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This thesis presents measurements of time resolved single electron tunneling events in a metallic
thin film circuit. The single electron trap is a circuit consisting of two small metallic islands connected
in series with two tunnel junctions and can be fabricated to have tunable microsecond tunneling
rates. Capacitively coupling this circuit to the island of a radio frequency single electron transistor,
I have time resolved these tunneling events. The trap is operated in a regime where tunneling
due to thermal fluctuations is completely suppressed, and tunneling proceeds fluctuations that are
purely quantum in nature. I present here the first measurements of the dynamics of these quantum
fluctuations, or cotunneling events, with excellent agreement with theoretical predictions, which were
developed more than two decades ago. These measurements provide insight into charge fluctuations
in nanostructures and demonstrate the possibility to measure higher moments of charge fluctuations

in metallic systems.
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Chapter 1

Introduction

Over the past two decades, investigations of single charge devices, where the Coulomb interaction of
electrons in nanostructures determine the electron transport, have revealed a wealth of interesting
physics and spawned applications in precision measurement, metrology, and detectors. However,
nearly all experiments with these systems have probed steady-state time-averaged properties such
as the average current flow. More recently, there has been increased interest in noise properties of
mesoscopic systems, and it has become clear that the current noise of quantum mesoscopic conduc-
tors can provide powerful new insight into the behavior of electrons on the nanoscale. There are
numerous experiments on current fluctuations but very few on charge fluctuations. I present in this
thesis time resolved single electron tunneling events that allow us to probe the dynamics of charges
in nanostructures. These experiments provide a basic test of the theory of cotunneling, or quantum
fluctuations. The cotunneling theories were developed two decades ago but the dynamics have never
before been tested experimentally.

Early mesoscopic physics experiments focused on transport measurements to study the underly-
ing interactions of electrons. It has more recently been clear that there is much to be learned from
studying the fluctuations, or the noise in these systems [Beenakker2003|. For example, current noise
has been used to identify the charge of fractionally-charged quasiparticles in the fractional quan-
tum Hall effect [Saminadayar1997, dePicciotto1997, Reznikov1999]. While current noise probes the
question of how electrons are partitioned into reflected and transmitted beams by a phase coherent
scattering region, charge noise probes the issue of how long electrons spend in the scattering region.
Insights revealed studying charge noise may prove to be as powerful as those derived from studying

current fluctuations. Also, for typical mesoscopic detectors such as the single electron transistor and

11



CHAPTER 1. INTRODUCTION 12

the quantum point contact, it is the charge fluctuations which are responsible for the backaction, or
the unavoidable disturbance of the measured system caused by the detector. Detailed measurements
of charge fluctuations can serve as probe for measuring the backaction of the detector, the knowledge
of which will aid in the design of more efficient quantum detectors and amplifiers.

In single electron systems, such as the single electron transistor or the quantum point contact,
transport can be strongly affected by small changes in potential or by the motion of individual
charges nearby. The current through these devices flows via tunneling between a small number of
single-particle or single-charge states, but there are very few experiments in which the dynamics
of the tunneling of single charges have been directly observed. There are two main reasons for
this, and both are related to the smallness of the electron’s charge, e. First, the typical rates of
tunneling are very fast (MHz to GHz or higher), since they are limited by the size of a measurable
current (f=I/e = 6.24 MHz/pA) or by the timescale of thermal fluctuations (kT/h = 1 GHz at 50
mK). Second, the signal created by motion of a single electron is very small. This thesis works to
overcome these obstacles by working at the problem from both sides. First, I make use of the radio
frequency single electron transistor (RF-SET) developed by Robert Schoelkopf [Schoelkopf1998],
which possesses single-electron sensitivity and 100 MHz of bandwidth. Secondly, I have fabricated
circuits that can slow the electron tunneling rates down into a measurable range. The combined
effect of the fast electrometer and the circuit with relatively slow tunneling events is that single
tunneling events can be resolved in the time domain. More specifically, I have been able to directly
resolve the cotunneling, or quantum fluctuations, in a single electron circuit. This serves as a basic
test of our understanding of cotunneling theory in a single electron trap, which will aid in improving

the performance of single electron pumps and turnstiles.

1.1 Charge Detection with the RF-SET

The single electron transistor, shown in Figure 3.1, consists of two small ( 50 x 50 nm?) tunnel
junctions in series with a small island between them. A typical charging energy for this circuit is in
the range of 1-2.5 K, and at sufficiently low temperatures (~ 50 mK), no current can flow between
the drain and the source. This is known as Coulomb blockade and is extremely sensitive to the
potential of the island. If the correct voltage is applied to a nearby gate Q, = CyV, = e/2, this
blockade can be lifted, allowing current to flow, switching on the transistor. The potential of the

SET island is periodic in this gate with a period of one electron. It is also sensitive to any nearby
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Figure 1.1: Circuit diagram for the single electron transistor, consisting of two tunnel junctions in
series with a small metallic island between them. The potential of the island is tuned with the
nearby gate.

gate, so in addition to the intentional gate, we can couple another single electron device, such as the
single electron box.

The SET was first proposed in 1986 by Averin and Likharev [AVERIN1986], and was first
measured at Bell Laboratories in 1987 by Fulton and Dolan [FULTON1987]. Measurements of the
drain-source current flow through the SET enable high precision charge measurements of nearby
devices. The SET is capable of detecting signals much smaller than a single electron. These devices
have quite high resistances (> 26 k), however, so long RC times limit these measurements to ~kHz
ranges. Despite the limitations of bandwidth and sensitivity of these DC-SETSs, they have been
used to measure macroscopic charge quantization [LAFARGE1991], characterize and operate single
electron pumps and traps [Keller1996, DRESSELHAUS1994], and to measure the local chemical
potential in semiconductor systems [Weil997, [Y001997].

Improvements to the bandwidth and sensitivity of the SET were made with the invention of the
RF-SET [Schoelkopf1998], which utilizes a measurement technique in which the SET is embedded
in an LC resonant circuit. This not only increases the measurement bandwidth to >100 MHz, but
also moves the measurements away from the ubiquitous low frequency 1/f noise. The best charge
noise obtained with the RF-SET is about 5 x 10~%¢/H z, only a factor 3 greater than the theoretical
limit [Devoret2000].

The RF-SET has both the speed and sensitivity required for rapid electron counting measure-
ments. The particular RF-SET used in the main section of this thesis has a charge sensitivity of
7x107° e/Hz. The signal size on the SET comes from the amount of polarization charge caused by
a change in one electron on the measured circuit, for example, a single electron box. The figure of

merit is the dimensionless coupling ratio k = C../Cyx,, where C. is the coupling capacitance and Cfy,
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is the sum capacitance of the measured island. Given a coupling of 10%, the maximum rate that
electrons can be time resolved with the RF-SET with a single to noise ratio of 1 is greater than 1

MHz.

1.2 Measurements of Average Charge

Using the circuit shown in Figure (1.2, where a single electron transistor is used as an electrometer,
measurements of the average charge state of a small metallic island, in the single electron box, can be
performed with exquisite precision. The box is the simplest single electron circuit [LAFARGE1991],
consisting of a single island connected to a reservoir through a small capacitance tunnel junction.

A voltage on a capacitively coupled gate allows adjustment of the electrochemical potential of the

Figure 1.2: Circuit diagram showing the single electron transistor capacitively coupled to the single
electron box. The size of the signal on the SET is determined by the coupling capacitor C,, which
sets the amount of polarization charge is induced on the SET due to a change in one electron on the
box.

island. The electrostatic energy of the box, E = Ec(ng — n)?, depends on the number of excess
electrons on the island, n, and the applied gate, expressed as an effective gate charge, ng, = Cg,Vgp/e.
The energy scale of this circuit is the charging energy of the box, E. = €2/2Cy,, (typically 1-2 K),
where Cj,, is the sum capacitance of the box island. The electrostatic energy is plotted as a function
of gate charge for different charge states in Figure [1.3a, and consists of a series of parabolas which
cross at charge degeneracy points where ng, takes on half integer values. In the absence of thermal
or quantum fluctuations, the charge state should then change in a step-wise fashion shown in Figure
1.3b at these degeneracy points, and a measurement of the average charge < n > will display the
Coulomb staircase [LAFARGE1991]. At finite temperature, there can be a thermal occupation of
higher energy charge states, which leads to a thermal broadening of the transitions in the staircase.

The first measurements of the Coulomb staircase using the RF-SET were performed in our
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Figure 1.3: a) Energy level diagram for the single electron box. The Coulomb energies for several
values of the charge state on the box, n, are plotted as a function of applied gate charge. The points
at which these curves cross are the charge degeneracy points. b) The average charge on the box is
plotted as a function of trap gate for a box with charging energy E. = 1.5 K at 50 mK. This is
known as the Coulomb staircase of the single electron box. The charge on the box increments by
one at each of the charge degeneracy points.

group [Lehnert2003|. Using the high sensitivity of the RF-SET and an integration time of several
seconds per point, the staircase as a function of gate voltage, temperature, and magnetic field was
measured to a precision of about a part in 1,000, about two orders of magnitude improvement over
measurements [LAFARGE1991] with a conventional SET. These measurements revealed that the
broadening and the detailed shape of the staircase were distinctly different from that predicted by
a simple model of thermal activation to higher charge states. The presence of the tunnel junction
coupling the island to the reservoir, which allows the charge state to change, also couples the charge
states to quasiparticle excitations in the Fermi seas of the reservoir and island themselves. This
coupling means that even at zero temperature, there can be quantum fluctuations of the charge
state of the island, leading to a rounding of the staircase and a logarithmic renormalization of the
charging energy. These were the first measurements of this physics in the single electron box and
there was excellent agreement with theory with no adjustable parameters as shown in Figure 1.4, A
significant body of theoretical work [Goppert2001] has addressed this problem for the single electron
box. What makes this different from what has been done in quantum dots is that there are many
conduction channels in a metallic junction, each with small transparency, but combining to give
a conductance comparable to the quantum conductance. Also, the single-particle level spacing in

these metallic islands is negligibly small.
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Figure 1.4: Precision measurement of the Coulomb staircase of the single electron box (adapted from
Lehnert et al. [Lehnert2003]. The average charge on the box as a function of gate charge is shown
for one step of the box near charge degeneracy. The data is measured at two different bias points
of the SET. The dashed lines show thermal broadening of the staircase at 30 mK and 125 mK, and
the solid lines shows the theoretical prediction for the quantum charge fluctuations [Goppert2001]
with no adjustable parameters.

These measurements revealed some non-trivial effects of charge fluctuations in mesoscopic metal-
lic systems, but there is still no information about the actual dynamics of the island charge state,
since the SET is measuring the ensemble averaged charge state on timescales of seconds. Other work
in our group has used the RF-SET to measure the Cooper-pair box, which acts as a coherent two
level system. The RF-SET was used to temporally resolve the relaxation of the charge state (still
an ensemble average over thousands of repetitions, however) on sub-microsecond timescales, and to
measure the relaxation time (T1) of these solid state qubits [Lehnert2003a]. The actual dynamics
for the single electron box, however, are typically much faster (ns), and take place in a random,
Poisson distributed manner, making it very difficult to time resolve single electron tunneling events.

At low temperatures, we can consider the dynamics between the two lowest charge states of the
box. If we were able to time resolve the charge on the box island, we would observe random telegraph
noise with the charge fluctuating in a Poisson-distributed manner between the two charge states.
At ng = 0, the box spends almost all of its time in the n = 0 state with rare excursions into the
n = 1 state. At this point, the tunneling rate I'g_; is negligibly small, but this causes I'1_,¢ to be
extremely high. An illustration of this is shown in Figure 1.5, Here, the downward tunneling rate is

of order gE¢ /h (typically 10 GHz or more), where g is the dimensionless conductance of the junction
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Figure 1.5: Illustration of the charge fluctuations in the single electron box. At low temperatures,
only the two lowest energy levels need to be considered. A time resolved measurement of the charge
on the box would reveal random telegraph noise as shown in the two figures on the right. Away from
charge degeneracy, one rate can always be made small. For example, as shown in the upper green
curve, ['g_.1 << I'1_0, but this comes at the cost of one rate that is very large resulting in series of
near delta-functions in the time record. The best point to measure is near charge degeneracy, shown
in the lower time record. For a metallic box, however, rates here are still ~1 GHz

and is of order 0.1-1. The best case scenario for detection, would be at the charge degeneracy point,
where the box spends an equal amount of time in each state. Even here, however, the rates are still
of order gkpT'/h, which is about 1 GHz for a dimensionless conductance of 1 and a temperature of 50
mK. This makes measurements of time resolved tunneling events in a metallic box with an RF-SET
technically infeasible. Such measurements have been performed with a semiconductor quantum dot
[Lu2003|, Fujisawa2004, (Gustavsson2006, [Fujisawa2006], where a gate can be used to pinch off tunnel
coupling between the dot and reservoir in-situ, making the rates of sequential tunneling measurable
(< 1 MHz).

The fast tunneling events in the single electron box were appreciated early on. Since the di-
mensionless conductances in a metallic junction can only be fabricated reliably in a narrow range
of 0.01 — 1, the solution to slowing down the tunneling rates has been to add several junctions in

series.

1.3 Charge Dynamics

In multi-junction single electron systems such as the single electron trap and the single electron

pump, tunneling rates are greatly reduced by putting many tunnel junctions in series. Charges
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are transferred into an intermediate state with a large Coulomb energy cost, leading to a strong
suppression of the sequential tunneling rates. The dynamics should then be dominated by rates of
virtual tunneling via the forbidden intermediate states, a process known as cotunneling [Averin1992].

The single electron pump is a device that uses multiple junctions to suppress sequential tunneling.
Shown in Figure/l.6a, the pump consists of an island connected to a reservoir, as in the electron box,

but in this case, this connection is via a series of several small capacitance islands and junctions. By
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Figure 1.6: The single electron pump. a) Schematic of the seven-junction electron pump, with an
SET electrometer which measures the last island. The six islands are biased in a sequential fashion
to pump charge on and off the island. b) Measurement of single electron changes in the pump’s
charge state, in the "hold mode” where the gates are fixed (adapted from Keller et al. [Keller1996]).
Very rare jumps of size le are observed on timescales of minutes to hours, representing ”errors” in
the pump due to high order tunneling processes. The error rates and their mechanism are not fully
understood.

[ox

pulsing the gates of the intervening islands in a sequential manner, an electron can be transferred
in a "bucket-brigade” fashion, and pumped from reservoir to island. The pump is a very successful
device which can transfer electrons (in its seven-junction implementation) with an absolute accuracy
[Keller1996] of about 10 parts per billion, and is being adopted as a new quantum standard for
capacitance [Keller1999].

The pump can be placed in "hold” mode, where an electron is transferred to the end island and
the gates are held fixed. The pump is then operated as an electron trap, and the lifetime of the
charge on the island can be measured, as shown in Figure1.6b, by measuring the island’s charge with
a conventional dc SET. Individual tunneling events take place randomly, on a timescale of seconds
to hours, which is required for these slow charge measurements. Similar experiments observing very
slow tunneling events in multi-junction traps were also performed by earlier groups at Stonybrook
[DRESSELHAUS1994] and Saclay [LAFARGE1992].

The dynamics of these multi-junction devices are not fully understood. The error rate of the five
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junction pump was deemed sufficient for operation at metrological accuracy for the capacitance stan-
dard, but the measured rates disagreed with those due to sequential and cotunneling events predicted
by theory by 17 orders of magnitude during operation in "hold” mode [Kautz2000]. Metrological
accuracy was attained only after increasing the number of junctions to seven. The measured error
rates in this setup were extremely small, but still disagreed with theoretical predictions by several
orders of magnitude. The errors in the pump were attributed to photon-assisted tunneling, and
the tunneling rates are due to sequential, single-junction tunneling [Kautz2000]. These dynamical
studies of metallic junctions do not shed much light on the problem of mesoscopic charge noise, nor
do they provide a direct test of cotunneling.

Recently, the first experiments observing single tunneling events in simple semiconductor quan-
tum dots using high speed electrometers have been performed. Rimberg and co-workers at Rice
University [Lu2003] integrated a metallic RF-SET on top of a semiconductor dot, and were able to
resolve sequential tunneling events due to thermal activation, by pinching off the tunnel coupling of
the island to the reservoir, reducing g and therefore the tunneling rate. Fujisawa and coworkers at
NTT |Fujisawa2004] used two semiconductor SETSs, the first configured as an RF-SET electrometer,
to measure the single thermal tunneling events in the second SET, and to observe the speed-up of
tunneling due to a current passed through its drain and source. Quasiparticle tunneling rates onto
the island of an SET were measured by Naaman and Aumentado at NIST [Naaman2006a]. These
are impressive technical demonstrations that the RF-SET can indeed measure single charge tun-
neling events at MHz rates. These results show the technical possibility of probing single-electron
dynamics, but do not yet offer much new information about the physics of single charge devices.
Also, the processes in all of these cases being studied are only that of ordinary sequential tunneling.

A recent experiment by Per Delsing and co-workers at Chalmers University [Bylander2005] has
used an RF-SET to observe the correlation of tunneling events in a long 1-dimensional array of
metallic junctions. In such arrays, charges are predicted to move as interacting solitons, leading
to a moderate correlation of electron tunneling times, which were sensed by a direct (rather than
capacitive) connection to the measuring island of an RF-SET. This correlation leads to a noise
spectrum with a peak at frequency f = I/e, observed in the output of the RF-SET. This result
demonstrates the kinds of non-trivial physics, due here to electron-electron interactions, which a

dynamical measurement can reveal.
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1.4 Electron Counting with the Single Electron Trap

In the experiments performed for this thesis I used an RF-SET to look at more rapid, intrinsic
tunneling dynamics in a two junction trap, a device that is far simpler to operate than the multi-
junction traps and pumps. This device has the possibility for reduced tunneling rates from those
seen in the single electron box, but still has measurable microsecond time scale dynamics which in
this case are dominated by quantum fluctuations. Because I am able to detect tunneling events much
more rapidly than was possible with the dc SET in the case of the traps and pumps, rare, anomalous
events are relatively unimportant and the statistics are vastly improved. The calculations are also
much less complicated for the trap as compared with the pump because of the reduced number of
islands. Four charge states of the trap must be considered at low temperature to understand the
tunneling rates, while 254 configurations must be considered to calculate the tunneling rates in the
7-junction pump [Kautz2000].

The single electron trap, shown in Figure [1.7a, consists of an intermediate island with charge
state nre and the trap island with charge state nr,.qp, and has two separate voltages which bias these
islands with gate charges ng; = CyVy;. An RF-SET is connected capacitively to the second island,
to measure the charge state on microsecond timescales. As shown in the energy level diagram in
Figure[1.7b, and the charge configuration picture in Figure(1.7c, in order to change the charge state
of the trap from (nrs;, nrrap) = (0,0) — (0, 1), charge transfer must proceed via tunneling first to an
intermediate state (1,0) of the first island that has a high Coulomb energy. Another possibility is to
tunnel through the second junction first (nss, nrrep) = (0,0) — (=1,1) — (0,1). For temperatures
less than the charging energies of both islands, k1" < Ecrrap, Ecrsi, one need only consider these
four states (two for each island) to understand the transport. Charge fluctuations of an electron
on and off the trap see this large energy barrier for at least one of the two tunneling steps, so that
transport is uphill both ways. This greatly reduces the sequential tunneling rates to negligible levels
at low temperatures. Tunneling proceeds via a virtual occupation of this intermediate state, which
is a purely quantum process. The rates for this process are in the kHz range over a wide range of
trap gate voltages and temperatures and are easily resolved using the RF-SET.

The trap circuit is relatively simple compared to the long arrays of junctions in the other experi-
ments measuring dynamics in metallic system, which allows for an easier characterization of the gate

voltages. We can map out the full parameter space of this circuit as a function of the gate controls
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Figure 1.7: a) Circuit diagram of the single electron trap capacitively coupled to a single electron
transistor (red). The trap circuit consists of two junctions in series with two islands. The potential
of each island can be tuned with capacitively coupled gate voltages V,;. The gates apply an effective
charge to the islands, written in terms of the number of applied electrons, n; = Cy;Vy;/e. b) Energy
level diagram showing the four lowest charge states for the trap near the trap energy degeneracy
point ngr = 1/2. In order to change the charge state on the trap from (0,0) to (0,1), electrons first
must tunnel to an an intermediate state with a high Coulomb energy, (1,0) or (-1,1). ¢) The charge
configuration space picture of the trap. This diagram highlights the fact that the electrons must go
up hill both ways tunneling on or off of the trap island.

and are able to precisely bias the circuit within this space for measurements of both the statics or
time averaged properties as well as the dynamics. The parameter space is mapped out with mea-
surements such as the Coulomb staircase and the hexagonal stability diagram of the trap, as shown
in Figure 1.8 We measure the dynamics of the circuit in several different ways, including swept
averaged measurements, as shown in Figure[1.8), pulsed gate measurements to observe the relaxation
time of electrons on and off the trap island, or we can fix the bias on both gates while making time
resolved measurements of the charge with the RF-SET as shown in Figure[1.9. The theory used for
predicting the rates of sequential and cotunneling was developed about two decades ago, but there
have been few direct measurements of the individual rates for in simple circuits, and no experiments
have accessed the mesoscopic charge fluctuations associated with cotunneling. Most experiments
have instead probed the current passed through single electron transistors [GEERLIGS1990]. This
work presents measurements of the dynamics of the cotunneling rate in the single electron trap and

comparisons to these theoretical predictions.
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Figure 1.8: The hexagonal stability diagram for the trap is shown on the left. The color blocks
represent the ground state of the trap. The lines separating the color blocks indicate a change in the
charge state of one of the two islands. The right figure shows the tunability of the tunneling rates.
In the top curve, the trap island is maximally blockaded and the rates are low. When the trap gate
is swept faster than the characteristic rate, the Coulomb staircase measurement is hysteretic. The

lower curve is measured at a bias point where the rates are fast, and for the same trap gate sweep
rate, no hysteresis is observed.
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Figure 1.9: Time resolved measurements of trap charge as a function of time.
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1.5 Overview of the Thesis

The work done for this thesis contains the entire process for the experiment, from experiment and
circuit design, theoretical predictions, electronics and cryogenics, fabrication, and finally measure-
ments. Chapters 2 provides an introduction to single electron circuits, focusing in detail on the
single electron box and trap. Chapter 3 continues this discussion to the SET, describing how it is
used as an electrometer. This chapter includes a detailed example of how we use the SET to mea-
sure charge on a single electron box and how this circuit is used to make high speed measurements.
These chapters provide the framework with which we can start to develop an understanding of the
dynamics of these circuits.

The dynamics are the focus of chapters 4 and 5. Chapter 4 focuses on the sequential tunneling
model, also known as orthodox theory or the global rule. This is the regime in which most ex-
periments operate and where other measurements of dynamics in single electron circuits have been
performed. I will show in this chapter that the predicted rates using this model are unrealistically
low for the single electron trap. This will then take us to chapter 5 which explores the quantum
fluctuations in the trap. These quantum fluctuations are higher order tunneling events that involve
cotunneling, or simultaneous tunneling of two electrons. This is a purely quantum process as it pro-
ceeds through virtual occupation of a higher energy intermediate state. In this chapter, we will set
up the theoretical predictions for the tunneling rates and analyze the feasibility of the measurements.

Careful circuit design is required to achieve the circuits for which the predicted rates are at a
measurable level. Chapter 6 discusses the design and realization of circuits that meet these require-
ments. Simulations for capacitance design will be discussed as well as the electron beam lithography
process used to fabricate aluminum thin film circuits with tunnel junctions. Chapter 7 introduces
the experimental methods including the setup, cryogenics, and RF circuit design. Measurements to
characterize the RF-SET will be presented here.

The main results for this thesis will be presented in Chapter 8. Here I will present measurements
characterizing two trap samples. Then, I will go on to discuss the dynamics in these circuits,
measured in a variety of ways, including time resolved measurements of single tunneling events. I
will show comparisons with the theoretical predictions from chapters 4 and 5 as well as a discussion
of the effects of the backaction of the SET. Chapter 9 will present possibilities for future work and

concluding remarks.



Chapter 2

Single Electron Circuits

Detection of single tunneling events is difficult for a variety of reasons, mostly having to do with
the smallness of the charge of the electron. For even quite small currents, the rates are extremely
fast. Taking a naive view of electrical current as individual electrons flowing through a wire, the
flow rate is 6.24 MHz/pA. High energy physics experiments involve beams of discrete particles, but
in conductors, electrons exist as a quantum fluid of charge and are completely delocalized. The
simplest example of this is charging a capacitor with a voltage source. The capacitor acquires a
charge Q = CV, which depends only on the applied voltage and the capacitance. The charge on the
capacitor plates takes on continuous values as the voltage source can be tuned in arbitrarily small
increments. More sophisticated techniques are required in mesoscopic systems to break up this fluid
into discrete droplets of charge one electron. The requirement is that we have a single electron
device. A second difficulty is the small signal size (1.6 x 10719C) of one electron which necessitates
an ultra-sensitive detector. We will exploit the charge sensitivity of a RF-SET of 7 x 10~%¢/v/Hz.
Because the signals for even small currents are quite fast, we work at this problem from both sides.
First we use the fastest, most sensitive electrometer. Second, we slow the currents down to be in the
detectable range of the RF-SET. We also want to be able to compare measurements with theoretical
predictions, so we limit the complexity of the design, looking for the simplest circuit that meets
these requirements.

A single electron device is a circuit that manifests charge quantization, or "notices” when an
additional electron is added or removed. To break up the fluid into discrete droplets of charge, a
section of the circuit needs to be separated from the long metallic leads. This is done by fabricating

small ( 100 nm x 1pm) metallic islands. Second, there must be a way to add or remove charge
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from the area in question. If this is not the case, then the charge on the island is always just the
continuous polarization charge from neighboring voltage sources which are capacitively coupled to
the island. This is done in metallic systems with tunnel junctions, which are comprised of two layers
of metal separated by a thin insulating layer, in our case Al:AlO,:Al. The total capacitance, C,
of the island can be small enough so that the energy required to add an additional electron to the
island, e2/C, is large compared with the temperature of the system. The junction itself should be
thought of as a capacitor with a finite number of conduction channels. If the junction separating
the island from the leads has a resistance much larger than the resistance quantum Ry = h/e?,
then the wavefunction of the electron will be localized to the island. When these two conditions
together are met, the charge on the island is a good quantum number and takes on integer values n
IMATVEEV1991), Devoret1992, |Grabert1992].

This chapter will review the single electron box, which is a building block of more complex single
electron circuits. Many experiments in mesoscopic physics and quantum computation are based on
the single electron box. From there, we will analyze more complicated single electron circuits such
as the single electron transistor and the single electron trap. This chapter focuses on the box and
the trap, and the next chapter will cover the single electron transistor. This will provide the tools

with which we can study the statics and then the dynamics of the electrons in these systems.

2.1 The Single Electron Box

The simplest single electron circuit is the single electron box, shown in Figure [2.1, consisting of
a small metallic island connected to a gate voltage through a capacitor and to ground through a
tunnel junction. The box is characterized by the charging energy which is defined to be the energy

required to add one excess electron to the island, EFc = where Cy, is the sum capacitance of

e?
2Cx !
the island!. In the single electron box, this is just the sum of the gate capacitor and the junction
capacitance, Cj 4+ Cy. A typical single electron box could have a charging energy in the range of
1-3K whereas 30 mK is a temperature easily reached in a dilution refrigerator.

The total electrostatic energy of the circuit is the sum of the energy from the discrete charge

states plus the energy added by the voltage supply through the gate capacitor

E = Ec(n—ny)? (2.1)

1Charging energies will be written in terms of equivalent temperatures, for example Ec = 1 K is used only as a
shorthand for E¢/kg =1 K.
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Figure 2.1: Circuit diagram for the single electron box. The box consists of a metallic island
coupled to a reservoir through a tunnel junction with capacitance C; and resistance R;. The total
electrostatic energy of the box is determined by the integer number of excess electrons on the box
island, n, and the continuous applied gate charge n, = CyV,/e.

where ng is the polarization charge added through the gate capacitor, ny = CyVy/e. The energy level
diagram is shown in Figure2.2. The discrete charge states, n, give energy levels which are a series of
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Figure 2.2: Energy levels of the single electron box. The Coulomb energies for several values of the
charge state on the box, n, are plotted as a function of applied gate charge. The points at which
these curves cross are the charge degeneracy points, at which the charge on the box will increment
by one electron, to remain in the ground state.

parabolas as a function of gate charge that cross at the charge degeneracy points, ng = 1/2,3/2,.. ..
In the absence of thermal or quantum fluctuations, the charge on the box increases in a stepwise
fashion by one electron at exactly these charge degeneracy points. This staircase is the stability
diagram for the trap as it indicates the ground state of the circuit as a function of the control gate.

At finite temperature, thermal fluctuations allow excursions out of the ground state. The average
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charge on the island is then described by a Boltzmann weighted average of charge states

S n exp(—Eu/koT)
(n) = P22 (2.2)

o0

> exp(—E,/kpT)

n=—oo

Away from the zero temperature limit, the average charge is no longer discretely quantized and the

staircase becomes broadened. We can rewrite this formula in terms of a dimensionless parameter .

%pT
fr— 2.
X o (2.3)

> nexp(=2x(n —ny)?)
) = = (2.4)

oo

> exp(=2x(n —ny)?)

n=—oo

Plotting 1/x versus the temperature give us a way to fit the measurements to extract the charging
energy of the box and observe any electron temperature saturation at low temperatures. Figure 2.3
shows a plot of the Coulomb staircase for several values of x, which was first measured by Lafarge, et

al. [LAFARGE1991] at Saclay in 1991. Note that even though the average charge n is not quantized
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Figure 2.3: Coulomb staircase for several values of the dimensionless parameter y. The average

charge on the box island is plotted as a function of applied gate charge n, = C;V;/e. Note that at
X = 2, the temperatures is equal to the charging energy.
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at finite temperatures, the instantaneous charge n remains quantized. For example, at ng, = 1/2, we
would measure (n) = 1/2, but the charge on the box is rapidly switching between 0 and 1, spending
an equal amount of time in each state. The typical rates in this circuit are always in the range of
50 MHz - 1 GHz regardless of temperature, which is too fast to be able to time resolve the single
tunneling events. In addition to the thermal fluctuations in this circuit, there are also quantum
fluctuations, or cotunneling. I will discuss this in more detail for the single electron trap in Chapter
5, it should be noted that they also occur in the box and have been measured to high precision by
Lehnert, et al [Lehnert2003]. I will discuss the details of the rate calculations in Chapter 4, and
we will find that we need a more complex circuit to slow the electrons down to the range that is
measurable with the RF-SET (discussed in detail in Chapter 3). In the next section, I will introduce

the single electron trap which has rates that are tunable down into a measurable range.

2.2 Statics in the Single Electron Trap

The single electron trap circuit is the next level up in complexity from the single electron box. The
trap, shown in Figure 2.4k, consists of an intermediate island with charge n;y and a trap island with

charge nrrqp. This circuit has two gate voltages to bias these islands, each applying gate charges
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Figure 2.4: a) Circuit diagram of the single electron trap. b) Energy level diagram as a function
of trap gate charge ngyr at island gate charge ny; = 0 showing the four lowest charge states for the
trap near the trap energy degeneracy point ngr = 1/2 normalized by the trap charging energy. This
is calculated for a circuit with trap charging energy 0.7 K and island charging energy 2.5 K. ¢) The
charge configuration space picture of the trap shows how the electrons must go up hill both ways to
reach the trap.
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ng; = CgiVyi/e. The energy level diagram for a trap with Ecrg = 2.5 K and Ecprep = .7 K at a
gate charge nyr = 1/2 is shown in Figure 2.4b as a function of ngp. This diagram has a parabolic
shape similar to that of the box but with one important difference. The presence of the intermediate
island adds an additional energy level that the electrons must overcome. Electrons can be added
onto the trap island in one of two ways. One possibility is that an electron can tunnel first onto the

intermediate island and then onto the trap island:
(nlsbnTrap) = (07()) - (170) - (07 1) (25)

The other possibility is that the order of the tunneling events can be reversed with an electron
tunneling from the island to the trap, and another electron tunneling from the reservoir onto the
island:

(nrst; nrrap) = (0,0) — (=1,1) — (0,1) (2.6)

At the trap charge degeneracy point, ngr = 1/2, each of these paths corresponds to tunneling into
an energetically forbidden level, shown in the charge configuration picture (Figure 2.4c). The same
is true for the reverse rate to tunnel from the trap back to the reservoir, so the electrons must travel
up hill both ways on and off of the trap island.

The time averaged behavior of the trap is similar to the single electron box, except that the
stability diagram has a third dimension which is the extra gate. The stability diagram of charge as
a function of each gate forms a hexagon pattern which is shown for the idealized zero temperature
limit in Figure 2.5, The hexagon pattern of charge is closely related to the well-known hexag-
onal patterns in conductance previously observed in single-electron pumps [POTHIER1992] and
turnstiles [URBINA1991] as well as those observed in double quantum dots [Wiel2003, |(Chan2003,
Fujisawa2006), |Sigrist2006]. The boundaries between the hexagons are the locations in the gate bias
space where the charge on one of the two islands changes by one, and the hexagons can then be
identified by the indexing (n;si, 7erap) shown. As with all metallic single electron devices, the actual
number of electrons on each island is very large, so the choice of zero is arbitrary. This pattern also
provides a mapping of the gate settings to allow us to correctly bias the circuit.

Measuring the average charge on the trap island as a function of ngr at ngy = 0 gives the
Coulomb staircase as was shown in Figure 2.3/ for the box. The tunneling rates in the trap become
significantly slower than those in the box at the degeneracy point due to the fact that there is an

energetically forbidden state between the cells of the honeycomb. Because of the extra island, the
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Figure 2.5: Idealized zero temperature stability diagram of the single electron trap. Plotted is the
ground state of the single electron trap as a function of both gate voltages. The lines of the hexagons
correspond to the locations in gate charge where the charge on one of the islands changes by one
electron. This model is calculated for a trap circuit with trap charging energy of 0.7 K and island
charging energy of 2.5 K.

characteristic rates for this circuit can be brought down into the range of 500 Hz-1 MHz which is
slow enough to be detected with the RF-SET. The rates depend on energy differences between the
charge states which are determined by the charging energies of the islands and the settings of the
gate voltages. Our ability to tune the rates within this range will be determined both by our circuit
design and by our ability to tune the gate voltages with some precision.

To go beyond the many experiments that measure statics in these systems, one needs to develop
an understanding of the dynamics. The other important aspect of the experiments will be the charge
detection, implemented using the RF-SET. Chapter 3 introduces the single electron transistor and
the techniques used for rapid charge measurement. Also presented are figures of merit for judging the
viability of detection of single tunneling events in various circuits based on sensitivity and maximum

detectable tunneling rates.



Chapter 3

Charge Detection with the
RF-SET

3.1 Introduction to the Single Electron Transistor

The single electron transistor (Figure [3.1) consists of two ultra-small tunnel junctions (50 x 50 nm)
with resistances Rj 2 >> Ry in series with a small metallic island (100 nm x 1 pm). This device was
first proposed in 1986 by Averin and Likharev [AVERIN1986], and the first experimental realization

was in 1987 at Bell Laboratories by Fultan and Dolan [FULTON1987]. We call this device a single
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Figure 3.1: The circuit diagram of the SET. The SET consists of two small tunnel junctions in series
with an island between them. Current, I;s, flows through the transistor. The charge state of the
island takes on discrete values, n, and electrons tunnel on and off of the island one by one. The
number of electrons that have tunneled through the first and second junction are N1 and N2.

electron transistor because the current flow through the device is modulated by a gate voltage.
We borrow the nomenclature from field-effect transistors (FETs) and say that it is voltage biased
through the drain and grounded through the source and the electrostatic energy of the circuit is

adjusted through a gate coupled nearby. At temperatures lower than the charging energy of the SET,
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electrons flow one by one from source to drain. The SET functions much like the single electron
box at V45 = 0. The number of excess electrons on the SET island, n, changes when electrons
tunnel through either junction. The total number of electrons that have tunneled through each of
the junctions are N7 and Ns. We can write this in terms of a charge advance number &, which will

allow us to write down the current through the transistor:

Ny + N
ko= % (3.1)

Y a2

Just as in the trap and the box the number of electrons on the island switches between two charge
states:

n—n+l—-n—-n+l—on—-n+l... (3.3)

In the SET the frequency of tunneling events is related to the total drain-source current, f=I/e ~
GHz. This is too high to time resolve, but we will exploit other properties of the SET, using it as a
fast sensitive electrometer in order to detect single tunneling events on the trap.

Electrons can only tunnel onto the SET island when it is energetically allowed. The total
electrostatic energy of the SET depends on n, the drain-source voltage Vs, and the applied gate

charge n, = C,V, and is given by
E =Ec(n—CjVis/e —ny)? (3.4)

plus terms that do not depend on the number of electrons on the island which have been dropped
(energy differences between states determine whether or not tunneling will occur, so the other terms
will cancel out). With no applied gate voltage, at Vs = 0, tunneling is energetically forbidden and
we have what is called Coulomb blockade. This is shown in the center region of the blue curve in
Figure 13.2. This blockade can be lifted with the correct potential applied to any nearby electrode
or gate allowing current to flow through the SET, turning on the transistor. The potential required
is e/2C, or half of an electron of gate charge ¢, = C,V,. The maximum and minimum values of
the blockade are shown in Figure [3.2, which determines the amount of modulation in a current
measurement taken at a particular bias point. Just as in the box, the gate charge is a continuous
variable, and the behavior of the SET is periodic in gate charge, with a periodicity of one electron.

Figure 3.3/ shows the current through the SET as a function of V.
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Figure 3.2: Drain-source current, I;s through the SET measured as a function of drain-source
voltage, Vgs. At zero applied gate charge, @, = 0, around Vg5 = 0, tunneling is energetically
forbidden, so no current can flow, and we have what is called Coulomb blockade (blue curve). This
blockade can be lifted with the correct applied gate charge, Q4 = e/2, shown in red, and the I-V
curve becomes nearly linear. A particular bias point is indicated by the arrow where the current
through the SET is dependent on any changes in the applied gate charge, and the SET can be
operated as an electrometer. This particular curve is for an SET with a normal state resistance
Ry = 90k€2.
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Figure 3.3: Drain-source current through the SET measured as a function of gate voltage. The gate
capacitance can be calibrated using the fact that the SET signal has a period of 1 electron. The
SET is used as a sensitive electrometer when it is biased anywhere there is a measurable slope in
the current as a function of gate voltage.
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The high sensitivity of the SET current to gate charge, or any charge coupled nearby is what
allows the SET to act as a sensitive electrometer. Figure 3.4 shows an example of this with the SET

capacitively coupled to the island of a single electron box. A typical SET measurement detects a

W (BB BB W

Figure 3.4: The SET capacitively coupled, via C¢ to a single electron box. The blue lines denote
box island with ng electrons and the red lines denote the island of the SET with ng electrons. The
green dot indicates the signal being measured by the SET, which is a single electron tunneling onto
the box island.

change in potential corresponding to a gate charge of approximately 10~ e¢/v/Hz. The high output
impedance, which is at least on the order of Rx = h/e? ~ 26 kS), however, limits measurements to
the kHz range. The next section will discuss high frequency measurement techniques that increase

both the bandwidth and the sensitivity of the SET.

3.2 High frequency measurements

The long RC time due to the high impedance SET and capacitance of the cables limit measurements
to the kHz range of measurement frequencies. The low frequency operation of these devices also
limits their sensitivity, since measurements are made in the rage of high 1/f noise due to the motion
of charge impurities in the substrate and tunnel barriers. The radio frequency SET (RF-SET)
measurement, technique works around these both of these problems by embedding the SET in a
resonant LC circuit (shown in Figure [3.5)) [Schoelkopf1998|]. With this setup, we measure the change
in damping of the resonant circuit due to changes in drain-source current through the transistor.
Measuring the reflected power is an analogous to measuring the conductance through the device.
This device has demonstrated measurement bandwidths of greater than 100 MHz. The sensitivity is
also greatly improved, giving charge noise measurements as low as 5 x 107 ¢/ VHz [Devoret2000)].
Faster bandwidth equates to shorter integration times, which also improves the sensitivity.

The response of the SET circuit as a function of Vg, and V; is shown in Figure [3.6. This is
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Box SET Tank Circuit

Figure 3.5: Schematic of the RF-SET with microwave circuitry. The single electron box is capac-
itively coupled to the SET just as in the previous figure. The high frequency measurements are
performed with the SET embedded in an LC resonant circuit.

known as the Coulomb diamond. The black areas of the figure indicate low conductance and the
SET is blockaded in a single charge states within these diamonds. The white numbers indicate the
charge on the SET in these regions. The slant in the diamond pattern, indicated by the ratio of
slopes of the green dashed lines in the figure, indicates the degree of symmetry of the capacitances of
the two junctions. The SET can be biased anywhere on this diagram where there is a color change
in the horizontal direction. Those are the locations where the SET is sensitive to small changes in
gate voltage and can thus be used as an electrometer. A particular choice for the operating point is
indicated by a white dot in Figure [3.6.

The important quantity in this measurement is the strength of the coupling capacitor which
is the amount of polarization charge induced on the SET island due to a change of one electron
on the capacitively coupled circuit such as the single electron box. The signal size is g5y = ke,
where k = Co/Cg,, (see Figure 3.4)) is the dimensionless coupling ratio of the coupling capacitance
of the two islands to the sum capacitance of the box island. A typical coupling strength of 10%
allows for resolution of single tunneling events in the time domain with a signal to noise ratio of
1 with a maximum bandwidth By, = k?/S, ~ 2 MHz, if we assume a charge sensitivity of
7 x 10~%¢/v/HZY. This number B,,,,=2MHz will serve as a high frequency cut-off for evaluating
the feasibility of measurements of time resolved tunneling events in various circuits. We will look for

a circuit that has tunneling in a range of frequencies that are far below this maximum bandwidth.

INote that the units here are not Coulombs?/Hz, but e?/Hz, which gives the correct dimensionality for the
bandwidth.
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1aMOod pajos|joy

SET Gate [e]

Figure 3.6: Coulomb diamond of the SET. Reflected power is plotted as a function of drain source
voltage Vs and SET gate charge, showing areas of conductance (blue-white) and areas of Coulomb
blockade (black). Within these black diamonds, the SET is blockaded in a single charge state, and
the white numbers indicate the charge on the SET island in these regions. The ratio of the slopes of
the two green lines can be indicates the amount of capacitance asymmetry between the two tunnel
junctions. The SET is sensitive to changes in gate voltage anywhere in the diagram where there is a
color change in the horizonal direction. One particular operating point of the SET as an electrometer
is indicated by the white dot.
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More specific details of the RF measurement setup will be given in Chapter 7. Now that I have
introduced the RF-SET, I will use the terms SET and RF-SET interchangeably and future references

to the SET should not be confused with the de-SET.

3.3 Measuring the Charge on the Single Electron Box

This section outlines the process of using the RF-SET as an electrometer to measure the average
charge on the single electron box. It will be important to understand the mechanics of the measure-
ment process to be able to evaluate the feasibility of measuring proposed circuits. I have already
stated, and will show in Chapter 4, that the tunneling rates in the box are too fast to be time
resolved by the SET. Nonetheless it is important to see how the number of islands in the problem
affects the complexity of the measurements.

The circuit diagram shown in Figure 3.1/ does not tell the whole story of the box-SET coupling.
Realizing this circuit diagram in an actual thin-film circuit results in extra capacitances not typically
drawn into the diagram. Figure(3.7/shows the more complete circuit diagram with the added parasitic

capacitances and Figure [3.8is an SEM micrograph of a real device. The procedure for measuring

C

BS

CB CC E CS V(;
A
I

(4% AF ()
NP

Figure 3.7: The full circuit diagram of a single electron box coupled to a single electron transistor.
The extra capacitances in this diagram, Csp and Cpg, are parasitic, or unwanted, cross capacitances
of the gates to the opposite islands and have to be cancelled out in the operation of the experiment.

the charge on the box is to sweep the applied box gate charge and measure the response of the
SET. We are unable to fabricate isolated gates that bias each island independently (see Chapter
6 for more details), so when the box gate is swept, it changes the operating point of the SET. A

measurement that keeps the operating point of the SET constant involves finding the capacitance
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SET Gate

Figure 3.8: SEM micrograph showing a single electron box coupled to a single electron transistor
fabricated at Yale by Johannes Majer. In this device, the capacitive coupling of the box gate to the
box is nearly equal to that of the box gate to the SET. Independent biasing of the gates requires
the gate biasing procedure described in the text.

matrix of the circuit and applying a gate voltage to the SET island to cancel the effects of the direct
capacitance from the box gate to the SET island. The total charge applied to the two islands by

the gate voltages is given by:

(Qgs>:<cs CBS)(VqS) (3.5)
4gB Csp (g VyB '

The gate charges are more typically expressed in terms of number of electrons ngspr = ¢gser/€, or

< ngs ) _1( Cs Css Vgs ) (3.6)
ngB e\ Csp Cg VyB )

Starting out, all of the elements of the capacitance matrix are unknown. Simulations provide us
with a starting point (see Chapter 6), but we require a much more precise characterization of the
circuit in order to proceed. This formulation will be done assuming C¢ is small enough that the
signal g4y from electron tunneling is a small perturbation on the SET response.

The first step is to find the capacitance of the SET gate to the SET island (Cs). To do this, we
apply a voltage ramp corresponding to several electrons in gate charge to the SET gate and measure

the reflected power as a function of time. The applied voltage ramp and the measured reflected
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Figure 3.9: a) The applied gate voltage Vs is plotted as a function of time on the right axis while the
measured reflected power signal is plotted on the left axis. b) Plotting these two quantities against
each other gives the SET transfer function. The periodicity of the signal is one electron, and we find
the SET gate capacitance Cs = 32 aF.
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power signal are shown in Figure 3.9a. We can re-plot this as SET response (reflected power) as a
function of applied gate charge (Figure [3.9b). The SET response as a function of gate is called the
SET transfer function. The periodicity is one electron, from which we can calibrate the SET gate
capacitance. We repeat this measurement to find the capacitance of the box gate to the SET island,
applying the voltage sweep to the box gate and measuring the response of the SET. We then have
two elements of the capacitance matrix, Cs and Cpgg.

To find the capacitances of each gate to the box island we apply a voltage sweep of magnitude

VyBoz = VB and cancel this gate on the SET with a voltage sweep of —%?SS V. Plugging these

into equation 3.6, we see that the SET charge remains constant allowing us to stay at the sensitive

operating point:

ngs \_1( Cs Cps ~Cesyp \ 1 0
< NgB > e ( Csp Cg ) ( ‘/SB T e Vg (CB _ 0527235) (37)

The signal measured on the SET will be due to the changing average charge on the box island.

The resulting graph is a sawtooth, shown in Figure [3.10. We get this function because the average
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Figure 3.10: The raw measurement of the sawtooth for the single electron box. The single electron

box has a periodicity of one electron, AV = le. The second sawtooth comes from shifting the SET
gate by a small amount Ag and measuring the resulting sawtooth shift (STS) AVgrg.

behavior of the box is that the capacitor is charged by the gate voltage increasing the potential on

the box island until an electron tunnels at the charge degeneracy point and the box is reset. Setting
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the period of the sawtooth, AVp, equal to one electron, we find

e
AV = 3.8
b Cp —CspCps/Cs (3:8)

This is not enough yet to get both capacitances out. We have two unknowns so we need one more
equation. Adding a small dc shift, Ag, to the SET voltage shifts the sawtooth by a small amount

in apparent box gate voltage, Vg = AVgrg.

Ch A
(”gS) _ 1( Cs CBS)(CSSVB+CZ) (3.9)
ngB e\ Csp (g Vs
- ~ 3.10)
= g CSCBSA‘] + Vg (CB _ CS%SBS) ( .

CspAgq

AV = —
58 CsCp — CspCps

(3.11)

This gives us two equations with the last two capacitances as unknowns. Solving these for the last

two capacitances we have

Ag—Cps AVsrs
12
Cs c ( Aq AVg ) (312)
- € CsAVSTS
Csp = Ag AVp (3.13)

Now that we have each element in the capacitance matrix, we can sweep the box gate some
number of electrons while keeping the SET at a fixed bias. The end goal is a measurement of
average charge on the box as a function of box gate, but what is directly measured is the reflected
power signal from the SET as a function of box gate. The SET transfer function provides a mapping
between reflected power and charge on the SET, and we make a lookup table to map between these
two quantities (Figure[3.11)). The resulting sawtooth is shown in Figure3.12. From this measurement

we can infer the charge on the box and construct the Coulomb staircase,

Op = ngpek — QsEr (3.14)

K

The inferred staircase is shown in Figure [3.13, measured at several temperature.s

The number of elements in the capacitance matrix, all unknown, is equal to the square of the
number of islands in the circuit. The SET-box circuit has two islands and 4 unknown elements. We
measure the charge on the box directly with the SET and are able to determine all four elements.
The single electron trap has one island directly coupled to the SET, but the circuit has three islands

and three gates. The capacitance matrix contains nine elements, but since we do not have direct
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Figure 3.11: The raw measurement of the sawtooth for the single electron box and the mapping
from reflected power to charge on the SET island.
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Figure 3.12: The sawtooth of the single electron box. Here we plot the charge on the SET as a
function of applied gate charge on the box.
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Figure 3.13: Measurements of a staircase of a single electron box with charging energy 1.6 K per-
formed by Konrad Lehnert at several temperatures.

access to the intermediate island, the determination of the additional elements becomes much more
complicated. If it is important to determine all of the elements of the capacitance matrix in order
to effectively perform an experiment, then it would be wise to limit the number of islands and gates
that must be characterized. Chapter 6 of this thesis goes into more detail on the design elements
of the trap experiment that aim to simplify the measurement process. But first, Chapters 4 and 5

discuss the rate calculations that will go into the circuit designs.



Chapter 4

The Sequential Tunnelling Model

4.1 Introduction

This chapter presents the framework for calculating the rates using the sequential tunneling model.
After an overview of the model, calculations will be shown for the single electron box and the single
electron trap. We will see at the end of this chapter that there is more to learn about the tunneling
rates, and this will take us to the next chapter which will discuss the quantum fluctuations. This
first order calculation is more straightforward, and will provide a first cut with which we can filter
out prospective circuits. We will compare results found in this chapter to the figure of merit for the

SET (SNR=1 < 2MHz) explained in the preceding chapter.

4.2 Orthodox Theory

The total tunneling rate across a junction will be calculated in the framework of the ”global
rule”, or "orthodox theory” which was established by [NAZAROV1989, Devoret1990, (Girvinl990,
GRABERT1991]. This framework has been widely used, for example, to calculate measurable
quantities such as the current-voltage characteristics of tunnel junctions at finite temperatures
[Devoret1990, INGOLD1991] and predict the backaction of the single electron transistor onto a
single electron box [Turek2005]. The global rule states that the probability for tunneling is a func-
tion of the entire state of the environment in which the circuit is embedded. In the case of the
experiments in this thesis, the impedance of the environment is small compared with the resistance
quantum, Ry, and we will have a special case of the overall framework of rate calculations explored
in the references above. In this case, the first order calculations simplify to the rate calculated using

conventional techniques neglecting the coupling of the circuit to the environment (see e.g. Tinkham

44
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[Tinkham1996]). In this approach, we assume that tunneling occurs only through sequential tunnel-
ing events, and that multiple tunneling events, or cotunneling (explored in more detail in the next
chapter) are negligible. We also assume that the tunneling is an uncorrelated stochastic process.
The sequential tunneling rate depends only on the energy difference between the initial and final
states of the circuit before and after the tunneling event has occurred.

The rate for an electron to tunnel across a junction is calculated using Fermi’s golden rule. From

Sakurai [Sakurail994], the rate for a transition between two single particle states ¢ and f is given by
2m 9
Liep=—+ D o ITislPo(es — €) (4.1)
f

where |T;¢| is the matrix element for this transition and €; and ey are the energies of the electrons in
the initial and final states. This expression is integrated over the total density of states [ E,p(E,)
available to a tunneling electron. In our case, for single tunneling events across a high impedance
(with respect to Rk ) tunnel junction in a low impedance environment, this matrix element is equal
to an average value describing the barrier. To obtain the total tunneling rate across the junction,
we assume that the density of states on each side of the junction is constant as a function of energy,
and integrate over all possible energies. The probability that there is a filled state on the left side

of the junction is just the Fermi function,

1

N = T 5o

(4.2)

where § = 1/kpT, and the probability that there is an unfilled state on the right hand side is

[1 — f(e)]. The total tunneling rate across the junction from left to right is then

Ppn = %[ﬁf@u—ﬂawma (4.3)

This expression can be integrated analytically yielding a Bosonic type expression, essentially the

rate to create an electron hole pair

g AF
h1l—exp(—BAE)

(4.4)

where AF is the total energy difference between the initial and final states of the circuit and
g =h/ eQRj is the dimensionless conductance of the junction. A dimensionless conductance of
1 corresponds to a junction resistance of 25.8 k). At zero temperature, tunneling is forbidden

for negative AFE,_,, but at finite temperatures, tunneling becomes energetically allowed at even
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negative energy differences due to thermal fluctuations. Tunneling rates as a function of AE,, _,;

are shown in Figure 4.1, assuming g = 1.
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Figure 4.1: Orthodox theory tunneling rates as a function of the energy difference between charge
states n and n’ for ¢ = 1. Increased temperature allows energetically forbidden transitions at
negative energy differences. At AE,_,» = 0, the rates are linear in temperature and go as gkgT/h.

4.3 Tunnelling Rates in the Single Electron Box

The total electrostatic energy in the single electron box is given by
E(n,ny) = Ec(n —n,)? (4.5)

and the rate to tunnel between two states n and n’ is written

AE,_,/h

r=9% / (4.6)
211 — exp(—AE,_pn /kpT)

For temperatures that are small compared with E¢, in the range of n, = [0,1], we only need to

consider the two lowest energy states, with charge 0 and 1, as shown in Figure [4.2. At the charge
degeneracy point, ny = 1/2, we would measure the average charge on the box to be (n) = 1/2 (see
Figure 2.3) with n, the instantaneous charge on the box island, fluctuating rapidly between 0 and
1 with a 50% duty cycle. If we were able to time resolve this perfectly, we would see telegraph
noise that looked like Figure 4.3a. Moving away from this point would change the duty cycle as
shown in Figure 4.3b. This would slow one of the rates, but would significantly increase the other

toward the limit that the telegraph noise would resemble a series of delta functions. Tunneling
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Figure 4.2: Energy level diagram for the single electron box. The Coulomb energy is plotted as a
function of the applied gate charge n, = C,V,/e for four charge states of the single electron box.
The energy levels are quadratic in gate charge and cross at the charge degeneracy points.
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Figure 4.3: Charge fluctuations between two charge states, known as telegraph noise. a) Telegraph
noise at charge degeneracy with 50% duty cycle is the easiest to detect. b) Far from charge degeneracy
the rate to go from 0 to 1 is slower, but the reverse rate is much faster. The chance to miss events
in the detection scheme becomes higher.
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rates as a function of temperature are shown for a gate bias of 0.7e as a function of temperature
in Figure 4.4, The tunneling rate from the ground state to the excited state is suppressed at low
temperature, and can be made quite small, but this comes at the price of the return rate staying
at an almost constant high rate (500 MHz at 50 mK) for a box with charging energy Ec = 0.7 K

and a dimensionless conductance of 0.1. The best case scenario for any detection scheme would be

10°
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Figure 4.4: Tunneling rates as a function of temperature in the single electron box plotted at gate
charge ny, = 0.7e. The rate to tunnel from the ground state to the excited state (in this case n=1
to n=0) is suppressed at low temperatures. This slow tunneling rate comes at the price of a high
reverse tunneling rate from the excited state back to the ground state that is nearly independent of
temperature. At 50 mK, this rate is still at 500 MHz. The charge on the box is almost always in
the ground state, with rare, short excursions into the excited state.

to have equal tunneling rates on and off the island, with the electrons spending a maximal amount
of time in either state. We will see that in all of the circuits, both rates are lowest at the charge
degeneracy point.

To calculate the rates, we find the energy difference between the two applicable states

&=
—~
—
N
|
=
—~~
o
~—
I

Ec(1—2ng) (4.7)

E(0)—E(1) = —Ec(1—2n,). (4.8)

The tunneling rates between the 0 and 1 states for a box with Ec = 0.7 K are shown as a function

of gate charge in Figure 4.5aY. Figure4.5b shows the temperature dependence of the tunneling rates

1The charging energy of the box shown in this example is chosen for ease of comparison with the single electron
trap in the next section.
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at the charge degeneracy point. The rates are far above the 2 MHz cutoff at all temperatures which
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Figure 4.5: a) Orthodox theory tunneling rates for a single electron box with Ec = 0.7 K and
g = 0.10 at 50 mK. b) The thermal rates in the box are plotted at the charge degeneracy point where
the forward and reverse rates are equal. At charge degeneracy, the rates are linear in temperature
and equal to gkpT'/h. Tunneling events are too rapid to be detected by the single electron transistor
at any temperature.

AEn,n/
z and as

we can see looking at the limiting behavior of the rate equation: as T — 0, [' — g
AE, , —0, T — ngTT. The rates are linearly dependent on the dimensionless conductance, which
in a metallic system is typically in the range 0.05 — 1. Outside of this range, junction fabrication is
difficult to control. It is also a fixed number in experiments with tunnel junctions, in contrast with

a quantum dot with a tunable tunnel coupling.

4.4 Tunneling Rates in the single Electron Trap

The energy equation for the trap is slightly more complicated now that there are more islands
involved. Due to the addition of the extra island, there are cross terms that have to be considered.
Each piece of metal in the problem is considered to be a node. A simplified version of this picture
along with the circuit diagram for the trap ignoring cross capacitances are shown in Figure 4.6l The
cross capacitances will be be cancelled in the experiment, as outlined for the box in Chapter 4.

Following the formulation in [Lafarge1993|, we write down the full capacitance matrix, C, for the
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Figure 4.6: Schematic for the single electron trap. a) Circuit diagram for the single electron trap. b)
Diagram showing the nodes used for the energy calculation. The red circles indicate the islands and
the blue boxes indicate voltage sources. Cross capacitances between nodes that are not shown are
assumed to be zero, which can be achieved through cancelling procedures similar to the one outlined
in Chapter 3.

single electron trap. The matrix elements are

Ci = Y Cy (4.9)
i#]
Cij = —Ci (4.10)

where Cj; is the direct capacitance between nodes ¢ and j, where 7, j are either islands or voltage
sources. In general, the capacitance matrix C links the potential of the nodes v to the charge of the
nodes ¢ by

qg=Cv (4.11)
where ¢ and v are vectors containing the charges and voltages, respectively, of the nodes of the

circuit. The gate charges applied to the islands can be written as

Go = Z Casvs (412)
S
where s is the set of voltage sources and « are the islands.
I will drop terms in the energy equation that do not depend on the charges on the islands
because the rates depend only on energy differences between charge states?. We take the subset of

the capacitance matrix, C

Oag = Caﬁ (4.13)

for the set of «, 8 which are islands. The energy (including only the relevant terms) as a function of

the charge on each island is

]' ~— ~ ~
E=y > Coi(na —Ga)(ng — gs) (4.14)
o

2The more complete calculation that was done for the experiments in this thesis also includes the SET, which will
be neglected here for simplicity. A full expression of the energy including the SET is given at the end of Chapter 5 in
the discussion of the backaction of the SET
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For the trap, this is

62

E=— (éill (nlsl - ngT)2 + 5(27)21 (nTrap - ng[)2 + 25i5 (nlsl - ngT)(nTrap - ng[)) .

2

Analyzing this equation, we can see that the charging energy of the island is
2
e ~_
Ecra = 502721-

and for the trap

ECTrap = 501_’1
We can rewrite the total electrostatic energy as
E = ECT'r'ap(nTrap - ngTrap)2 + ECIsl(nIsl - ng[sl)2

+ 2ECoup(nTrap - ngTrap)(nlsl - ngIsl)

ol

(4.15)

(4.16)

(4.17)

(4.18)

where Ecoyp is the coupling energy between the two islands. This is similar to the single electron

box with the addition of the extra cross term, which comes in from the fact that the excess charge

one island acts as gate to the other island.

For temperatures that are low compared with the charging energies of both islands, kT <

Ectrap, Ecis, we can calculate the rates considering the four lowest energy levels, shown in Figure

4'7, which are (nIsla nTrap) = (070)7 (13 0)7 (713 1)7 and (07 1)

24 7
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Figure 4.7: Coulomb energy level diagram showing the four lowest energy levels for the single electron
trap, normalized to the charging energy of the trap, Ecryqp. This energy level diagram is achieved
for a circuit with Ecrgq = 2EcTrep = 2K and shown for an island gate bias at ngrq = 0. The

intermediate states (1,0) and (-1,1) have a high energy cost.
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At ngrg = 0, and ngrrqp = 1/2, in order to change the charge state in the circuit from (0,0) to
(0,1), we must first go either through state (1,0). An alternative is to tunnel through the second
junction first, taking the path (nrs,nrrep) = (0,0) — (=1,1) — (0,1). In order to transfer an
electron from the reservoir to the trap island, we must first overcome a higher energy intermediate
state. The rate for this process, which is energetically forbidden at zero temperature, is quite small.
The total time for an electron to tunnel is the sum of the time to tunnel onto the island (long) plus
the time to tunnel onto the trap (short). The second rate is very fast because the energy difference
is positive and large. The total rate will be low since it is limited by the long time for the first

tunneling event. The tunneling rate for the process proceeding through the first path is given by I'4

Ti0,00—1,00'(1,00=(0,1)

Iy = 4.19
0,00~(1,00 T 1,00~ 0,1) (4.19)
The rate for the alternate path is given by I'g
Too——1.nl(—1.1)—
Iy = (0,0)—(—-1,1)* (—=1,1)—(0,1) (4.20)

" To0—-11) +T—1,)-0,1)
This is again the addition of a slow rate and a fast rate, resulting in a slow net rate. In the rate
calculations above, we were computing the total rate for two tunneling events in series. The two
paths A and B add in parallel, so the total tunneling rate onto the trap island is the incoherent sum
of the two tunneling rates

Lo,0—01)=Ta+TIp (4.21)

The rate for electrons to tunnel off of the trap island, I'(g 1)—(0,0), is an analogous calculation.
Tunneling rates for a trap circuit with island charging energy Fcrsi = 2.5 K and trap charging
energy Fcorrep = 0.7 K are shown in Figure 4.8 for 50 mK and 150 mK as a function of trap
gate charge, ngrrqp. The temperature dependence of the rates at the charge degeneracy point is
shown in Figure 4.9.  The effect of adding an intermediate island has the effect of significantly
decreasing the first order sequential tunneling rates both as a function of gate and of temperature.
Sequential tunneling rates in the trap are exponentially suppressed, and at 50 mK are effectively
zero. This model is linear in the dimensionless conductance, g, which typically means that these
rates will dominate over those described by the next order in perturbation theory. In this case, that
is no longer true, and we must consider the next order, which is quadratic in g and involves the
simultaneous tunneling of two electrons. These quantum fluctuations are the subject of the next

chapter.
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Figure 4.8: Sequential tunneling rates for a single electron trap with ¢ = 0.1, Ecrgq = 2.5 K,
Ectrap = 0.7 K at two temperatures, 50 mK and 150 mK. The solid line represents the T 0y (0,1)
and the dashed line represents the reverse rate, I'(g 1)—(0,0)- At 50 mK, there is an exponential
suppression of the tunneling rates. The rates for sequential tunneling in the trap remain at levels
measurable by the SET until above 150 mK, a relatively high temperature in these systems.
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Figure 4.9: Temperature dependence of sequential tunneling rates at the charge degeneracy point
for the second island in a single electron trap with ¢ = 0.1, Ecrsi = 2.5 K, Ecrrap = 0.7 K.



Chapter 5

Cotunnelling Theory: Higher
Order Quantum Events

5.1 Introduction

The orthodox theory calculations detailed in the last chapter showed that the tunneling rates in
the trap become quite small at low temperatures. These rates are linear in the dimensionless
conductance, g, and are typically the dominant tunneling process. When these rates are completely
supressed, however, we have to go to the next order, which is outlined in this chapter.

Cotunneling, in general, is the coherent tunneling of multiple electrons through multiple junc-
tions. It is essentially quantum in nature, as it involves the virtual occupation of intermediate,
energetically forbidden states. As long as energy is conserved overall, this process enables the decay
of locally stable configurations. In this chapter, I outline the calculation for the cotunneling rates
in the single electron trap. In this case, the process involves the tunneling of two electrons through
two junctions, creating in the process two electron-hole pairs. Unlike in orthodox theory, where the
rate of electrons to tunnel onto the trap island was a sum the rates of various independent tunneling
events, the total rate for cotunneling cannot be written as a sum of independent rates. Instead,
the two possible paths for cotunneling onto the trap island are added coherently, and cannot be
separated. Because it involves two electrons simultaneously tunneling through two junctions, the
cotunneling rate is quadratic in the dimensionless conductance. The calculation presented here fol-
lows the explanation of Averin and Nazarov in Chapter 6 of the Nato series book, Single Electron
Tunneling [Grabert1992].

Cotunneling was first described by Averin and Odintsov in 1989 [AVERIN1989], where it was
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used to explain the finite current measured in the blockaded region of single electron transistors later
measured by Geerligs et al. in 1990 [GEERLIGS1990] and Eiles in 1992 [Eiles1992]. It is a process
in which tunneling progresses through virtual occupation of energetically forbidden intermediate
states, rather than through the sequential tunneling model presented in Chapter 4. Calculations
of cotunneling rates in multi-junction circuits were performed by P. Lafarge and D. Esteve in 1993
to calculate the transition between the blockaded and finite voltage states of the single electron
transistor at zero temperature in a non-divergent way |Lafarge1993a]. Measurements have shown
agreement with these calculations in the case of a two dimensional electron gas electrometer in
the zero temperature limit [Pasquier1993]. Additionally, calculations of the cotunneling rates in
multijunction pumps have been performed [Martinis1994, Keller1998, [Kautz1999, Kautz2000], but
comparisons with measured rates have revealed that cotunneling is not the dominant source of errors
in these systems. More recently, experiments by Lehnert et al. have demonstrated measurements
of the quantum fluctuations in the single electron box [Lehnert2003]. Transport in the cotunneling
regime in quantum dots, which depends on the level spacing, has also been studied [Sigrist2006),
Golovach2004, [Wegewijs2001]. There are no known experiments, however, that probe the dynamics

of the cotunneling process.

5.2 Cotunnelling in the Single Electron Trap

The cotunneling process in the single electron trap proceeds via one of two possible virtual inter-

mediate states. These are shown in the charge configuration space picture in 5.1. This can either

I 1

ﬁw'\ [ﬁ_m'\
% %

0,0 0,1 0,0 0,1

Figure 5.1: An illustration of the cotunneling process in charge configuration space. The result of
the process is a real tunneling event from the (0,0) state to the (0,1) state, with a intermediate
virtual excitation in either state I (1,0) or state II (-1,1).

start with a virtual tunneling event through the first junction to state (1,0) or through the second

junction to state (-1,1). In the first case, labelled I, there is a virtual electron excitation on the
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central electrode with energy €1, while in the second case, labelled I1, there is a virtual hole created
on the central electrode with energy e3. The final real tunneling event leaves behind either a hole or
an electron with energies e and €4, so that the net result of the real tunneling event is an electron
hole pair excitation on the central electrode and a real electron on the trap island. A diagram illus-

trating these two cases is shown in Figure 5.2. Because of the virtual nature of these two processes,

O LY ©

Figure 5.2: An illustration of the cotunneling process. In this diagram an electron tunnels from the
reservoir onto the trap island via one of two intermediate virtual occupations of the center island.
The energies indicate the final state of the cotunneling process. In the first path, I, there is a virtual
tunneling event across the first junction, creating a virtual electron on the intermediate island and
leaving a hole behind. In the second process, the first tunneling event is across the second junction,
creating a virtual hole excitation on the middle electrode, leaving an electron on the trap island.
The final process is the second tunneling event, which ends with a real electron on the trap island.

the two paths are indistinguishable and cannot be separated. We can write down an expression
for the tunneling rate using Fermi’s Golden rule. In this case we will have the matrix elements for
tunneling through each junction as well as an energy denominator due to the fact that these are
virtual transitions. These elements are then multiplied by the probability to find an electron state
€1 and an unoccupied state es. These terms are then multiplied by equivalent terms for the alternate

process. We then integrate over all possible intermediate energies, resulting in the expression

h o0
V= e Ry Ry, /_ derdeadesdes f(e1)(1 — f(e2)) f(e3)(1 — f(€a)) (5.1)
2
. (51 +61 + Er * €3 +€41+ EH) MAE—(atetetea)
where
E; = E(1,0)— E(0,0) (5.2)
E;y = E(-1,1)— E(0,0) (5.3)

AE = E(0,1)— E(0,0) (5.4)
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E; and Ey; are the energy costs for each of the intermediate states, and AF is the total energy differ-
ence between the initial and final states. The total electrostatic energy of the trap is E(nrs;, Rrrap),
which was defined in Chapter 4. At zero temperature, this integral can be solved explicitly and the
tunneling rate is given by

2

[, 2 mm A
7 amn (1+AEE1+E11+AE) i;;n(l—’_AE/El) 2| AE (5.5)

which is plotted as a function of trap gate in Figure 5.3. The cotunneling process will only occur if

Tunneling Rate [s'1]

0.0 0.2 0.4 0.6 0.8 1.0
ngTrap [e]

Figure 5.3: Cotunneling rates for the trap at zero temperature. The tunneling rates at zero tem-
perature diverge at the charge degeneracy point where the energy difference between the two charge
states goes to zero. If the total energy difference between the initial and final state is less than zero,
the process will not proceed. This means that only the rate to tunnel from the excited state to the
ground state is defined at zero temperature. This would also be true for orthodox theory.

there is an overall energy gain. At zero temperature, there is no thermal activation of cotunneling,
and there will rate is only defined for tunneling from the excited state to the ground state. At energy
degeneracy, or for negative energy difference, there is no rate defined for cotunneling, and the rates
diverge to zero.

At finite temperatures, we must work to simplify the integral expression and integrate it numer-
ically. Making use of the relation

X

/ )~ F(B +2)dB = — (5.6)
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we can rewrite this expression as

ok /°° E E 5.7
T e RuRe ) 1 —exp(—BE) 1 — exp(—BE") '

1 1 2
AE — E' — EdEdE'
X<E+E1+E’+EH) §( ydEd

where E and E’ are the energies of the electron-hole pairs created in this process. The energy
denominator contains a real divergence for certain high energies of the intermediate states. We can
remove this divergence by taking into account the finite lifetimes of the intermediate states. The
correct way to add these in would be to go to higher orders in perturbation theory, but to first order,
I will calculate these using the sequential tunneling model (see Chapter 4), to find the tunneling
rates out of each virtual intermediate state. These rates are given for each process as I'y and T'y

where

I = Tao-00+Fao-o1 (5.8)
Iy = Teny—e0 -0 (5.9)
and T' is just the equation for first order, sequential tunneling. Adding in the lifetimes of the

intermediate states changes the energy denominator term in the following wayt

1 E+ Er

5.10
E+EI  (E+E;)?+ (hTy)2 (5.10)
1 E'+FE
. + Err (5.11)
E'+ EII (B’ + Eqp)? + (hI'2)?
The final integral expression we are left with is then
h > E E
= 5.12
7 2met Ry Ryo /700 1 —exp(—0FE) 1 —exp(—FE’) (5:.12)
y ( E+ E; E +Eq; )2
(E+ Er)?2+ (hl'1)? (B’ + Eqr)? + (hl2)?

x 6(AE—E' — E)dEdE'

This expression is plotted as a function of trap gate charge at 50 mK in Figure 5.4/ and as a function
of temperature in Figure 5.5/ using the expected parameters for the devices measured for this thesis.
The total rate calculated using this method is not highly dependent on the exact value for the
lifetimes of the intermediate states. As long as the inverse lifetimes are small enough, they do not

affect the final answer as shown in Figure 5.6, where the tunneling rate in the trap (calculated at a
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Figure 5.4: The top curve shows the cotunneling rates for the trap at as a function of gate voltage
for a device at 50 mK. These calculations are for a trap with charging energy 0.7 K, island charging
energy of 2.5 K, and dimensionless conductance g=0.1.
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Figure 5.5: The top curve shows the cotunneling rates for the trap at as a function of temperature.
These predictions are for an island bias of ng4r5 = 0 and trap bias of ngrpqp = 0.55 for a trap with
charging energy 0.7 K, island charging energy of 2.5 K, and dimensionless conductance g=0.1. Also
plotted are the Orthodox theory rates for the same bias conditions.
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Figure 5.6: Tunneling rate of the trap calculated at the charge degeneracy point at 50 mK as
a function of the inverse lifetime of the intermediate state. The divergence in the cotunneling
calculation is removed by considering the finite lifetime of the intermediate state, which comes into
the energy denominator as i times the rate to tunnel out of the intermediate state. The equations
are not dependent on the value of this quantity until it starts to dominate the energy denominator.

particular gate voltage) is plotted as a function of this inverse lifetime. I will present measurements
and results from two specific devices, called A and B in Chapter 8, and the parameters used for

cotunneling rate curves correspond to these two devices.

5.3 Incorporating the Backaction of the SET

The backaction of the SET also contributes to the shape of the rate curves. For the two devices that
have been measured, the forward and reverse couplings for each device to the SET are shown in table
5.1L The forward coupling corresponds to the strength with which the SET measures the trap island,
or what percentage of each trap electron is coupled to the SET island, and is given by Cc/Csrrap.
The reverse coupling is the strength with which the trap measures the SET island, or how much the
potential of the trap is shifted with an additional electron added to the SET island. The reverse
coupling is given by Cc/Cssrr. Device A was not coupled strongly enough to the SET to allow for

time resolved measurements of single tunneling events. Device B was much more strongly coupled

IThe calculation presented here is a result of private conversations with Aashish Clerk at McGill. Similar methods
for removing this divergence are presented in Lafarge et al. |Lafarge1993al.
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’ | krrap = Cc/Csirrap | kser = Co/Csser |
Device A 2.3% 10%
Device B 10.3% 23%

Table 5.1: Forward and reverse coupling for the two devices measured in this thesis. The size of
the signal is determined by K7yqp, which was much larger in device B than in device A. This comes
at the price of the reverse coupling, which is also much higher in device B than in device A. The
reverse coupling is the percentage on electron on the SET island that couples to the trap island.

to the SET, but this comes at a price of a much higher reverse coupling, and more backaction from
the SET. As long as the tunneling rates of the electrons on and off of the SET island are much
faster than the tunneling rates on the trap, we can just use a simple weighted average of the trap
tunneling rates with the SET having 0 and 1 electrons. The change in charge of the SET island
by one electron acts as an effective gate bias for the trap island, shifting the rate curves slightly
with respect to the ngrqp axis. The rate of tunneling on and off of the trap island is calculated for
the two possible charge states of the SET. We then add them together, weighting each rate by the
probability of the SET to be in that particular charge state, given the bias conditions of the SET
and the initial charge state of the trap. The total tunneling rate of the trap between charge states

(0,0) and (0,1) is
F(o,o)e(o,n = F(070)_’(071)|nSET:0P0 + F(O,O)—>(O,1)|’I’LSET:1P1 (5.13)

The first term is the tunneling rate from (0,0) to (0,1) given that the charge on the SET is 0,
multiplied by the probability that the SET island has 0 excess electrons. The second term is
calculated given that the SET is in the 1 state. The reverse rate is given by an analogous equation.

The probabilities to find the SET in the 0 or 1 states are calculated using the sequential tunneling
model to calculate the tunneling rate between the two states, 0 and 1. The probabilities are then

given by detailed balance

1_‘1—>O
PR = —mmM 5.14
0 FOHI + 1—‘1~>O ( )
FO‘}l
P = — 5.15
! FO—>1 + Fl—)O ( )

We also must account for the RF-bias of the SET with a maximum voltage V,,.. centered around
Vas = 0, so we calculate these probabilities as a function of voltage, e.g. Py(V'), multiply by the

probability of that voltage P(V'), and integrate over the range of voltages. This gives the total
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probabilities for the 0 and 1 states

Vimaz
Py = /_ T RwPw) (5.16)
Vimaz
P = /_V P (V)P(V) (5.17)
where
pvy=t__1 (5.18)

Ve V2

The full electrostatic energy equation including the SET as well as the trap circuit is given by

E = Ectrap(Trap — Ngrrap)? + Ecisi(nist — ngrsi)? (5.19)
+ Ecspr(nser —ngser — CisprVas/e)?
+  2Ecoupri (Mrrap — NgTrap) (Mrst — Ngrst)
+  2EcoupsT(NTrap — NgTrap)(Mser — Ngser — CiserVis/e)

— peV

where Cjspr is the junction capacitance of the SET, Ecouprr is the coupling energy between the
trap and the island, and Ecoupst is the coupling energy between the SET and the trap. The last
term, —peV, corresponds to the work done by the voltage source for p electrons to tunnel through
the SET circuit. All of the other terms were introduced in Chapter 4.

The cotunneling rates including the backaction are plotted as a function of trap gate charge in
Figure 5.7/ and as a function of temperature in Figure [5.8. The original calculations, not including

the backaction, are shown for comparison.
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Figure 5.7: Cotunneling rates for the trap with and without the backaction of the SET as a function
of trap gate. These predictions are for an island bias of ng, = 0 and trap bias of ngryqp = 0.55 for
a trap with charging energy 0.7 K, island charging energy of 2.5 K, and dimensionless conductance

g=0.1.
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Figure 5.8: Cotunneling rates for the trap with and without the backaction of the SET as a function of
temperature. These curves are for a trap gate bias slightly away from charge degeneracy at ngryqp =
0.55 for a trap with charging energy 0.7 K, island charging energy of 2.5 K, and dimensionless

conductance g=0.1.



Chapter 6

Circuit Design and Fabrication

6.1 Overview

The samples used in the experiments presented in this thesis are created using standard techniques
for electron beam lithography and double angle aluminum evaporation [Dolan1977]. The majority
of this chapter will focus on the elements of the process that proved to be important for fabricating
my samples in particular, but I will outline the entire process. I will start by discussing the specific
requirements for this experiment as well as useful design considerations. Then I will present my
fabrication process. The important elements for this process were careful circuit design, as the
experiment requires somewhat specific ratios for the capacitances in the problem as well as a stable
method for fabricating the small junctions I required. The specifics of the recipes are detailed in

appendix A.

6.2 Design Considerations

The tunneling rates in the trap experiment depend on energy differences between charge states
and the detection sensitivity depends on the SET parameters as well as the coupling between the
trap and SET islands. Many of the experiments rely on the independent biasing of the islands
with the gate electrodes. This is difficult to fabricate in two dimensional metallic circuits, but,
as explained in Chapter 3 in the example of the charge measurement of the box using the SET,
this can be accomplished with various gate sweeps to counter the unintentional effects of gates.
This process becomes more complicated as the number of islands increase, because the size of the
capacitance matrix which must be solved for and diagonalized increases as the square of the number

of islands. The degree to which the islands can be biased independently of each other depends on

64
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all of the parasitic, or unwanted, capacitances in the problem. All of these depend on the physical
characteristics of the circuit. Here I will go into detail on the specific requirements, in order of
importance to the experiment while keeping in mind the feasibility in terms of the fabrication. The
discussion will be qualitative, as there are trade-offs between the different priorities, and it comes
down to judgement calls and preferences for operating the experiment. The process of fabricating
the small junctions required by the experiment is an inexact science which I try to parameterize as
specifically and stably as possible.

The most important design parameter is the ratio of the charging energy of the island, E¢jg,
to that of the trap, Ecrrqp. In order to achieve the energy level diagram shown in Figure 2.4b, the
island charging energy must approximately double that of the trap. This condition produces the
intermediate, higher energy, barrier state over which the electron must go to make it to the trap
island. The overall scale of the tunneling rates is also set in part by the charging energy of the
intermediate island, which sets the height of the energetically forbidden intermediate charge state,
so it is beneficial to make this value reasonably large. The island charging energy is determined
primarily by the size of the junctions with the size of the island and the gate capacitor contributing
to a lesser extent, so we make the junctions as small as can be fabricated reliably.

The first test of a fabrication process in the case of the SET is to probe the junctions at room
temperature. The resistance scales with the area of the junctions and the thickness of the barrier,
so an estimate can be made of the junction size from this test. Unlike a SET, there is no drain-
source current in the trap that can be probed at room temperature to determine the viability of the
junctions. These small junctions can also be damaged in the process of imaging with the scanning
electron microscope (SEM), so when the sample is cooled down in the dilution refrigerator, it is done
so blindly. For this reason, the trap island and junctions are made to be very similar to those of the
SET which can be probed at room temperature. Typically, if the fabrication process went well for
SET junctions it will have also gone well for the trap junctions. For the same deposition parameters,
smaller junctions have higher resistance which helps to lower the tunneling rates. The sequential
tunneling rates go as ¢ while the cotunneling rates go as g2, so this is an important parameter that
sets the overall scale of the rates. Typical current densities that are achieved by this fabrication
process approximately 25 — 30 A/cm?.

The considerations for the SET design are analogous to those for the island in that we also want

to have small junctions, both to make the SET similar to the island for the reasons described above,
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and because the gain of the SET used as an electrometer improves with the SET charging energy.
Optimally, the SET would have a high charging energy with low (~ 50 — 100 k) series resistance
of the tunnel junctions. In practice, we have not achieved this with our deposition system, and the
two junctions that are 50 x 50 nm typically have a series resistance of (~ 500 k€2). Such a high
resistance is difficult to match to the 50 € cabling at the center frequency of our amplifiers, which
will be discussed in more detail in the next chapter. To achieve a balance between charging energy
and junction resistance, the SET junctions are fabricated to be just slightly larger than those for
the island, and I try to make something that is ~ 50 x 70 — 100 nm, with a series resistance that is
slightly lower.

For the trap design, I require Ecrrap < Ecrsi/2. The trap only has one junction, so to increase
the total capacitance the trap island must be much larger. Two other priorities also increase the
capacitance of the trap. The first is to have high coupling between the trap and the SET and the
second is that the gates are coupled to their corresponding islands as strongly as possible while
minimizing the capacitance to neighboring islands. Strong coupling to both the trap gate and the

SET will increase the total capacitance of the trap.

6.3 Modelling Capacitances

To achieve the desired circuit that was outlined in the last section, it is crucial that we are able to
simulate the coupling between the metallic leads and islands in the circuit. Fabrication of nanoscale
circuits is time consuming and constrained by other users. If the non-junction related capacitances
can be carefully designed in software, the only elements to be tuned in the fabrication process are
the junctions themselves.

In order to effectively design a set of capacitances in a 2-D thin film circuit it is useful to develop
an intuition for how these circuits behave. The circuits themselves are 2-D Aluminum thin films,
but all of the field lines are in 3-D. This necessitates a 3-D field simulator and makes it impossible
to shield different sections of metal from each other by depositing more metal in the same plane.
The other limitation of the lithography process is the substrate we are using. In order to be able to
probe the devices (the SET in particular) at room temperature, we use an insulating layer on top of
the silicon as it is conducting at room temperature. In our case this is a thin (200 — 400 nm) layer
of SiO5. The effect of the bilayer substrate, with Si having € ~ 12 and SiOs with € ~ 3, is that

the metals close together, that we want to couple strongly, have a relatively smaller coupling with
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respect to those that are farther away than they would on a uniform substrate.

The software used for these simulations is the Maxwell Electromagnetic Field Simulator. The
simulation process is to import the proposed lithography pattern, assign each element a material,
and each metallic element a voltage. This program uses finite element analysis to solve for the
fields and can also be set to solve for the capacitance matrix. I have been fairly successful using
this method to design my capacitances, as shown in table 6.1, which shows the simulated values of
a particular design along with experimentally determined capacitances. It is not useful to try to

simulate the tunnel junctions with this model so these capacitances are added back in by hand.

| Capacitor | Measured Value [aF] | Simulated Value [aF] | Error % |

SG-S 32.3 24 -26
SG-T 100.8 100 -0.8
SG-I * 7.5 -
TG-S 26 17 -35
TG-T 383 400 4
TG-I 24 19 -21
1G-S 11.3 9.5 -16
IG-T 258 178 -31
1G-1 33 45 36

Table 6.1: Simulated and measured values for capacitances for one device measured for this thesis.
The labelling notation for the capacitors is gate-island, e.g. SG-S is the capacitance from the SET
gate to the SET island. The * indicates quantities that are too small to measure. The third column
lists the error in the simulation as a percentage of the measured value. It is not surprising that
many of the values measured, especially capacitances of metals which are physically far from each
other are simulated to be too small because only a small area of the circuit is simulated.

Figure 6.1 shows a completed design for device A, and Figure 6.2 shows the design for device B.
In both designs, the island is designed to be as similar to the island of the SET and the island gate
capacitor wraps around it to increase direct coupling. The trap island is made much larger than
the other two islands to reduce the trap charging energy through increased capacitance to ground
as well nearby electrodes. Device A had a much smaller coupling of the trap island to the SET
island. This coupling of the trap to the SET is strengthened in device B by wrapping the trap island
around the SET island. Similarly, a finger capacitor gives a high coupling between the trap gate
and the trap island. In general, the capacitances increase with the longest linear dimension, which
explains the particular shapes I have chosen. The strong trap gate capacitor helps to separate the
gates by coupling the trap gate 50 times more strongly to the trap island than to the island. In the

experiment, this means that the island gate will not need to be counter-swept for small changes in
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Figure 6.1: Detailed view of the active center section of the circuit diagram for device A. The
magenta areas are the larger features of this section of the circuit and are given a constant dose.
Red elements are the SET island and the barrier island, and the blue elements are the fingers. Cyan
indicates the areas where undercut dose is applied. The doses red, blue, and cyan elements are found
by the dose array that is outlined in the final section of this chapter.
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Figure 6.2: Detailed view of the active center section of the circuit diagram. The magenta areas are
the larger features of this section of the circuit and are given a constant dose. Red elements are the
SET island and the barrier island, and the blue elements are the fingers. Cyan indicates the areas
where undercut dose is applied. The doses red, blue, and cyan elements are found by the dose array
that is outlined in the final section of this chapter.
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trap gate charge, which greatly simplifies the operation of the experiment. I have also positioned
the island far from the SET island both to separate the gates and to try to shield the island from
the SET island. The measured signal on the SET is then almost entirely due to electrons tunneling
on and off the trap island, which is coupled 100 times more strongly than the intermediate island
to the SET island in device B. The final design complete with bonding pads and connecting wires

is shown in Figure [6.3.
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Figure 6.3: Circuit layout for for the single electron trap. The yellow lines are the wiring from the
central area of the circuit out to the large blue squares which are the pads for the wire bonds.

6.4 Fabrication Using Electron Beam Lithography

Sample fabrication follows a standard technique of electron beam (or e-beam) lithography, as illus-
trated in the cartoon in Figure [6.4. Our particular technique is to expose a positive bilayer resist
with a 30 keV electron beam to create a mask of the pattern shown in Figure [6.3. We then create
the junctions using the double angle evaporation, or Dolan bridge technique, which makes use of
suspended structures in the top layer of the resist. Here, I will outline each step of the process of

the fabrication, and a detailed recipe can be found in the appendix.
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Figure 6.4: Cartoon diagram of the electron beam lithography fabrication process. a) The first step
in the process is to spin a bilayer of resist on a two inch silicon wafer. This wafer is then diced
into smaller chips. b) The second step is to write the pattern by exposing the resist with 30 keV
electrons in a SEM. ¢) The exposed regions of the resist are removed during the development process.
d) Metal is evaporated using a double angle technique with an oxidation step in between the two
layers. Only the first depositions step is shown here. e) The final step in the process is to remove
the remaining resist from the silicon chip, leaving behind only the aluminum that was deposited
directly onto the silicon.
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6.4.1 Wafer Preparation

The junction fabrication technique requires a bilayer resist shown in Figure 6.4a. The areas of the
resist exposed to the e-beam will be removed upon development, and the differing sensitivities to
exposure of the two layers allow us to achieve an undercut in the bottom layer, as shown in Figure
6.4c. We start with a clean two inch silicon wafer onto which a native oxide has already been
grown by wet oxidation of the silicon at 1000 C for about one hour. The wafer is rinsed in acetone
and methanol and spun with MicroChem MMA (8.5) MAA EL12 ™ to a thickness of about 550 nm.
The MAA first layer acts as a copolymer for the top layer. The wafer is then baked on a hotplate
fitted with a flat aluminum plate to ensure temperature uniformity across the wafer at 170 C for 5
minutes. It is cooled on a room temperature aluminum plate for 60 s and the second layer of resist,
MicroChem 950K PMMA A32, is spun to a thickness of about 100 nm and then baked at the same
temperature for 30 minutes and cooled for 60 s. The wafer is diced into chips each approximately
1 ¢cm?, each of which is patterened separately in the SEM. This yields many chips with which to

perfect the fabrication process, with a high uniformity in resist thickness across the samples.
6.4.2 Electron Beam Lithography

Electron beam lithography is performed with an FEI Sirion scanning electron microscope model XL
30 outfitted with the Nabity Pattern Generation System (NPGS). This microscope has a minimum
viewing resolution of 4 nm, and lines can be etched reliably in a bilayer resist as described above
down to about 40 nm. The Nabity system allows us to write a script for the microscope setting the
patterns to be used, writing order, and exposure doses of each design element. Because the small
junctions are near the performance limits of the microscope and have a high degree (~ 100%) of
variability, I write as many samples on a chip as possible to have the highest likelihood of having a
sample that meets the needs of the experiment. The exposure is done using an accelerating voltage
for the electrons of 30 keV which we have found allows us the most control in writing the very
narrow lines needed for constructing the junctions. The pattern written is shown in Figure 6.3 with
a higher magnification view in Figure 6.2 The colors in the diagram indicate the groupings that are
exposed with the same dose. The magenta areas of the circuit have a fixed dose of 350 uC/cm?, and

the red, blue, and cyan areas are tuned by writing a large scale dose array as discussed later in this

IMethyl methacrylate (MMA) 8.5% by weight in methacrylic acid (MAA) in a 12% by weight solution in ethyl
lactate (EL)
2950,000 Dalton Poly-methyl methacrylate (PMMA) in a 3% by weight solution in Anisole (A)
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chapter. In this diagram, the magenta, red, and blue sections will be etched through both layers
of resist, while the cyan is written at a much lower dose (~ 60 uC/cm?), only exposing the lower
layer. There is a natural undercut in the lower layer because it is more sensitive to the exposure,
and the cyan areas are written to allow more precise control over the lower layer. The need for this
will become more apparent in the discussion of the double angle evaporation.

After writing, the chip is developed in a solution of MIBK:IPA 1:3 % kept at 25 C in a heated

water bath to ensure temperature consistency between runs. A photograph taken in an optical

microscope of the resist after development is shown in Figure

resist
Si

Figure 6.5: Image taken in the optical microscope of the resist after exposure and development. a)
Detail of the circuit. b) Wider view showing connections to bond pads.

6.4.3 Aluminum Evaporation

The most important part of the aluminum evaporation is the junction creation, using the Dolan
bridge technique [Dolan1977], [Niemeyer1974]. The advantage of this technique is that our junctions
are self aligned and can be kept under vacuum for the entire process. We are starting with a bilayer
that has strategically placed areas of PMMA that are completely suspended above the silicon. Figure
shows the top view of this structure with the dark red indicating the PMMA /copolymer bilayer
and the lighter areas indicating the suspended structures. A side profile of this structure is shown in
Figure [6.6b. The sample is loaded in the Plassys e-beam evaporator and the load lock and chamber

are pumped to a base pressure of 3 x 10~7 Torr. A short titanium evaporation (with a shutter

3Methyl isobutyl ketone (MIBK) and Isopropilic alcohol (IPA) in a 1:3 ratio in volume
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Resist Bilayer b) Profile of resist ¢) Aluninum evaporated
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d) Oxidation of aluminum  e) 2nd aluminum evaporation f) Resist is lifted off

E E ///

Figure 6.6: a) A pattern exposed in a bilayer resist. This view is looking down from the top through
the resist onto the silicon below. The bilayer exists in the red region while there is only a single
layer in the lighter regions. b) A side profile view along the white dotted line in the first frame. As
is visible here, there is a single layer between the finger and the island that is completely suspended.
¢) Aluminum is evaporated at 0 degrees through the resist mask. d) The first layer of aluminum is
oxidized. e) The second layer of aluminum is evaporated at an angle so that the fingers extend onto
the island, forming an overlap region which is the tunnel junction.

Si
ucC
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shielding the sample) lowers the pressure to 1 x 10~7 Torr. The shutter is moved and a 35 nm layer
of aluminum is deposited straight through the mask as shown in 6.6c. A SEM image taken just

after this step is shown in Figure [6.7a. In this image, you can see the top bright areas of the mask,

Figure 6.7: SEM micrograph midway through the fabrication process. a) 10 nm of aluminum
deposited on resist at 0 degrees, viewed directly from above. The bright edges outline the holes
in the mask, and everything visible is aluminum. b) Same chip, viewed at 35 degrees. Here we
are looking through the resist mask and can see where the second layer would have landed. To
accentuate the image, the viewing angle is larger than the deposition angle.

and looking inside the trenches, you can see a layer of aluminum. The aluminum layer inside the
trench is more visible in Figure [6.7b, which is tilted slightly. Figure shows another SEM image

taken with a wider zoom in which the PMMA /copolymer profile is also visible. The chamber is

Figure 6.8: SEM micrograph midway through the fabrication process. Aluminum has been deposited
at 0 degrees. The sample is tilted at about 40 degrees looking through the resist mask where the
second layer of Aluminum would be deposited. In the lower part of the image, the MAA/PMMA
resist profile is visible.

filled with an Ar:04 (85% : 15%) mixture for 12 minutes at 3 Torr and an oxide is grown on the first
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aluminum layer. The oxidation is a very delicate step in this process, and the addition of the argon
to the oxygen serves to raise the total pressure in the chamber, reducing the outgassing from the
resist bilayer. Without breaking vacuum, the sample is tilted by approximately 30°, and the second
layer of aluminum is deposited on the substrate. The second, shadow image of the fingers now is
shifted to make contact with the island, making an Al:AlQ,:Al tunnel junction at the overlap. The
circuit has been designed to cause the shadow island to be deposited onto the resist wall so that
it does not appear in the final circuit. The deposition of the second layer is more clearly shown in
Figure 6.7b. The sample is tilted at 35° to show the destination of the second layer of aluminum.
The actual deposition angle would expose just the edge of the island to make the overlap as small
as possible. This image is taken with a steeper angle to give a more clear image of the island. The
chip is removed from the deposition system, submerged in a hot (~ 55 C' with the hot plate set to 70
C) acetone bath for 15 minutes, and sonicated for 30 seconds. A SEM micrograph of the junctions

formed on the island is shown in Figure 6.9, and Figure [6.10 shows the a micrograph of the final

Figure 6.9: Close up image of the island junctions. Tunnel junctions are formed by the overlap of
the fingers (vertical bars) and the island (horizontal bar).

circuit for device A, and Figure [6.11 shows the final circuit design for device B. As I said at the
beginning of this chapter, I never view the devices in the SEM before they are measured to avoid
damaging the small junctions?. For many reasons, none of which related to the circuit design or the
junctions themselves, I had a much tougher time fabricating circuits reliably during the time when

I fabricated the second device presented here. The actual circuit, viewed after the measurement

41 have not found viewing to be a problem with larger junctions (50 x 100 nm?), but I have found that the small
junctions in these circuits can be damaged in the SEM.
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Figure 6.10: SEM micrograph of trap device A with false colors indicating the various circuit ele-
ments. The SET island is colored in red and the SET gate is yellow. The trap island is blue, with
purple trap gate. The island is green with the gate tinted orange.

Figure 6.11: SEM micrograph of the final design for trap device B with false colors indicating the
various circuit elements. The SET island is colored in red and the SET gate is yellow. The trap
island is blue, with purple trap gate. The island is green with the gate tinted orange. The main
difference between devices A and B is the higher coupling of the SET to the trap island in device B.
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is shown in figure [6.12l The device has shadow islands, designed to be deposited onto the resist

cc. pot Magn Det WD }—{ 2pum [

0.00kV 1.0 7541x TLD 5.1 Yale

Figure 6.12: SEM micrograph of the actual circuit measured for device B with false colors indicating
the various circuit elements. The SET island is colored in red and the SET gate is yellow. The trap
island is blue, with purple trap gate. The island is green with the gate tinted orange. The island is
shorter than what was intended because it is broken near the end, past the tunnel junctions.

wall that fell back onto the substrate. In addition, the island is broken in a non-critical (but close
to being critical) way, which caused it to be shorter than it was designed to be. The experiments
worked as planned, but I would not have assumed that the extra metal on the circuit would not have
caused problems, and would not have chosen this device if I had seen it before the measurements.
Once the fabrication process is complete, the SETs are probed at room temperature with a digital
volt meter (DVM) with a 1 M{2 resistor in series.

It takes a few iterations of writing the devices after going through the dose array procedure
described in the next section to fine tune the circuit. Once the doses are set, I write as many devices
as possible. The devices are extremely sensitive to electrostatic discharge and many are destroyed in
the process of mounting them in the fridge. Having many copies increases the chance of successfully
cooling down a "live” device. The devices are stored in a dry box in the lab until I am ready to
mount them in the fridge, in order to minimize the aging of the junctions, which increases their
resistance. Left in air, these junctions can experience aging that increses the resistance by as much
as 100% over approximately 2-3 days. Especially for the SET, it is important to minimize any

resistance increases.
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6.4.4 Finding the Doses

Junction fabrication is the most time consuming and delicate aspect of this process and is integral
to the experiment. As I have pointed out in the sections above, I require junctions that are near
the performance limit for our microscope. There are many variables in this process, some of which
we have more control over than others, for example temperature, humidity, and vibrations in the
building. My method for finding the doses for the junctions is an effort to make this a more
controlled, scientific process. The total time to go from a circuit diagram to a completed circuit
ready for fabrication can be as little as two weeks using this method when the fabrication equipment
is functioning normally, but even during that time, the parameters of the process can drift, and we
adjust the doses to compensate. While I try to minimize the effects of these parameters that we
do not directly have control over (for example, by storing the developer in a temperature regulated
water bath), it is crucial to minimize the sensitivity of the fabrication to these variables. The goal
of this process is to find an area of parameter space that is maximally insensitive to this drift.
Once the design is finalized, the first step in the fabrication process is to make a massive dose
array. I fabricate many copies of the center area of the circuit, without the bond pads and connecting

wires, with varying doses. Figure [6.13 shows an example SET circuit. The magenta regions of the

drain source

undercut —sll [T finger
island

gate

Figure 6.13: An example test device written as one element of a larger dose array. The central
part of the circuit including the fingers, island, and undercut are the elements that most directly
determine the size of the junctions, and are the elements varied in the dose array. The magenta
leads are exposed with a fixed dose such that they can always be fabricated reliably.

circuit have a fixed dose that I have found is high enough so that the features are always well defined.
The blue elements are the ”fingers,” the red elements are the islands, and the cyan elements are
undercut boxes. In Figure 6.8 above, you can actually see where the resist boxes have weakened the

top layer of the resist, but do not penetrate all the way though. It is these three elements for which
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I will do a thorough search of parameter space to find the best doses. The parameter space that is
searched for each is the entire range for which there is exposure in the resist. I start with a dose
where, for example, the islands won’t be exposed and the silicon will be bare and go all the way up
to the point where the island is over-exposed and starts to bulge and become wider than the design.
The resulting pattern is a 3-D matrix of devices (written one slice at a time on a 2-D chip) shown
diagrammatically in Figure 6.14. Each x in the diagram represents a device such as the one shown

finger dose —m8 ——>
island dose

-

XX X XXX XXX XX >4 X X X X X
XXX XXX XXX XXK XXX XXX
XXX XXX XXX XX =x x xxx undercut

XXX XXX XXX XX X X X X X dosez
XXX XXX XXX XXPp X X X X X
XXX XXX XXX XX XX X XX

X X X X X (X XXX XXX XXX
X X X XXX XXX XXX

X X X xxx xxx xxx Undercut
X X X xxx xxx xxx dose 3

X X X XXX XXX XXX
X X X X X X XXX XXX XXX

Figure 6.14: Diagram illustrating the dose array that is written to explore all of parameter space for
the fabrication of small islands and ultra-small tunnel junctions. The black outlines indicate areas
of this space where there are viable tunnel junctions and both the islands and junctions have the
intended size and shape. The point of the dose array method for finding the doses is to find the
region of parameter space that is least sensitive to drift in any of the fabrication parameters.

in Figure [6.13, and in this case they are written in groups of 9 because that is the area of the field
of view of the microscope at the particular magnification chosen for the devices, i.e. the maximum
area that can be written without moving the stage. I view nearly all of the devices, spending more
time on the areas with viable junctions. The spacing of the doses is a trade-off between precision
and time. I will typically write about 400 devices, which in this case took about 2.5 hours to write
and more than four hours to view.

The result of this work is that there will be several areas of parameter space that have viable
junctions. I have found that it is often the case that the areas have different shapes, and that there
is one area in particular that is particularly large and insensitive to dose, as quantified by the sizes
of the resulting fingers and islands. These areas of viable parameter space are indicated in Figure

6.14! by the black outlines. It is important to find this stable area of parameter space because there
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is always drift from sample to sample, on the time scale of hours to days, in the parameters of the
process. If the smallest area of parameter space is found accidentally or through a small scale dose
array, it can lead to a longer fabrication effort in trying to follow this drift. The other huge advantage
of the dose array method, is that it is not uncommon to misdiagnose under- or overexposure as the
opposite effect. All three parameters (finger, island, and undercut dose) are highly related, and you
can trick yourself into making wrong choices as you vary the doses if you don’t have the additional
information that the dose array provides.

Once I find the stable area of parameter space, I write "real” devices, meaning full circuits with
bond pads and connecting wires as shown in Figure 6.3l These are much larger (1 mm x 1 mm),
and I can typically fit 25 on a chip. Here, I vary the doses over a small range around the center
value found in the dose array to fine tune the doses. I will also make a small scale dose array of test
devices off to the side for additional diagnostic purposes. I can view the side dose array to get an
idea as to what I might have in the real devices without viewing them directly, which is of particular
importance for the trap circuit which is cooled blindly. T also have the chance to see what could
have gone wrong if there were problems, and have a better idea of how to change the parameters

since the small dose array is written under the same conditions as the real devices.
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Experimental Methods and Setup

7.1 Experimental Setup

All of the samples measured in this thesis were cooled in a custom built Cryoconcept dilution
refrigerator. The base temperature of this fridge with the magnetic field applied was 18 mK. Early
diagnostic measurements for the fabrication process and circuit design were done in a pumped He?
Heliox system that can reach temperatures around 260 mK. Most measurements were done in the
normal state of aluminum, with a magnetic field of 1/2 Tesla applied perpendicular to the aluminum
film to suppress the superconductivity. This corresponds to persistent current of 15 A through the
superconducting magnet installed in the dewar of the dilution refrigerator. This section will describe

the details of the experimental setup.

7.1.1 Sample Holder

The sample is mounted into a ”jellyhog”! sample holder that was designed to be a standard for all
experiments in the Schoelkopf lab. This sample holder consists of a light-tight copper box to shield
the sample from RF noise. The chip rests on an interchangeable printed circuit board as shown in
Figure 7.1, and a photograph of the jellyhog installed in the fridge is shown later in this chapter in
Figure [7.9. The circuit board has standard 50 mil pins soldered perpendicular to the board that
bring high frequency signals onto the board. These pins go through the sample holder to SMA
connectors and can be connected to the fridge wiring. Traces A-D are these high frequency lines,
and the wider strip labeled G is the RF ground for the circuit. Typically there is also a copper trace

sitting under the sample in the center of the board, but in this particular case I have removed this

1The name comes from the similarity in appearance of this sample to both a hedgehog and a jellyfish due to the
tentacle-like cabling sticking out of the top. It can also be referred to as just the "hog” for short.

81
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Figure 7.1: Sample mounted on jellyhog board. The chip in the center of the board holds the main
device for the experiment. On the circuit board surface, traces A-D connect to high frequency lines
through connectors that come out of the under side of the board and are wirebonded to the central
chip. Trace G provides an RF ground. Trace B is the RF line as well as the DC bias for the SET,
and is wire bonded to a surface-mount inductor and then to the sample. The DC wiring connects
to the twisted pair wiring installed in the fridge and is used to bias an additional test circuit on the
extra chip.

strip to reduce the capacitance of the bonding pads. I will go into the details of the tank circuit in
the next section, where this will prove to be important. The thin lines on the lower part of the board
are for supplementary DC measurements. These are low frequency leads that connect to twisted
pair wiring installed in the fridge. They go to a connector that is also soldered to the board that
goes out to a filter designed in our lab called the tape worm. More details about this filter can be
found in Lafe Spietz’s thesis [Spietz2006] and in a cond-mat manuscript [Spietz2006a]. This is not
important for this work other than the fact that it allowed me to cool down test diagnostic circuits
in addition to the main experiment. In Figure (7.1, you can see such a test circuit sitting across these
traces. The chips are held down with a thin layer of vacuum grease and the bond pads are wire
bonded to traces on the circuit board. Circuit mount components can also be added to the board,
and the small inductor mounted just above the chip provides most of the inductance for the tank

circuit.
7.1.2 Tank circuit

This section will explain the coupling of RF signals to the SET through a tank circuit, an integral

component of the RF setup. This is a resonant LC circuit in which the SET is embedded, as shown in
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the diagram in Figure|7.2. The purpose of the tank circuit is to transform the impedance of the SET
to match the 50 €2 impedance of the transmission line at a particular frequency with some bandwidth.
One can always make a transformer that matches two impedances at a particular frequency, but we
will need to optimize the tradeoff between match and bandwidth taking into consideration the band
of the amplifier. This section will outline the general formalism for designing the tank circuits used
in these experiments. More details on RF design and tank circuits can be found in John Teufel’s
thesis [Teufel2007].

Figure 7.2 shows a schematic of the tank circuit with respect to the impedance of the lines. For

[o)

Figure 7.2: Schematic diagram with the tank circuit, consisting of an inductor and capacitor, loaded
on the left with the characteristic impedance of the cables Ry and on the right with a real impedance
R.

the purpose of this discussion, I will assume that the lines have a characteristic impedance that is
real and equal to Ry, and that the SET has a real characteristic impedance equal to R. The resonant
circuit is comprised of an inductance L and a capacitance C'. The inductance is mostly from the
surface mount inductor shown in Figure 7.1, and the capacitance comes mostly from that of the
inductor bond pad and the SET bond pad on the chip. We say that the tank circuit is loaded with
this resistance R, and looking in from the transmission line, the input impedance is

R(1 —wR(C)

Fin =l T A Rec

(7.1)

On resonance, the imaginary part of the impedance goes to zero, so we separate this expression into

real and imaginary parts and solve for the resonant frequency

1 1
2
“=VIo T R (7.2

For most of our devices, R is large enough that

1
N — 7.3
wo T/C ( )

If this is not the case, then R will tend to pull the resonant frequency down. Also, if R < \/L/C,

the imaginary part of the impedance will not go to zero, and there will be no resonance.
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On resonance, Z;, is purely real and equal to

rR___ L (7.4)

Znle =l =133 = R

The magnitudes of the imaginary impedances of the inductor and capacitor are equal and we can
write down the characteristic impedance of the transformer, which gives us the ratio of the voltage

to the current at that particular frequency

L 1
Z = — = L = — 7.5
Le =\l G=wo ol (7.5)

Rewriting Z;, in terms of Zyc we have

Z2
Zinlo = wo) = =2 (7.6)
When this is matched to the impedance of the line
Z2
Ry = % (7.7)

VERoR (7.8)

Zrc

In other words, the characteristic impedance of the transformer on match is the geometric mean
of the two loads, and ideally we would choose a tank circuit that had this exact characteristic
impedance to match our device perfectly to the transmission lines. There are two additional issues
to consider however, when designing the tank circuit. The first is the bandwidth of the resonance.
There will often be a tradeoff in the experiment between bandwidth and match. We define the bare

@, which is the quality factor the LC circuit loaded by Ry of the transmission line of this circuit as

Zic
= === 7.9
Q= (7.9)

which on match

R Zrc
_— = — 7.10
Zic Ry (7.10)

R
2 = = 7.11
¢ - (7.11)

giving a bandwidth of B = wy/27Q. The loaded quality factor, which is additionally damped by

the resistance of the device is given by

_ (Lo Zic
QL—<ZLC+ R) (7.12)
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The bandwidth of the tank circuit depends both on the resonant frequency and on square root of
the ratio of impedances. Especially as the device resistances become high, a good match is achieved
with a sacrifice in bandwidth. The other consideration is that we cannot choose arbitrary values
of L and C for the tank circuit. The capacitance does not come from a separate component but
is from the SET bond pad as well as any other stray capacitance after the inductor. To minimize
this, I have removed the copper trace from the circuit board on which the chips typically sit. I have
also mounted the surface mount inductor upside down with it’s solder pads sticking up so that I
don’t add any metal by soldering them down. With these chip inductors that we use, a copper wire
is wound to make the inductance and is stuck into the solder pad, and I wire bond directly to the
wire itself. The inductor is also mounted up on a teflon brick to keep it further away from the metal
traces on the board. The size of the SET bond pads on the chip contributes to the capacitance, but
they are made to be just large enough to have 2, possibly 3 bonding attempts and cannot be made
smaller. (Bonding to the SET bond pad is not difficult, but bonding to the inductor wire with the
inductor up on the teflon brick is very difficult.) As for the value of the inductances, the surface
mount components come in discrete values, which also limits the selection for the tank circuit. It
would be possible to make a lithographically defined tank circuit, but this was not pursued for this
work.

The process of designing the tank circuit to have the best combination of match and bandwidth
is to minimize the capacitance and estimate what it is likely to be. Then pick an inductor that
will get closest to match. A rough estimate of the tank circuit resonance is made by measuring
the reflected power as a function of frequency before bonding up the device. The main effect that
bonding the device will have is to pull the resonant frequency down, but this is a useful first step,
especially if the resonance frequency is already too low for the band of the amplifier. The tank
circuit can really only be tested cold, because the conductance of the silicon will alter the results
at room temperature. It is hard to get this exactly right the first time, and this was part of the
characterization that was done in the Heliox, which is a smaller system than the dilution refrigerator
with a faster turn around time.

The chip inductors we use are from Coilcraft, and for the latest experiment, the particular
inductor I used was the 0805-CS-471 with a nominal inductance of 470 nH. The chip inductors
aren’t perfect lumped elements, and the inductance is frequency dependent. We do not measure the

impedance of the tank circuit directly, but measure the reflection coefficient I', or S7; as measured
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with the network analyzer. The reflection coefficient is given by

Z(w) — Zo

"= 20+ 2

(7.13)

where Z(w) is the frequency dependent impedance of the tank circuit and Zj is the impedance of the
line. The reflection coefficient as a function of frequency is shown in Figure [7.3 for two bias points

of a SET. Taking the difference between these curves and plotting in linear power units give I'? as a
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Figure 7.3: Measurement of the reflection coefficient for a tank circuit that matches to an SET
with normal state resistance Ry = 454k} at the maximum and minimum match. These two points
correspond to different locations in drain-source voltage bias. The extra curvature in these two
traces is due to standing waves in the setup which are not calibrated out in the network analyzer
measurement.

function of frequency shown in Figure 7.4l The half-width at half max gives the Q of the tank circuit
(the full width at half max, FWHM, gives the loaded Q). The total inductance, including that of
the wire bonds, ended up being about 660 nH at wg = 354 M Hz. The amplifier I used has a center

frequency of 350 M Hz. The quality factor @ of the resonance measured cold was approximately

300, giving Zrc = 1.5 kQ,which corresponds to a capacitance of 0.3 pF.
7.1.3 Wiring

An important aspect of the setup of this experiment is keeping the sample cold, and this is partic-

ularly important to keep in mind when installing transmission lines to bring the signals from room
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Figure 7.4: Measurement of the reflection coefficient describing the match of the SET to the 50 €
lines. This measurement is the difference between the two curves shown in figure[7.3| plotted in linear
units and squared. The half-width at half-max of this curve is the quality factor of the resonance.
Standing waves in the total circuit which includes all of the cabling in the cryostat complicate this
measurement. The fact that || goes above 1 indicates that the circuit is not exactly described by
this simple model, but is not important for the measurements.
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temperature to and from the sample. Semi-rigid 0.085” cables bring signals down to the jellyhog in
several stages. These particular cables are chosen because they have 50 €2 impedance over a wide
range of frequencies and work well with commercially available connectors. They can also be pur-
chased in several different varieties, depending on the thermal and signal requirements. The three
types used in this cryostat are UT-085-TP, UT-085-SS, and UT-085-SSSS. UT stands for the original
manufacturing company, Uniform Tube Incorporated. The TP cables have silver plated copper weld
(SPCW) inner conductors with a tin plated (TP) outer conductor. These are used anywhere there
is no thermal gradient, e.g. connecting components at base temperature or for room temperature
electronics. These cables have the highest thermal conductivity and are also the cheapest (~ $2/ft)
and easiest to work with. The SSSS cables have stainless steel inner and outer conductors. These
cables are the most difficult to work with, are the most expensive (~ $45/ft), and have the lowest
electrical conductivity. They also have the lowest thermal conductivity and are required to make the
steep thermal gradient between 4 K and base temperature (18 mK). This distance is approximately
1.5 feet, and the transmission through these cables as a function of frequency is shown in Figure

7.5. A photo of the SSSS cables installed in the fridge is shown in Figure [7.9. The cables are looped
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Figure 7.5: Attenuation as a function of frequency of SS-SS semi-rigid cables. This type of cable has
the lowest thermal and electrical conductances per unit length and is used to carry signals between
4K and the base temperature of the cryostat. The total length used is approximately 1.5 feet.

at the top into ”trumpets” to minimize the stress on the connectors from thermal expansion and

contraction of the cables. The cables are clamped at each temperature stage of the cryostat to
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thermalize them on the way down to base. The clamps also provide mechanical stability for the
connectors. This is helpful because any twisting of the cables tends to either crack the solder joint
to the connector, or, depending on the type of connectors used, can cause it to become unscrewed.
In the location where the cables connect to the bottom of the 4K plate, the connectors are not
visible, so it is important to take extra precautions to prevent cable and connector damage. The SS
cables have a SPCW inner conductor with a stainless steel outer conductor. These cables are used
to connect from room temperature feed-throughs down to the 4 K plate and are ~ $21/ft. These
cables are about 5 feet long and go directly through the helium bath. Since the RF signal has to
pass twice through these cables, we do not want to have the high attenuation that the SSSS cables
have. These cables are also submerged in liquid helium and are used at higher temperatures, so we
can tolerate a slightly higher heat load here. Note that the attenuation as a function of frequency of

these cables (figure[7.6) is similar to that of the SSSS cables, but these are almost four times longer.
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Figure 7.6: Attenuation as a function of frequency of SS semi-rigid cables. These cables have both
higher thermal and electrical conductivity than the SS-SS cables shown in Figure [7.5. These cables
are used in the helium bath between room temperature and the 4K plate of the cryostat. The total
length is approximately 5 feet.

These cables are heat sunk through copper clamps attached at alternating baffles through the bath.

We bring the cables into the fridge from room temperature with a set of feed-through flanges
with hermetic glass beads. Similar feed-throughs are used to go through the 4 K plate into the inner
vacuum chamber of the cryostat. These beads must be a special type manufactured by Tyco, and are

vacuum tight to liquid helium. If the same glass beads that were used at room temperature are used



CHAPTER 7. EXPERIMENTAL METHODS AND SETUP 90

here, they will typically start to leak after about five thermal cycles. These beads are expensive and
difficult to find because the manufacturing company is out of business and they were not designed
for cryogenic use, which is why they are not used at the room temperature stage. A photograph of

this flange, with and without the SMA connectors is shown in Figure [7.7.

Figure 7.7: Feed-through flanges for the 4K plate. The flange on the right shows the hermetic beads
soldered in place, and the flange on the left has the SMA connectors in place. These hermetic beads
are a particular type, manufactured by Tyco, that is leak tight to liquid helium.

Two main types of connectors were used for these experiments. This fridge is used by several
different people with different experiments. We try to keep as much of the cabling the same to
minimize wear and tear on the components. For the cables that stay in the fridge, I have used
connectors from Huber + Suhner, part number 11 PC35 — 50 — 2 — 2/199. These connectors have
a central part that is soldered to the cable and an outer part that screws onto this part. The
advantage having two pieces to the connector is that if the cable is torqued, it is more likely that
the connector will simply come unscrewed from its base rather than breaking at the solder joint.
Over the past couple of years of using these connectors, I have found this to be the case. Another
advantage of these connectors is that the gender of the connector can be changed without having to
remove the cable or solder any parts together. The downside is that they are approximately three
times the price of the AEP sma connectors, part number 9401-1583-010. We use these connectors
on the cables that are removed from the fridge when the experiments are switched and for the room
temperature cables. The Huber + Suhner connectors also work to higher frequency than those from

AEP, but this is not a concern for this experiment.

7.1.4 RF Measurement Chain

A schematic diagram of the RF measurement chain for this experiment is shown in Figure [7.8.

Photos of the setup are also shown in Figure 7.9  Radio frequency signals are launched from
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Figure 7.8: Schematic of RF setup used in dilution refrigerator experiments.
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Figure 7.9: Photographs of cryostat with wiring and components inside the inner vacuum chamber.
Two angles are provided to have different views of the components. The configurations in the two
pictures are also slightly different.
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a vector network analyzer (VNA) or RF generator at approximately -20 dBm. The signals are
attenuated at room temperature by 40 dB with an additional 20 dB attenuator just before the
signal goes into a directional coupler®. After the directional coupler, the signals continue down
through an Anritsu K250 bias-T, which allows us to add any DC signals from the left port to a
high frequency signal from the top port. The signal then goes through a 600 MHz low pass filter
to eliminate high frequency photons and down into the jellyhog. The signals are reflected back and
travel back through the directional coupler through to the amplification stage.

This experiment has three stages of amplification. The first is a low noise temperature cryogenic
high electron mobility transistor (HEMT) amplifier with a center frequency of 350 MHz. This
particular amplifier was constructed by Rich Bradley at the National Radio Astronomy Observatory

(NRAO). The gain and noise temperature curves for this amplifier are shown in Figure [7.10. As

Gain [dB]

200 250 300 350 400 450 500
Frequency [MHZz]

Figure 7.10: Noise temperature and gain as a function of frequency for NRAO 350 MHz room
temperature amplifier. This amplifier is located just above the 4K plate submerged in the liquid
helium bath and is the first stage of amplification for the experiment. This measurement was supplied
by Rich Bradley at NRAO and was taken at 14 K.

shown in Figure 7.8, this amplifier is installed just above the 4 K plate and sits in the helium
bath. The next two amplification stages are grouped together in Figure 7.8 as the "Room Temp
RF Amps.” The first stage of this amplifier group is a relatively low noise temperature (~ 20 K)
350 MHz NRAO room temperature amplifier whose gain and noise temperature are shown in Figure

7.11. This amplifier is followed by two stages of higher noise temperature Minicircuits LN500 wide

2The directional coupler does exactly what its name suggests: the signals going through the port on the left travel
down through the lower port. On the way back, signals entering the lower port go straight up through the top port.
The particular one used in this experiment is model C4238-10 manufactured by MAC Technology Inc.
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Figure 7.11: Noise temperature and gain are plotted as a function of frequency for the NRAO 350
MHz room temperature amplifier. This is a relatively low noise amplifier that follows the low noise
HEMT amplifier shown in figure [7.10. In the measurement, this amplifier is followed by the two
Minicircuits LN500’s shown in Figure [7.12l

band amplifiers (see Figure [7.12 for gain and noise temperature). Small attenuators (3 dB) are
connected between each stage of room temperature amplification to damp any standing waves. The
signal is then demodulated using a HP E4407 spectrum analyzer (SA). We take the signals from the
video out port with tunable bandwidth that can be set depending on the needs of the experiment.
Signals are read into the computer using an 8-bit pci Acqiris Digitzer card, model DP110. More
details about the measurement process will be given in the section on RF Measurements.

A parallel set of semi-rigid cables installed in the cryostat carry the gate signals for the experiment
as well as the drain-source bias for the SET. These lines connect through the helium bath and go all
the way to the cold finger of the fridge. At base temperature they go through two stages of powder
filters which consist of about a meter of wire going through a copper block filled with metallic powder
suspended in epoxy [MARTINIS1987]. The first set is filled with stainless powder and the next with
copper powder. The two stages are somewhat redundant, with the copper stage providing better heat
sinking and the stainless having less temperature dependence in its filtering behavior. These are low
pass filters with a cutoff frequency around 100 MHz and the frequency dependence of the transmission
through these filters is shown in Figure [7.13. In addition to filtering out thermal noise from the
higher temperature stages in the fridge, they are excellent heat sinks providing thermalization for
the center conductors of the coax lines. The gate lines are then connected directly to the top of the

jellyhog, while the SET drain-source lead connects to the left port of the bias-T. The gate signals
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Figure 7.12: Noise temperature and gain are plotted as a function of frequency for the final stage
of room temperature amplification. These measurements consist of two Minicircuits LN500 room
temperature amplifiers with the two 3dB attenuators that are used in the experiment to damp
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Figure 7.13: Transmission through a copper powder filter as a function of frequency. The copper
powder filters serve both as low pass filters to filter out high frequency noise and as thermal heat
sinks for the center pins of the transmission lines. These filters are used on all of the gate lines as
well as the dc-bias for the SET. These filters are low loss at low frequencies until they cut off steeply

above 100 MHz.
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are generated by a set of Agilent 33250A arbitrary waveform generators.

7.1.5 DC Measurement Chain

The main DC component of this measurement setup is the drain-source bias for the SET which is
biased with a high precision Yokogawa 7651 voltage source. The SET is typically biased through

the circuit shown in Figure [7.14! which is enclosed in a metal box at the top of the cryostat. The

Voltage Divider

INA-
Rbiasg 1 1 O IOUT

INA- v

Device 110 ouT

!

Figure 7.14: Schematic of DC bias electronics for the SET drain-source. A high precision voltage
source first divided by a voltage divider with a selectable value, and then applied across the sample
through a bias resistor, Rpias. Current measurements are made by measuring the voltage drop across
the bias resistor, and voltage measurements are taken at room temperature across the sample. Both
the current and voltage taps are amplified by INA-110 instrumentation amplifiers. This circuit is
contained in a metal box located at the top of the cryostat.

first stage of this circuit is a voltage divider where the signal from the Yokogawa is typically divided
down by a factor of 1000. This minimizes the effects of any noise picked up in the cabling outside
the cryostat because the signals can be kept larger than needed up until this point. The other
component is a selectable bias resistor for doing DC current measurements and is turned to zero
for the high frequency measurements. The bias box also has controls for safely shorting the device.
Current measurements are taken by measuring the voltage drop across the bias resistor, and the
voltage measurements are a measurement of the voltage drop across the device at room temperature.

Both the I,,; and V,,; leads are amplified by INA110 instrumentation amplifiers and measurements
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are taken with Keithley 2000 digital volt meters (DVMs). The DVMs are connected to a PC running
Labview via GPIB.

There is also a set of 20 twisted pair wires (10 pairs) that connect through the jellyhog to the
tape worm. The wires come out to a breakout box with BNC connectors and can be used with
the same bias electronics that are used to bias the SET. This wiring is useful for characterizing

additional test circuits, but is not used in the main experiment.

7.2 RF-SET Operation and Characterization

In this section, I will describe the characterization of the SET in the normal and superconducting
state. I will start with brief DC characterization, but the bulk of the measurements are done at high
frequency (350 M H z) because of the increased bandwidth and sensitivity. I will show the parameters
of the SET and how we find the optimal bias points for doing sensitive charge measurements. I will
wait to tabulate the capacitances of the entire device, including the trap, until the next chapter,

which goes into more detail about the trap measurements and results.

7.2.1 DC Measurements

Measurements of drain-source current as a function of drain-source voltage are done using the bias
electronics described above using a 100 k€2 bias resistor. Figure [7.15 shows one such measurement
done with a slow modulation of the SET gate to show the envelope of current modulation. The

normal state resistance of this device is 454 k€2, measured in the linear region of the IV curve.
7.2.2 RF Measurements

The RF measurements are taken with the spectrum analyzer set to zero span mode at the resonance
frequency, in this case 354 MHz. In this mode, the 354 MHz signal is demodulated with a bandwidth
set by the resolution bandwidth of the spectrum analyzer. The signal on the screen is the time domain
signal, and is output to the computer using the video out port. There is also a video bandwidth
that is typically chosen to be equal to the resolution bandwidth.

The first high frequency characterization of the SET is the calibration of the SET gate capacitor.
An example of one such measurement is shown in Figure 3.9b. Once this gate is calibrated in terms
of applied electrons on the gate capacitor, we measure the Coulomb diamond, which is the reflected

power as a function of both drain-source voltage, Vy,, and gate voltage, V. This is shown for an
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Figure 7.15: SET drain-source current (I45) versus drain-source voltage (Vy;) measured with a slow
modulation of the gate voltage by one electron to show the envelope of modulation.

SET in the superconducting state in Figure [7.16/ with labels indicating the charging energy and
the superconducting gap. The features in the superconducting diamond are sharper than those in
the normal state diamond, and there are also additional features that are not present in the normal
state, such as the superconducting gap, the lines indicating the Josephson quasiparticle (JQP) cycle,
and the peaks of the double Josesphson quasiparticle (DJQP) cycle. These features are not present
in the normal state, but provide additional checks on the value of the charging energy. The Coulomb
diamond is also shown again in the normal state in Figure [7.17. The rest of the measurements are
done in the normal state, so unless it is indicated otherwise, this should be assumed for the rest of
the thesis.

Most of the charge measurements done in this thesis are performed at Vs = 0. The transfer
function of the SET is the measurement of reflected power versus V. At low temperature and
low carrier power, the Coulomb peaks of the transfer function are very sharp as shown in Figure
7.18. As we apply higher carrier powers, these peaks become broader and smoothed out into a near
sinusoidal form out as shown in Figure [7.19. This is a well understood process, and is not heating
of the sample. The large ac amplitude from the high applied carrier power samples a wider range
of drain-source bias voltage. The fractional variation of the reflection remains unchanged.

The SET is to be used as a sensitive electrometer, so we need to find the carrier power that

optimizes the charge sensitivity. This is done by tuning the carrier power while measuring the



CHAPTER 7. EXPERIMENTAL METHODS AND SETUP 99

0.0 — 4E

Vg [MV]

SET Gate Charge [e]

Figure 7.16: A measurement of the Coulomb diamond of the SET in the superconducting state
shows the reflected power versus Vg, and V. The diamond measured in the superconducting state
typically has sharper features than the diamond measured in the normal state, and is useful to
characterize the SET. There are also additional features not present in the normal state diamond,
such as the superconducting gap, the lines from Josephson quasiparticle (JQP) cycle, and the peaks
(and valleys) from the double Josephson quasiparticle (DJQP) cycle. The distance between the
DJQP peaks is 4E¢. The total width of the subgap is equal to 8A, where A is the superconducting
gap. This particular SET has Ec = 2.24 K and A = 188uV.
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Figure 7.17: A measurement of the Coulomb diamond of the SET in the normal state shows the
reflected power versus Vg, and V, measured at the base temperature of a dilution refrigerator (18
mK). The white diamonds in this picture are the regions of Coulomb blockade, and their width is
given by 4E¢. This particular SET has Eo = 2.24 K.
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Figure 7.18: Reflected power measurements as a function of SET gate voltage trace out sharp
Coulomb peaks. This is a cut from figure [7.17/ taken at V35 = 0 and a carrier power of -45 dBm, not
including the attenuation of the signal into and through the cryostat.
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Figure 7.19: Increasing the carrier power broadens the Coulomb peaks. At high carrier power the
signal is smoothed out into a near-sinusoidal form because the high ac carrier power samples a wider
range of the transfer function. Note that increasing the carrier power from -30 dBm to -20 dBm
does not change the fractional variation of the reflection.

charge spectral density of the SET. We measure the charge spectral density by measuring the
voltage spectrum of the SET biased at a point that is sensitive to small changes in gate voltage. The
voltage spectral density is converted to the charge spectral density by means of a small oscillatory
test signal superimposed on the SET gate at a chosen frequency. Since we have calibrated the gate
in terms of the number of electrons applied to the SET island, we know exactly how large this signal
is in terms of charge. A charge noise measurement for the SET is shown in Figure [7.20. This graph
shows the characteristic low frequency charge noise of these devices known as 1/f noise due to the
motion of charge impurities in the substrate near the device or in the junction barriers. The optimal
carrier power gives the highest signal to noise measurements of charge coupled to the SET, so this

is the power setting that we will use for most measurements of the trap shown in the next chapter.
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Chapter 8

Time Resolved Single Electron
Dynamics

This chapter presents the measurements of the single electron trap. The primary results were
achieved with two different samples which I will call A and B. Sample A was measured in the winter
of 2006, and sample B was measured in the summer/fall of 2006. Earlier experiments led the way to
these results, but will not be presented here. I achieved the first good measurements of the dynamics
of the trap with sample A, but was unable to time resolve the tunneling dynamics because the SET
from sample A did not have high enough charge sensitivity, and the coupling to the trap was too
small. The second sample had an SET with better charge sensitivity and higher coupling to the trap,
giving the signal to noise ratio required for measurements in the time domain. The key parameters

for these two samples is shown in Table [8.1L

’ Description \ Symbol \ Device A \ Device B
SET Charging Energy Ec ser 224 K 1.66 K
SET Normal State Resistance Ry 530 kQ 453 kQ
Coupling Strength K 2.3% 10%
Charge Noise So (2x107%)2e2/Hz | (7 x 107°)2%e%/Hz

Table 8.1: Parameters for devices A and B. The feasibility of the experiments were the combination
of the coupling strength to the trap and the charge sensitivity which determine the signal to noise
ratio. Both the SET charging energy and the normal state resistance contribute to the charge
sensitivity.

This chapter will go through the measurements of the statics of trap experiments and then continue

on to look at the dynamics. Both data and comparisons with theory will be presented.

103
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8.1 Statics of the Single Electron Trap

The first step in the trap experiments is careful characterization of the circuits. The circuit diagram

is shown again in Figure [8.1. The distinguishing measurement of a single electron trap is the

Figure 8.1: Circuit diagram showing the single electron trap measured by the SET.

hexagonal stability diagram introduced in Chapter 2. The technique for measuring the hexagons is
analogous to the one I outlined in Chapter 3 in the SET-box example but now I have the added
complication of the additional gate. The SET and the trap are biased in the same way that the
SET and box were biased in Chapter 3. For fixed island gate, small changes in the trap gate only
change the island potential a small amount. The capacitance between the trap gate and the island
was intentionally designed to be as small as possible so that I would not have to also countersweep
the island gate while sweeping the trap gate. The measurement procedure is to sweep the trap gate,
counter-sweeping the SET gate to offset changes in bias to the SET island caused by the trap gate.
We record the response of the SET during each sweep. The island gate is then stepped, and the
trap and SET gate are offset manually to compensate. I incorporated software that was developed
over the last 8 years for the experiments on SET measurements of the single electron box by Konrad
Lehnert, Ben Turek, and Johannes Majer to bias the SET and trap gates. It would have been
possible to incorporate the third gate into this software, but this was not required to operate the
experiment successfully and not worth the added complexity in the software.

Just as in the staircase measurements of Chapter 3, the measured quantity is the sawtooth from
which the charge on the measured island is inferred. Figure [8.2a shows the sawtooth measurement
for the trap for many values of the island gate charge. I will show more details about these slices
and how they are used to characterize the trap, but for now I would like to focus on the hexagon
as a whole, as it provides a map of the device parameter space. Figure [8.2b shows the inferred
charge on the trap, with labels indicating the charge states of both islands. The sawtooth picture

is presented because it provides a higher contrast picture for looking at the hexagon. Focusing on
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this first graph (figuré8.2a), notice that there is additional noise in cuts of island gate charge near
ngrs; = 0 that decreases in the direction of ngrg = 1/2. This is not an artifact of the measurement,
but offers a hint at the dynamics that underlie this measurement. As I stated in Chapter 2 and
discussed in more detail in Chapters 4 and 5, the tunneling rates on and off of the trap island are
slowest when the island is in the most blockaded state, at ngrs; = 0. The rates are also slowest at
the charge degeneracy point of the trap (ngrrqp = 1/2). This is exactly where the extra noise shows
up in the hexagon plot. These measurements are performed sweeping the trap gate as slowly as
possible, in this case 100 ms. Between states (0,0) and (0,1), for example, there is the energetically
forbidden intermediate state (1,0). This means that on the time scale of the sweep rate, the trap
is not always found in the ground state. As the tunneling rates increase with respect to the sweep
rate (a constant in this graph), the noise decreases and the charge on the trap is able to follow the
charge applied by the gate.

Another measurement taken over many periods of the hexagonal structure is shown in Figure 8.3.

This diagram also illustrates the fact that the capacitance between the trap gate and the island
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Figure 8.2: a) The hexagon stability diagram of the trap as measured directly. Shown is the SET
response as a function of island and trap gates. b) The inferred charge on the trap as a function
of both gate voltages. The sawtooth Figure is shown because of the higher contrast that picture
provides.

is quite small. If it were not, we would see a tilt in the hexagon pattern, tilting in the direction of

positive island gate charge with increased trap gate charge. These hexagons were taken using device
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Figure 8.3: The stability diagram of the single electron trap measured with less averaging over many
periods. Near the areas of integer charge on the island gate, the rates are very slow (kHz) on the
trap island, and the trap island charge cannot keep up with the applied gate charges.

B. In device A, the trap gate was more strongly coupled to the island, and this tilt is more apparent
as shown in Figure 8.4l

The hexagon measurements provide a map of the parameter space of the trap and are performed
prior to any measurement. There is charge offset noise in all of these devices, so all of the gate
biases are relative and can change. The main source of change is the SET, which I will show in
more detail in the dynamics section of this chapter. If the charge on the SET changes, then the
gate bias must be changed to keep the SET biased at a sensitive operating point. Changing this
gate, however, affects all of the islands and changes the location in the hexagon diagram. There is
enough stability to take measurements over several tens of minutes, but these conditions will change
over the course of the day. A quick hexagon measurement is used between measurements of other
quantities to ensure that the trap has not shifted and to correct for any changes that have occurred.

Slices of the hexagon pattern in island gate give the familiar Coulomb staircase of the trap
island. One such measurement, performed at 18 mK, is shown in Figure 8.5/ with a fit to a weighted
Boltzmann distribution (see Chapter 2 for more details). The coupling between the trap and the
SET island for this measurement is 10.3%. The rounding of the Coulomb staircase depends on

temperature, as expected, but also shows a dependence on the bias point with respect to trap island.
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Figure 8.4: The stability diagram of the single electron trap in device A. The cross capacitance
between the trap gate and the island is larger in this sample and this causes a slight tilt in the
hexagonal pattern.
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Figure 8.5: Coulomb staircase at of the single electron trap. The average charge on the trap island
is measured as a function trap gate,ngr at 18 mK. Shown in red is a fit to a weighted Boltzmann
distribution.
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This is due to the fact that the trap must be measured much more slowly at the high blockade state
because the tunneling rates are so slow at that point. The noise is higher here because the trap
does not always settle into the ground state (i.e. we can never sweep slowly enough) and because
the measurements take longer and the trap is more susceptible to charge noise over longer periods
of time. Figure [8.6a shows staircase measurements for three temperatures, and Figure 8.6b shows

measurements taken at 18 mK for the high and low blockade states of the island.

1.0 1.0 —
—— 18 mK —@— Low Blockade
—— 100 mK —— High Blockade
0.5 —A— 200 mK — 0.5 —

-1.0

1 1 1 1 1 1 1 1 1
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
ngT [e] ngT [e]

Figure 8.6: a. Coulomb staircase of the trap. The average charge on the trap island as a function
of trap gate, measured at 18 mK, 100 mK, and 200 mK with low blockade on the island gate. These
measurements, taken at many temperatures, are fit to a weighted Boltzmann distribution (shown
in Figure 8.5)), and used to extract the charging energy of the trap (see Figure 8.7, b. Coulomb
staircase of the trap at 18 mK measured at high blockade of the island gate (middle of hexagon)
and low blockade (edge of hexagon).

I have measured the staircase at many temperatures, and use the Boltzmann fits to extract the
parameter x = F¢/2kpT. When this is inverted and plotted against the fridge temperature, we see
the linear temperature dependence and can extract the trap charging energy as shown in Figure 8.7
for the low blockade state of the island. The experiment is well filtered, and the saturation of 1/x
is not thought to be heating. In our group we have been able to measure temperature quantities
such as the temperature dependence of the shape of the single electron box [Lehnert2003] and the
electron temperature in a shot noise thermometer [Spietz2006] down to temperatures well below this

saturation point. This observed rounding comes from two places. The first is that the measurements
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Figure 8.7: The staircase measurements are fit to a weighted Boltzmann distribution as shown in
Figure 8.5, and the parameter 1/x is extracted and plotted as a function of the fridge temperature.
A linear fit gives a value for E¢ of the trap of 0.727 &£ .007 K. The error bars for most points on
this graph are smaller than the plotted point size.

are taken slowly, and any charge noise in the trap will cause the position of the charge degeneracy
point to shift slightly, rounding the staircase. The second place additional rounding comes in is
from the backaction caused by the SET. For this device, the forward coupling of the trap island to
the SET island is 10%. The reverse coupling, or the percentage of each SET electron that couples
to the trap island is higher at 20%. In Figure 8.8, I show the extracted value of 1/x as a function
of temperature for staircases measured both at the low island blockade (shown above) and the
high island blockade shown in Figure 8.6b. These additional measurements are even more rounded
than the sharp staircases measured for at low island blockade for the reasons described above in
the discussion of the staircase measurements. In order to compare the effects of the sweep to that
of integrating in additional charge noise, I have measured the high island blockade staircases in a
"DC” way. These points are taken by acquiring long ( 1 s per point in trap gate) time traces of raw
data (see the section on time resolved tunneling events in this chapter), and extracting the average
charge on the trap directly. Because these traces are acquired so slowly, they are prone to having
additional noise integrated in, but they do not suffer from effects caused by sweeping the trap gate

too quickly. These points are in agreement with the swept trap gate. Unfortunately, I only have one
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Figure 8.8: This graph shows the linear fit of 1/x vs fridge temperature plotted in Figure [8.7] as
well as the additional staircase measurements at higher island blockade. The fastest tunneling rate
occur in the region with low island blockade. In the regions of high island blockade, the rates are so
low that it is difficult to sweep the trap gate slowly enough. These measurements take longer than
in the region of fast rates because of the low required sweep rate, and any charge motion nearby will
cause rounding of the staircase. The data points labelled "DC” were measured without sweeping
the trap gate and are taken by acquiring a time trace 1 second long from which the trap charge is
inferred.
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point acquired using the "DC” method at low island blockade to use to compare the fast rate data

to the slow rate data.

8.2 Dynamics of the Single Electron Trap

This section of the thesis will explore the dynamics of the single electron trap that have been
measured using several different methods. The first section discusses measurements taken of the
charge relaxation time of the trap. I was able to measure the dynamics of the device using averaging
techniques to extract the underlying rates. The second section details the time resolved single

tunneling measurements, which are the core results of this thesis.

8.2.1 Charge Relaxation Time of a Single Electron

The hexagons have already shown us hints at the dynamics in the trap circuit, as we are never able
to really sweep slow enough to keep the trap in the ground state. If we intentionally sweep the
trap gate much faster than the characteristic tunneling time and measure the Coulomb staircase,
we would expect to see a hysteresis. This is shown for two different settings of the island gate in
Figure 8.9 The top axis of the staircase plot is the sweep time, which is the same for both traces.
The red staircase (top), is taken at the high blockade point and is very hysteretic because there is a
time delay for the trap to relax into the ground state. The blue (lower) staircase is taken at a low
blockade point where the rates are much higher and we do not see the same hysteretic behavior. This
is a good indication that this is a device that truly has tunable tunneling rates that are adjusted by
the bias of the two gates.

To obtain a more quantitative measurement of the tunneling rates as a function of the trap gate,
I performed a series of pulsed gate measurements. I first find the highest blockaded island state by
performing a measurement of the hexagon, as outlined above. Once the island bias is set, a trap
bias is chosen, as indicated by the tick mark at "t=0" in Figure 8.10a. I wait for a time that is long
enough to find the trap in its ground state with a high probability. Then, a fast step function is
applied to the trap gate, and I measure the charge as a function of time. I repeat this measurement
thousands of times, and the end result is shown in Figure 8.10b. For short times, the charge of the
trap remains unchanged from the original ground state. Over time, on average, the charge relaxes
into the new ground state with some time constant 7. The instantaneous charge on the trap island

is still quantized and is equal to 0 or 1. We can think of this as a measurement of the relaxation
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Figure 8.9: At the highest blockaded state of the trap (ny; = 0), sweeping the trap gate faster
than the characteristic tunneling rate results in a staircase measurement that is hysteretic, shown
in the top staircase measurement in red. If the island is not biased at this blockaded state, but at
another point where the blockade is lower (blue line), then the tunneling rates are faster, resulting
in a staircase measurement swept at the same rate, that does not show hysteresis.
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Figure 8.10: Measurements of the charge relaxation time of the trap. a) The measurement starts
with a gate bias at some position at t=0, as indicated by the tick mark on the graph. A fast pulse is
applied to the gate, shifting it over to the next tick mark within 100 ns. b) The charge of the trap
is recorded for 1 ms. The experiment is repeated thousands of times and the resulting measurement
of the charge relaxation time of a single electron on to the single electron trap in this case is equal
to 47 ps.

time of a single electron onto (or off of) the trap island. We can show that this is not just an RC
time in the system both by changing the bias conditions and seeing that these rates change, but
also by just applying a fast pulse to the SET gate and observing a much faster response, as shown
in Figure 8.11.

This technique is a way to extract the tunneling rates when there is not the signal to noise ratio
to time resolve tunneling events, as was the case for device A. This experiment is repeated for many
values of trap gate bias and the tunneling rates are plotted as a function of the trap gate bias in
Figure [8.12. Also shown in this graph is a theoretical prediction for the tunneling rates in this
device. This theoretical model has no adjustable parameters and shows quite good agreement with

the data.
8.2.2 Time Resolved Tunnelling Events

This section is the main result of this thesis which is time resolved measurements of single tunneling
events in the single electron trap. These measurements were all completed using device B. Because of

combined effects of the higher coupling between the trap and the SET and the increased sensitivity
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Figure 8.11: This graph shows the fast response time of the SET to a 0.02e gate applied at 200 us.
This response is much faster than the relaxation time of the trap shown in Figure 8.10b.
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Figure 8.12: Tunneling rates for the trap as a function of trap gate acquired using the relaxation
time measurements. The blue theory curve is the O-parameter cotunneling prediction. The green
curve indicates the 50 mK Orthodox theory prediction.
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of the SET, I had the sensitivity with this device required to time resolve single tunneling events.
In this regime, we can explore measurements that are not possible when averages are required. For
example, in all of the measurements of the Coulomb staircase, the quantity measured is always the
average charge. If we were able to time resolve the charge on the trap island, we would be able to

measure the charge on trap as a function of trap gate, as shown in Figurel8.13. There is still noise in

nTrap

ngTrap [e]

Figure 8.13: A single shot measurement of the Coulomb staircase for the trap. The charge on the
trap is quantized in discrete states n. For this data, the trap is swept over 8 electrons in 50 ms.

the measurement, but the quantized nature of the trap charge starts to be visible. On average, the
trap charge state changes at the charge degeneracy point, but tunneling is a stochastic process that
occurs at a certain rate. Thus, there is always a finite probability to tunnel either before or after
the degeneracy point, yielding on average, a smooth transition between charge states. The rest of
this chapter will focus on measurements of time resolved single tunneling events and extracting the
intrinsic rates for electrons tunneling on and off of the trap island.

The measurement process starts with acquisition of the time domain data as shown in Fig-
ures [8.14h,c for two different bias points of the trap gate. The amplitude histograms for these two
traces are shown in Figures 8.14b,d. In order to extract the intrinsic rates for electrons tunneling
on and off of the trap island, we must work to discriminate between these two states in this noisy

telegraph signal. The most obvious thing to do, and what you would actually do if you only had
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Figure 8.14: Raw time domain measurement of the charge on the trap. Figures a and c show a small
segment of the total time trace that is half a second long. Figures b and d show the histograms for
the entire time traces. The top graphs are positioned at the charge degeneracy point of the trap,
where the tunneling rates are equal and the trap spends an equal amount of time in each charge
state. The lower Figures show measurements for a gate bias away from trap charge degeneracy.
Here, the trap spends much more time in the 1 state than in the 0 state.
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one data point and wanted to make a single shot measurement, would be to set a threshold at the
middle of the histogram between the two peaks. Then, everything below that threshold would be
counted in the 0 state, and everything above would be counted in the 1 state. You could digitize
the data into a stream of 1’s and 0’s and extract the lifetimes. If the signal to noise ratio is high
enough so that there are two distinct, non-overlapping peaks in the amplitude histogram, this is the
way to go. If there is any overlap, a statistical approach must be used to separate the events in the
overlapping region, which amounts to setting a double, latching threshold for the discrimination.
The technique used to analyze the data in this thesis is called a Schmidt trigger, and the procedure
that I have used is detailed in Yuzhelevski et al. [Yuzhelevski2000]. The assumptions of this model
are that the single electron tunneling events are Markov processes and that the noise in each state
is Gaussian. This model would give two delta functions in amplitude broadened by Gaussian noise,
which is exactly what I have observed. This procedure aims to assign each point in the time trace
to one of the two states, creating a digital record from the raw time record. It is an iterative process
to find the thresholds for the two states, which I will describe briefly here.

After recording the time traces and constructing the amplitude histograms, we fit the histograms

to a sum of Gaussians as shown in Figure 8.15. Because the two Gaussian functions are overlapping,
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Figure 8.15: Amplitude histograms with fits to a sum of gaussians for two bias settings of the trap
gate. Shown are the fits to the sum of the two Gaussians as well as the individual Gaussian curves
to show the overlap between the two states.

we must use a statistical approach to sort out the events that fall in the overlapping region. Assuming
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that the first event in the series starts out in the 0 state of the trap, we can calculate the probability
that the next point in the time series is also in the down state, given its amplitude. We also calculate
the probability that it is in the 1 state, given that the previous point was in the 0 state and compare
these probabilities. We do the same for the trace starting in the 1 state, and the result is a double
threshold. More simply stated, once the trap is determined to be in the 0 state, we record it as being

in that state until the amplitude crosses above threshold Ty as shown in Figure 8.16. Likewise, once

number of counts

T T

1 0

signal amplitude

Figure 8.16: An example of a double histogram indicating the double threshold used for the Schmidt
trigger. The left Gaussian is comprised of events recorded in the 0 state of the trap and the right
Gaussian represents events in the 1 state. Once an event is recorded as being in the 0 state, for
example, it will not be recorded as being in the 1 state until there is a recorded amplitude that lies
above threshold Ty. Likewise, once an event is recorded in the 1 state, it will not be recorded as
being in the 0 state until there is a recorded amplitude that lies below threshold T;.

the trap is recorded to be in the 1 state, we continue to record it as being in the 1 state until the
amplitude of the signal crosses below threshold 77 .

Given the amplitude histogram, we can calculate what these thresholds should be given the area
under each gaussian, their mean values and standard deviations, and the lifetimes of each state.
The goal of this problem is to find the lifetimes of each state, however, so of course we do not have
that information. We could calculate the mean lifetimes if we knew the total number of transitions,
but we also do not know that. What we do instead, is estimate the thresholds from the amplitude
histograms. We use these to distribute the data into a digital time series consisting of 0’s and 1’s
and then count the number of transitions. This gives a first estimate of the average lifetimes, which

we can then use to calculate the thresholds. This process repeats and typically converges in five
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iterations.
The result of this process is a digital record of the time trace, which is shown overlayed on the

time trace shown above in Figure 8.17. The dwell times in each state are histogrammed and fit to a
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Figure 8.17: Raw time resolved random telegraph noise (blue) with digitized time trace overlayed
showing the charge on the trap island (green).

decaying exponential to extract the average lifetime in each state. Examples of this are shown near
trap charge degeneracy in Figure [8.18h and at a point far from trap degeneracy in Figure [8.18b.
The fact that the decaying exponential fit agrees well with the data indicates strong agreement with
the fact that the underlying physical process is Poissonian.

The measurement is repeated for many values of trap gate, in order to determine the gate
dependence of the tunneling rates. The amplitude histograms for a measurement sequence, which
recorded time traces over several periods in trap gate charge, are shown in Figure [8.19. This figure
shows that the measurement process, including the performance of the SET, is stable over the course
of the measurement. When there is a charge jump during the measurement process, it shows up in
this type of diagram. One such example is shown in Figure 8.20. After the point of the charge jump,
the SET is biased at a different operating point, and the data is thrown out. What is interesting
to note is that when there is a charge jump, I have always observed that it occurs in the SET, and
not in the trap device, meaning that the stability of the SET seems to be the limiting factor in the
stability of these measurements.

The measured rates are plotted as a function of trap gate charge for three temperatures in
Figure [8.22 Comparisons with theory are made for the 50 mK data in Figure [8.22. In these plots I

show comparisons with a zero parameter theoretical model, with bands indicating the uncertainty in
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Figure 8.18: Dwell time histograms are constructed from digital time traces and fit to a decaying
exponential. The squares represent counts in the 0 state and the circles represent the 1 state. a)
Histogram constructed from a time trace away from the charge degeneracy point. b) Dwell time
histogram constructed from a time trace measured near the charge degeneracy point of the trap.
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Figure 8.19: Amplitude histograms as a function of trap gate. The x-axis is the measured SET
response, the y-axis is the trap gate bias, and the color scale represents the number of counts in each
bin of SET response. The trap is stable and time domain measurements can be taken consistently
over several periods in trap gate charge.
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Figure 8.20: Amplitude histograms as a function of trap gate. The axes are the same as in Fig-
ure 8.19) but this time there was a jump in SET response. It is clear from looking at these graphs
for many measurements that the SET is the most unstable element as the trap remains stable even
if there is a jump in the SET.
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Figure 8.21: Tunneling rates measured in the trap as a function of trap gate at 50 mK, 100 mK,
and 150 mK.
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Figure 8.22: Tunneling rates for the trap as a function of trap gate. The shaded region bounded
by the solid and dashed lines represents zero parameter calculations of the cotunneling rate over a
range of the expected values for the parameters of the calculation.

the parameters of this model. Two main parameters were not possible to measure in this experiment:
the charging energy of the island and the dimensionless conductance of the junctions, both of which
set the overall scale of the tunneling rates. In addition to fabricating the device used for this
experiment, I also fabricated test devices in which the trap island was shorted to the trap gate
capacitor, turning the trap into an SET. From these test devices, I was able to put bounds on
the expected parameters for this device as well as from viewing the sample after the measurements
were taken. From this additional data, it is much more likely that the actual parameters for the
measured device lie at the lower end of these bands. At 50 mK we see fairly good agreement with the
cotunneling predictions for the rate to tunnel from the excited state to the ground state (the higher
rate). This is especially true if we compare these with the predicted Orthodox theory curves at 50
mK, which are 14 orders of magnitude lower. The reverse rate, however, is not well described by the
theoretical predictions. The measured temperature dependence of the rates is shown in Figure [8.23.
Here, the agreement with the theoretical predictions is not as good, but still shows a qualitative
agreement with the cotunneling theory as opposed to Orthodox theory. Still not well understood in
either of these graphs, however, is the return tunneling rates. These are expected to be much lower

than the measured values.
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Figure 8.23: Tunneling rates for the trap as a function of temperature show a qualitative agreement
with the cotunneling theory predictions. Both the data and the theoretical predictions are taken
slightly away from the charge degeneracy point of the trap, at ngryqp = .55. Orthodox theory rates
are orders of magnitude lower for these temperatures.

As T mentioned earlier in this chapter, and discussed in detail in Chapter 5 in the discussion
of cotunneling rates, it is necessary to consider the backaction of the SET when comparing the
measured rates with expected theoretical values of the rates. These measurements of time resolved
single tunneling events were possible because of the strong coupling between the trap island and
the SET (in addition to the higher sensitivity of the SET). This increased coupling comes at a cost,
however. The SET signal comes from having 10% of each trap electron coupled to the SET island.
The SET is an electrometer, and there is a change in reflected power associated with any small
changes in gate. Each electron tunneling onto the trap island is effectively a small gate on the SET,
shifting the operating point slightly which allows us to conduct the measurement. The cost is that
the trap is also measuring the SET. These devices are made up of the same parts and the problem
is completely reversible. Each electron tunneling onto the SET shifts the operating point of the
trap slightly. This reverse coupling is actually much stronger than the forward coupling of the trap
electrons to the SET. Each SET electron is coupled with a strength of 20% to the trap island. This
is the backaction of the SET onto the trap island, and this interaction modifies the rate curves.

With the second device, which is much more strongly coupled to the SET, we see a slight

improvement in the agreement between the predicted theoretical rates and the measured rates if
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we include the backaction of the SET into the calculation. The gate dependence of the rates is
plotted in figure 8.24' along with theoretical bands of the calculations including the backaction.
These calculations are done for the same range of device parameters as those shown in the graphs
neglecting the backaction, and again, I expect that the parameters for this device lie in the lower

range of these bands. The temperature dependence of the rates are shown with comparisons to
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Figure 8.24: Tunneling rates for the trap as a function of trap gate. The shaded region bounded
by the solid and dashed lines represents calculations of the cotunneling rate with no free parameters
over the range of the expected values for the parameters of the calculation including contributions
from the backaction of the SET.

theory in Figure [8.25 The shapes of the rate curves in both the gate and temperature dependence
plots are more closely aligned with the data than those that did not account for the SET’s backaction
onto the trap. While the return rates are still not well explained by the theoretical predictions at
low temperature, the forward rates and both rates at higher temperatures show excellent agreement
with theoretical predictions. At increased temperatures, both the forward and reverse rates agree
well with the theoretical predictions. Overall, the addition of the SET backaction only changes the
predictions slightly, and the data show good agreement with both models, within the uncertainty of

the model parameters.
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Figure 8.25: Tunneling rates for the trap are plotted as a function of temperature. We compare

the data with a model of the cotunneling theory including the backaction of the SET with no free
parameters. The data shows good agreement with the theory over a wide range of temperatures.



Chapter 9

Conclusions

9.1 Summary of Results

The work presented in this thesis is the time resolved measurements of single tunneling events in a
metallic thin film circuit. I have designed and fabricated a circuit that has rates in the microsecond
range that are tunable over almost two orders of magnitude. Using a RF-SET capacitively coupled
to a single electron trap, I was able to time resolve single electron tunneling events. In the 400
microsecond average lifetime of the charge state with one excess electron on the trap island, 80 data
points with SNR=10 can be obtained. In addition, I have made comparisons with both orthodox
theory, or global rule, and cotunneling theory.

The measurements presented here are the first time resolved measurements of non-thermal tun-
neling events in a metallic system or quantum dot. They are also the first quantitative comparisons
with cotunneling theory. Prior explorations of cotunneling dynamics [Kautz2000] disagreed with
theory by many orders of magnitude and were complicated with the many-junction geometry and
sensitivity to anomalous rare events. I was able to explore the dynamics of this circuit in several
self-consistent ways. The first two methods were time averaged measurements that probed the
underlying dynamics. This was first demonstrated in a qualitative way with measurements of the
Coulomb staircase swept faster than the characteristic tunneling time. The hysteresis of the stair-
case measured as a function of the gate voltages illustrated the tunable nature of the rates, and
the full two dimensional stability diagram provided a map of parameter space which allowed precise
positioning for further measurements. I then performed pulsed gate measurements to obtain a more
quantitative rate measurement that agreed favorably with cotunneling theory. In a second sample

that had higher coupling to the SET island, giving higher measurement sensitivity, I was able to time
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resolve the single electron tunneling events on the trap. I measured the tunneling rate as a function
of gate and temperature, giving excellent agreement with cotunneling theory. It is well known that
there is backaction from the SET which affects the measured device. We have assembled a prelim-
inary model to incorporate this into our theoretical predictions, which changes the predictions and
the agreement with the model only slightly. These measurements also demonstrate the possibility
to extend this work to measurements of correlations and higher moments of charge fluctuations in

metallic systems.

9.2 Future Work and Applications

A possibility of further research is to change the coupling to the SET and study the dynamical
nature of the backaction of the SET. The mechanism for the backaction in the operation regime
where the tunneling events in the SET are much more rapid than those in the trap has not been
widely studied. In addition, the return rates of the trap at the lowest temperatures do not agree
with the theoretical predictions. It is possible that more could be learned about this mechanism by
modifying the strength of the interaction between the two circuits.

This research could also be further extended by studying the dynamics electron turnstile. This
is a tunable circuit with four junctions and three islands, which can flow a current. The techniques
developed for the trap experiments presented here can be applied to this similar circuit to do high-
sensitivity low-noise measurements of single electron dynamics with application to current metrology
and precision measurements. A quantum standard for the Ampere that depends only on quantum
mechanics and the charge of the electron e could be accomplished with rapid counting of single

electrons.



Appendix A

Fabrication Recipes

The recipes for the fabrication process outlined in Chapter 6 are presented here.

A.1 Wafer Preparation

1. Sonication in acetone 60s

2. Sonication in methanol 60s

3. Dry with Ny and spin dry

4. Spin MMA-(8.5)MAA EL12 at 4000 rpm for 80s

5. Bake at 170 C for 5 minutes on hot plate fitted with aluminum plate to ensure temperature

uniformity across the wafer. Cover with petri dish.
6. Cool 60 s on room temperature metal plate.
7. Spin PMMA 950K A3 at 3000 rpm for 80s
8. Bake at 170 C for 30 minutes (same setup as step 5)

9. Cool 60 s on room temperature metal plate.

A.2 Development

1. Prepare two small beakers:

A. 30 mL MIBK:IPA 1:3 at 25° C

B. 30 mL IPA at 25° C
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2.

3.

4.

Hold chip with tweezers, and gently agitate in beaker A for 48 s.
Quickly remove from beaker A, and gently agitate for 10 s in beaker B.

Gently dry with Ny gas.

A.3 Aluminum Evaporation and Lift-off

1.

10.

11.

12.

13.

14.

Fill Plassys cold trap.
Load sample into load lock of Plassys.

Pump down chamber and load lock to ~ 4 x 107 Torr. This step takes approximately 1.5

hours.

Evaporate a few nm of titanium to lower the pressure to ~ 2 x 10~7 Torr.
Evaporate 35 nm aluminum at 0° from normal to the sample.

Wait 2 minutes

Oxidation step with Ar:O9 85:15 at 3 Torr for 12 minutes.

Let the chamber pump back down. A second titanium deposition is optional here.

Evaporate 70 nm aluminum at 30° from normal to the sample. The angle here depends on

the required shift.
Wait 2 minutes.

Remove sample from the Plassys and place in vertical sample holder in hot (70 C') acetone

beaker on hot plate.
Squirt hot acetone on sample through a syringe removing the top layer of aluminum.
Sonicate sample in same aluminum bath for 30s.

Remove sample holder with tweezers from acetone bath, while spraying with fresh acetone
from squirt bottle to prevent stray flakes of aluminum from finding their way back onto the

silicon substrate.



Bibliography

[AVERIN1986] D. V. AVERIN and K. K. LIKHAREV. Coulomb blockade of single-electron tun-
neling, and coherent oscillations in small tunnel-junctions. JOURNAL OF LOW
TEMPERATURE PHYSICS, 62(3-4):345-373, February 1986.

[AVERIN1989] D. V. AVERIN and A. A. ODINTSOV. Macroscopic quantum tunneling of the
electric charge in small tunnel-junctions. PHYSICS LETTERS A, 140(5):251-257,

September 1989. main cotunneling paper.

[Averin1992] D. V. Averin and Yu. V. Nazarov. Single Charge Tunneling. Plenum, New York,
1992.

[Beenakker2003] C. Beenakker and C. Schonenberger. Quantum shot noise. PHYSICS TODAY,
56(5):37-42, May 2003.

[Bylander2005] J. Bylander, T. Duty, and P. Delsing. Current measurement by real-time counting
of single electrons. NATURE, 434(7031):361-364, March 2005.

[Chan2003] I. H. Chan, P. Fallahi, R. M. Westervelt, K. D. Maranowski, and A. C. Gossard.
Capacitively coupled quantum dots as a single-electron switch. Physica E-Low-

Dimensional Systems & Nanostructures, 17(1-4):584-588, April 2003.

[DRESSELHAUS1994] P. D. DRESSELHAUS, L. JI, S. Y. HAN, J. E. LUKENS, and K. K.
LIKHAREV. Measurement of single-electron lifetimes in a multijunction trap.

PHYSICAL REVIEW LETTERS, 72(20):3226-3229, May 1994.

[Devoret1990] M. H. Devoret, D. Esteve, H. Grabert, G.-L. Ingold, H. Pothier, and C. Urbina.
Effect of the electromagnetic environment on the coulomb blockade in ultrasmall

tunnel junctions. Phys. Rev. Lett., 64(15):1824-1827, Apr 1990.

130



BIBLIOGRAPHY 131

[Devoret1992] M. H. Devoret, D. Esteve, and C. Urbina. Single-electron transfer in metallic nanos-

tructures. Nature, 360(6404):547-553, December 1992.

[Devoret2000] M. H. Devoret and R. J. Schoelkopf. Amplifying quantum signals with the single-
electron transistor. NATURE, 406(6799):1039-1046, August 2000.

[Dolan1977] G. J. Dolan. Offset masks for lift-off photoprocessing. Applied Physics Letters,
31(5):337-339, 1977.

[Eiles1992] T. M. Eiles, G. Zimmerli, H. D. Jensen, and John M. Martinis. Thermal enhancement
of cotunneling in ultra-small tunnel junctions. Phys. Rev. Lett., 69(1):148-151, Jul
1992.

[FULTON1987] T. A. FULTON and G. J. DOLAN. Observation of single-electron charging effects
in small tunnel-junctions. PHYSICAL REVIEW LETTERS, 59(1):109-112, July
1987.

[Fujisawa2004] T. Fujisawa, T. Hayashi, Y. Hirayama, H. D. Cheong, and Y. H. Jeong. Elec-
tron counting of single-electron tunneling current. APPLIED PHYSICS LETTERS,
84(13):2343-2345, March 2004.

[Fujisawa2006] T. Fujisawa, T. Hayashi, R. Tomita, and Y. Hirayama. Bidirectional counting of
single electrons. SCIENCE, 312(5780):1634-1636, June 2006.

[GEERLIGS1990] L. J. GEERLIGS, D. V. AVERIN, and J. E. MOOIJ. Observation of macroscopic
quantum tunneling through the coulomb energy barrier. PHYSICAL REVIEW
LETTERS, 65(24):3037-3040, December 1990.

[GRABERT1991] H. GRABERT, G. L. INGOLD, M. H. DEVORET, D. ESTEVE, H. POTHIER,
and C. URBINA. Single electron-tunneling rates in multijunction circuits. Zeitschrift

Fur Physik B-Condensed Matter, 84(1):143-155, 1991.

[Girvin1990]  S. M. Girvin, L. I. Glazman, M. Jonson, D. R. Penn, and M. D. Stiles. Quantum
fluctuations and the single-junction coulomb blockade. Phys. Rev. Lett., 64(26):3183—
3186, Jun 1990.



BIBLIOGRAPHY 132

[Golovach2004] V. N. Golovach and D. Loss. Transport through a double quantum dot in the

[Goppert2001]

[Grabert1992]

sequential tunneling and cotunneling regimes. Physical Review B, 69(24):245327,

June 2004.

G. Goppert and H. Grabert. Charge fluctuations in the single-electron box. PHY'S-
ICAL REVIEW B, 63(12):1253077 March 2001.

H. Grabert and M. H. Devoret, editors. Single Charge Tunneling. Plenum, New
York, 1992.

[Gustavsson2006] S. Gustavsson, R. Leturcq, B. Simovic, R. Schleser, T. Ihn, P. Studerus, K. En-

sslin, D. C. Driscoll, and A. C. Gossard. Counting statistics of single electron trans-
port in a quantum dot. PHYSICAL REVIEW LETTERS, 96(7):076605, February
2006.

[INGOLD1991] G. L. INGOLD and H. GRABERT. Finite-temperature current-voltage character-

[Kautz1999]

[Kautz2000]

[Keller1996]

[Keller1998]

[Keller1999]

istics of ultrasmall tunnel-junctions. FEurophysics Letters, 14(4):371-376, February
1991.

R. L. Kautz, M. W. Keller, and J. M. Martinis. Leakage and counting errors in a
seven-junction electron pump. PHYSICAL REVIEW B, 60(11):8199-8212, Septem-
ber 1999.

R. L. Kautz, Mark W. Keller, and John M. Martinis. Noise-induced leakage and
counting errors in the electron pump. Phys. Rev. B, 62(23):15888-15902, Dec 2000.

M. W. Keller, J. M. Martinis, N. N. Zimmerman, and A. H. Steinbach. Accuracy
of electron counting using a 7-junction electron pump. APPLIED PHYSICS LET-
TERS, 69(12):1804-1806, September 1996.

M. W. Keller, J. M. Martinis, and R. L. Kautz. Rare errors in a well-characterized
electron pump: Comparison of experiment and theory. PHYSICAL REVIEW LET-

TERS, 80(20):4530-4533, May 1998.

M. W. Keller, A. L. Eichenberger, J. M. Martinis, and N. M. Zimmerman. A
capacitance standard based on counting electrons. SCIENCE, 285(5434):1706-1709,

September 1999.



BIBLIOGRAPHY 133

[LAFARGE1991] P. LAFARGE, H. POTHIER, E. R. WILLIAMS, D. ESTEVE, C. URBINA,

and M. H. DEVORET. Direct observation of macroscopic charge quantization.
ZEITSCHRIFT FUR PHYSIK B-CONDENSED MATTER, 85(3):327-332, 1991.

[LAFARGE1992] P. LAFARGE, P. JOYEZ, H. POTHIER, A. CLELAND, T. HOLST, D. ESTEVE,

[Lafarge1993]

[Lafarge1993a]

[Lehnert2003]

[Lehnert2003a]

[Lu2003]

C. URBINA, and M. H. DEVORET. Direct observation of macroscopic charge
quantizationa millikan experiment in a submicron solid-state device. COMPTES
RENDUS DE L ACADEMIE DES SCIENCES SERIE II, 314(9):883-888, April
1992.

Phillippe Lafarge. Macroscopic Charge Quantization in Metallic Nanostructures.

PhD thesis, 1993.

P. Lafarge and D. Esteve. Nondivergent calculation of unwanted high-order tunneling
rates in single-electron devices. Physical Review B, 48(19):14309-14318, November
1993.

K. W. Lehnert, B. A. Turek, K. Bladh, L. F. Spietz, D. Gunnarsson, P. Delsing,
and R. J. Schoelkopf. Quantum charge fluctuations and the polarizability of the
single-electron box. PHYSICAL REVIEW LETTERS, 91(10):106801, September
2003.

K. W. Lehnert, K. Bladh, L. F. Spietz, D. Gunnarsson, D. I. Schuster, P. Delsing,
and R. J. Schoelkopf. Measurement of the excited-state lifetime of a microelectronic

circuit. Physical Review Letters, 90(2):027002, January 2003.

W. Lu, Z. Q. Ji, L. Pfeiffer, K. W. West, and A. J. Rimberg. Real-time detection of
electron tunnelling in a quantum dot. NATURE, 423(6938):422-425, May 2003.

[MARTINIS1987] J. M. MARTINIS, M. H. DEVORET, and J. CLARKE. Experimental tests for

the quantum behavior of a macroscopic degree of freedom - the phase difference

across a josephson junction. Physical Review B, 35(10):4682-4698, April 1987.

[MATVEEV1991] K. A. MATVEEV. Quantum fluctuations of metallic particle charge under

coulomb blockade conditions. ZHURNAL EKSPERIMENTALNOI I TEORETICH-
ESKOI FIZIKI, 99(5):1598-1611, May 1991.



BIBLIOGRAPHY 134

[Martinis1994] J. M. Martinis, M. Nahum, and H. D. Jensen. Metrological accuracy of the electron

pump. PHYSICAL REVIEW LETTERS, 72(6):904-907, February 1994.

[NAZAROV1989] Y. V. NAZAROV. Coulomb blockade of tunneling in isolated junctions. Jetp
Letters, 49(2):126-128, January 1989.

[Naaman2006a] O. Naaman and J. Aumentado. Time-domain measurements of quasiparticle tunnel-
ing rates in a single-cooper-pair transistor. PHYSICAL REVIEW B, 73(17):172504,
May 2006.

[Niemeyer1974] J. Niemeyer. PTB-Miit., 84:251, 1974.

[POTHIER1992] H. POTHIER, P. LAFARGE, C. URBINA, D. ESTEVE, and M. H. DEVORET.
Single-electron pump based on charging effects. Europhysics Letters, 17(3):249-254,
January 1992.

[Pasquier1993] C. Pasquier, U. Meirav, F. I. B. Williams, D. C. Glattli, Y. Jin, and B. Etienne.
Quantum limitation on coulomb blockade observed in a 2d electron-system. Physical

Review Letters, 70(1):69-72, January 1993.

[Reznikov1999] M. Reznikov, R. de Picciotto, T. G. Griffiths, M. Heiblum, and V. Umansky.
Observation of quasiparticles with one-fifth of an electron’s charge. NATURE,
399(6733):238-241, May 1999.

[Sakurail994] J. J. Sakurai. Modern Quantum Mechanics. Addison Wesley, 1994.

[Saminadayar1997] L. Saminadayar, D. C. Glattli, Y. Jin, and B. Etienne. Observation of the
e/3 fractionally charged laughlin quasiparticle. PHYSICAL REVIEW LETTERS,
79(13):2526-2529, September 1997.

[Schoelkopf1998] R. J. Schoelkopf, P. Wahlgren, A. A. Kozhevnikov, P. Delsing, and D. E. Prober.
The radio-frequency single-electron transistor (rf-set): A fast and ultrasensitive elec-

trometer. SCIENCE, 280(5367):1238-1242, May 1998.

[Sigrist2006] M. Sigrist, T. Thn, K. Ensslin, D. Loss, M. Reinwald, and W. Wegscheider. Phase
coherence in the inelastic cotunneling regime. Physical Review Letters, 96(3):036804,

January 2006.



BIBLIOGRAPHY 135

[Spietz2006]
[Spietz2006a]
[Teufel2007]
[Tinkham1996]

[Turek2005]

[URBINA1991]

[Wegewijs2001]

[Weil997]

[Wiel2003]

[Y001997]

Lafe Spietz. The Shot Noise Thermometer. PhD thesis, Yale University, 2006.
Lafe Spietz, John Teufel, and R. J. Schoelkopf. A twisted pair cryogenic filter, 2006.
John Teufel. PhD thesis, Yale University, 2007.

M. Tinkham. Introduction to Superconductivity. McGraw-Hill, 1996.

B. A. Turek, K. W. Lehnert, A. Clerk, D. Gunnarsson, K. Bladh, P. Delsing, and
R. J. Schoelkopf. Single-electron transistor backaction on the single-electron box.

Physical Review B, 71(19):193304, May 2005.

C. URBINA, H. POTHIER, P. LAFARGE, P. F. ORFILA, D. ESTEVE, M. DE-
VORET, L. J. GEERLIGS, V. F. ANDEREGG, P. A. M. HOLWEG, and J. E.
MOOI1J. Controlled transfer of single charge-carriers. Ieee Transactions On Mag-

netics, 27(2):2578-2580, March 1991.

M. R. Wegewijs and Yu V. Nazarov. Inelastic co-tunneling through an excited state

of a quantum dot, 2001.

Y. Y. Wei, J. Weis, K. V. Klitzing, and K. Eberl. Single-electron transistor as
an electrometer measuring chemical potential variations. Applied Physics Letters,

71(17):2514-2516, October 1997.

W. G. van der Wiel, S. De Franceschi, J. M. Elzerman, T. Fujisawa, S. Tarucha, and
L. P. Kouwenhoven. Electron transport through double quantum dots. Reviews Of

Modern Physics, 75(1):1-22, January 2003.

M. J. Yoo, T. A. Fulton, H. F. Hess, R. L. Willett, L. N. Dunkleberger, R. J.
Chichester, L. N. Pfeiffer, and K. W. West. Scanning single-electron transistor

microscopy: Imaging individual charges. Science, 276(5312):579-582, April 1997.

[Yuzhelevski2000] Y. Yuzhelevski, M. Yuzhelevski, and G. Jung. Random telegraph noise analysis

in time domain. Review Of Scientific Instruments, 71(4):1681-1688, April 2000.

[dePicciotto1997] R. dePicciotto, M. Reznikov, M. Heiblum, V. Umansky, G. Bunin, and D. Mahalu.

Direct observation of a fractional charge. NATURE, 389(6647):162-164, September
1997.



