsisweak (Vy, = —10 uV, V; = —600 mV, G, ~ 0.08¢*/h)
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Figure 3.13: (@) A single trace reveals the main resonant tunneling (marked by M) through
the double dot. On the right side of the peak, additional off-resonant tunneling current is
resolved. The solid lines represent pure resonant tunneling. The dark areas are off-resonant
parts. T = 170 mK, G. =~ 0.08¢?/h. (b) The position of off-resonant tunneling versus the
temperature.

so that the tunneling through the bonding state formed by two quantum states with
a large detuning is suppressed. Only isolated peaks at crossing points in a rhombic
pattern are presented in the charging diagrams. However, the off-resonance tunnel-
ing current is obvioudly visible, as shown in Fig. 3.13 (a), where the solid lines are
main resonant tunneling peaks (M) (6 F ~ 0) as described by cosh (6§ E /wkpT) with
OF = —eay, 0V, andw ~ 2.3 (refer to Eq. [2.59] on page 33). On theright side of the
resonant peaks, where § £ < 0, electrons tunnel from the drain contact to the source
contact under a small negative drain-source bias (Vs =~ —10 V). The distance from
the main peak (M) to the maximum of off-resonance tunneling peak is about 10 GHz.
By increasing the bath temperature with which the electron temperature is in equilib-
rium, the position of this maximum shifts slightly to the right side of the main peak, as
shown in Fig. 3.13 (b).

Considering the possi bl e excitation mechanisms responsible for the off-resonance cur-
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rent observed: The 2D plasma excitations, excitons and optical phonons have much
higher energy than 10 GHz, and hence can be excluded. The finite drain-source bias
(IVas| ~ 10 peV) is too small to provide the amount of energy, while the intrinsic
excited states (Ae* ~ 120 p€eV) have higher energies. The observed off-resonance
tunneling is attributed to acoustic phonon-assisted tunneling. Metallic Schottky gates
on the surface of the piezoelectric GaAs crystal reduce the sound velocity near the
gates. Thustwo phonon cavities are formed by gatesin the same area where the quan-
tum dots are located. Each phonon cavity has a diameter about 800 nm (see the gate
structuresin Fig. 3.10). Electronsin the quantum dots which are only 90 nm below the
surface are thus mainly coupled to local phonon modes in the cavities. In the absence
of microwave radiation, a phonon mode in the cavities at about f,, ~ 10 GHz is ob-
served. This phonon mode slightly depends on the temperature, as shown in Fig. 3.13
(b), indicating that the phonon frequency is mainly determined by the size of the cav-
ities athough the phonons are thermally generated. Under microwave radiation with
a constant bath temperature, the phonon mode in the cavities can be enhanced by ex-
ternal microwave field coupled to the piezoelectric GaAs crystal through the Schottky
gates (see Sec. 5.2).
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Chapter 4

Photon-Assisted Tunneling in
Semiconductor Quantum Dots:
Theory

Coulomb-blockade in quantum dots due to the charging effect can be overcome
by tuning the gate voltage or the drain-source bias. Under the excitation of time-
dependent electromagnetic fields, electrons in the contacts and in the dots can ob-
tain an amount of energy compensating the Coulomb charging energy. The cou-
pling between the electrons and the external field can be divided into two different
regimes [KMM*97, Bue00]. One of the regimes is the low frequency regime, where
the frequency of the externa field is lower than the tunneling rate, i.e, f < I, sO
that electrons sense an rather static external field during the transport time which is
mainly determined by the tunneling rates.® Thisisthe so-called adiabatic regime, i.e.,
the external time-dependent field only shifts the electronic states adiabatically. When
the field frequency is higher than the tunneling rate, f > T, electrons can feel the
oscillating of the external field during the transport time. This is the so-called non-
adiabatic regime, in which energy quanta (n x hf) from the filed can be absorbed or
emitted by electrons, generating direct tunnel current (photocurrent). In this thesis,
time-dependent transport in the non-adiabatic regime will be studied experimentally.

In quantum dots realized in AlGaAs/GaAs heterostructures, the relevant maximum en-
ergy isthe charging energy (E) which isaround 0.2 — 2 mV. The mean level spacing
(A) is about 0.05—-0.5mV. Theintrinsic level width (hI") due to tunnel coupling with
the contacts is tuned to be smaller than the mean level spacing so that discreteness
of quantum states can be resolved. Especially in this thesis, the intrinsic level width

1The net tunneling time spent by electrons to tunnel through a typical barrier is quite short (~
2 ps) [BL82].
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is even much lower than the temperature (h[' < kgT). Hence, to observe the dis-
crete quantum states, the temperature should be lower than the mean level spacing?:
3.52kpT < A. The discreteness of energy from the external electromagnetic field can
be resolved in the non-adiabatic regime when hf > 3.52kT. The involved photon
energy isin the range from 0.05 mV to 2 mV, which corresponds to a frequency of 10
— 500 GHz. Hence, the external electromagnetic field with a millimeter-wavelength,
i.e., microwave radiation, should be applied to quantum dots.

Under microwave radiation, both alternating (at high frequency) and direct tunnel cur-
rent can be induced by time-dependent electric fields [Bue0Q]. In this thesis, only
direct photocurrent will be considered, which can be measured experimentally. Pho-
tocurrent stems from inelastic electron tunneling induced by absorbing or emitting
microwave photons. This non-linear transport is known as photon-assisted tunneling
(PAT) [uJPG63, KMM*97]. Analogousto the light spectroscopy on real atoms, PAT is
thought as microwave spectroscopy of “artificial atoms’ by using microwave photons
asthe probe to reveal the internal excitation energy of quantum dots.

Theories on microwave spectroscopy of single quantum dots and coupled double quan-
tum dots are briefly discussed in Sec. 4.1 and Sec. 4.2, respectively. The corresponding
experimental results are shown in Chap. 5.

4.1 Photon-Assisted Tunneling through A Single
Quantum Dot

When microwave radiation is applied to a single quantum dot, the resulting changes
in phase coherence of electrons in the leads and dots have to be considered [WJIM 93,
JWM94]. In practice, microwave excitation occurs in both the quantum dot and the
contacts. Microwave induced ac-voltage drops across different tunnel barriers can be
different in magnitude. Effectively, microwave excitation can betaken asit occurs only
in the quantum dots and one of the contacts. Furthermore, Coulomb-blockade has to
be taken into account. Different theoretical methods have been applied to understand
PAT through single quantum dots, such as the master equation [BS94, OKK +96], and
the nonequilibrium Green’ s-function method [WJIM93, SL97].

In 1960, Tien and Gordon studied the time-dependent tunneling between two super-
conductors separated by a tunnel barrier under microwave radiation [uJPG63]. The
PAT picture developed by Tien an Gordon can be applied to explain many PAT ex-
periments on quantum dots. This is mainly based on the fact that the nature of the

2The thermal energy can be characterized by the temperature broadening of a conductance peak,
which isdiscussed in Sec. 2.2.
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Figure4.1: A simulation based on Egs. [4.2, 4.3] shows the appearance of photon sidepeaks.
The dotted line is the main resonant tunneling peak (M) in the absence of microwave radiation.
Under microwave radiation (ef//hf = 1.2), the main peak (M) is reduced in magnitude and the
photon sidepeaks (P1 (P1), P2 (P2),...)at AE/hf = £1,£2... appear on the left and right
sides of the main peak (M).

transition between a discrete quantum state in the dot and the continuous states in the
contacts can be described by Fermi’s golden rule [Wal85]. The Tien-Gordon’s PAT
picture points out that the essential effect of the time-dependent ac-voltage drop across
the tunnel barrier isto modify the static tunneling rate T'( E') according to

+oo

= > JA2)T(E + nhf), (4.2)
where J,, (z) is the n-th order Bessel function and z = ¢V /hf with V the ac-voltage
drop across the barrier. With n. = 0, the tunneling corresponds to the elastic resonant
tunneling. With positive (negative) n, electrons absorb (emit) |n| photons, inducing
photon sidebands at £+ nh f. The Bessel function contribution to the PAT current can
be understood intermsof “virtual states’. The photon-induced virtual statesat E+nh f
have the same spatial wave function as the unperturbed state at £, but have a different
tunneling rate which is scaled by J,,(x) as shownin Eq. [4.1]. Applying this pictureto
PAT through asingle quantum state of aquantum dot inthelinear regime (e|Vy,| < A),
the photocurrent (7;5) can be obtained from the static 7,,—V, characteristic:

Z J2 Ids ARLAY (4.2)

e

n=-—oo
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According to Eq. [2.24], the static 1,,,—V/, curve in the absence of microwave radiation
isgiven by

—ea(V, — V;H)}

I s — ma:L‘Vs h_2{
d g ds COS 2T

(4.3)
AsshowninFig. 4.1, asimulation of 7,,-V, based on Eq. [4.2] iscompared to the static
curve based on Eq. [4.3], showing the photon sidepeaks (Pr') located at a distance of
AE = —ea(V, — V,7) = nhf tothe main resonant tunneling peak (M).
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Figure4.2: Level diagrams illustrate PAT through a single quantum dot. (a) A single photon is
absorbed by an electron in the dot which is tunneling into the source contact, corresponding
to P1 and P2 in Fig. 4.1. (b) A single photon is absorbed by an electron in the drain contact
which is tunneling onto the dot, corresponding to P1’ and P2’ in Fig. 4.1. Both processes pump
electrons from the drain to the source under a small negative drain-source bias.

Since the presence of Coulomb blockade and discrete quantum states in quantum dots,
PAT through a quantum dot strongly depends on the charging energy and the level
spectrum. The actual fds-V;, characteristic will be more complicate than that shown
in Fig. 4.1. Usually, the charging energy is much larger than the applied microwave
photon energy. But the photon energy can be comparable to the mean level spacing.
When the photon energy absorbed is smaller than the excitation energy between the
ground state and the lowest unoccupied excited state (nhf < Ae*), only PAT through
the ground state can be observed: Photon sidepeaks are located nh f from the main
resonant tunneling peak, yielding the picture similar to that shown in Fig. 4.1. Photon-
absorption processesinduce the sidepeaks P1' and P2, which can be depictedinalevel
diagram shown in Fig. 4.2 (). However, the pure photon emission process does not
occur sincethe ground stateis unoccupied when anear-zero biasisapplied (see Fig. 4.2
(b)). Indeed, for example, the sidepeak (P1’) observed stems from the tunneling of
electronsin the drain contact by absorbing and re-emitting a single phonon?, as shown

3The electron can emit acoustic phonons as well.
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4.1. Photon-Assisted Tunneling through A Single Quantum Dot

in Fig. 4.2 (b). Only the quantum state is originally occupied, which requires afinite
bias (e|Vys| > nhf), pure photon-emission processes will happen.

Given the photon energy absorbed is larger than the first excitation energy (nhf >
Ae*), the excited state can participate in transport when it isempty and is aligned with
the Fermi energiesin the contacts, i.e., theground stateis Ae* below the Fermi energies
and is occupied with an electron, as shown in Fig. 4.3. In the absence of microwave
photons, electron tunneling is blocked due to the Coulomb blockade. However, aslong
asthe ground state is depopulated by absorbing photons, tunneling through the excited
state is enable, as shown in Fig. 4.3. This process is analogous to photo-ionization.
Eq. [4.2] can not express this process since it is valid for the situations involving only
one guantum state in transport. By applying the master equation method Oosterkamp
et al well explained their experimental results of PAT through both the ground state
and the excited state [OKK 796, OKAEAKH97]. Brune et al theoretically studied this
process as well [BBS97]. This phenomenon will be discussed further in Sec. 5.1 and
Sec. 5.3.

i C- -

nhf

[hs

drain source

Figure4.3: Tunneling through the excited state ¢* is enabled when the excited state is aligned
with the Fermi energies uq or us and the electron in the ground state e is excited to a virtual
state above the Fermi energies by photons. For this process, the photon energy absorbed
should be larger than Ae* = €* — .
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In the linear transport regime, PAT reveals the ground state and excited states. In
this sense, PAT is called as microwave spectroscopy, comparing to the transport spec-
troscopy by measuring the direct tunnel current or conductance in the absence of mi-
crowave radiation. A large drain-source bias will make the photocurrent peaks broad-
ened and it becomes difficult to resolve PAT sidepeaks.

In the above discussion, only the microwave at a single frequency is applied to quan-
tum dots. Two microwaves at different frequencies or broadband microwaves will be
applied to quantum dots (see Sec. 5.3 and Sec. 5.4). In redlity, broadband fluctuations
can be black body radiation of the environment [HTL *94], electrical noise through the
cables connecting the quantum dots with measurement setups[VOJ*95], and other ex-
citations from the host crystal, e.g., phonons [FOvdW*00]. Taking into account the
broadband fluctuations from the environment, the tunneling rate is modified according
to

~ +OO
() = [ denPenrE- ), (44
where the weight function P(hf) is the spectra density function for fluctuations in
the environment [HO94]. In this thesis, both single microwave sources (see Sec. 5.1,
Sec. 5.2, and Sec. 5.3) and broadband microwave sources (see Sec. 5.4) are applied to
perform microwave spectroscopy on quantum dots.

4.2 Photon-Assisted Tunneling through A Double
Quantum Dot

Given that microwave radiation is applied to a tunnel-coupled double quantum dot,
transitions between the two quantum states (one in each dot) can be induced by mi-
crowave photons. Transport propertiesin this situation have been theoretically studied
according to different tunnel coupling regimes. I1n the weak inter-dot tunneling regime,
Stafford and Wingreen applied the Keldysh nonequilibrium Green function technique
to reveal the coherent superpositions of quantum states under microwave radiation and
the electron transport through the double dot [SW96]. Stoof and Nazarov studied both
the weak and strong coupling regimes, however the results are restricted for double
dotswith large drain-source bias[SN96]. Sun et al considered the effects of both finite
bias and the variation of tunnel coupling by using the nonequilibrium Green function
method [SWLO0Q]. Basic consistent results obtained from these works are briefly dis-
cussed below.

In this thesis, only the double quantum dot weakly coupled to the leads will be con-
sidered, as it has been discussed in Sec. 2.3. Two quantum states ¢;, and e form
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4.2. Photon-Assisted Tunneling through A Double Quantum Dot

the bonding and anti-bonding molecular states according to Eq. [2.56] and Eq. [2.57].
Only these two sates participate in transport if the drain-source bias and the microwave
photon energy is small comparing to the mean level spacing. Photon-induced transi-
tions between the dot and the contacts are ignored and only the transitions between the
dots are considered. The transition between two quantum states can not be described
by Fermi’s golden rule and hence the Tien-Gordon’s PAT picture. Transitions are en-
abled by an electron in the bonding state absorbs microwave photons and is excited to
the anti-bonding state.

The time-independent energy difference between the molecular statesis
E, —E =\/(0FE)>+ 42, (4.5)

where, 0E = u;, — g is the detuning between two decoupled quantum states of the
two dots, ¢ is the inter-dot tunneling matrix element. In the absence of microwave
excitation, only when § E = 0 the wave functions on the two dots become completely
delocalized. When a single electron is put on one of the dot, it will tunnel back and
forth between the dots at the Rabi frequency of 2, = 2¢/h. Tunneling through the
double quantum dot is enabled when the bonding state is aligned with the Fermi levels
in the drain and source contacts. For E # 0, a single electron is mainly localized
in one of the dot, e.g., in the left dot as shown in Fig. 4.4 (a) or in the right dot as
shownin Fig. 4.4 (b). In this case, with the bonding state below the Fermi energiesin
the contacts electron transport through the double dot is not allowed. Only when the
bonding state is aligned with the Fermi energies in the contacts, finite tunneling can be
observed, which corresponds to the finite tunneling alone the hexagon’s boundariesin
the charging diagrams, as shown in Fig. 2.9 and Fig. 3.11 (b).

With microwave radiation, transitions between the molecular states with ) E # 0 can
be realized if the photon energy is in resonance with the molecular states [SW96,
SN96, SWLOQ]:

nhf =E, — E_ = +\/(0E)? + 42. (4.6)

At these n-photon resonance (schematically shownin Fig. 4.4) electron wave functions
on two dots are completely delocalized, which isaresult of the coherent superpositions
of microwave photons and the two-level quantum system. With a near-zero bias ap-
plied, photon-assisted tunneling isinduced by this coherent superposition (see Fig. 4.4
(@) and (b)), generating a positive and a negative tunnel current [SW96, SWLOQ].
Given alarge biasis applied (¢V,s > E, — E_), electrons can emit photons during
tunneling through the double dot as well.

Stafford and Wingreen revealed the physicsin a double quantum dot under microwave
radiation in the weak tunnel coupling regime (t < §F, E, — E_ = §FE). The state
of the double dot at the n-photon resonance condition (defined by Eq. [4.6]) can be
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Figure 4.4: Level diagrams indicating the photon-assisted tunneling through a double dot in
the linear transport regime. (a) a single photon is absorbed by an electron in the left dot which
is tunneling into the right dot. (b) a single photon is absorbed by an electron in the right dot
which is tunneling into the left dot. Both photon absorption processes occur in the quantum
dots but not in the contacts. Electrons are pumped either from the drain to the source or vice
versa.

described by a superposition of two quasi-eigenstates [SW96] which have an energy
splitting of 2¢.J,,(eV /hf). A single electron is completely delocalized between the
quasi-eigenstates, oscillating at a Rabi frequency of Qp = 2t.J,(eV /hf) < Q. This
behavior can be understood in terms of the hybridization of wavefunction on one dot
with the wave function of the n-th photon sideband on the other dot. For example,
when the n-th photon sideband of quantum state ¢;, of the left dot matches the quantum
state ¢ of the right dot, the inter-dot tunneling will hybridize the two states. The
effective coupling between the wavefunctions is the product of ¢ and the amplitude of
the sideband .J,,(eV /hf). However, as pointed out before, the quasi-eigenstates are
the coherent superpositions of the two-level system and the photons.

The average tunnel current induced by microwave photons has been obtained in differ-
ent theoretical ways[SW96, SN96, SWL00]. The line shape of current peaks strongly
depends on the relative magnitudes of three tunneling rates (I'”, I'*, and I'?). At low
temperatures, the peaks usually have a Lorentzian line shape [SN96]. At higher tem-
perature, under a near-zero bias, the main resonant tunneling peak (M) is temperature
broadened. Given the photon-induced transitions occur only between the dots, the
main peak measured in direction A in the V,z — V,;, plane can be approximated by
cosh™(611/2kpT). The main peak measured by varying only V,;, can be approxi-
mated by cosh™ (6 E /wkgT) (refer to page 33). The photon sidepeaks should have
smaller line width than that of the main peak, since the molecular states are located far
below (above) the Fermi energies in the leads and hence the temperature broadening
is suppressed [SN96, Kou95]. In this sense, it is easier to resolve PAT in a double dot
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Figure 4.5: (a) Schematic charging diagrams of a double quantum dot in the weak tunnel

coupling regime under microwave radiation. Peaks from the resonant tunneling through the
double dot are those black dots at the crossing points (p1 and p2). Photon induced sidepeaks
are solid lines labeled by “RL’, “LR”, “RL”, and “LR™. The level diagrams for the tunneling at
“LR", “p2”, and “RL" are illustrated in (b), (c), and (d), respectively.

rather than in a single quantum dot. However, microwave radiation normally increase
the electron temperature and hence the peak broadening.

Experimentally, PAT through a double quantum dot can be observed by measuring
the direct photocurrent. The most effective way is to map out a charging diagram
from the photocurrent through the double dot under microwave radiation. Comparing
to the charging diagram in the absence of microwave radiation (shown in Fig. 2.7
and Fig. 3.11 (@), near the resonant tunneling peaks (pl and p2), additional photon
sidepeaks will appear when microwave radiation is applied to the double quantum dot
(seeFig. 4.5).

Different to the resonant tunneling peaks (p1 and p2), photon sidepeaks have a smaller
FWHM in the direction B [SN96], but they are extended in direction A, as shown
in Fig. 4.5. As discussed before, a finite drain-source bias and temperature will in-
crease the peak broadening in direction A. At a certain high temperature, the crossing
points pl and p2 will be too close to each other to be distinguished. The photon side-
peaks“RL" (“LR") and “RL™ (“LR™ ) will overlap in the charging diagram. Transport
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through doubl e quantum dots have been studied earlier by Blick et al [BHVKE96] and
by Fujisawaet al [FT97], where PAT sidepeaks are observed in charging diagrams.

In Sec. 5.2, microwave spectroscopy is applied to a tunnel-coupled double quantum
dot which has been characterized in Sec. 3.3. PAT through coherent molecular states

are observed. Furthermore, the interaction of molecular states with acoustic phonons
are reveded.
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Chapter 5

M icrowave Spectroscopy of
Semiconductor Quantum Dots:
Experiment

Transport spectroscopy of quantum dotsin the linear regime mainly revealsthe ground
states. Under microwave irradiation, Coulomb-blockade of electron transport through
the ground state can be removed by electrons absorbing or emitting microwave pho-
tons, i.e., finite tunneling current can be observed within the CB regimes. Furthermore,
even under a near-zero drain-source bias, transport through excited states assisted by
microwave photons can be enabled. Measurements of PAT is what the microwave
spectroscopy mainly performs. Microwave spectroscopy is an extension of transport
spectroscopy in the linear regime. Most importantly, microwave spectroscopy alows
to excite electrons from the ground state to excited states, and the resulting dynamic
relaxations of el ectron within the dot or into the leads can be studied.

Under alarge drain-source bias, straightforward microwave spectroscopy by measur-
ing the direct tunnel current encounters the same difficulty as what the transport spec-
troscopy has. no clear PAT through ground states or excited states will be resolved
since the peaks are broadened. To overcome this obstacle, new techniques are applied
inthisthesis. By coupling two coherent microwave sources with aslight frequency off-
set, aflux of microwave photonsis generated, whose amplitude variesin time with the
offset frequency. The resulting alternating tunnel current at the offset frequency can be
detected using alock-in amplifier. Since two microwave sources are phase locked, the
time base for both the photon flux and the resulting tunnel current is known. This het-
erodyne scheme allowsfor detection of complex photocurrent: Both the amplitude and
relative phase can be obtained. The amplitude reflects the tunneling strength. The rel-
ative phase between the incident photon flux and the induced tunnel current indicates
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5. Microwave Spectroscopy of Semiconductor Quantum Dots. Experiment

the time involved in the transport through the quantum dot, which reveals the dynamic
relaxations of electrons. In comparison to straightforward microwave spectroscopy,
thistechnigueis called heterodyne microwave spectroscopy in thisthesis.

In Sec. 5.1, microwave spectroscopy is performed on asmall single quantum dot in the
few electron limit by measuring the direct tunnel current under continuous microwave
radiation. In Sec. 5.2, microwave spectroscopy on a double-dot molecule is presented.
In Sec. 5.3, heterodyne microwave spectroscopy is applied on a few-electron single
dot. Different to the above three sections where microwave spectroscopy is performed
with only a single microwave source or two sources with a slight frequency offset, a
broadband heterodyne microwave spectroscopy is performed on a small quantum dot
in Sec. 5.4.

5.1 Photon-Assisted Tunneling in A Single Quantum
Dot

Asshown in Fig. 5.1, by properly applying negative voltage on the gates #10, #9, #8,
#16, #18 and #13, a single quantum dot is realized from the structure (QD-sample#2)
shown on page 114 in App. A. The 2DEG is about 45 nm below the surface. At
4.2 K, the sheet electron density and electron mobility are n, ~ 2 x 10'* cm~2 and
Le ~ 8 x 10° cm?/V's, respectively. The lithographic dot diameter is about 200 nm.
The quantum dot is coupled to leads #1 and #4, which serve as the drain and source
contacts. The other gates are not used and hence are grounded to reduce electronic
noise. Keeping the voltage on the gate #13 fixed, the tunnel barriers coupling the dot
to the source and drain are controlled by the gate voltages V, on gate #10 and V5 on
gate #18. Additionally, V; is also used as the plunger gate voltage to control the dot
potential. Gate voltages V; and V5 control the dot shape.

The measurements shown below are conducted at a bath temperature of 7, = 200 mK.
The electron temperature is found in equilibrium with the bath temperature: 7' ~ T,
To improve the dot shape, a small magnetic field of 1 Tedlais applied perpendicular
to the plane of 2DEG. From transport spectroscopy, basic electronic structure of the
guantum dot is obtained (CB diamonds are not shown here). The dot exhibits an ex-
cited state at Ae* =~ 250 peV ~ 60 GHz above the ground state. The addition energy
is E.qq ~ 1.6 meV. Taking the charging energy Ec = ¢*/Cs ~ 1.35 peV, the total
dot capacitance is estimated as 120 aF. Given the dot is adisk, the dot diameter yields
260 nm. On the other hand, the dot diameter, estimated from Ae* ~ A ~ 2h%/m*r? ~
250 peV, isabout 140 nm. Both the above estimations have deviations from the litho-
graphic size. An averaged diameter of about 200 nm can be obtained, corresponding
to less than 60 electrons in the dot. The voltage-to-energy conversion factor for V,
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Figure5.1: Formation of a single quantum dot from QD-sample#2 (see page 114 in App. A
for details). The ohmic contacts #1 and #4 serve as the drain and source contact, respectively.
The gate voltages V7, V5 and Vj are fixed at —500 mV, —450 mV and —460 mV, respectively. The
tunnel barrier between the dot and the source contact is fixed by gate voltage V3 = —334 mV.
The gate voltage Vj tunes the dot potential and forms the tunnel barrier between the dot and
the drain. The dashed lines sketch the edge of 2DEG. T =200 mK, B=1T.

isa = 8 x 102, by which the gate voltage is converted into the energy distance by
AE = —ea(V, — V,7), where V, isthe position of the zero-bias resonance.

To radiate the quantum dot, a microwave signal supplied by an AGILENT8360B syn-
thesizer isfed through a coaxial line of the sample holder into the dilution refrigerator.
The coaxia line is terminated by the antenna shown in Fig. B.3 (b) (see details on
page 118 in App. B). In this setup, the quantum dot is located nearly in the center
of the antenna. Under microwave radiation the el ectron temperature is increased from
200 mK to 270 mK (corresponding to a FWHM about 3.52k 5T =~ 80 neV). Frequen-
cies are carefully tuned from 20 GHz to 50 GHz so that heating and a rectified current
are minimized. The simple antenna proved to be a good microwave source.

InFig. 5.2 (a) and (b), the direct tunnel current is plotted versus the gate voltage under
radiation of 35.8 GHz and 40.2 GHz, respectively. The applied drain-source bias is
+30 peV, which is much smaller than Ae*, kT and E-. Under such a small pos-
itive bias, electrons tunnel from the source to the drain. Beside the main resonant
tunneling peak (M), additional sidepeaks (P1, P1’, and P2) are clearly observed. On
the right side of the main peak, the ground state is below both the Fermi energies of
the drain and source contacts. On the left side of the main peak, however, the ground
state is located above the Fermi levels. The sidepeaks P1(P1’) and P2 correspond to
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Figure5.2: Direct tunnel current through the dot under microwave radiation of 35.8 GHz (a)
and 40.2 GHz (b). The peaks labeled as M, P1(P1’) and P2 are the main peak, one-photon
sidepeak and two-photon sidepeak, respectively. The peaks marked by PX stem from resonant
tunneling through an excited state, which is enabled by two-photon-assisted tunneling through
the ground state. (c) and (d) correspond to the level diagrams for the sidepeak PX shown in
(a) and (b), respectively. T'=270 mK, B =1T, Vg, = +30 uV.

the photon-assisted tunneling by absorbing one photon and two photons, respectively.
More specifically, P1 (P2) results from electrons absorbing microwave photons in the
dot and tunneling to the drain contact. Differently, P1’ correspondsto electronsin the
source contact absorbing one photon and tunneling onto the dot. Similar level dia
grams are shown in Fig. 4.2 (a) and (b) where a small negative drain-source bias is
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applied.

The sidepeaks (PX) shown in Fig. 5.2 stem from a more complicate process. The
distance between the main peak and the sidepeak (PX) is constant (~ 250 ueV) for
both f = 35.8 GHz and f = 40.2 GHz. This energy scale is in accordance with
the energy of the excited state (Ae* =~ 250 ueV ~ 60 GHz). At the sidepeak (PX),
the excited state is aligned with the Fermi levels, while the ground state is below the
Fermi level, as illustrated by the level diagramsin Fig. 5.2 (c) and (d). Electronsin
the ground state are excited to an intermediate virtual state by absorbing two photons
and then leaking out of the dot. For both frequencies applied, the two-photon ener-
gies exceed the energy required for exciting an electron from the ground state to the
excited state: For f = 35.8 GHz, 2f = 71.6 GHz is dightly higher than 60 GHz,
while for f = 40.2 GHz, 2f = 80.4 GHz is about 20 GHz higher than 60 GHz. In
both cases, the residual energy is comparable to the thermal broadening. Thisresidual
energy can be transfered in two ways: The electronsrelax into the contacts by emitting
phonons. On the other hand, the electrons can relax into the real excited state and then
tunnel out into the contacts or simply relax into the ground state. In the former case, as
long as the ground state is depopul ated, tunneling through the excited state is enabled,
which is otherwise blocked by Coulomb-blockade. Electron transport in this case con-
sists of two parts: Inelastic two-photon absorption by an electron in the ground state
and elastic resonant tunneling through the excited state. This phenomenon, in anal-
ogy to photo-ionization of real atoms by light, was observed earlier by Oosterkamp et
al. [OKAEAKH97]. Electron transport through the dot is partly incoherent since rel ax-
ation processes are involved. Both relaxation processes discussed above are possible
and can compete with each other. Partly due to this competition process, the relative
amplitude between PX and P1 varies at different microwave frequencies, as shown in
Fig. 5.2 (a) and (b).

In another small quantum dot in the few-electron limit (see Sec. 5.3), sidepeaks (PX)
are observed and are much stronger than the one-photon sidepeaks (P1), indicating a
much stronger coupling between the excited state and the contacts. Charge relaxations
in this structure will be studied in detail using a new techniquein Sec. 5.3.

To verify the non-adiabatic transport induced by photons, both the microwave-power-
dependence and the frequency-dependence of the peak height and peak position are
examined. Asan exampleat f = 35.8 GHz, the power-dependence of the sidepeaks
areshownin Fig. 5.3. InFig. 5.3 (a), the peak distancesfrom P1, P1’, and PX to M are
independent from the microwave power applied. The power dependence of the peak
heights of M, P1 and PX at 35.8 GHz are shown in Fig. 5.3 (b).

For the main peak, it is fitted with A¢.J2(z). Accordingly, A,.J2(z) and A,J3 (z) +
AL J2(x)J3(x) are used to fit sidepeaks P1 and PX, respectively. The argument is
x = eV /hf and V,,,, stands for the amplitude of the oscillating field induced by
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Figure5.3: Under the microwave radiation at 35.8 GHz, (a) single traces revealing sidepeaks
P1, P1’ and PX are plotted at different microwave powers applied. From bottom to top, the
microwave power increases from —15 dBm to —10 dBm in steps of 1 dBm. (b) The power
dependence of the peak heights of sidepeaks M, P1, and PX. T =270 mK, B = 1 T, Vg5 =
+30 pV.

microwave radiation.! The prefactors A; (A%), i = 0, 1,2, are different for different
indices: Ay ~ 3.7, A1 /Ay =~ 5.4, Ay/Ay ~ 6.8, and A, /A, ~ 8.1. The increase of
the prefactor for higher index, indicates that a larger tunneling rate is involved for a
photon sideband at higher energy. Such a power dependence is also found in another
guantum dot presented in Sec. 5.3.

In Fig. 5.4, the distance between sidepeaks at different frequencies is plotted. The
distance between M and P1(PY1’) fitsinto one photon energy:

AE = —eaAV, = hf. (5.1

Accordingly, the distance of sidepeak P2 is about the energy of two photons. The
distance between M and PX is fixed around the energy of the excited state (Ae* =
250 peV). Clear sidepeaks PX are observed only at two frequencies. For frequencies
lower than 30 GHz, two photons are not sufficient to induce transport through the
excited state. For frequencies above 60 GHz, it isexpected that it is sufficient to see the
sidepeak PX with only one-photon excitation. Since the maximum frequency can be

W inarbitrary units is obtained from the microwave power (P,,.,) in units of dBm according to
Vinaw o< 10Pmw/2,
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Figure5.4: The peak distance between the main peak (M) and the sidepeaks (P1, P1’', PX
and P2) is evaluated at different microwave frequencies applied. The FWHM (=~ 3.52kgT) is
the full-width-at-half-maximum of the resonant tunneling peak (M). This energy scale marks
the lower limit for the applied microwave frequency (~ 20 GHz) below which PAT can not be
resolved. T =270 mK, B =1T, Vg, = +30 uV.

reached with an AGILENT8360B synthesizer is 50 GHz, transport above f = 50 GHz
is not studied for this quantum dot. As discussed above, other possible microwave-
induced transport, e.g., adiabatic pumping and rectification, can be ruled out.

5.2 Microwave Spectroscopy of A Double Quantum
Dot

In this section, microwave radiation is applied to a double quantum dot which has
been characterized by transport spectroscopy in Sec. 3.3. The double dot is weakly
coupled to the drain and source contacts and hence the dephasing due to the contactsis
minimized. Microwave photons become resonant with the bonding and anti-bonding
molecular states when nhf = E, — E_. According to Eqg. [2.58], under a fixed
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microwave frequency this resonance can be reached by varying the detuning between
two decoupled quantum states (e;, and e) of theleft and right dot: 0F = iy, — g
V1, (see Eq. [2.47]).

The experiments are conducted in a *He/*He dilution refrigerator with a bath temper-
ature of T, = 140 mK, while the electron temperature saturates at 7 = 170 mK. No
external magnetic field isapplied. The microwaveradiation issupplied by amicrowave
synthesizer (HP83711A) and fed through the coaxial cable of the sample holder to a
Hertzian wire-loop antenna (shown in Fig. B.3 (a) on page 119), which isabout 1 cm
above the double quantum dot. Microwave frequencies in the range from 1 GHz to
20 GHz are chosen in away so that the microwave-induced heating and rectification
current are minimized.

Asdiscussedin Sec. 3.3, acoustic phononsin the phonon cavities induce off-resonance
tunneling, i.e., acoustic phonon-assisted tunneling. The phonon cavities is formed
by Schottky gates which introduce boundaries for acoustic phonons since the sound
velocity in piezoelectrical GaAs crystal below the gatesis reduced. The phonon mode
observed without microwave radiation in Sec. 3.3 is thermally activated. However,
the phonon frequency (f,, ~ 10 GHz) is mainly determined by the cavity size and
boundary conditions of the cavity. The Schottky gates not only confine electrons in
the quantum dots but also confine acoustic phonons in the phonon cavities. Under
microwave radiation, oscillating microwave field can be coupled to these Schottky
gatesand excite nonequilibrium phonons, i.e., the Schottky gatesform apiezoelectrical
resonator. One of the possible mechanisms for generating phonons by microwave
radiation is as follows.: The gates serve asinterdigitated transducers (IDTs), which are
commonly used to launch surface acoustic waves [WSW*89]. Assuming a 2D sound
velocity of v, ~ 2800 m/sand the corresponding phonon wavelength A ; 7 ~ 800 nm
(about two times the gate period [WSW*89], see Fig. 3.10), the phonon frequency at
resonance is about f = wvep/Apr &~ 3.5 GHz. Due to the limited number of gates
in comparison to conventional IDTs this* Schottky-gate” transducer possesses a large
bandwidth. Hence, exciting this transducer at resonance will also generate phonons
at f,, ~ 10 GHz in the cavity. However, this mechanism requires that the parity
of electrical field on the gates are modulated by the gates themselves. Given that
the electrical field is uniformly distributed among the gates, the surface potential of
the GaAs crystal is oscillating driven by microwave radiation. It is still possible to
generate nonequilibrium phonons. As long as microwave field is effectively coupled
to GaAs host crystal by Schottky gates, the confined phonon mode in the cavity is
enhanced. Aswill be shown below, strong photon-sidepeaks shifted by f,, = 10 GHz
are observed in the microwave frequency range from 1 to 6 GHz.

Most importantly, the phonons generated by microwave field are naturally coherent
with the microwave photons. With the excitation of both acoustic phonons and mi-
crowave photons, coherent transition between the bonding and anti-bonding molecul ar
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states will be studied below.

The tunnel coupling between the dots is characterized by the tunnel conductance (G )
of the central tunneling barrier which can be measured directly. Strictly speaking, the
exact tunnel conductance of the central barrier is difficult to obtain since it is always
influenced by the bias on neighboring gates. A simple approach to get a crude value
for GG, isto measure the influences from the other gates separately and then take a sum
of them. Also, the tunnel coupling can be characterized by the tunneling strength t,
which is proportional to the conductance G ...
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Figure 5.5: Under microwave radiation of f = 20 GHz, the charging diagrams (current) are
measured with small (a) negative (Vz; = —30 peV, black: I;; < 1.3 pA, white: I;; > —0.6 pA)
and (b) positive (Vs = +30 peV, black: I;s > —1.9 pA, white: I;; < —0.5 pA) drain-source
bias. The one-photon sidepeak (P1) and two-photon sidepeak (P2) are located beside the
main peak (M). G, ~ 0.08¢*/h, T = 170 mK.

PAT under aweak inter-dot coupling

As astarting point, PAT through the double dot with a weak inter-dot tunnel coupling
(G, = 0.08¢?/h) is studied. Under such aweak tunnel coupling, the hybridization of
two quantum statesisweak: F, — E_ = §F, and the wavefunctions of two states
are localized in the respective dots. As shown in Fig. 5.5 (a) and (b), two charging
diagrams are obtained under microwaveradiation at 20 GHz. In the charging diagrams,
the main resonant tunneling peak at 6 £ = 0 is marked as M, the one-(0E = hf) and
two-photon (0 E = 2h f) absorption sidepeaks are labeled as P1 and P2, respectively.
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Figure 5.6: Single traces (a) and (b) are extracted from the charging diagrams, at constant
Vyr marked by the dashed lines as shown in Fig. 5.5 (a) and (b), respectively. The solid curve
is a fit with three cosh *((0E — nhf)/wkpT)-shaped peaks with w ~ 2.3 (as shown by the
dashed curves), where n = 0, 1,2 corresponds to M, P1 and P2, respectively.

The charging diagrams (@) and (b) are measured under the same circumstances except
that the respective drain-source bias? are V;, = —30 peV and V,, = +30 peV. When
the opposite bias is applied, photon sidepeaks are located on the opposite side of the
main peak, as shown in the diagrams. Under a negative bias, electrons tunnel from
the drain to source contact, i.e., the left quantum state is lower than the Fermi level in
the drain reservoir and the right quantum state is located above the Fermi level in the
source contact, as shownin Fig. 4.4 (). Viceversa, under apositive bias the left (right)
guantum state is located above (below) the Fermi level in the drain (source) reservoir.

To clarify the photon-induced transitions between the dots, single traces are extracted
from the diagrams (see Fig. 5.6). The single traces are approximated by three peaks,
i.e, 2 cosh ?[(6E — nhf)/wkpT)] withw =~ 2.3. Peskswithn = 0, n = 1, and
n = 2 are the main peak, the side peak P1 and P2, respectively. A similar charging
diagram is obtained under microwave radiation of 15 GHz, as shown in Fig. 5.7. The
fit shows a good agreement with the experimental data.

Since the FWHM of the main peak corresponds to a detuning of around 14 GHz, for
microwave radiation below f = 10 GHz one-photon induced sidepeaks will not be
well resolved. However, very strong sidepeaks with much larger peak distances than

2With such a small but finite bias applied, no strong opposite pumping current is observed in this
double quantum dot.
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Figure5.7: (a) The charging diagram (black: I;s < 2.8 pA, white: I;; > —1.8 pA) obtained
under the microwave radiation of f = 15 GHz. (b) A single trace extracted from (a) at the
position marked by a dashed line shows the details of the main peak (M), one-photon (P1)
and two-photon (P2) sidepeaks. The solid curve is a fit with three cosh™((0E — hhf)/wkpT)
peaks with w =~ 2.3 (as shown by the dashed curves), where n = 0, 1,2 corresponds to M, P1
and P2, respectively. G, ~ 0.08¢2/h, Vs ~ +10 peV, T = 170 mK.

the one-photon energy are indeed observed with microwave radiation below 10 GHz.
In Fig. 5.8, charging diagrams are obtained under (a) 5.9 GHz, (b) 4.5 GHz and (c)
3 GHz, and (d) 1.9 GHz. The power dependence of peak distances shows that the
observed sidepeaks result from non-adiabatic absorption of photons rather than other
adiabatic effects or rectification of microwave field. By extracting single traces from
the diagrams, details are revealed: As shown in the right panels of Fig. 5.8, clear
sidepeaks labeled as S2 are observed for all frequencies. The “hidden” sidepeaks S1
can be revealed by approximating the data with cosh (0 E /wkzT')-shaped peaks for
al frequencies as shownin Fig. 5.8.

InFig. 5.9, theenergy difference (6 E') between the two decoupled quantum states at the
sidepeaks is plotted versus the microwave frequency applied. Three different regions
are classified: The regions above 10 GHz, between 8 GHz and 10 GHz, and below
8 GHz. Above 10 GHz, where two sidepeaks corresponding to the one-photon (P1)
and two-photon (P2) absorption processes are observed, the detuning is approximated
by the relevant photon energy:

SETY = hf, (5.2)
SET? = 2 x hf, (5.3)

for the sidepeak P1 and P2, respectively. This dependence is well understood within
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Figure5.8: Charging diagrams (current) obtained under microwave radiation of 5.9 GHz (a,
black: —3 pA, white: —0.05 pA), 4.5 GHz (b, black: —2.8 pA, white: +0.3 pA), 3 GHz (c, black:
+1.6 pA, white: —0.7 pA) and 1.9 GHz (d, black: +2.7 pA, white: +0.02 pA). Single traces
are extracted from respective charging diagrams at a constant V,r marked by dashed lines in
the charging diagrams. The solid curves are a sum of three cosh ?(§E/wkpT')-shaped peaks
with w ~ 2.3, as shown by the dashed curves corresponding to M, S1 and S2. The relative
position of sidepeaks to the main peak is determined by the parity of the applied drain-source
bias (|Vis| ~ 10 uV): For a positive (negative) bias, the sidepeaks are on the right (left) side of
M. G, ~ 0.08¢%/h, T = 170 mK.
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Figure 5.9: The detuning of two quantum states at sidepeaks P1, P2, S1 and S2 versus
microwave frequency in the weak tunnel coupling regime (G. ~ 0.08 ¢?/h) at a temperature
of T'= 170 mK. f > 10 GHz: Solid squares and open circles are for sidepeaks P1 and P2,
respectively. f < 8 GHz: Solid triangles and solid circles stand for sidepeaks S1 and S2,
respectively. In the hatched region (8 GHz — 10 GHz), the open diamonds correspond to
sidepeaks S2.

the picture of PAT through two decoupled quantum states. Below 8 GHz, the detuning
at the sidepeaks S1 and S2 follows,

5ESI
5E52

hf + hfo,
= 2% (hf + hfo),

respectively, with a constant offset f, ~ 10 GHz. The slopes of the above relations
correspond to absorption of one and two photons. The offset, however, indicates that
transport through the dots involves not only pure photon absorption processes but also
another absorption process of A f, or 2h f,. Both electronic excitations from the drain

(5.4)
(5.5)

79



5. Microwave Spectroscopy of Semiconductor Quantum Dots. Experiment

and source leads (eV;, ~ —10 peV < 3 GHz) and the intrinsic excitations in the dots
(Ae* ~ 120 peV ~ 30 GHz) can be excluded from inducing this offset energy. The
offset energy quanta in Egs. [5.4,5.5] is attributed to be acoustic phonons at f,;, =~
fo = 10 GHz as has been discussed earlier in this section and has been observed in
Sec. 3.3. Generated by microwave radiation and are confined in phonon cavities, the
phonons are coherent with microwave photons.

PAT under strong inter-dot couplings

Under excitation of both microwave photons and acoustic phonons, it is of great in-
terest to verify the formation and persistence of coherent molecular states, since a
long lifetime for coherent states is essentially important for quantum computation in
guantum dots [LD98, Lan96]. For this purpose, charging diagrams under microwave
radiation are measured at different tunnel coupling strengths. From these charging di-
agrams, the coupling dependence of the detuning of two quantum states at the photon
sidepeaks is obtained. As shown in Fig. 5.10 (a), we find that at f = 20 GHz and
f = 15 GHz the detuning at sidepeak P; follows the well-known relation (refer to
Eq. [4.6])

SET = \/(hf)? — 4t2. (5.6)

Eq. [5.6] is a signature of a coherently coupled two-level system as studied be-
fore [OFvdW 198, SW96, SN96], indicating that the superpositions of the molecular
states are realized in the double dot.

Commonly, one expects no coherent superposition of the molecular states below f =
8 GHz since the thermal fluctuation is comparabl e to the photon energy. Nevertheless,
the coupling dependence obtained at f = 3 GHz turns out to be quite different: Due
to the participation of both photons and phonons the detuning at resonance is larger
than without phonons, i.e., the influence of thermal fluctuation can be suppressed.
Furthermore, the detuning at resonance decreases as the coupling of the two dots is
enhanced (see Fig. 5.10 (a)), behaving like Eq. 5.6.

Considering the dynamics of electron transport at 3 GHz, the processes of phonon and
photon absorption between the dots could be coherent as well as sequential. The first
sequential processto be considered is the following: Phonon absorption occurs within
the single dots exciting an electron into an intermediate state, while photon absorption
couplesthe two dots, i.e.,

SE% = \/(2hf)? — 442 + 2h fop, (5.7)
depicted by the dashed curve in Fig. 5.10 (), which is obviously not observed.® The

3Here we only show the coupling dependence of the detuning at sidepeak S, since it has smaller
error than that at sidepeak S;.
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Figure5.10: (a) The coupling dependence of the detuning at sidepeaks P1 and S2 at 20 GHz,
15 GHz, and 3 GHz. For 20 GHz and 15 GHz, the solid lines corresponds to Eq. [5.6]. For
3 GHz, the dashed line is from Eq. [5.7], the dashed/dotted line is fitted with Eq. [5.8], and the
solid line is based on Eg. [5.9]. (b) At 8 GHz, the dashed curve is calculated from Eq. [5.9].
T =170 mK.

other sequential process is given by the absorption of photonsin the dots but the dots
are coupled by phonon absorption. The corresponding coupling dependence follows

SE% = \/(2hfon)? — 42 + 2hf, (5.8)

depicted by the dashed/dotted trace in Fig. 5.10 (a), which isin reasonable agreement
with the experimental data. On the other hand, assuming coherent photon and phonon
generation by the microwave source, an electron tunneling coherently between the dots
can absorb both photons and phonons. The coupling dependence is then written as

SES: = \/ [2h f+2h fphr 4, (5.9)

illustrated by the solid curve for f = 3 GHz in Fig. 5.10 (). Within the error bars
also this process can be assumed. The coherent absorption of both two-phonons and
two-photons by an electron can be viewed as a two-quanta absorption process, while
the sequential absorption is a four-quanta process, which has an even smaller prob-
ability. The observed strong sidepeaks S; and S, at 3 GHz, 4.5 GHz, and 5.9 GHz
imply coherent absorption of both microwave photons and acoustic phonons. In other
words, the coherent superposition of two molecular states are not demolished by ab-
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Figure5.11: Charging diagrams (black: I;s < 1.5 pA, white: I;; > —0.7 pA) obtained under
microwave of f = 8 GHz. The solid curves is a fit by three cosh = (6 E/2k5T)-shaped peaks, as
shown by the dashed curves corresponding to M, S1, and S2. Vg, ~ —10 uV, G. ~ 0.08¢2/h,
T =170 mK.

sorbing acoustic phonons, which isin agreement with the recent theoretical prediction
by Smirnov et al. [SHMOQ].

The hatched area in Fig. 5.9, marks a transition region between 8 GHz and 10 GHz.
Anincrease of the couplingat f = 8 GHz requiresalarger detuning for resonance (see
Fig. 5.10 (b)). Probably due to the complexity of the phonon generation in the cavities
by the external microwave, no simple superposition of photon and phonon exists in
thisregion.

Recently, Fujisawa et al. found that at low temperatures vacuum fluctuations induce
pronounced transitions between energetically well-separated quantum states, gener-
ating discrete phonon modes in a tunnel-coupled double quantum dot under a large
bias[FOvdW*00, FvdWK00]. The emitted phonons belong to confined phonon modes
in phonon cavities aswell. The limitation of an applied large bias, however, isthat no
coherent molecular states can be probed by pure transport spectroscopy.

In summary for this section, we connect two quantum dots of medium size and probe
the coherent superpositions of two molecular states under near-zero bias by using
microwave spectroscopy. The applied microwave radiation introduces coherent mi-
crowave photons and acoustic phonons. Apart from conventional photon-assisted tun-
neling (PAT) observed above f = 10 GHz, we find a coherent superposition of photon-
and phonon-assisted tunneling below f = 8 GHz. These induced tunneling processes
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stem from the superposition of molecular states by both microwave photon and acous-
tic phonon excitation.

5.3 Heterodyne Detection of Photon-Assisted Tunnel-
ingin A Single Quantum Dot

Asshownin Sec. 5.1, clear PAT through ground states and excited states can be found
in microwave spectroscopy in the linear regime. Microwave spectroscopy is a com-
plementary tool for transport spectroscopy. However, when the quantum dot is probed
in nonlinear transport, photon-induced features in direct tunnel current or conductance
are masked by broadened resonances. In this section, heterodyne detection of PAT is
applied to study the dynamics of electron transport through single quantum dots. It
further allows to resolve photon-induced features in both the nonlinear regime.

As the term “heterodyne” suggests, two microwave sources are tuned to have a fre-
guency offset (intermediate frequency). The setup is schematically shownin Fig. 5.12
(a): Two microwave synthesizers (HP83711A) are phase locked and tuned at f; and
fo = fi+df withdf < fi, fo, respectively. The microwaves are added with a
power combiner. Then the output from the combiner is fed to a frequency multiplier.
The frequency multiplier generates microwaveswith frequencies 2 f1, f1 + f» and 2 f5,
which can be passed through the band-pass filter. Since these frequency components
have a rigid phase relation, their superposition leads to a modulated microwave sig-
nal with the modulation frequency at § f. The microwave signal isfinaly fed through
the coaxial line of the sample holder and irradiated onto the sample using a Hertzian
wire-loop antenna (see Fig. B.3 (a) on page 119) located at a distance about 1 cm from
the sample. The coupling of microwavesis proved to be best at the chosen frequency
f = 2f;, whileat other available frequencies a considerable heating is observed.

We have thus produced a flux of photons with a one-photon energy hf = 2h f; whose
intensity varies periodically in time with the frequency of § f, as shown in Fig. 5.12
(b). Thealternating tunnel current (photocurrent) induced by these photonsisrecorded
using alock-in amplifier. Thus, the detected signal is solely due to the irradiation and
contains no dc contribution. It is therefore possible to observe PAT even in the non-
linear regime. Furthermore, since the microwave sources are phase locked, i.e., coher-
ent, the microwave radiation at f and the flux signal at only ¢ f are strictly synchro-
nized with a stable time base. For a norma amplitude-modulated microwave source,
e.g., by a PIN-diode, no such synchronization can be obtained. As a result, another

41t is not necessary for this technique to have the frequency multiplied. Since no clear PAT is
observed below f = 20 GHz and the microwave synthesizer (HP83711A) has a maximum frequency
output at 20 GHz, we double the microwave frequency.

83



5. Microwave Spectroscopy of Semiconductor Quantum Dots. Experiment

(a) MW sources 2fy, f1+fp, 2f;

splitter antenna
f4 =
combiner X2
of mixer @

const.

§ =
& W\ = .5
E multiplier filter

fa

L— ref. input of lock-in amp.
(b) £,=18.08 GHz
~476 ps
‘
@-@=const. —

—>|< ~28 ps

f1=18.08 GHz + 2.1 KHz

Figure5.12: (a) A schematic setup for generating a microwave flux from two phase-locked
microwave sources. (b) The wave forms illustrate the formation of microwave flux.

advantage of this heterodyne technique isthat it allowsto determine the relative phase
between the photocurrent signal and the incident photon flux [QBK T01]. The relative
phase is a measure of the time spent by electrons to tunnel through the dot, which pro-
vides information on the dynamics of electron transport. The full measurement setup
is described in Fig. B.5 (@) on page 122. In the experiment shown below, two lock-
in amplifiers are used to detect the in-phase (v,) and out-of-phase (v./2) components
of the photocurrent, from which the amplitude (A) and the relative phase (®) of the

photocurrent are deduced: A = /5 + 72 /o @ = arctan (Yx/2/70) for oo > 0 and
® = 7 + arctan (vx/2/7) for v < 0, respectively.

The single quantum dot under study is realized from QD-sample#3 described on page
115in App. A.®> Asshownin Fig. 5.13, patterned split gates are adopted to selectively
deplete the 2DEG below the gates. A small island of 2DEG is formed and connected
to the left (drain) and right (source) large areas of 2DEG only viatunnel barriers. With
the gate #2 biased at —41 mV, the dot is mainly defined by gate #1. The gate #1 is
used as the plunger gate to tune the dot’s potential as well. From the geometry, the
dot diameter is estimated to be about 140 nm. At a low temperature of 4.2 K, the

Swith different gate voltages confining the quantum dot, Kondo resonances were observed in this
sample by Simmel et al [SBK199].
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bVo= - 41 mv

Figure5.13: Gates labeled as #1 are connected together to serve as the plunger gate. Gate
#2 is biased at —41 mV. The other gates are grounded. The dashed lines schematically show
the edge of 2DEG, forming a small quantum dot with a diameter of about 140 nm. 7" = 140 mK,
B=1T.

heterostructure used has a sheet electron density of n, ~ 1.6 x 10'' cm=2 and an
electron mobility of ;. ~ 8 x 10° cm?/V s. In order to improve the dot shape, a
magnetic field of 1 T is applied perpendicular to the plane of 2DEG. The sample is
located in adilution refrigerator with a bath temperature of 140 mK. The dot radiusis
thus estimated to be » = 70 nm, i.e., the quantum dot contains only about 20 electrons.

The electronic structure of the dot isfirst characterized by transport spectroscopy, i.e.,
by measuring the Coulomb-blockade oscillations in conductance and forming CB di-
amonds in the absence of microwave radiation. As shown in Fig. 5.14, the quantum
dot conductance in the vicinity of a resonance is plotted as a function of the drain-
source bias 1, and plunger gate voltage V. For convenience, the plunger gate voltage
isrescaled into AE = —eaAV,, which is the energetic distance to the ground state
resonance at V;; = 0. The factor o« can be obtained from the boundary slopes of the
CB diamond (refer to Eq. [2.20].). The transformation of V, to AE allows for a di-
rect extraction of excitation energies from the conductance plot as shownin Fig. 5.14.
At zero bias, a positive (negative) A E' means that the ground state is located above
(below) the Fermi levelsin the drain and source contacts.

From the zero-bias distance between two adjacent conductance peaks the total capac-
itance of the quantum dot is estimated to be C's, = 85 aF, which corresponds to a
charging energy of Ec ~ 1.9 meV > kgT. Asshown in Fig. 5.14, the ground-
state resonance splits by e|Vy,| at a finite bias (marked by “gd” and “gs’, standing
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Figure5.14: The dot’s conductance in the vicinity of a single resonance: The drain-source bias
is varied from Vs = —1.6 mV (bottom) to Vs = +1.6 mV (top) in 120 steps. The horizontal
axis is the distance AE = —ea AV, from the zero-bias ground state resonance (see text). The
single resonance at V;; = 0 splits into two resonances (“gd” and "gs”) separated by e|Vg;|.
Additional resonances (“xs” and “xd”) stem from excited states of the quantum dot A, and
A _ above the ground state, respectively. The symbols are defined in the text. 7' = 140 mK,
B=1T.

for the drain- and source-related resonance of the ground state, respectively.). For
Vas > 0, an excited state located A, = 390 eV above the ground state is found.
For V,; < 0, an excited-state resonance is found at a distance A~ = 280 p€eV above
the ground state. These excitation energies are comparable to the mean level spacing
A =~ 2% /m*r? ~ 470 peV. Hence, two different excited states take part in transport
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for Vs > 0 and V,, < 0. Furthermore, the drain-related ground state resonance “gd”
is almost suppressed for V;; < 0, whereas the excited-state resonance “xd” is much
stronger. The strength of these resonances are related to the spatial overlap between
the wavefunction of the corresponding quantum state and the wavefunctions in the
contacts. Hence, the variation in conductance indicates that the coupling of the ground
state to the drain contact is much smaller than that of the excited statefor V;, < 0. This
phenomenon was aso observed by Weis et al [WHVKPO3] and is observed in Fig. 3.8
(d) on page 46. In thiscase, it isfound that the coupling of the excited state to contacts
isabout 5.3 times the coupling of the ground state.

The CB diamond shown in Fig. 5.14 reveals the basic electronic structure of the dot.
Thefollowing characteristic properties of transport areidentified. The charging energy
is much larger than the mean level spacing (B = €?/Cx > A). The temperature
islow so that k3T < A. Single-electron tunneling through single discrete quantum
levelsis observed and the conductance resonances show temperature broadened peaks,
indicating that the quantum levels have an intrinsic level broadening much lower than
the temperature (h[' < kT < A). The excited states (A, and A_) can be attained
by electrons absorbing one or a few photons if the microwave frequency f is chosen
sothat nhf ~ A ~ h x 70 GHz.
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Figure 5.15: Direct current through the quantum dot for small bias values under irradiation
with microwaves at f = 36.16 GHz and a power of —12 dBm. The drain-source bias is varied
from +19.3 pV to —19.3 pV in nine equal steps. Next to the main ground state resonance (M)
additional features (G, P, E) appear which can be ascribed to PAT through the ground state,
photon-induced pumping and tunneling through an excited state (see text). T = 140 mK,
B=1T.
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Figure5.16: Schematic representation of the photon-induced processes involved in Fig. 5.15:
In the case of positive bias (a, b), only PAT through the ground state is possible. For V5 < 0,
the excited state is approximately two photon energies above the ground state and tunneling
through which can be enabled by absorption of two photons (c). Furthermore, due to the
asymmetry in microwave absorption across the tunneling barriers, a pumping current can
occur (d) for Vg5 < 0 (see text).

Before we apply the heterodyne detection of photocurrent, the straightforward mi-
crowave spectroscopy isused, i.e., direct current through the dot with a near-zero bias
Vs ~ 0 is measured under the radiation from a single microwave source. The mi-
crowave radiation is originally generated using the same setup as shown in Fig. 5.12
(@), but the second microwave sourceis switched off: The microwavesignal fromasin-
gle microwave synthesizer (f; = 18.08 GHz) is frequency-doubled (f = 36.16 GHz)
and filtered using a band pass filter with center frequency at 32 GHz. The induced
direct tunnel current is recorded. The result is shown in Fig. 5.15, where the cur-
rent through the quantum dot is displayed for small bias ranging from —19.3 uV to
+19.3 pV.

For small positive bias the original main peak from the ground state resonance (M) as
well asasidepeak (G) inadistance hf =~ 0.15 meV are detected. This sidepeak in the
current signal is due to PAT through the ground state, which isillustrated in Fig. 5.16
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(a): At low positive bias only the ground state transition occurs. The first excited
state (A, = 390 peV ~ 94 GHz) for this bias direction is too far above the ground
state to be accessible by a one- or two-photon process (A . > 2hf). The other possible
photon-induced ground state transition (A £ > 0) showninFig. 5.16 (b) isnot detected
in the low-bias current signal. However, it is resolved for larger bias values applying
the heterodyne detection scheme (see below). Quite differently, for negative bias dif-
ferent features (marked by P and E) in the current signal are induced by the microwave
radiation. These features can be attributed to resonant tunneling through the excited
guantum state (E) and photon-induced pumping (P) through the ground state, which
are schematically depicted in Fig. 5.16 (c) and (d), respectively. The excited state at
A =280 peV =~ 67.6 GHz above the ground state can participate in transport when
the ground state is depopulated by a two-photon absorption process (2hf Z A_), a
process anal ogous to photo-ionization [OKAEAKH97]. This phenomenon is also ob-
served in the sample QD-sample#2 as shown on page 70 in Sec. 5.1. A few charge
relaxation processes are possibly involved in this process. Excited by two photons to
an intermediate virtual state slightly higher than the excited state, a single electron
can tunnel and relax directly from the virtual state into the contacts. As long as the
ground state is depopulated, electron in the drain contact can tunnel through the ex-
cited state. On the other hand, the single electron in the virtual state has the possibility
to decay to the excited state or relax back to the ground state, i.e., relaxation within
the dot. Electrons in the contacts can refill the ground state as well. Different pro-
cesses involve a different relaxation time. Since tunneling through the excited state is
correlated to the two-photon absorption process, the tunnel current through the excited
state might has amuch smaller probability than a pure two-photon process: According
to the Tien-Gordon picture [uJPG63], the probability of a pure two-photon processis
proportional to A,.JZ(x) and the probability of acorrelated excited state resonance and
atwo-photon processis proportional to A, J2(x)J2(x), where z = €V}, /hf and V,,,,,
is the microwave amplitude across the tunnel barriers.® However, since the coupling
of the excited state to the contacts is more than four times stronger than the coupling
of the ground state, the correlated process might turn out to be comparable to the pure
two-photon PAT in amplitude. A pumping current flows opposite to the bias direc-
tion for AE > 0, where the ground state is i f above the Fermi level in the source
contact (see Fig. 5.16 (d)). This only happens when the microwave absorption across
the right tunnel barrier is larger than that of the left tunneling barrier [SL97]. In this
case, the ground state is permanently populated with electrons from the source contact
which then partly decays into the drain region.

Photon-induced features similar to our results have been reported be-
fore [OKAEAKH97] and explained theoretically using, e.g., nhonequilibrium

8V, in arbitrary unitsis obtained from the microwave power (P,,.,) in units of dBm according to
Vina o< 10Pmw/2,
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Figure 5.17: (a) Single traces are measured at V;; = —5.1 uV under different microwave

power. The output power of the microwave source is increased from top to bottom in a step
of 0.5 dBm. The main resonant tunneling (M), pumping through the ground state (P) and
the resonant tunneling through the excited state (E) are marked, respectively. (b) The power
dependence of tunneling amplitude of M, P and E. For the resonant tunneling through the
ground state (M), it is fitted with AJ3(z) (solid curve), where = = €V,,,,/hf and V,,,, is the
microwave amplitude across the tunnel barriers. For the pumping current through the ground
state (P), it is fitted with A, J}(z) (dashed curve). For the sidepeak E, it is fitted with A>J2 (z) +
AY T3 () J3 ().

Green-function techniques [SL98]. However, to ensure that the observed fea
tures are not adiabatic effects of the microwave irradiation (e.g., rectification
effects) [WHVKES5] commonly both their frequency and power dependence should
be determined. From the power dependence, we confirm that the pumping current
results from PAT. Fig. 5.17 shows the power dependence of the photon-induced fea-
turesfor V;; = —5.1 V. The output power of the microwave synthesizersisincreased
for curves from top to bottom in a step of 0.5 dBm. Over this wide power range the
photon-induced features do not change in position, indicating that they are indeed
induced by single photons. We find that the observed dependence of peak heights
on microwave power roughly agrees with the Bessel function behavior: For the main
resonant tunneling peak (M), the amplitude is fitted by Ay.JZ(z) (the solid curve in
Fig. 5.17 (b)); For the pumping current through the ground state (P), it is approximated
by A,J%(z) (the dashed curve in Fig. 5.17 (b)). This behavior is experimentally
observed in section 5.1 and earlier by Oosterkamp [OKAEAKH97, OFvdW *98]. For
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even higher microwave powers the PAT features considerably broaden due to heating
effects until they are finally completely washed out. For the sidepeak (E) where the
excited state participates in transport enabled by two-photon absorption in the ground
state, the amplitude is fitted by a linear combination of the pure two-photon assisted
tunneling through the ground state and the correlated two-photon-assisted tunneling
with resonant tunneling through the excited state (A,J3(z) + ALJZ(x)J2(x)). In
the fitting shown in Fig. 5.17 (b), the parameters are A, = 0.15, A;/A, = 1.2,
Ay /Ay = 1.5,and A, /Ay = 6.3. Due to the limited bandwidth of our high frequency
setup, no frequency dependence can be studied to identify the photon-induced peaks.
Studying the power dependence only is not sufficient to reveal the origin of peak (E).
However, the out-of-phase component of the complex photocurrent indicates some
aspects of the origin (see below).

Having obtained the above basic transport properties of the dot by transport and
straightforward microwave spectroscopy, heterodyne detection of photocurrent is ap-
plied. Two microwave synthesizers are phase-locked and tuned to dlightly different
frequencies f; = 18.08 GHz and f, = 18.08 GHz+¢ f with § f = 2.1 kHz. The two
signals are added, frequency-doubled and filtered with aband pass as described before.
We have thus produced a flux of photonswith energy hf ~ 2hf; = 0.15 meV whose
intensity varies periodically in time with frequency 6 f = 2.1 kHz. With two lock-in
amplifiersthe in-phase and out-of-phase photocurrent signals (o, v /2) with respect to
the reference are measured. Then +, and ~,/, follow the total photocurrent amplitude
A and the relative phase ®. In Fig. 5.18 the photocurrent amplitude is displayed for
the same parameter region as the dc measurement shown in Fig. 5.14. With respect to
Fig. 5.14, for V;, > 0 the energetic window (between “gs” and “gd™” ) is enlarged by
2hf. The resonances are each shifted by the photon energy h f which can readily be
explained by PAT processes asin Fig. 5.16 (@) and (b). Thisis aso the case for the
drain-related resonances under negative bias. However, the source-related resonance
under small negative bias is clearly shifted by A , thus enlarging the total energetic
window (between “gd™ and“gs” ) toeVy+hf+A_. Theprocessinvolved istaken as
the finite bias version of the transition depicted in Fig. 5.16 (c): An electron leavesthe
guantum dot’s ground state for the source contact via absorption of two photons. Now,
electrons can either refill the ground state or tunnel through the excited state aslong as
the ground state is empty. Transport through the excited state stops when an electron
decays to the ground state, or an electron enters the quantum dot’s ground state from
the leads. With AFE < 0 and larger negative bias, the photocurrent peak is apparently
broadened. The broadening is partly due to other tunneling processes possible at large
bias, e.g., one-photon PAT through the ground state. In fact, even at small negative
bias there is small tunneling current in between the peak (M) and (E), which is most
probably the one-photon PAT. In a different quantum dot as presented in Sec. 5.1, the
one-photon sidepeak is much stronger than the excited-state involved sidepeak since
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Figure5.18: Amplitude A of the photocurrent obtained with the heterodyne setup (Frequen-
cies are f; = 18.08 GHz, f, = f1 + 6f with f = 2.1 kHz. The corresponding microwave
powers from the sources are —22.7 dBm and —24.8 dBm. The drain-source bias is varied as in
Fig. 5.14. The positions of the resonances found in the quasi-static measurement of Fig. 5.14
are indicated with triangles. With respect to the quasi-static resonances, most photocurrent
resonances are shifted by the photon energy hf, as can be expected for photon-assisted pro-
cesses. The resonance for V;; < 0 and AE < 0, however, is shifted by A_ (see text for
details).

the coupling of the excited state to contacts is weaker than the ground state.

In Fig. 5.19 (a) and (b), phase traces as well as their respective amplitude signals are
displayed for small positive (V;, = +10 V) and negative (V;, = —30 V) bias, re-
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Figure5.19: The phase and amplitude of the photocurrent signal for (a) Vs = +10 pV and (b)
Vis = —30 pV. For positive bias, PAT through the ground state (G) is observed, as schemat-
ically depicted in Fig. 5.16 (a) and (b). The phase signal remains constant on either side of
the resonances. For negative bias, tunneling through an excited state (E) and pumping (P)
through the ground state are induced (cf. Fig. 5.16 (c) and (d)). Vanishing of the amplitude
signal between (P) and (E) is accompanied by a trivial jump of = in the phase signal. Finally,
for more negative values of AFE the phase signal continuously falls back to its original value.

spectively. For V;; > 0 the phase signal remains approximately constant at & = 0
which means that the out-of-phase photocurrent v, is equal to zero. The response
of the quantum dot to the microwaves is similar for both of the tunneling processes
(G). In fact, the two peaks (G) in the amplitude signal stem from ground state reso-
nances as depicted in Fig. 5.16 (a) and (b). The situation is considerably different for
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Vas < 0 where a strong pumping signal (P) is observed which is caused by a process
asin Fig. 5.16 (d). At the position where the photocurrent changes its direction, the
amplitude dropsto zero and the phase changestrivially by = (this corresponds to cross-
ing zero in the 7y —x/2 plane). The second peak (E) stems from the photon-induced
tunneling through the excited state asin Fig. 5.16 (¢). Moving away from this second
resonance to more negative A F/, the phase continuously returnsto its origina value.

This continuous phase change shows that this transport process results in a finite out-
of-phase signal ,/». In contrast to the other transport scenarios described above (only
the ground state isinvolved), photon-induced tunneling through the excited state is not
a purely conductive transport process but also has capacitive and inductive contribu-
tions. This behavior is due to the complicated charging dynamics of the quantum dot
for this particular process. The processes involved are PAT from the ground state to
the source reservoir, resonant tunneling through the excited state, recharging of the
ground state by the drain reservoir and relaxation from the excited state to the ground
state. All these processes have different time constants which additionally depend on
the gate voltage (i.e.,, AE). The interplay of these processes results in the observed
phase lag. Thus one has a method at hand to determine the admittance of a meso-
scopic system [FD93, BPT93a, BPT93Db] in the PAT regime which is related to the
average relaxation time of the system. In the current setup, for Vs < 0 the ground
state broadening, due to the coupling to the drain contact, is about 400 MHz, while the
level broadening from the coupling to the source contact is around 2 GHz. The broad-
ening of the excited state coupling to the contacts is found to be of the same width
of 2 GHz. Hence, the bare tunneling time through the ground state, excluding other
time constants, would be less than 2.5 ns. This time scale is comparable to the phase
coherence time in such an almost-isolated quantum dot [BSH*98]. However, the in-
verse modulation frequency 1/4 f & 500 us, which isthe time separation between two
microwave flux minima, is much larger than the tunneling time. This indicates that it
takes the electron a much longer time to relax within the dot than to tunnel through
the dot directly.” An extension of the measurements to modul ation frequencies on the
order of 10 — 100 MHz corresponding to atime scale of 10 — 100 nswould therefore
be desirable. With a shorter microwave beat period it allows to probe the fast tunnel-
ing event. However, since the limitation in the bandwidth of current preamplifier and
of the cables for measuring the tunnel current, no signal can be detected with higher
modulation frequency. In the future experiments, coaxial cables and high frequency
preamplifier will be used to reveal the exact relaxation time. In summary for this sec-
tion, with the frequency f the photon energy A f for the photon-induced process can
be adjusted, whereas the modulation frequency ¢ f determines the time scale on which

’Similar long relaxation time (longer than a few 1S) between the excited state and the ground state
is also observed recently by Fujisawa et al using a different technique [FTHO1], which is attributed to
the slow spin-flip occurred during the relaxation from the excited state to the ground state.
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the electronic dynamics of the quantum dot is probed. In a single quantum dot, the
excited state possesses a long life time which is much longer than the phase coherence
time. No superposition of the ground state and the excited state can be achieved if the
relaxation processis slow.

5.4 Broadband Microwave Spectroscopy of A Single
Quantum Dot

As discussed in the previous section, two continuous microwave sources with a slight
frequency offset form a heterodyne detection of the induced complex photocurrent. In
this section, two coherent picosecond-pulsed — hence broadband — millimeter waves
are combined and irradiate asingle small quantum dot. The detailed description on the
whole setup for this broadband microwave spectroscopy is presented on page 122 in
App. B.

The generation of the pulsed microwave radiation is schematically shown in
Fig. 5.20, where the spectrometer itself consists of two nonlinear transmission lines
(NLTLs) [vdWK, vdW92, vdW94, vdWBAB93]. The meander-shaped NLTL copla-
nar waveguide (Fig. B.4 (a) on page 120) is intersected by contacts forming Schottky
diodes that act as voltage-variable capacitors in reverse bias, leading to the circuit’s
pulse-forming response [vdWBAB93]. The two NLTLs are driven by two stable and
phased-locked microwave sources (HP83711A), whose output isamplifiedto ~ 0.5 W.
The frequenciesaretuned at f; = 7.8 GHzand f, = f; + df (0f = 21 Hz), respec-
tively. Driven by a sinuidal microwave source at frequency of f = 7.8 GHz, the output
of an NLTL contains harmonic frequency contents from 20 GHz to 400 GHz, whichis
atrain of short pulses with the pulse repetition rate of f = 7.8 GHz, see Fig. 5.20 (b).
Then, the outputs from the NLTLs are combined and sent to a bowtie antenna (see
Fig. B.4 (b)). The combiner and antenna circuit are defined by evaporating gold onto
a high-resistivity silicon substrate (see Fig. B.4 (b) and (c)). In contrast to an earlier
version of the spectrometer [BvdWHE98] both NLTLSs, the combiner and the bowtie
antenna are integrated in a single brass box at room temperature (see Fig. B.4 (c) and
(d)), which ismounted in-situ on the entry of acylindrical waveguide (the lower cutoff
is~ 80 GHz) of the sample holder. Infrared radiation is blocked by a black polyethy-
lene window. Finaly, the superimposed pulse trains of the NLTLs are radiated into
the cylindrical waveguide through a silicon hemisphere attached to the antenna on the
back side of the combiner and antenna circuit (Fig. B.4 (d)) [vdW94]. The quantum
dot sample is mounted on the sample holder in away so that the surface of the sample
isin face of the opening of the waveguide and the distance between them is less than
2 mm. This alows us to probe the complex photocurrent in the 80 — 400 GHz range,
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corresponding to energies of 320 eV — 1.6 meV. The typical charging energies of
small dots are of the order of 500 peV — 1.5 meV, while the energies of the excited
states in these dots are around 100 €V — 0.5 meV.

(a) MW sources splitter

3 1 {NLTL | .
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T of mixer
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f2 L'—' {NLTL | antenna

ref. input of lock-in amp. nf4, nfy
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Figure5.20: (a) A schematic setup for generating a pulsed microwave radiation by two NLTLs.
(b) A continuous sinuidal microwave signal at the input of an NLTL. The output is a train of
pulses which has a repetition rate of the input frequency.

Since the output of this spectrometer is coherent with a known time base, it allows
for the heterodyne detection of both the amplitude (A) and the phase (®) of in-
duced photocurrent in a wide frequency range, from which electron dynamics can
be deduced. In the experiments, the ~,- and ~,/,-components of the photocurrent
(I = Ae® = vy + iv,/2) are monitored by lock-in amplifiers. Another advantage of
applying this spectrometer is that during the broadband spectroscopy the quantum dot
system is always in a constant thermal environment induced by microwaves, in con-
trast to conventional tuned sources, such as Gunn diodes, whose power variation with
frequency complicates broadband spectroscopy.

The quantum dot used in this particular experiment is realized from the sample QD-
sampleftl described on page 115 in App. A. The 2DEG is 90 nm below the surface
and has an electron density of n, = 1.7 x 10'' cm~2 and amobility of 8 x 105 cm?/Vs.
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Figure5.21: The formation of a single dot from the sample QD-sample#1 (see Sec. A). T' =
150 mK.

In comparison to Sec. 3.2 and Sec. 5.2, different gate configurations and gate voltages
are applied to form a single dot, as shown in Fig. 5.21. A quantum dot with a ra
dius (r) around 100 nm is formed containing about 20 — 50 electrons. The operating
temperature of the 3He/*He mixture in the dilution refrigerator is T, = 35 mK, while
the electron temperature in these measurements remains at about 77 = 150 mK under
irradiation with the spectrometer.

Both the direct tunnel current (1,;) (Fig. 5.22) and the differential conductance (¢ =
dls/dVys) of the quantum dot are measured; the dashed lines obtained from the con-
ductance measurement reveal CB diamonds. There is finite tunneling current within
the CB diamonds, evidence of strong cotunneling [AN90, OBS92, FSE*01] in the CB
regime, indicating that the quantum dot is strongly coupled to the contacts. Thisisre-
inforced by the observation that in the SET regime there is strong inelastic tunneling,
such that hardly any fine structure indicating electron transmission through excited
statesis found in the SET regime. Furthermore, the right tunnel barrier connecting the
dot the source contact is thinner than the left barrier, as schematically shown in the
level diagrams of Fig. 5.23 and Fig. 5.24. Consequently the upper-right and the lower-
left Coulomb diamond boundaries (along which the dot energy is aligned with the
Fermi level in the drain) are sharper and higher than the upper-left and the lower-right
source-related boundaries. The varying size of the diamonds indicates that the dot’s
total capacitance (Cy, = C, + Cr + () changes upon adding or removing a single
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Figure 5.22: (a) Logarithmic plot of the absolute direct tunnel current (|Iy5|) in the V-V,
plane, (yellow: I;s > 3 nA, blue: I;; < 1 pA). The red dashed lines for the enclosed diamonds
are obtained from the conductance (not shown), where the diamond boundaries are easier
to determine. The number of electrons in the dot is indicated by N + 1, N, N — 1, etc. (b)
Logarithmic plot of the absolute direct tunnel current measured under millimeter-wave radiation
from the NLTLs (yellow: I;; > 0.7 nA, blue: I;; < 0.1 pA). The dashed diamonds have
the same slopes for respective boundaries. The blue solid lines indicate the boundaries that
have smaller slopes. In both plots, the horizontal white dashed lines labeled with A(A’), B(B’),
C(C’) and D(D’) mark the positions at which I;,—V;s curves shown in Fig. 5.23 are extracted.
T = 150 mK.

electron. The slopes of the diamond are s; = §V,/6Vys = (Cr + C,)/C, = 3.66 and
$9 = 0V,/0Vy = —C1/Cy = —3.93, yieldingaratioa = Cy/Cs, = 1.3x 10!, where
« convertsthe gate voltage (V) to an energy distance AE = —eaAV; the capacitance
of the dot to the left (C';) and the right (C'r) contact and to the gate (C, ~ 25 aF) are
denoted respectively. An average charging energy of E¢ = ¢?/Cs, ~ 0.8 meV for the
two Coulomb diamonds in the center of Fig. 2(a) is estimated. Although no transport
through excited statesis resolved in the SET regime (Fig. 5.22 (a)), we determine the
average energy scale (Ae*) of the dot’s excited states using transport measurements
under millimeter-wave radiation (see below).

Fig. 5.22 (b) showsthe absolute current through the quantum dot under this broadband
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Figure5.23: The I;5 — Vy, curves in CB regimes at positions labeled with A(A’), B(B’), C(C’)
and D(D’) as shown in Fig. 5.22. The range of Vy; is from 0 uV to 200 uV, in which e|Vyg| < Ae*,
i.e., elastic cotunneling dominates. Inset: The level diagram for Vs =~ 0 uV. The electrons in the
contacts are promoted to virtual states by microwave photons; elastic cotunneling of electrons
is strongly suppressed. T' = 150 mK.

millimeter wave radiation having harmonics f = n x 7.8 GHz, with integer n such
that 10 < n < 50. Compared to the current without radiation (Fig. 5.22 (a)), finite
cotunneling current is strongly suppressed within the CB diamonds. To quantitatively
determine the suppression, 1, — V;, curveswithin the CB diamond are extracted from
Fig. 5.22 and shown in Fig. 5.23. Every curve is selected at specific gate voltage (V)
so that the curve has a maximum threshold of V. In Fig. 5.23, the symbols labeled
withA (A'), B (B’), C(C') and D (D’) correspond to the same |abels of the horizontal
dashed linesin Fig. 5.22. Both with and without radiation thefinite tunneling current is
proportiona to the small bias V,;; within the CB regime, indicating elastic cotunneling
in which only one quantum state participates (inset Fig. 5.23). The net elastic co-
tunneling current 7.’ is approximately (refer to Eq. [2.29]) Ig.~* ~ MLgracy,
where G, and G, aretheindependent conductance of theleft and right tunnel barriers,
respectively [AN9Q]. Elastic cotunneling dominates when e|Vy,| < Ae* ~ 0.2 meV
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Figure5.24: The dashed linear plot is the conductance measured at V;; ~ 0 pV under radi-
ation. The peaks represent ground state resonances. The upper and lower solid logarithmic
plots correspond to the conductance measured at V;; = +0.75 mV without and with millimeter-
wave radiation, respectively. At finite bias, the ground-state resonance splits by e|Vy;|. Inelastic
tunneling of electrons contributes to the measured finite current between the splittings. With
millimeter-wave radiation, inelastic tunneling is suppressed as indicated by a downward solid
arrow. In CB regimes, i.e., the valley of two adjacent ground state resonances, the reduc-
tion of tunneling current (indicated by a downward open arrow) is due to the suppression of
cotunneling of electrons. Inset: The level diagram of inelastic tunneling at finite bias. The in-
elastic tunneling process is blocked when virtual states are occupied by electrons in the leads
absorbing photons. T' = 150 mK.

and T < /E.Ae* kg ~ 4.6 K [AN9O, OBS92, FSE*01]; given the Ae* found be-
low, these conditions are fulfilled in this experiment, and the radiation suppresses the
cotunneling current by about one order of magnitude, as shown in Fig. 5.23. Thissup-
pression is due to the in-phase modulation of the tunneling rates for both the left and
right tunnel barriers [Eto01], as schematically shown in theinset of Fig. 5.23.
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In Fig. 5.24 we compare the conductance (¢g) with and without radiation at V,, =
+0.75 mV; the finite bias splits the ground state resonance. With radiation, the valley
between these resonances is deeper than without it, a suppression of inelastic tunnel-
ing. It followsthat excited electrons in the drain contact occupy virtual states through
which electrons tunnel from the dot to the drain contact (see the inset of Fig. 5.24).
Inelastic tunneling depends strongly on the density of states D(FE) above the Fermi
level in the leads, which is reduced under radiation.

Since more than 40 harmonics of the fundamental microwave frequency are radiated
simultaneously to the quantum dot, some thermal broadening and extensive overlap
of PAT sidebands occur. Individual sidepeaks are not resolvable in Fig. 5.22 (b) as
single-frequency PAT on quantum dots [BHvdW 95, OKAEAKH97, OFvdwW 98,
QBK™"01]. However, the dot’s response to a given millimeter-wave harmonic can be
selected and filtered using a phase sensitive detection method in thisthesis, given lin-
ear response, which is verified by checking the dot’s proportional response to slight
changes in spectrometer power [BvdWHE9S].

The dual-source spectrometer emits picosecond pulses that overlap at an offset fre-
quency f, =n X 0f = n x |fs — fi| = n x 21 Hz (Fig. 5.20), since it is driven
by two phase-locked synthesizers. This alowsfiltering of the corresponding harmon-
ics with a digital lock-in amplifier whose reference is 6 f. The millimeter-wave ra-
diation at n x f introduces a small voltage modulation §Vy,( f,) exp(—i2 f,t) and
SV, (fy) exp(—i2~ fit) in the drain-source bias V;; and in the gate voltage V,, respec-
tively. Taking into account al of the harmonics, the corresponding voltage modulation
is ‘N/ds = Z 6Vds(fb) exp(—i27rfbt) and ‘N/g = Z (S‘/;](fb) exp(—i27rfbt). At small Vs
the photocurrent signal 7 = Ae'® = yp+iv,, yields A (g+Vds%§s)\7ds+Vds§—§%.
A two-channel lock-in amplifier is used to monitor the - and 7, /,-components of the
photocurrent resulting from the corresponding millimeter-wave harmonics (n x f).

Thus in contrast to the total induced current under radiation (Fig. 5.22 (b)), two pho-
tocurrent spectra (of the component)® taken at the 12th harmonic of the offset
frequency (corresponding to f, = 93.6 GHz (a)) and the 18th harmonic (correspond-
ing to fz = 140.4 GHz (b)) are given in Fig. 5.25. The diamond shaped Coulomb
blockade regions resemble those observed in Fig. 5.22 (b). Furthermore, additional
features are observed in the SET regime. Single traces are extracted from Fig. 5.25 (@)
and (b) and shown in Fig. 5.25 (¢) and (d), respectively. The blue solid lines indicate
the ground-state resonances corresponding to the CB diamond boundariesin Fig. 5.25
(a) and (b). The dashed lines reveal fine structure from excited-state resonances in the
SET region. An average excited states energy isfind Ae* ~ - ~ 200V, which

8The vy, /2 component reveals features similar to that of the v, component and that of the amplitude
A= /v + 73/2, but in this case has better resolution.
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Figure5.25: (a) Linear plot of the v, component of the photocurrent at the 12th harmonic,
fo = 93.6 GHz. The drain-source bias is varied from —1.5 mV to +1.5 mV. (b) Linear plot
of the /2 component of the photocurrent at the 18th harmonic, an excitation frequency of
fs = 140.4 GHz. In (a) and (b), the ~, > component is in arbitrary units: yellow represents
negative values and black is positive. The red dashed lines indicate the diamonds as shown
in Fig. 5.22 (a). The blue solid lines show the diamond boundaries with reduced slopes. In
the SET region, fine structures corresponding to excited state resonances are clearly visible.
The excited state resonances in the SET regime with negative bias are marked with solid
triangles. Traces extracted from (a) and (b) at six specific gate voltages are shown in (c) and
(d), respectively. In (c) and (d), the blue solid lines trace the ground state resonances, while
the dashed lines represent the excited state resonances as shown in (a) and (b). 7' = 150 mK.

follows an estimated “electronic” dot radius () about 80 nm. This dot’s radius co-
incides with the estimation (=~ 100 nm) based on the dot’s geometry. Although PAT
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sidepeaks are weakly evident in Fig. 5.25, strong frequency dependent features are ob-
served (marked by two solid triangles), such astwo excited-state resonances at the 18th
harmonic f (Fig. 5.25 (a)), while these resonances are not found at the 12th harmonic
fo in the SET regime with negative bias (Fig. 5.25 (b)). In Fig. 5.26, the amplitude
A of photocurrent at the 18th harmonic f and the quasi-static conductance under ra-
diation are compared. The dashed curve in Fig. 5.26 (b) is a simulation based on the
above discussion taking §Vys(18 x 6f) ~ 10 puV and 6V, (18 x 6f) ~ 0.8 mV. The
low frequency modulation of V, changes the dot potential by less than 50% of Ae*,
and no strong broadening of the ground state resonance due to heating by radiation is
observed.

Millimeter-wave radiation changes the slopes of the diamond boundariesin Figs. 5.22
(b), 5.25 (a) and 5.25 (b) compared to those in Fig. 5.22 (a). We find s; is decreased
to 3.30, and s, to about —0.45 (corresponding to the upper-most diamond in Fig. 5.25
(@). Correspondingly, the tunnel barrier capacitances C;, and C', are reduced by 89 %
and 18 %), respectively. The reduction of C isonly 3%. Similar values are evident at
140.4 GHz (Fig. 5.25 (b)). Although the slopes under higher gate voltages are closer
to the onesin the static limit, the capacitance of the left contact C';, maintainsaclearly
different response under radiation.

Thisreduction in slopes arises from two effects: First, the capacitance C' of a nanome-
ter sized tunnel barrier is the geometrical capacitance C in series with a “guantum
capacitance” C,, i.e.,

CoC,

C= .
Co + C,

(5.10)

The “quantum capacitance” C, exists between the total density of states D(FE) in the
dot and one of the contacts at the Fermi level Ex, C, = ¢*D(Er) [Bue00]. As noted
above, the tunneling rate is reduced since radiation reduces the local effective density
of states D( Er), reducing the capacitance of thetunnel barrier. Second, since electrons
not only tunnel but are also pumped from the contacts into the dot, the competition be-
tween the pumping rate and the relaxation rate of electrons aso affects the slopes.
During the window of pulse overlap in the spectrometer, which occurs every 1/ f, sec-
onds, a burst of picosecond pulses with repetition time t,., ~ 128 ps (= 1/7.8 GHz)
is emitted. The radiation at f, and fz excite electrons into energetically higher states
at an effective pumping rate of the spectrometer’s fundamental of 7.8 GHz. The relax-
ation time of electrons tunneling from the dot to the contacts increases since relaxation
processes (e.g., inelastic tunneling) are suppressed by millimeter-wave radiation. We
approximate this long relaxation time with an effective time constant - ~ RC: As
suming C' = Cy, ~ 90 aF ® and a dc resistance R ~ 2.5 M) of the tunnel barriers at

9The total capacitance C; is reduced from about 191 aF to 90 aF under millimeter-wave radiation.
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Figure5.26: (a) The CB oscillations as seen in conductance (g) under radiation from NLTLs.
(b) The amplitude (A) of the photocurrent measured at f, = 18 x J f (corresponding to fg =
140.4 GHz). Both are at a bias value of V;; = —25 uV. The dashed curve in (b) is a simulation
based on the measured data from (a) and with parameters 6Vys(fp) ~ 10 pV and 6V, (fp) ~
0.8 mV.

resonance, 1/7 ~ 4.4 GHz, which islower than the pumping frequency. The Coulomb
blockade prevents additional electrons from tunneling into the dot before the previ-
ous electron relaxes into the contacts. The measured capacitance of the barriers is
thus lower than the static value without radiation. For CB diamonds at higher gate
voltages than the first one, the tunnel coupling between the dot and the contacts in-
creases, the electrons in the dot are less tightly confined, and radiation does not affect
the dot-to-lead capacitance as much, resulting in closer correspondence to the static
measurements. Furthermore, since the right tunnel barrier is more transparent than the
left one, it experiences a smaller reduction in capacitance by millimeter-wave radia-
tion. By contrast, the study on a similar single quantum dot discussed in the previous
section [QBK*01] shows that the slopes of the diamond boundaries are not affected
when the applied millimeter-wave radiation is continuous rather than pul sed.

In summary for this broadband microwave spectroscopy, charge relaxation plays an
important role in transport through a single quantum dot. Pulsed microwave radiation
allowsfor probing the slow relaxation process. At the same time, microwave pulse it-
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self modifiesthe relaxation processes by changing the density-of-states of the quantum
dot.

In this quantum dot, the phase coherence time might be larger than the charge relax-
ation time (~ 0.2 ns). However, the lifetime of the quantum state becomes shorter
as the relaxation time decreases by by increasing the dot-contact coupling. Superposi-
tionsof the ground state and the excited state can hardly berealized in asingle quantum
dot due to the above contradictory of the lifetime and the relaxation time. Thisisin
agreement with the result obtained in Sec. 5.3. In comparison, coherent superpositions
of molecular states can be realized by microwave photons in a double quantum dot
which is almost isolated from the contacts to minimize the dephasing.

With even more intensive frequency components applied to the quantum dot, the
broadband microwave radiation is a good analogy to the continuum spectrum of the
el ectromagnetic environment. The impact of the whole frequency band can be sampled
by detecting the photocurrent resulted from a certain number of single frequencies.
The dissipation of electron transport can be studied. Given two microwave sources
with large frequency offset applied to the quantum dot, the photocurrent at different
microwave frequencies could be linearly superimposed. On the other hand competi-
tions might be induced between two sources. Also, nonlinear effects, such as mixing
will occur.
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Chapter 6

Conclusion and Outlook

In this thesis, electron transport through confined electronic states in quantum dots at
low temperatures is studied using both transport spectroscopy and microwave spec-
troscopy. By transport spectroscopy, the basic el ectronic structure of quantum dotsis
obtained. Microwave spectroscopy reveals the dynamic properties of transport through
confined quantum states.

The samples being studied are cooled in a *He/*He dilution refrigerator. The quantum
dots are formed by electrostatic confinement potentials. By applying proper nega-
tive gate voltages to the Schottky gates patterned on the surface of an AIGaAs/GaAs
heterostructure, a puddle of electrons is separated from the whole high-mobility two-
dimensional-electron-gas (2DEG) of the heterostructure. Plunger gates are capaci-
tively coupled to quantum dots for tuning the dot’s potential. For transport studies,
guantum dot circuits are connected to drain and source contacts via tunnel barriers
formed by quantum point contacts (QPCs), which can be continuously tuned to be
pinched-off. The diameter of such planar quantum dots studied in thisthesisisin the
range from 140 nm to 600 nm, corresponding to about 20 to 200 electrons on one dot.

A large single quantum dot containing about 200 electronsiswell confined. Under zero
drain-source bias, more than 200 Coulomb-blockade oscillations are observed in the
dot’s conductance: Each conductance peak corresponds to single-electron tunneling
through a ground state with a certain number of electronson thedot (Fig. 3.4). Excited
states are revealed by measuring the dot’s conductance in the V, — V, plane, forming
the Coulomb-blockade diamonds (Fig. 3.5). Furthermore, the lifetime of quantum
states can be controlled by tuning the tunnel barriers which couple the quantum dot to
the external electron reservoirs (Fig. 3.9). This kind of semiconductor quantum dots
are proved to be well controlled artificial atoms.

A double-dot artificial molecule is formed by coupling two single quantum dots with
atunnel barrier. The double dot isweakly connected to the drain and source leads and
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is operated under near-zero drain-source bias to minimize the dephasing by contacts.
This double-dot molecule is tuned to be “ionic” and “covalent” depending on the tun-
nel coupling set by a central gate voltage. When the inter-dot tunneling is small, an
“ionic” double-dot moleculeisformed, where electrons are localized on each dot. The
charging diagrams reveal the electrostatic properties of the double dot, e.g., the inter-
dot Coulomb interaction (Fig. 3.11). In anionic double-dot molecule, asingle electron
tunnels through the molecule only when two quantum states are aligned to each other
and are aligned to the Fermi levelsin the contacts. When the inter-dot tunnel coupling
is strong, the finite tunneling strength couples the two quantum states and forms the
bonding and anti-bonding molecular states (Eq. [2.58]). When the detuning between
the two quantum states is zero, an electron on the bonding state is completely delocal-
ized and tunnels back and forth between two dots at a Rabi frequency of 2y = 2t/h,
where t is the inter-dot tunneling strength. With a nonzero detuning, an electron is
localized in one of the dots whose quantum state has a lower energy. The formation
of bonding and anti-bonding molecular states is observed directly in the charging dia-
grams (Fig. 3.12). As atwo-level system, this double quantum dot is sensitive to the
excitation from the environment. Finite off-resonance tunneling through the double
dot, which is induced by acoustic phonon-assisted tunneling (Fig. 3.13), is observed.
The phonons stem from a confined phonon mode of a phonon cavity which is formed
by Schottky gates on the surface of the piezoelectrical GaAs crystal and is driven by
either thermal energy or microwave radiation. It isfound that the phonon mode effec-
tively interacting with electronsin the double-dot molecul e has afrequency of 10 GHz.
This phonon mode is slightly influenced by the temperature.

Under microwave radiation, photon-assisted tunneling (PAT) isobserved in both single
guantum dots and double quantum dots. In a small quantum dot with only about 20
electrons, photon-induced nonadiabatic pumping of electrons is observed (Fig. 5.15).
Photon-induced tunneling through an excited state is observed when the ground state
is depopulated by two photons, a process analogous to photo-ionization (Fig. 5.2 and
Fig. 5.15). Since the two photon energy is only slightly larger than the excitation en-
ergy of the excited state, the ground state and the excited state are coupled by two
microwave photons. The dynamics of this processis studied by applying a heterodyne
detection technique. A long relaxation time around 500 s is observed when the ex-
cited states is coupled to the ground state by microwave photons (Fig. 5.19). A much
smaller relaxation timeis measured without the excited state participating in transport.

In another small single quantum dot containing about 20 to 50 electrons, strong elas-
tic cotunneling is observed in the Coulomb-blockade regime. By applying pulsed
microwave radiation to this quantum dot (the pulse repetition rate is 7.8 GHz), the
dynamics of electron transport is revealed. Due to electrons involved in elastic co-
tunneling processes can stay in the quantum dot for an additional time interval about
the pulse period, elastic cotunneling is strongly suppressed (Fig. 5.23). whichisdueto
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electronsinvolved in elastic cotunneling processes stay in the quantum dot for alonger
time (Fig. 5.23). Under pulsed irradiation the dot’s total capacitance isfound to be re-
duced by about 53 %, which is a result of a reduction of the quantum capacitance of
the quantum dot. Thisalso impliesthat the electron relaxation in the dot is slower than
the pumping by the pulsed microwave radiation. Furthermore, a strong suppression of
inelastic tunneling in the nonlinear transport regime with finite drain-source biasis ob-
served (Fig. 5.24) . Inelastic tunneling channels are blocked by broadband microwave
excitation of electrons in the contacts. Again, slow charge relaxation processes in a
single quantum dot are found.

Under microwave radiation, the bonding and anti-bonding molecular states of a
double-dot molecule are coupled by n-microwave photons, inducing photon-assisted
tunneling which is clearly resolved in the charging diagrams (Fig. 5.6, Fig. 5.7). A sin-
gle electron tunnels between the two dots at a Rabi frequency of Qp = 2t.J,(eV /hf).
Applying microwave radiation above 10 GHz, coherent superpositions of molecular
states by one and two photons are confirmed by tuning the inter-dot tunnel coupling
(Fig. 5.10). Below 8 GHz, superpositions of molecular states by both microwave pho-
tonsand acoustic phononsare observed (Fig. 5.10). Themicrowavefield coupledto the
piezoelectrical GaAs crystal by Schottky gates effectively generates non-equilibrium
acoustic phonons in the phonon cavity. The phonon frequency is mainly determined
by the cavity size but not the frequency of the driving microwave field: A phonon
mode at 10 GHz, which is in agreement with the phonons observed in the absence of
microwave radiation. However, the phonon intensity does depend on the intensity of
the microwave photons. Induced by microwave radiation, the acoustic phonons gen-
erated in the cavity are coherent with acoustic phonons. Although acoustic phonons
induce transitions between the molecular states, the coherent molecular states are well
preserved. Qubits can be formed in a double-dot molecule. The ground state and an
excited state in a single quantum dot could also be coherently coupled by microwave
photons. However, no superposition is probed in this thesis since other transitions
based on the Fermi golden rule induce transport through the dot and it is difficult to
achieve a good coupling between electrons and microwave, which always changes
greatly with a slight frequency shift (the energy difference between the excited and
ground states can not be tuned practically).

In future studies, the spin effect, e.g., spin-blockade [Hue0l1], in charge relaxation
processeswill be monitored using heterodyne detection techniquesin awide frequency
range. Pulsed microwave excitation will be applied to double-dot moleculesto monitor
time-resolved coherent superposition of molecular states.
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Appendix A

Fabrication Details and Quantum Dot
Samples

Detailed Steps for Quantum Dot Fabrication

To fabricate quantum dots from AlGaAs/GaAs heterostructures, the following steps
are processed in the following order.

e Cleavethe wafer
A piece of sample with an area about 5 x 5 mn? is cleaved from the AlIGaAs/GaAs
heterostructure wafer. The sample is cleaned with deionized water, aceton, and iso-
propanol. Supersonic sounds can be applied in cleaning for a short time at low power
level.

e Form the mesa

— Optical lithography
Photoresist: S1805.
Two step spinning of photoresist: 3 sec at 800 rpm and 10 sec at 5000 rpm.
Baking: 30 minutes at 90 °C.
Exposure time: 10 sec with Microposit-Entwickler.
Developing time: less than 20 sec, cleaned with deionized water.

— Etch the mesa
The etchant is HyO:H,SO, (96 %):H20, (30 %) = 100:3:1 in volume. After the
etching, the sampleisfirstly washed by deionized water followed by cleaning with
aceton and isoproponal to remove the residual photoresist.

e Make Ohmic contacts
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— Optical lithography

Photoresist: S1818.

Two step spinning of photoresist: 3 sec at 800 rpm and 10 sec at 5000 rpm.
Baking: 30 minutes at 90 °C.

Exposure time: 9 sec with Microposit-Entwickler.

Developing time: less than 20 sec, cleaned with deionized water.

Evaporation of AuGe/Ni/AuGe layers
Evaporation with e-gun includes three steps.
600 A AuGe (88:12) + 100 A Ni + 600 A AuGe (88:12).

Lift-off
The lift-off is processed in a hot aceton bath (40°C). Afterwards, the sample is
cleaned using aceton and isopropanol, removing the residual photoresist.

Anneal to make Ohmic contacts
The sample is annealed with argon protection gasin three steps:
5minat 110°C, 2 min at 360 °C, and 0.5 min at 420 °C.

e Make gate contacts

— Optical lithography

Photoresist: S1813.

Two step spinning of photoresist: 3 sec at 800 rpm and 10 sec at 5000 rpm.
Baking: 30 minutes at 90 °C.

Exposure time: 9 sec with Microposit-Entwickler.

Developing time: less than 20 sec, cleaned with deionized water.

— Evaporation of gold

50 A NiCr (50:50) and 1500 A Au are evaporated from two heat boats, respec-
tively.

— Lift-off

The lift-off is processed in a hot aceton bath (40°C). Afterwards, the sample is
cleaned using aceton and isopropanol, removing the residual photoresist.

e E-beam lithography: define the quantum dot
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— Spin the e-beam resist PMMA

Two layers PMMA are spinned on the sample surface. The first layer is from the
4 % PMMA with amolecular weight of 150000. The Second layer is from the 4
% PMMA with the molecular weight of 500000. Two steps in the spinning are 3
sec at 800 rpm and 30 sec at 6000 rpm. Between the above two steps, the sample
isbaked at 120 °C at least for 60 min.



— E-beam lithography
SEM: JEOL JSM-6400.
Program: Elphy FE plus
E-beam current: 50 pA.
Dose: 250 — 290 1.Clem?.
Developing: 30 —40 sec with MIBK:Isopropanol=1:3.
Cleaning: with isopropanol.

— Evaporation of nanometer sized gold gates
Evaporate 50 A Ni (rate < 0.3) and 350 A Au (rate < 0.5) from thermal heat boats.

— lift-off
The lift-off is processed in a hot aceton bath (40°C). Afterwards, the sample is
cleaned using aceton and isopropanol, removing the residual PMMA.

¢ Install the sample into a chip carrier
The sample is first glued into the chip carrier with silver glue (see Fig. A.3). Then
the circuits are connected to the pins on the chip carrier by a bounding machine using
aluminum wires. Cautions are taken to protect the destructive electrostatic charging.

List of Samples

Samples studied in thisthesis are described below.

M OSFET-type Single-Electron Memory

This silicon-based device was fabricated in the group of Prof. Chenin Nanjing University. The
structure is the same as that of a conventional floating-gate-MOSFET memory except that the
floating gate is made up of alayer of silicon nanocrystals embedded in SIQ, matrix.

In the fabrication, the layer of nanocrystalline silicon with a thickness of 20 nm was firstly
deposited on a p-type silicon substrate by the plasma enhanced chemical vapor deposition
(PECVD) using ahigh hydrogen diluted silane (SiH,). Then it was thermally annealed in agas
mixture of Ny and O, at 800 °C: A 13 nm thick layer of nanocrystals is sandwiched between
two layers of silicon oxide each with a thickness about 2 nm. Above this thermally annealed
layer, 500 nm of polysilicon was deposited as the control gate. In the device, the electron
channel has alength of 5 xm and a width of 10 um. Fig. A.1 (b) shows the high-resolution-
transmission-electron-microscopy graph (HRTEM) of the layer of nanocrystals. Nanocrystals
have a cylindrical shape: It is about 13 nm high along the long axis. The diameter along the
short axisis about 5 nm. The characteristics of this device are presented in Sec. 3.1.
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(b)

align mark

source

Figure A.1: (a) The top view of a MOSFET memory unit. (b) The High-Resolution-
Transmission-Electron-Microscopy (HRTEM) graph of the SiO, matrix layer between the n-
channel and the polysilicon gate (see Fig. 3.1). Isolated nanometer sized silicon crystals are
embedded in the matrix.

AlGaAg/GaAs Quantum Dot Samples

e QD-sample#l: The nanometer sized gate structure is shown in Fig. A.2 (). The basic

properties of the AlGaAs/GaAs heterostructure are listed below:
Type: modulation doped heterostructure from K. Eberft

Depth of 2DEG: 90 nm

Sheset density: n, ~ 1.7 x 10! cm—2 at 4.2 K

Electron mobility: 8 x 10° cm?/Vsat 4.2 K

This sample allows for formation of two single dots or a tunnel coupled double dot. In
Sec. 3.2, transport spectroscopy of the left single dot is discussed. In Sec. 5.4, broad-
band microwave spectroscopy of a single dot realized in this sample is presented. The
transport and the microwave spectroscopies of a double quantum dot are presented in
Sec. 3.3 and Sec. 5.2, respectively.

QD-samplet2:

This sample is fabricated by C. Decker [DecOl]. The basic properties of the Al-
GaAgGaAs heterostructure are listed below:

Type: silicon §-doped heterostructure from W. Wegscheider and M. Bichler®

Depth of 2DEG: 45 nm

Sheet density: ~ 2 x 10'' cm—2 at 4.2 K

IMax-Planck-Ingtitut fir Festkorperforschung, Heisenbergstr. 1, D-70569 Stuttgart, Germany.

2Universitat Regensburg, Universitatsstr. 31, D-93040 Regensburg, Germany.

3Walter-Schottky-Institut der Technischen Universitat Miinchen, Am Coulombwall, D-85748
Miinchen, Germany.
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QD-sample#1 QD-sample#2 QD-sample#3

Figure A.2: Three quantum dot samples studied in this thesis. (a) QD-sample#1: A double
guantum dot. (b) QD-sample#2: A double quantum dot [Dec01]. The red regions are a layer
of Calixarene [TVS199] below the gates, which is about 500 nm thick. The dielectric constant
for Calixarene is about 7.1. (c) QD-sample#3: A triple quantum dot [Sim99].

(a) (b)

gate contact ~ ohmic contact shielding

Figure A.3: (a) A chip covered with PMMA before the eletron-beam-lithography. (b) A chip is
mounted in a chip carrier.

Electron mobility: 8 x 10° cm?/Vsat 4.2 K
In Sec. 5.1, microwave spectroscopy on asingle dot realized in this sample is shown.

e QD-sample#3:
This sample isfabricated by F. Simmel [Sim99]. The heterostructure is the same as that
used for QD-sample#2. A small quantum dot in the few electron limit is realized in this
sample. In Sec. 5.3, photon-assisted tunneling is studied. Kondo effect at finite bias was
studied by Simmel et al in this sample [SIm99, SBK99].
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Appendix B

M easurement Setup

Transport Spectroscopy

Cooled in an OXFORD TLM 400 *He/*He dilution refrigerator (a cooling power of 400 ;W
at 100 mK), dc gate voltages and dc drain-source bias are filtered by a low-pass filter (see
details in Fig. B.2) and are applied to the quantum dot circuit. Dc sources are supplied by
KNICK voltage supplier or YOKOGAWA 7651voltage/current supplier. The current through
the quantum dots is amplified by a current-to-voltage preamplifier ITHACO 1211) and then is
read by a digital multimeter (HP 34401A). For measuring the differential conductance, an ac
sinuidal signal (V,—, ~ 6 uV, f< 5 kHz) supplied by the reference output of an analog |ock-
in amplifier (EG& G 124A) is added to the dc drain-source bias (see Fig. B.1). The resulting
aternating current is amplified and converted into ac voltage signal by ITHACO 1211. This
amplified ac voltage isthen detected by the lock-in amplifier EG& G 124A, the output of which
isfinally read by a HP 34401A.
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FigureB.1: The setup for measuring the direct current or the differential conductance.
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FigureB.2: A unit of the low-pass filter bank as shown in Fig. B.1. The upper pass frequency
is 5 Hz.

Microwave Spectroscopy

Microwave antennas
Hertzian wire loop antennas

Two types of Hertzian wire-loop microwave antennas are used for microwave spectroscopy.
Both antennas, as shown in Fig. B.3, consist of aloop of metallic wire, which has a diameter
around 7 mm. The antennas are electricaly separated from the quantum dot circuit. To some
extent, the whole heterostructure are uniformly radiated by microwave. This kind of rather
simple Hertzian wire-loop antenna is proved to has a wide bandwidth from 1 GHz to 50 GHz
(the upper limit is usually determined by the bandwidth of coaxia cables).
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Figure B.3: Two types of Hertzian wire-loop microwave antenna used in this thesis. (a) a
wire-loop antenna made of high frequency coaxial cable without the shielding. (b) a wire-loop
antenna made of the shielding of the chip carrier.

Nonlinear transmission lines and the bowtie antenna

Nonlinear transmission lines (NLTLS) (see Fig. B.4 (a)) are applied as broadband microwave
sources. The details on the NLTLs are described in references [vdw92, vdWBAB93, vdW94,
vdWK]. A single input frequency generates short pulses at the output of aNLTL, i.e., awide-
band spectrum is obtained. The typical input frequency is around 8 GHz, the output frequency
components are in the range of 20 to 400 GHz (up to the 50-th harmonic). In the experiment
setup, the radiation is sent by a bowtie antenna (see Fig. B.4 (b)) through a cylindrical wave
guide, which has alower cut-off at about 80 GHz. Hence, a broadband radiation from 80 GHz
to 400 GHz isfinally obtained for the microwave spectroscopy of quantum dots.

As shown in Fig. B.4 (c), microwave circuits are assembled in a brass box. In the center, a
high-resistive silicon wafer serves as the substrate. On the surface, planar wave guide, power
combiner and bowtie antenna are integrated, as shown in Fig. B.4 (b, ¢). Two NLTLsare glued
on the surface and the input and output ports are bounded to the planar wave guides and to
the power combiner, respectively (see Fig. B.4 (b)). The broadband microwave is transmitted
through the silicon substrate, since it has a high relative static dielectric constant (¢ ~ 11.8)

and low dissipation at high resistivity. On the backside of the silicon substrate, a semi-spheric
silicon lensisattached (Fig. B.4 (d)), focusing and conducting the radiation into the wave guide
of the sample holder. The quantum dot sample is located at the other end of the wave guide at
low temperatures.
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FigureB.4: (a) A nonlinear transmission line. (b) The lithographical layout of the power com-
biner and bowtie antenna. (c) The front side of the brass box integrating the NLTLs, power
combiners, and bowtie antenna on the surface of a high-resistivity silicon substrate. (d) The
backside of the box, a silicon semisphere is attached to the silicon substrate.

Heter odyne Detection Setups
Single band heterodyne detection

As shown in Fig. B.5 (@), in this heterodyne setup, two microwave sources (HP 83711A) are
applied to generate microwave beat. Two HP 83711A synthesizers are phased locked. The
frequencies are offset dightly, i.e., 6f = |fi — f2| = 2.1kHz < f1, fo =~ 18.08 GHz. A

sinuidal signal at ¢ f is obtained by a mixer and amplified by a voltage preamplifier to serve
as the reference signal for a lock-in amplifier (EG&G 124A). Then, the two microwave sig-
nals are added with a power combiner (HP part 0955-450 KRY TAR), frequency doubled by a
frequency multiplier (MITEQ MX 2V260400), and filtered by a band pass filter (QUINSTAR
QFA-3715-BA) which has a center frequency around 32 GHz. Finally the microwaveis fed to
acoaxial line, at the end of which aHertzian wire-loop antenna (see page 118) is attached. The
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microwave-induced complex current is detected by the lock-in amplifier at 0 f.

Broadband heterodyne setup

Similar to the scheme shown in Fig. B.5 (a), broadband heterodyne detection of microwave-
induced complex current are realized, as shown in Fig. B.5 (b). Two coherent broadband
microwave sources, instead of two single microwave sources, are combined. The broadband
microwaves are generated by two NLTLswhich are coherently driven by two microwave syn-
thesizers, respectively. The combined microwave signal is transmitted by a bowtie antenna
through awave guide in the sample holder to the quantum dot sample. The frequencies applied
are fi =78 GHz, fo = f1 +df, and 0f =21 Hz

M easurement Program

The program used for automatic measurements is GPplus, which is written by myself for Win-
dows systems (ver. 9x). GPplusitself is used as ameasurement task generator and the real-time
dataviewer. Once the measurement is planed and the task isformated into single task files, GP-
plus send these tasks to an executor, i.e., avirtual instrument written with Labview language
(ver. 5.0), which controls the instruments, gathers the data, and sends the data to GPplus.
Finally, GPplus plots and save the measured data.

GPplusis capable of controlling various instruments via | EEE-488 GPIB bus or RS232 serial
ports. By trying to find out the exact commands for controlling the instruments and write
simple Labview programs, one has the tool at hand to make complicated measurement tasks.
This program is available on demand (hua. gin72@yahoo.com).
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B. Measurement Setup
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FigureB.5: (@) Single-band heterodyne detection. (b) Broad-band heterodyne detection.
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Appendix C

Equivalent Circuit of A Double Dot

source

CpL T - CpR

h 4 v

Figure C.1: The equivalent circuit of a tunnel-coupled double quantum dot according to the
constant interaction model, i.e., electron-electron interactions are described with relevant ca-
pacitances.

The equivalent circuit is similar to that shown in Fig. 2.6 (on page 24). Here, the
parasitic capacitance C,;, and C, for the left and right dot are included as well. The
factors defined in Egs. [2.32,2.33,2.34] are evaluated as the following:

CiCrr + Cyr.(Cyr + Cr + Crr, + Cyr + Cy)

Yol = Oy + Cp+ Crp+ Cyor, + C)(Cor + Cr+ Cri, + Cop + Cy)
vn = CiCrLr + Cyr(Cyr, + Cr + Crr + Cyr, + Cy)
9R (Cyr +Cp + CrLi + Cop + C)(Cyr + Cr + Cri + Cor + Cy)’
N CiCyr, + Crr(Cyr, + Cr, + Crr + Cpr, + Cy)

(Cor +CL+ Crr + Cpr, + C)(Cyr + Cr+ Crp + Cor + Cy)’
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C. Equivalent Circuit of A Double Dot
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