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Abstract 

 

 The metallic single electron transistor (SET) has been shown to provide charge 

sensitivity on the order of 10-6 e/(Hz)1/2, when operated as a charge amplifier. This makes 

it an ideal candidate for low-noise measurement schemes, such as monitoring nano-

mechanical oscillations, or reading out the charge state of a quantum bit. The SET 

operates by exploiting quantum tunneling across an ‘island’ between two insulating 

tunnel junctions, and can be modulated by a capacitively coupled gate electrode.  

A metallic SET has been fabricated and characterized at low frequencies. The 

device was fabricated on a silicon substrate coated with a bi-layer resist, using electron 

beam lithography. The Al-AlOx-Al tunnel junctions were created using double angle 

evaporation. Samples were tested near 300 mK in a custom helium-3 cryostat system. 

Results which characterize the SET parameters and conductance behaviour were 

obtained, in both the superconducting and normal states.  

This thesis contains a discussion of the fabrication procedures and dc 

measurement techniques required to produce and test a single electron transistor. 

Relevant background theory relating to SET operation and cryogenic laboratory 

techniques is presented. A brief discussion of proposed future experiments using a dual 

gate radio frequency SET as a more sensitive amplifier is introduced.
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Chapter 1  

Introduction 

 
 
1.1 Historical Context 

 
 As the key active component in most modern electronics, the transistor has been 

considered by some as the greatest invention of the 20th century [1]. Since their invention 

in the 1940’s [2], transistors have continued to evolve almost exponentially in terms of 

size reduction and switching speed. This has had a profound impact on information 

acquisition, processing, data storage, and communication technologies.  One of the 

devices most crucial to these developments has been the metal-oxide-semiconductor field 

effect transistor (MOSFET), so called because the electric field across an insulator 

controls the current through a semiconductor. Modern digital integrated circuits, logic 

gates, and computer chips are based primarily on this CMOS (complementary metal-

oxide-semiconductor) transistor technology.  

Moore’s law, as famously predicted by Intel co-founder Gordon Moore in 1965, 

states that “the number of transistors on a chip doubles about every two years” (Figure 1). 
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In terms of device size, the current ‘Penryn’ transistor chip in production by Intel 

measures on the scale of 45 nm, allowing more than 1 billion transistors per processor. 

 

Figure 1 - A depiction of Moore's Law for transistors on a chip [3] 
 

The current technological trend of continually scaling down MOSFETs to sub-

micron sizes has led to shorter switching times, higher processing speeds, and lower 

energy per switching event. Reduced device area has led to reduced cost - smaller 

MOSFETs allow for denser on-chip packing, resulting in smaller chips, or more 

computing power per chip area. This trend, however, cannot persist indefinitely. 

Device size is not the only parameter that dictates advances in transistor 

technology - any amplifier must increase noise. There are two ways this can happen: 

directly, with variations in the output of the amplifier masking the signal at the input, and 

indirectly, with the amplifier acting upon the system it is amplifying. This is often termed 

back action. [4]. The famous Heisenberg uncertainty principle dictates that the magnitude 

of this back action limit must always be greater than ħω/2 [5], where ω is the frequency 
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of the input signal, and ħ is Planck’s constant. Other fundamental noise limits presented 

by thermal and shot noise can further perturb a measured quantity.  

Noise represents the fundamental limit for measurements, thus the sensitivity of 

an amplifier to detect a given input signal is of obvious importance. As an example, a 

smaller magnitude input signal will translate to smaller power requirements and hence 

less chip heating – this is critical for the billions of transistors operating on a computer 

processor.  

Direct noise is measured as the amount of power per unit bandwidth – the noise 

spectral density. Since we normally measure quantities which are proportional to the 

square root of power (for example charge, current, voltage), the noise spectral density is 

often quoted per root hertz. A signal is considered distinguishable from noise if its 

magnitude is equal to the noise in the bandwidth of interest. Devices that have a high 

input resistance and low input capacitance are ideally suited to measure a small amount 

of charge, and hence the best way to characterize the noise performance of such a device 

is through its charge sensitivity, quoted in e/(Hz)1/2. This unit represents the charge 

measured (in the elementary charge unit e) per square root of unit bandwidth (in hertz). 

To measure a signal on the order of (or a fraction of [6]) e requires an amplifier 

with excellent energy and charge sensitivity, as well as appropriate electrical 

characteristics. At this scale of input charge, back action and signal noise can overcome 

signal data, resulting in the need for increasingly precise measurement standards. Thus 

we arrive at the technological motivation to develop novel mesoscopic scale 

amplification and detection devices, which push beyond classical size and sensitivity 

limits by exploiting quantum behaviour. An ideal amplifier for quantum measurement 
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should be sufficiently sensitive to overcome the noise of subsequent amplification 

elements while minimally perturbing the system.  

Experiments in recent years have led to the creation of both metal and 

semiconductor based amplifiers which exhibit charge sensitivities on the order of 10-5 

e/(Hz)1/2. One of the systems that approach this limit is the superconducting quantum 

interference device (SQUID) - a sensitive detector of magnetic flux. The SQUID is based 

on the combination of flux quantization in a superconducting loop and Josephson 

tunneling. SQUID amplifiers have a variety of applications and have demonstrated 

sensitivity close to that of the quantum limit [7]. A different type of amplification scheme 

uses a quantum point contact (QPC) to detect single charge fluctuations in 

nanostructures. A QPC produces local confinement of electrons to one dimension, by 

creating a barrier through which they must tunnel one by one [8]. The conductance 

through the barrier is quantized such that electrons entering and leaving a nearby 

quantum dot can be observed through changes in the QPC current, with a sensitivity of 4 

x 10-5 e/(Hz)1/2 [8]. 

The focus of this thesis will be on the single electron transistor (SET) (Figure 2), 

one of the most sensitive electrometers experimentally demonstrated to date. The SET 

operates as a charge amplifier that exploits quantum tunneling across a metallic ‘island’, 

isolated between two insulating tunnel junctions. The SET outperforms its classical 

analogue the FET by 103 in terms of sensitivity. Theoretically, the SET has been shown 

to have a charge sensitivity on the order of ~ 10-6 e/(Hz)1/2 [9-11]. 
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Figure 2 - A two junction metallic SET, fabricated with Al on a Si substrate. Scale bar 500 nm 
(courtesy http://www-drecam.cea.fr/drecam/spec/Pres/Quantro/Qsite/gallery/SET.htm) 
 

SETs have been realized using a variety of fabrication methods and materials, 

which include metallic, semiconducting, molecular, and nanotube based devices. These 

different incarnations of the SET allow for different operational schemes and 

temperatures. Typically, metallic based devices are operated in the milli-Kelvin 

temperature range, while semiconducting SETs have been routinely demonstrated at 

temperatures as high as 25 K, though there have also been devices that operate at room 

temperature [12]. The operating temperature is an important parameter, as it partially 

defines the energy conditions which dictate electron tunneling events through the SET.  

By putting a series of SETs in parallel or varying the number of gate electrodes, it 

is possible to manipulate the electron charge e, through the construction of a single 

electron trap, pump, or turnstile device, for use as a high precision current source [13]. 

Many other possible SET applications have been both demonstrated and envisioned, and 

include measuring single shot qubit readout [14], single photon detection [2], or defining 

new metrological standards [15]. 
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1.2 Motivation 

 

 Metallic SETs have been produced and tested in many labs worldwide over the 

past 15 years, however the process is non-trivial. Successful fabrication of a SET in itself 

presents stimulating lithographical, chemical processing, and cryogenic challenges. Our 

initial goal was to produce a specific, reproducible recipe for producing aluminum-based 

SETs on a silicon substrate. Fabrication procedures were to be designed such that the 

device could operate near 300 mK. This necessitated minimizing electrical lead and 

tunnel junction area, through optimized lithography (narrowest line widths), and double 

angle evaporation procedures. 

Once adequately cooled, SET behaviour as an amplifier could only be 

characterized by an appropriately designed measurement scheme. To keep from 

destroying or heating up the SET this meant understanding the scale of input signal 

required. At the same time, the measurement scheme need be sensitive enough to 

overcome noise added by the amplifier, as well as any other noise sources from the 

experimental setup. Appropriate cabling and filter systems had to be designed and built to 

perform the measurements.  

With a useable SET as a signal amplifier, we move closer to our goal of making 

sensitive, low temperature measurements using coupled nanoelectromechanical systems 

(NEMS). For example, by coupling a SET to a nanoscale resonator, it is possible to 

produce a displacement detector accurate in the femto meter range [16]. If we consider 

the knowledge gained from producing and testing a SET at low frequencies to be a 

starting point, our next goal would be to use our fabrication procedure to produce more 
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sensitive, rf-based amplifiers. One example of this would be to create a dual gate, radio 

frequency SET. In this manner, we hope to approach the fundamental noise and back 

action limits, dictated by the Heisenberg uncertainty principle.  

 

1.3 Structure of the Thesis 

 

 The structure of the thesis is as follows. 

 Chapter 2 provides a description of the theoretical background and concepts upon 

which the thesis is based. The SET and its operating principles are introduced and then 

expanded upon to explain device use at radio frequencies, in superconducting states, and 

also as a thermometer. 

 Chapter 3 contains background information on the experimental techniques and 

fabrication methods used. Scanning electron microscopy, as it applies to electron beam 

lithography, metal evaporation and deposition, and fundamental laboratory cryogenic 

practices is covered. 

 Chapter 4 presents a detailed overview of the fabrication recipe used to create the 

SETs. 

Chapter 5 lays out the experimental setup of the SET system. It begins with a 

description of the helium-3 cryostat and moves through all aspects of electrical filtering, 

wiring and the device measurement scheme.  

 Chapter 6 presents results from measurements on the devices in both the 

superconducting and normal states. Discussion of the results is presented as applicable.  
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 Chapter 7 provides a conclusive summary, as well as a description of future work 

applications and research directions. 
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Chapter 2 

Background & Literature Review 

 

2.1 Single Electron Transistor (SET) 

 

 A SET consists of a small, low capacitance (C) conducting ‘island’ coupled to 

electrical leads through tunnel junctions.[2, 17, 18]. It can be operated as an extremely 

sensitive, linear charge amplifier, through the exploitation of quantum tunneling. SETs 

have been shown to exhibit charge sensitivity on the order of 10-6 e/(Hz)1/2 [15]. This 

implies that a charge variation of 10-6 e can be detected in a measurement time of 1 

second (the precision increases as the square root of the measurement time) 

The SET is the quantum analogue to the classical n-MOSFET (electron majority 

carriers). In a MOSFET, the source and drain electrodes are connected by a conducting 

channel material, where the number of electrons through the channel (current) is varied 

by applying a voltage to a third gate electrode (Figure 3).  
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Figure 3 - An NMOS transistor (n-channel MOSFET) [19] 
 

As a FET is made smaller and smaller, the transverse channel dimension 

approaches the electron wavelength (~ 100 nm). This causes electron carrier propagation 

to become sensitive to atomic disorder in the channel, placing a size limit on the classical 

transistor [2].  

The discreteness of charge flow can be seen by introducing tunnel junctions. A 

tunnel junction is two conducting electrodes separated by an insulating layer thin enough 

that electrons can tunnel across. The tunnel junction can be modeled as a resistance Rt 

and capacitance C (which depend on thickness and area of the insulating barrier) in 

parallel (Figure 4). At the insulating barrier, an electron’s wave function is partially 

reflected and transmitted, but its energy does not change. Tunneling is essentially an all 

or nothing process, as electrons spend a negligible amount of time in the potential well of 

the insulating barrier.  
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Figure 4 - (a) A metal-insulator-metal tunnel junction (b) Circuit schematic for a tunnel junction [20] 
 

 By applying a voltage V across the junction, electrons will tunnel at random at a 

rate of V/eRt.  Tunnel resistance is inversely proportional to the barrier transmission co-

efficient, which decreases exponentially with barrier thickness. Thus, for a tunnel 

junction to have measurable current it must be on the order of a few nanometers thick 

[20].  

A SET is composed of two tunnel junctions in series which are capacitively 

coupled to a gate electrode (i.e. a FET with the channel replaced by a metallic island 

between tunnel barriers). Each junction is characterized by a resistance RT and 

capacitance Cj as can be seen in Figure 5. The island capacitance is given as CΣ = Cg + 

Cj1 + Cj2
 where Cg is the gate capacitance and CΣ must satisfy Equation 2 and Equation 3.  
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Figure 5 - A basic circuit diagram for a SET: gate is capacitively (Cg) coupled to the island [2] 
 
 The charge Q transferred through a tunnel barrier will become quantized as  

Q =Ne, where N is an integer. This quantization is only relevant if the junction resistance 

RT is large compared to the resistance quantum Rk [2] 

Ω==> kehRR kT 8.25/ 2  
Equation 1 

 
 Equation 1 must be satisfied for N not to be subject to quantum fluctuations [21, 

22].  

The charging energy Ec, to add or remove an electron from the island is[2, 16, 20] 

)2/(2
Σ= CeEc  

Equation 2 
 

For a small enough island, one finds that the charging energy can become larger 

than the energy of thermal fluctuations, or 

TkE bc >>  

Equation 3 
 
Where kb is Boltzmann’s constant and T is the system temperature. Typically for SETs 

fabricated by electron beam lithography, a temperature below 300 mK is needed to meet 

the condition of Equation 3, as Ec is of the order 1 K, and CΣ several femto-Farads. [2].  
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In a SET, electron transport results from tunneling between collective charge 

states of the system. For example, consider N1 electrons tunneling through J1, N2 

electrons tunneling through J2 (as shown before in Figure 5). The tunneling events can be 

described by ‘orthodox theory’, in which tunneling events occur independently at each 

junction at a rate governed by the global electrostatic energy Eel [23] 

( ) ( )[ ] dsodsggcel VeNqeVCeVCNNEE 2
2

212 // −+−−−=  
Equation 4 

 

Here Vg is gate voltage, Vds is source-drain voltage, subscript numbers refer to junctions 1 

and 2, and qo is the offset gate charge; the equilibrium charge on the island due to the 

surrounding charges, which is considered as a constant for SET amplification [23]. The 

tunneling rate governed by Eel in Equation 4 is valid if the junction resistances are larger 

than Rk, and bias voltages (Vg, Vds) have a negligible internal impedance around the 

Coulomb frequency Ec/ħ [21].  

Each tunnel event will create an electron-hole pair (on opposite sides of the 

junction), with a tunnel event occurring on junction i at a rate Γi [2] 
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If the gate voltage is tuned so that gate charge qg = CgVg = qoe|e| the island will 

have a defined number of electrons. This state is said to be ‘Coulomb blockaded’, 

because no tunneling events occur (they would increase Eel) and thus there is no current 

flow. If instead Vg is tuned such that qg = CgVg = (qo + ½)e|e|, we now have a charge 

equal to half an electron on Cg. This allows tunneling events with no energy cost, and we 

see a current flow due to a cascade of transitions between the charge states. This current 

is periodic in the gate charge, with a period of e, the charge on one electron [24]. The 

dashed trace in Figure 6 (left) shows a Coulomb blockaded width of e/CΣ, and correlated 

periodic gate behaviour (right) of a SET.  

 

Figure 6 - (left) Current as a function of source drain bias in a SET; (right) e Periodic gate behaviour 
of a SET 
 

As seen in Figure 7, the tunnel current increases in discrete steps when beyond 

blockade threshold, corresponding to an N to N+1 quantum state. This behaviour 



Chapter 2 Background & Literature Review 

 

15

manifests as sharp conductance peaks at each step (lower half of figure). 

 

Figure 7 – (top) I-V characteristics of a SET at T = 0.1K; (bottom) Conductance as a function of bias 
and gate voltage [25] 
 

 SET experiments have been performed at various temperatures, using device 

junctions fabricated from a variety of materials. The most common of these utilize 

metallic junctions with an oxide layer to form the tunnel barrier, and are operated at 

several hundred milli-Kelvin or lower. However, SETs have also been realized using 

carbon nanotubes [26], semiconductors [27], molecular electronics [28] and other means. 

These other incarnations of the SET are attempts to avoid the technical challenges of low 

temperature operation and sub-micron scale device size. This in turn leads to other 

challenges in terms of high junction resistances and material-dependent parameters. This 

thesis will deal primarily with metallic based SET operation and fabrication.  
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We conclude by noting that the SET behaves as a charge amplifier in the presence 

or absence of a fraction of an electron on Cg, and can control a measurable current (10-10 

A) [20].  

 

2.2 Radio Frequency SET (RF-SET) 

  

Conventional SET based electrometers are limited by operation speeds of a few 

kHz or less [15]. For a typical SET device resistance of R = 100 kΩ, and with a 

capacitive load of cable running to an amplifier (Cl = 0.1 to 10 nF) the measurement 

bandwidth, f <1/2πRCl ≈ 100 – 10,000 Hz is not ideal. At low frequencies, the charge 

sensitivity of the SET is hampered by 1/f noise due to the motion of background charges. 

Zimmerli et al. [29] postulate that this flicker noise likely arises from stochastically 

occupied charge traps [30] in the dielectric material of the SET substrate. Charge 

sensitivity based on this noise has been measured over a 100 kHz bandwidth by Bladh 

[31], and as seen in Figure 8, sensitivity increases steadily over each decade in frequency. 
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Figure 8 – Large rf-SET bandwidth allows for measurement of the 1/f noise up to 1 MHz. Before 
amplifier noise dominates (~ 10 kHz), the noise follows a 1/f0.9 dependence [31] 
 

In 1998, Schoelkopf et al. [15] introduced the radio frequency SET (rf-SET), in 

which readout of the charge state of the device is determined by monitoring the damping 

of a high frequency resonant LC circuit which is connected to the drain of a SET.  A 

schematic of Schoelkopf’s device is provided in Figure 9. 

 

 

Figure 9 - rf-SET (left) and measurement scheme (right) [15] 
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 The rf-SET operates by removing the parasitic capacitance, Cpad of the contact 

pad to the SET. Resonance will occur when the Cpad reactance Xc, and inductance 

reactance XL, are equal to one another [32] 

fC
X c π2

1
=  fLX L π2=  

Equation 7 
 
Here f is the resonant frequency, L is inductance and C is capacitance. As XC decreases 

with frequency while XL increases with frequency, there is only one frequency at which 

they will be equal: the resonant frequency. With simple manipulation of Equation 7 we 

arrive at a relation for the resonant frequency f 

LC
f

π2
1

=  

Equation 8 
 
 In an rf-SET, L is chosen such that the impedance of the SET and Cpad are 

matched to 50 Ω, the impedance of the signal cable. This is best achieved by having the 

imaginary part of the impedance equal zero (Xc = - XL), and the real impedance approach 

50 Ω (Figure 10). Choosing an appropriate inductor after determining Cpad allows for 

selection of the resonant operating frequency. 
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Figure 10 - Schematic of equivalent impedance Zeq in an rf-SET 
 

The device operates by launching a ‘carrier’ signal at the resonant frequency 

towards the SET, and measuring the reflected power signal. This reflected signal is 

strongly correlated to SET conductance [15]. In the Coulomb blockaded state (i.e. 

minimum dc conductance) the reflected power signal is high, while in the conducting 

state some fraction of the carrier signal is dissipated in the SET, causing a decrease in 

reflected power. As seen in Figure 11 Coulomb blockade oscillations (sharp conductance 

peaks) are separated by identical intervals in gate voltage δVg = e/Cg. These correspond 

to the addition of an electron to the island.  

 

Figure 11 – (lower) Rectified small signal dc conductance at zero source-drain SET bias ; (upper) 
Total reflected power of small 1.7 GHz signal at same conditions [15] 
 



Chapter 2 Background & Literature Review 

 

20

 The voltage reflection coefficient Γv of the signal is defined as [32] 

)(
)(

o

o
v ZZ

ZZ
+
−

=Γ  

Equation 9 
 
where Zo is the cable’s characteristic impedance (typically 50 Ω) and for a SET, Z = RT 

>> Zo. Thus the total reflected power is proportional to 1 – 4Zo/RT. For typical SET 

resistance of ~ 100 kΩ, and without the resonant Cpad and L, the expected fractional 

change in reflection would be on the order of 1 part in 1000 [15]. At resonance, the LC 

components transform the characteristic impedance of the microwave system upwards 

[33], increasing the change in carrier reflection and making the behaviour more apparent. 

 In addition to rapid time domain response and the ability to be used as a small 

signal linear amplifier, the rf-SET exhibits a wide (~ 100 MHz) measurement bandwidth. 

As seen in Figure 12 (upper trace), between approximately 100 Hz – 40 MHz there is less 

than 2 dB of gain variation.  
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Figure 12 - Gain vs. frequency of an rf-set using a .01e rms sine wave on the gate. Lower traces show 
system noise in normal (N) and superconducting (S) states [15] 
 

 The ability to operate at high frequency (MHz and above) significantly reduces 

amplifier 1/f noise. For Schoelkopf’s [15] non-optimized rf-SET device, charge 

sensitivity of 1.2 x 10-5 e/Hz1/2 was measured at a carrier frequency of 1.1 MHz, almost 

an order of magnitude better than a traditional SET. This corresponds to an energy 

sensitivity of ~ 41ħ (J/Hz) for the rf-SET, operating in its superconducting state. In 2001, 

charge sensitivity was improved by an order of magnitude, to 6.3 x 10-6 e/Hz1/2 [14]. In 

2003, this sensitivity was improved again, to 5.6 x 10-6 e/Hz1/2 by Brenner et. al [34], 

using a double island rf-SET.  

 



Chapter 2 Background & Literature Review 

 

22

2.3 Superconducting Single Electron Transistor (SSET) 

 

 One of the factors to consider when using a SET or rf-SET as an electrometer is 

the ability to detect variations in the charge for values much less than e. Literature [35-

37] reveals that using superconducting electrode materials (aluminum, niobium, etc.) 

improves performance in this respect when the SET is operated as an electrometer 

(compared to normal state operation). As an example, the lower trace of Figure 12 

indicates that charge sensitivity of an rf-SET is improved by half an order of magnitude 

when operated in the superconducting regime. Korotkov [37] explains by noting that if 

the superconducting energy gap ∆ is greater than, or on the order of, the charging energy 

Ec, the charge sensitivity of a superconducting SET (SSET) is much improved. 

 For this reason, many experiments actually utilize SSETs as opposed to normal 

state SETs. The metallic based SSET can be fabricated in the same manner as a normal 

metal SET, yet exhibits superconductive tendencies in the appropriate temperature range. 

For example, aluminum is superconducting below the critical temperature, Tc = 1.2 K. 

However, when considering transport in the SSET we move beyond single charge 

transfer across the tunnel junctions into one of two regimes. Depending on the 

superconducting gap ∆ of the device, and the applied bias voltage Vds, transport across 

the SSET is classified as above gap (for eVds > 4∆), or sub gap (eVds < 4∆). 

 Above the gap, quasiparticles (“normal electrons” in a superconductor) encounter 

the familiar Coulomb blockaded region, while sub gap, we see electrons combine with 

resonant Cooper pair tunneling to form so called Josephson-quasiparticle cycles (JQP), as 

well as other more complicated tunneling phenomena [9].  
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Cooper pairs are described by the BCS (Bardeen, Cooper, and Schrieffer) theory 

of superconductivity. Cooper’s basic idea [38] was that a weak attraction can put a pair of 

electrons into a bound state, even with non-zero energy. The electrons couple as a result 

of phonon exchange due to lattice vibrations, and the Cooper pairs take on bosonic 

characteristics. This allows for condensation into the ground state (since bosons do not 

obey the Pauli exclusion principle), leaving an energy gap above them on the order of 

mV, inhibiting the particle collisions which lead to resistivity. Thus, when the 

temperature is lowered such that thermal energy is below the gap, the superconductor will 

exhibit zero resistivity. 

A key prediction of BCS theory is that the minimum energy to break a Cooper 

pair into two quasiparticle excitations is [39]  

)(2 TEg ∆=  

Equation 10 
 
The temperature dependent energy gap ∆(T) was predicted to increase from zero at the 

critical superconducting temperature Tc to a limiting value at zero temperature such that 

[39] 

cbg TkE 523.3)0(2)0( =∆=  

Equation 11 
 
where this is valid for T << Tc.  

JQP cycles in an SSET consist of a single Cooper pair tunneling through the first 

junction, and two electrons tunneling through the second junction (Figure 13).  JQP 

cycles produce current peaks in plots of current versus voltage (I-V) and current versus 

gate voltage (I-Vg) (Figure 14). 
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(a)   (b)  

Figure 13 – (a) Energy diagram of JQP cycle: Double arrow represents Cooper pair tunneling, single 
arrows represent quasiparticle tunneling; (b) – Circuit schematic of SSET [40] 
 

 
Figure 14 - JQP height at Cooper pair resonance conditions [41] 
 
 

If the SSET is biased as in Figure 13 (b), Cooper pair tunneling occurs at the first 

(left) junction if the following resonance condition is met [41] 

[ ] ])1([)2()(2/1 enQ
C
enEnEeV o −+−=−−=
Σ

 

Equation 12 
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where E(n) is island energy with n excess electrons and Qo ≡ -C1V + CgVg is the island 

polarization. An electron can tunnel through the second (right) junction to the 

corresponding electrode when the following is satisfied [41] 

[ ]enQ
C
enEnE o )2/1()1()(2 −+−=−−<∆
Σ

 

Equation 13 
 

in the limit where T = 0. The sum of superconducting energy gaps in the island and the 

right electrode is represented by 2∆. 

 To satisfy Equation 12, we use a result derived by Fulton [42], and arrive at the 

condition for voltage bias setting such that a JQP cycle can occur. 

e
E

V
e

E cc )32()2( +∆
<<

+∆
 

Equation 14 
 

 Using a density matrix approach, and assuming that T = 0, Averin and Aleshkin 

developed master equations to describe transport in an SSET. They also assume that 

normal resistance of the junctions is much greater than the resistance quantum, and that 

the Josephson energy Ej = ħIc/2e (where Ic is the maximum tunnel super current) is much 

less than the charging energy. The result is that the Cooper pair tunneling rate, γ is [43] 

22

2

)(4 qp

jqp E
Γ+

Γ
=

hδ
γ  

Equation 15 
 
Where Γqp = (eV + Ec/e2R2) is the rate of the first quasiparticle tunneling event (Figure 13 

(a)), and δ is the energy difference of the system between Cooper pair tunneling events. 
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They conclude that the Cooper pair tunneling process dictates the JQP cycle, and that the 

theoretical value for JQP current should be approximately qpjeE Γ22 /2 h .  

Working above the superconducting gap provides optimized charge sensitivity, 

but the largest amount of SSET back action. [2, 44]. Thalakulamn et al. have recently 

found that by operating an rf-SSET in the sub gap regime the signal-to-noise (SNR) 

increases as quantum fluctuations strengthen, with excellent charge sensitivity [9].  

 

2.4 SET as a Thermometer 

 

 Thermometers can be divided into two main classifications, primary and 

secondary. For a primary thermometer, the measured property of matter is known so well 

that temperature can be determined without any unknown quantities [45]. Examples 

include the use of velocity of sound in a gas, thermal noise voltage of a resistor, or the 

equation of state of a gas. Secondary thermometers are often more sensitive than their 

counterparts, however they must be calibrated at several temperatures. In several papers 

[46,47] written in the mid-90s, Pekola, Hirvi and Kauppinen discuss a primary 

thermometer, based on Coulomb blockade of electron tunneling in arrays of tunnel 

junctions. 

 Coulomb blockade thermometry (CBT) is based on the electrical conductance G 

= dI/dV of tunnel junction arrays. Tunnel junction arrays exhibit the property that V1/2, 

the full width half maximum of the conductance drop due to tunneling [47], is a universal 

number when divided by the temperature. This is provided that, for the N junctions in 

series, the variation of junction parameters is minimal.  
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 The simplest case to consider is that of SET geometry: a two junction symmetric 

array (Figure 15) with an island between.  

 

Figure 15 - Symmetric double junction array. Each junction has parameters RT, C. [47] 
 

 Tunneling through the junctions is treated by orthodox theory as explained in 

section 2.1, where the rates Γi are determined by the free energy difference before and 

after tunneling events. Pekola’s results [47] indicate that the relationship between 

conductance drop and temperature is given by 

e
TNk

V b44.5
2/1 ≈  

Equation 16 
 
Where N is the number of junctions. This yields a value of V1/2 = 4.0 mV for T = 4.21 K, 

when N = 2. Figure 16 displays the calculated conductance curve relationship at various 

temperatures.  
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Figure 16 - Calculated conductance curves for N=2, CΣ = 3fF at various T. Here GT is simply 1/2RT 
[47] 
 

Experiments [47] to test these theoretical results used double junction Al samples 

fabricated using double angle evaporation. Junctions were assumed to be approximately 

symmetric (i.e. RT1 = RT2), and samples had capacitances between CΣ = 3 – 15 fF. 

Conductance versus voltage was measured using a linear dc voltage sweep across four 

calibrated temperature points (T = 7.19, 4.21, 1.18 and .39 K) at low frequency. Results 

for the N and T dependence on V1/2 (Figure 17) were both found to be linear as expected, 

with less than 5% deviation from calculated values.  
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Figure 17 - (a) T = 4.21 K, G/GT <<1, dashed line is experimental slope; (b) N =10, line is calculated 
fit. Inset shows conductance curve at fixed temperatures [47] 
 
 The authors note that the slight variation in V1/2 may be due to several factors, the 

most severe of which appeared to occur when junction parameters deviated as the result 

of a non-symmetric device (i.e. C1 ≠C2, RT1 ≠ RT2). This was quantified by noting that for 

a difference in junction area of ten times, V1/2 was decreased by 15% from expected at T 

= 4.2 K [47].  

 The crux of the results lie in the fact that for each coordinate on the V1/2, G/GT 

plane there is one corresponding temperature. Thus, the technique can be considered for 

use as a self-calibrating primary thermometer, with a lower limit approaching 20 mK 

[45]. Further results from Pekola indicate that the thermometer is magnetically insensitive 

as high as 8 T, a useful benefit when investigating the operating temperatures of SETs.  

 

 

 

 

 

 

(a) 
(b) 
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2.5 Noise Considerations 

 

2.5.1 Linear Amplifiers, Shot & Thermal Noise 

 

 The ultimate level of sensitivity achievable using any amplifier, including a SET, 

will be limited by noise, both from the device itself and the corresponding circuit. As 

noted earlier, charge sensitivity of a SET is limited by 1/f noise due to the motion of 

background charges, as well as shot and back action noise. A linear, no-feedback 

amplifier, must contribute additional noise sources. Linear amplifiers have both a direct 

and back-action noise, both of which must exist due to the imposed limitations of 

quantum mechanics [48].  

 Consider a generic linear voltage amplifier where the signal is transformed by 

three basic elements: input impedance Zin(ω), output impedance Zout(ω), and an ideal 

voltage amplifier with gain G(ω). Here, ω is the input signal angular frequency. The 

direct output noise Vn is added by the amplifier to the output signal, while the current 

noise In refers to the back-action of the amplifier on the circuit at the input (Figure 18).  

 

Figure 18 - A simple linear, no feedback voltage amplifier. All elements are dependent on signal 
frequency ω [2] 

Zin 

Zout  G 

Vn 

  In 
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 The ultimate resolving power of an amplifier is dependent on Zin and the spectral 

densities. If Vn and In are assumed to be Gaussian, then through a Fourier transform of 

correlation functions, we can represent them by their spectral densities Sv(ω) and SI(ω), 

respectively. From these, we define QN(ω), the charge sensitivity as 
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Equation 17 
 
and the energy sensitivity EN(ω) 
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Equation 18 
 
where Cin = Re{1/[iωZin(ω)]} [2].  

For a continuous series of measurements, the Heisenberg uncertainty principle 

requires that back-action impulses arise from the quantized, stochastic nature of 

fundamental particles (i.e. electrons) in the linear amplifier [49]. Here, because the back 

action current fluctuations of In affect the input amplifier signal, we consider In together 

with Vn and introduce the noise impedance Zn and noise energy εn  

I

v
n S

S
Z = ,  Ivn SS=ε  

Equation 19 
 
 As a result of Heisenberg’s uncertainty principle [5], no amplifier can have noise 

energy less than ħω/2; that is (SvSI)1/2 ≥ ħω/2 [50, 51]. Another important term is the 
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noise temperature Tn, which is the increase in temperature of the input impedance that 

would give an equivalent noise to the amplifier. 

 In electronic circuits, shot (or Schottky ) noise arises when the number of 

electrons (i.e. signal carriers) is so small that statistical fluctuations are discernible in the 

measurement. A fluctuation in the number of electrons at a given moment produces a 

random current change, or noise. Shot noise is a Poisson process, where the noise power 

is given as [32] 

feII dcs ∆= 22  
Equation 20 

 
where Is

2 is the mean square shot noise current, Idc is the direct current, and ∆f is the 

signal bandwidth. In a quantum device like the SET, shot noise arises from the random 

nature of single electron tunneling. The Poisson distribution dictating shot noise 

behaviour would create different results in the aforementioned generic linear amplifier 

noise. 

 Thermal noise (also called Johnson or white noise) occurs for any conducting 

medium where the temperature is above absolute zero, thus it occurs in all real systems. 

At finite temperature, the random motion of charge carriers in a conductor leads to 

random voltages and currents, producing noise. The open circuit thermal noise voltage 

across any conductor is [32] 

fTRkV b ∆= 4  

Equation 21 
 
where T is the temperature, R is the conductor’s resistance, and kb is Boltzmann’s 

constant. It is immediately obvious that as T or ∆f increases, so too will the noise voltage. 
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2.5.2 SET Noise parameters 

 

 Using the outline of ‘orthodox theory’, the noise characteristics of the SET as a 

current amplifier were determined by Devoret [2], for low temperatures where kbT << 

eVds [52]. For a two tunnel junction SET where each junction has identical parameters, 

the voltage and current noise are [2] 
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where RΣ = R1+R2 (tunnel junction resistances), and the Coulomb blockade parameter α 

(Equation 24) fixes the relative values of gate and drain-source voltages. 
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Equation 24 
 

If α > 1-Rk/(πRΣ) then co-tunneling processes will dominate SET behaviour, while if α > 

1-eVds/kbT thermal fluctuations must be considered. To avoid this we tune the Coulomb 

blockade parameter such that α = 1 – 2Rk/3RΣ [2].  Using the relations in Equation 19, 

Devoret derives expressions and optimized values for SET charge sensitivity, energy 

sensitivity and noise energy as[2] 
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Equation 27 
 
Here Cj is the sum of junction capacitances. The ratio (Cj/Cg) defines how much of the 

gate voltage energy is used to charge the SET island. Maximizing SET sensitivity by 

minimizing the above parameters has already been discussed (i.e. RΣ ~ 2Rk, Cj of the 

order 1 fF, Vds = e/(2CΣ) to neglect thermal fluctuations). These parameters are to some 

degree influenced by lithography techniques (i.e. junction resistance and area) and 

experimental constraints (i.e. Vg, Vds).  

 Optimized SET sensitivity parameters have also been derived by Korotkov [11, 

53], using orthodox theory and considering shot and thermal noise. His investigations 

dealt with the minimal signal change that is detectable over a defined bandwidth, and the 

simplified results are presented as follows.  

Korotkov theorizes that the minimum detectable charge δQs is dependent upon the 

temperature, SET parameters (resistance and capacitance), signal source capacitance Cs 

and measurement bandwidth. Determining the ultimate sensitivity of the SET occurs 

when T is small and V is close to that of Coulomb blockade. In this region, tunnel events 

occur in near simultaneous jumps across different junctions. However as temperature or 

voltage increase finitely, the accuracy of this expression breaks down.  
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From master equations, Korotkov arrived at several figures indicating the ultimate 

charge sensitivity of a capacitively coupled SET, when determined by the classical noise. 

Figure 19 exemplifies the typical experimental situation of negligible signal-source 

capacitance (Cs << CΣ = C1 + C2). We see that better sensitivity is achievable for a 

symmetric SET at lower temperature.  

 

Figure 19 - Negligible signal-source capacitance (Rmin = min(R1,R2)) [11] 

 

Figure 20 shows results for a symmetric SET (C1 = C2 = C, R1 = R2 = R) where 

the signal-source capacitive coupling is not small. It shows that for large enough Cs the 

relation becomes linear.  



Chapter 2 Background & Literature Review 

 

36

 

Figure 20 - Charge sensitivity for various signal-source coupling at various T [K] [11] 
 
 Korotkov notes that his results are no longer valid if co-tunneling processes 

provide a current comparable to that calculated by orthodox theory. The ultimate charge 

sensitivity arrived at by his theory is 1.2 x 10-5 e/(Hz)1/2 [11], for experimental parameters 

C1 + C2 = 2.6 fF, R1 + R2 = 250 kΩ, T(C1+C2)/e2 = 0.05. He also notes that this value 

could be improved by a factor of ten with improved fabrication technology, which in this 

sense indicates minimizing feature sizes (junctions and island widths).  
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Chapter 3 

Experimental Techniques 

 

This chapter presents an introduction to the techniques which were required to 

produce and then cool down a SET to the regime where it operates. Pattern generation is 

discussed first and followed by an explanation of metal deposition through shadow 

evaporation. Cryogenic fundamentals, including a look at the operation of temperature 

sensors and superconducting magnets, are discussed in terms of how they operated within 

our helium-3 cryostat. 

 

3.1 Electron Beam Lithography & Scanning Electron Microscopy  

 

Lithography is a generic term that describes any printing or patterning process, in 

which the image and non-image area exist on the same plane and are separated by a 

means of chemical repulsion [54]. In terms of micro- or nanofabrication, the limits of 

geometrical structuring are defined by the smallest critical dimension of the minimum 

feature size of the fabricated device. For research purposes, one common means of 

producing fine scale patterns on a prepared substrate is by electron beam lithography 
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using a scanning electron microscope (SEM). The SEM uses a beam of high energy 

electrons rather than photons to produce an image, or pattern a sample [55]. It is capable 

of resolving ~ 3 nm features, and (in lithography) can produce patterns with lines less 

than 10 nm wide [56].  

Electron beam lithography occurs as the electron beam rasters a pattern across a 

wafer coated with a sensitive resist layer. The beam reacts with the resist and can be 

developed, removing the exposed resist, creating a mask through to the substrate. To 

optimize pattern resolution, it is necessary to vary beam parameters affecting the sample 

such as current (C/s), dosage (µC/cm2), and pattern spacing. The current is simply the 

electron charge deposition rate, and the dosage is the charge per surface area. Pattern 

spacing deals with the center to center spacing of each electron spot hitting the sample, as 

well as the spacing between raster lines in a filled polygon. Usually, a trial and error 

process guided by the known material parameters is required to optimize these 

parameters so as to not over- or underexpose the sample.  

 A major factor affecting lithographically produced patterns is the proximity 

effect. As electrons penetrate the top resist layer of a sample, they undergo many small-

angle forward scattering events. This can tend to broaden the initial diameter of the beam 

on the resist. As the electrons continue through the resist, they can undergo larger angle 

backscattering events. This causes the proximity effect as seen in Figure 21, where a 

pattern feature will receive unwanted additional dose as the result of electron scattering 

of nearby pattern features [56]. As an example, a narrow line placed between two large 

exposure areas may be affected enough by the proximity effect that it begins to develop 

away during the lithography phase, as opposed to the controlled development phase. 
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Figure 21 - (Positive resist pattern on Si @ 20 kV ) (left) Proximity effect – Fine features become 
blurred and overdeveloped due to their proximity to large, high dose feeatures; (right) Corrected 
doses allow for better lithography [57] 
 

 One means of reducing the proximity effect is to use higher dose and lower 

current on finer feature (high magnification) shapes, modulated by lower dose and higher 

current for large features (low magnification). As well, focus, astigmatism, working 

distance and condenser lens current in the SEM all need be optimized to achieve good 

line width resolution for each pattern writing session. With practice, it is possible to use 

optimized electron beam lithography to make structures that are not possible to create 

using laboratory-grade optical lithography. Electron beam lithography resolves better 

than the diffraction limit of visible or ultraviolet light, as electrons have shorter 

wavelengths.  

 
 The tool used for electron beam lithography is the SEM, the core of which lies in 

the electron gun column (Figure 22), a high vacuum space where the electron beam is 

generated to image or pattern the sample. 
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Figure 22 - Cross section of column for JEOL JSM 6400 SEM [58] 
 

To produce the necessary source of electrons, the SEM uses an electron gun 

which consists of three parts: the filament (cathode, Figure 23), the shield, and the anode. 
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Figure 23 - Depiction of filament (cathode) and Wehnelt cap assembly for SEM [58] 
 
 

The most common type of filament operates by emitting electrons as a result of 

heating, or thermionic emission. Thermionic emitters operate on the principle that as 

certain materials are heated, the electrons in the outer orbital shells gain thermal energy, 

and escape their atoms by overcoming the electrostatic binding force [59]. The emitted 

current density J (A/m2), is related to the temperature T  by Richardson’s Law [60] 

Tk
W

beATJ
−

= 2
 

Equation 28 
 
where W is the work function of the emitter metal, kb is Boltzmann’s constant, and A is a 

proportionality constant (Richardson’s constant) given by [61] 
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Equation 29 
 
Here me and e are the electron mass and charge respectively, and h is Planck’s constant. 

From Equation 28 we can see that current increases rapidly with temperature when kbT is 

less than W. 
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The most common and simplest type of filament is made from fine tungsten wire 

bent into a ‘V’ shape. Current is passed through the wire and, as it heats, it emits 

electrons. However, if it is desired to increase the signal to noise ratio of emitted 

electrons, and increase the number of electrons which reach the sample, a LaB
6 

(lanthanum hexaboride) cathode can be used. A LaB6 filament contains a sharply pointed 

crystal of lanthanum hexaboride at the apex of the ‘V’ of the filament wire. A LaB6 

filament allows higher current, but requires that the gun chamber be at a higher vacuum 

(on the order of 10-5 Pa). 

Electrons are preferentially emitted from the bent tip of the filament and produce 

a coherent source of electrons [59]. The addition of a shield or Wehnelt cap after the 

filament condenses the cloud of primary electrons to a more finely focused beam. The 

Wehnelt contains a small center aperture, on which the filament must be precisely 

centered and height adjusted underneath to maximize emission current (see example in 

Figure 24). 

 
Figure 24 - Example of filament centering under Wehnelt cap aperture for JEOL JSM 6400. Note 
filament tip is slightly below top of Wehnelt aperture, and centered [58] 
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 Together the Wehnelt cap and anode plate serve to condense and roughly focus 

the beam of primary electrons [59]. Electrons from the filament are attracted towards the 

anode, which is a simple circular plate containing an aperture. The high voltage potential 

between anode and cathode accelerates the electrons down further into the column and is 

thus termed the accelerating voltage.  

 The electron beam is typically operated in the kV accelerating range, where a 

lower acceleration potential (<15 kV) yields better image contrast, and a higher voltage 

(up to 40 kV) allows for better focus (better electron penetration). The electron beam is 

focused by a series of lenses: initially with a condenser lens to a fine focal spot (~ 1 – 5 

nm), through a selectable objective aperture for rough spot size approximation, and next 

through scan coils in the objective lens. These coils are energized, and create a magnetic 

field which deflects the beam in a raster fashion over the area of the sample surface [55].  

 
 
3.2 Deposition and Shadow Evaporation 
 
  

The SETs we have been discussing must have defined metallic electrodes and an 

island. Though there are several methods of achieving this, one of the simplest is the ‘lift-

off’ technique, pioneered by Dolan at Bell Laboratories [62] in the 1970’s. The double 

angle evaporation method is a common way of producing the requisite metal-oxide-metal 

junctions in SETs (see Figure 25 for schematic depiction). After e-beam exposure on a 

bi-layer resist coated wafer, the substrate is developed in a chemical that creates an 

undercut resist profile – the top resist layer is suspended over the bottom. Separate metal 

films are then electron beam deposited in an evaporator system at two different angles to 
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the normal. The tunnel junctions are made by forming a small overlap of the films 

between the smallest wire leads. Tunnel barriers are created by introducing a controlled 

amount of oxygen into the chamber after the first evaporation, and letting it react for a 

given time. The second evaporation then proceeds at the opposite angle to the first. The 

resistance and capacitance of the tunnel junction will depend on the thickness of the 

oxide, and thus the amount of oxidation time, as well as the overlap area between 

evaporation steps [63]. The tilting angle is chosen based on the geometry of the pattern, 

as well as the thickness of resist layers. 

 
 

 
Figure 25 - (clockwise from top left) Developed bi-layer of resist; First deposition of Al at φ1; 
Oxidation of Al; Second deposition of Al at φ2 to form tunnel junctions  
 
 

Figure 26 shows the result of a successful double angled evaporation procedure to 

produce an Al-AlOx-Al SET, with RΣ ~ 0.9 MΩ and tunnel junctions approximately 53 x 

120 nm. Oxidation occurred for 45 seconds, at a pressure of ~ 37 mTorr. The pattern is 

clearly offset (note the two islands, one connected to leads, the other alone), and shows 
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brighter white portions of the leads where metal has overlapped as the result of two 

evaporations. However, the offset in this case is not optimized, as the vertical leads jut 

out past the tunnel junctions by ~ 200 nm. To minimize device capacitance we want this 

overlap to be as short as possible. 

 

Figure 26 - SEM image of fine leads and island of a SET (2.5 kV, 30 pA, line widths shown between 
crosshairs, tunnel junctions circled) 
 

Metal evaporation can be done using thermal or electron beam heating in a bell jar 

system. For thermal evaporation, the metal to be evaporated is placed inside a ‘boat’ of 

tungsten, which is secured at each end by a conducting bracket. The tungsten is heated by 

running a large current through the metal, until the metal evaporates and is deposited on 

the sample. The electron beam method is similar, and involves generating a high voltage 

(~ 3 kV) beam of electrons which are bent by an electromagnetic field towards a crucible 

full of the desired material. A sweeper system can be coupled with this, to allow the 
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electron beam to be swept in a controlled fashion across the crucible, so as not to ‘burn 

through’ all the material in one spot and into the crucible.  

 
3.3 Cryogenics 

 

 Cryogenic research involves the study of materials, material properties, and 

physical phenomena at low temperatures, typically those below ~ 100 K. To achieve ultra 

low temperatures that approach absolute zero, special cryostat systems must be 

engineered with attention to heat loads, wiring, and environmental noise [64]. These 

systems employ the use of cryogens, typically liquefied gases such as liquid nitrogen 

(boiling point 77 K at 1 atm), or helium-4 (boiling point 4.2 K at 1 atm), to cool the 

system. Another cryogen, liquid helium-3 (boiling point 3.2 K at 1 atm) is a lighter and 

rarer isotope of He and allows still lower temperatures.  

 The mainstay of any cryogenic experiment is the vacuum Dewar. A Dewar is a 

container for holding cryogens, which is surrounded by a vacuum space. This vacuum 

space or jacket is pumped out to minimize conductive heat load due to any gases or 

particles in it. Pressure in the vacuum jacket should be reduced to at least 10-5 torr or 

lower if possible [65], to reduce the number of collisions of the molecules with the 

vacuum jacket walls. In essence, this means maximizing the mean free path L, given by 

[66] 

Pd
Tk

L b
22π

=  

Equation 30 
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where d is the equivalent hard sphere diameter of the molecule, T is the temperature, P is 

pressure and kb is Boltzmann’s constant. To reach high vacuum in the Dewar, a roughing 

rotary and turbo molecular pump are used. The Dewar used in this experiment was 

composed of vapor cooled fiber glass, with an aluminum belly and a capacity of ~ 48 L. 

The sample under test, including all wiring, plumbing, and heaters, is contained in 

an insertable cryostat, which sits in the belly of the Dewar. Temperatures in these systems 

are measured with resistance or diode thermometers, while resistance heaters allow for 

control of the temperature. 

In an effort to minimize heat flow down the Dewar belly, baffles (thin metal 

discs) are mounted to the cryostat insert. These baffles help to suppress heat leaks due to 

thermal radiation, and have diameters which also force exiting gas to flow turbulently 

past the Dewar walls [66] (the cryostat insert used in this experiment had seven stainless 

steel baffles).  

When conducting experiments using cryogenic systems, it is important to observe 

standard laboratory safety procedures [65]. Liquid nitrogen and helium will cause cold 

burns or severe frostbite upon making contact with skin. As well, both have very high 

expansion ratios when going from liquid to gaseous states. To avoid the risk of 

asphyxiation to due oxygen depletion, experiments using cryogens should be conducted 

in large, well ventilated areas. Our Dewar contained a safety relief valve to ensure that 

high pressure did not build in it, minimizing the possibility of releasing a large amount of 

cryogen gas into the lab. 
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3.3.1 Helium-3 Cryostats 

  

The basic principle of any He-3 cryostat is to condense He-3 gas by bringing it 

into contact with a pumped He-4 reservoir (1 K pot) and then to pump on the condensed 

He-3, lowering the temperature still more. Helium-3 differs from the more common 

helium-4 in the respect that it has half-integer spin, and thus follows Fermi-Dirac 

statistics.  

In a He-3 cryostat, reducing the vapor pressure on the top of the He-3 reservoir 

with an internal sorption or external pump (see Figure 27) generates temperatures below 

300 mK [67, 68]. A sorption pump creates a low vacuum through the adsorption of 

molecules into a liquid nitrogen cooled, porous material (typically charcoal in these 

systems).  



Chapter 3 Experimental Techniques 

 

49

 

Figure 27 - Typical components of a He-3 cryostat insert [67] 
 

 In continuous cycle operation, He-3 gas is first desorbed from the charcoal by 

heating. For this gas to condense and collect in the He-3 pot, it must make contact with 

the 1 K pot, which is full of He-4 and cooled by pumping. By turning the charcoal heater 

off, the sorption pump turns on (charcoal cools), reducing the vapor pressure of the 

collected He-3. As the sample is mounted to the He-3 pot, it cools due to the cold liquid 

He-3. The pump is left on until the He-3 evaporates, at which point the heater is turned 

back on to warm the charcoal and restart the cooling process [67].  
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3.4 Temperature Sensors 

 

 To measure the temperature in a cryostat, it is convenient to exploit temperature 

dependent parameters such as resistance and forward voltage (diodes) as sensors for 

cryogenic applications. Our helium-3 cryostat system employed both silicon diodes and 

ruthenium oxide (RuO2) resistors in different locations. The theory of operation of each is 

discussed below.  

 

3.4.1 Diodes 

 

 Diode temperature sensors are based on the temperature dependence of the 

forward voltage drop across a p-n junction. The thermoelectric or Seebeck effect dictates 

that when any conductor is subject to a thermal gradient, and no current is allowed to 

flow, it will generate a voltage [69]. The change in voltage is dependent on the 

semiconducting material, silicon being the most commonly used. The temperature 

response curve for a Lakeshore DT-670 silicon sensor (Figure 28), shows a linear 

dependence of 2.3 mV/K above ~ 25 K, and non-linear behaviour below.  
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Figure 28 - Temperature as a function of forward bias voltage for silicon diode[70] 
 

 Silicon diodes require only simple readout instrumentation, and provide a 1 V 

output at 77 K, based on an excitation current of ~ 10 µA [70]. Their large operating 

temperature range, mainly linear sensitivity, large voltage output and simple 

instrumentation make these diode thermometers a common choice for cryogenic 

temperature applications.  

 

3.4.2 RuO2 Resistors 

 

 Ruthenium oxide resistors are operable in the range of 50 mK – 40 K, and are 

negative temperature coefficient resistance thermometers. This means that resistance 

decreases strongly with increasing temperature (Figure 29). A typical sensor consists of a 

thick film RuO2 chip sensor, which is mounted and sealed in a gold-plated copper 

canister [70].  These devices are interchangeable between manufacturers, meaning that 
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they are classified by standard resistance-temperature curves which fall into different 

tolerance bands.  

 

Figure 29 - Resistance against temperature for a series of Lakeshore RuO2 sensors[70] 
 
 For these devices, the majority of thermal connection to the sensor is through the 

leads. As there is a large change in resistance with temperature, measurement requires a 

current source which can be varied over several orders of magnitude (< .01 µA to 1 mA), 

and a voltmeter capable of measuring millivolts.  

 

3.5 Superconducting Magnets 

  

 The resistance of a superconductor quickly goes to zero when the material is 

cooled below its critical temperature (Tc), thus a current in such a material will persist 

indefinitely with no power source. In a type I superconductor, application of a magnetic 

field beyond some critical value (Hc) destroys the superconductivity. In a type II 
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superconductor, superconductivity exists in a range between applied fields (Hc1 and Hc2 

Figure 30).  

 

Figure 30 – Type II superconducting states as reliant on temperature and applied field [71] 
 

Type II superconductors are able to support currents at higher fields than type I, 

and as such are candidates for superconducting magnets. For cryogenic experiments, 

superconducting magnets are often operated in ‘persistent’ mode, where the magnet coils 

form a closed superconducting circuit. This simply implies steady state operation at some 

current and field, not requiring a power supply [72],. 

A small length of superconducting wire wrapped with a heater wire forms the 

‘switch’, which energizes the magnet. By increasing or decreasing the current in the 

magnet switch, we control the state of the magnet. For example, heating the magnet 

enough will cause a reversal to the normal state. Superconducting magnets are used in 

cryogenic systems to suppress or promote superconducting states in the devices under 

test. The magnets are often made from niobium-titanium or niobium-tin coil windings, 

where Nb-Ti has a critical temperature of 10 K and a critical field of 15 T.
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Chapter 4 

Sample Design & Fabrication 

 

 The following chapter contains detailed descriptions which outline all steps 

required to produce a single electron transistor. The final ‘recipe’ produced was the result 

of many month of iteration in SET design, and represents the majority of the research 

inherent to this thesis. As explained later in Chapter 6, only two SET samples, denoted as 

A and B, were tested in the cryostat. Unless otherwise noted in this chapter, the two were 

produced using the same fabrication procedure. 

 The addition of the polymer resist layers, sample development, and lift off 

fabrication procedures (sections 4.2, 4.4, and 4.6 respectively) were all carried out inside 

a clean room lab. Basic laboratory safety procedures [81, 88] included wearing 

appropriate clothing (safety goggles, aprons, and gloves) when dealing with chemicals. 

All chemical processing was carried out underneath a well ventilated fume hood, after 

reading pertinent MSDS forms for the chemicals in use.  
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4.1 Wafers 

 

 Both experimental test samples were fabricated from a single side-polished silicon 

wafer, ~ 4” in diameter (p-type Boron doped, with quoted resistivity of 57 – 67 Ω/cm). 

The wafer was grown using the Czochralski method by Virginia Semiconductors [73], 

and had a 5000 Å oxide layer atop it.  

 

4.2 Electron-beam Resist Layers 

 

 For an initial cleaning, the samples were immersed in acetone, and then placed 

into an ultrasonic bath for ~ 2 minutes to remove clinging particles. Once removed from 

the acetone, each wafer section was rinsed in IPA (isopropyl alcohol) and blown dry with 

nitrogen gas, then placed in DI (de-ionized) water and again blown dry with nitrogen. 

Each wafer was then baked at 180 ˚C for ~ 2 minutes.   

To be able to pattern using electron beam lithography, electron-beam sensitive 

layers were spun atop the wafer. A bi-layer resist series was used, to allow for the 

necessary undercut profile for angled evaporation. The bottom resist layer was composed 

of Polymethylglutarimide SF9 (PMGI SF9, solvent is primarily cyclopentanone), a 

positive tone photoresist with a tunable undercut profile [74]. The top layer of resist was 

950,000 molecular weight Polymethylmethacrylate in anisole (950 PMMA A) [75], 

another positive tone resist, diluted to 3% in anisole. The PMMA layer provided the 

imaging resist, which was sensitive to the electron beam in the lithography step.  
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 With clean wafer sections prepared, the dual layer resist was added as follows 

using a spin coater: 

1. Spin PMGI at 2500 rpm for 45 seconds to produce a layer 6000 Å thick 

(Figure 31). Remove from spinner and bake at 180 ˚C for 5 minutes 

2. Spin PMMA at 4000 rpm for 45 seconds to make a layer ~ 1500 Å thick 

(Figure 32), bake for 17 minutes at 180˚C  

3. Rinse in IPA and DI water, and blow dry with nitrogen  

 

 

Figure 31 - PMGI SF9 spin-speed curve [74] 
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Figure 32 - PMMA spin-speed curve (interpolated between lines A4 and A2 for 3% Anisole dilution) 
[74] 
 

 Once coated with the dual layer resist, the wafer sections were cleaved into ~ 5 

mm x 5 mm samples using a diamond tipped scribe.  

 

4.3 Pattern Definition and Write 

 

All patterns were created using DesignCAD 2000 software as modified for the 

Nabity pattern generation system (NPGS) [76]. Using DesignCAD, it was possible to 

write each element in the pattern to a unique layer. This feature simplified the electron 

beam lithography process, as each layer was set with unique lithography properties (i.e. 

magnification, beam dose, etc.). The SET pattern was written on five different layers - 

one each for the island, vertical leads, larger lead neck downs (x2), and electrical gates. 
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Figure 33 shows the DesignCAD schematic of the device, indicating relevant spacing 

parameters. 

 

 

Figure 33 - (a) SET pattern as drawn in DesignCAD; (b) Close up view of fine feature leads and 
island 
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Patterns were written using electron beam lithography in a JEOL JSM 6400 SEM 

[77]. The SEM used a lanthanum boride (LaB6) filament which was operated at a low (~ 

2 x 10-5 Pa) chamber pressure.  

Each DesignCAD file was put into NPGS to create a run file responsible for 

controlling the lithography steps. An accelerating voltage of 40 kV was used for the 

electron beam, with a beam current of 10 pA for the fine features and 1000 pA for the 

more coarse features. A ScanService Model 890 beam blanker[78] was used in concert 

with the SEM, to allow for dynamic beam blanking between pattern layers. Specific 

pattern input parameters for both sample A and B can be found in appendix A. Once the 

pattern was complete, the sample was removed from the SEM and brought to the clean 

room for development.  

 

4.4 Sample Development 

 

 To provide a ‘window’ through the bi-layer resist profile to the silicon surface, a 

series of development steps took place.  The optimized development procedure created 

sharp patterns, yet had a large undercut for angle evaporation. Repetitions varying the 

writing and development phases were done to create the finalized procedure, which is as 

follows: 

1. Immerse sample in a 1:3 mixture of MIBK:IPA (methyl isobutyl 

ketone:isopropyl alcohol) for 1 minute to develop exposed PMMA. 

Remove and put into straight IPA, blow dry with nitrogen  
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2. Develop for 90 seconds in PG 101 [75] to remove the now exposed PMGI. 

Remove and immerse in DI water, then IPA, and finally blow dry with 

nitrogen 

3. Develop for 60 seconds in MF 319 [79] to create a steep undercut profile 

in PMGI (visible underneath an optical microscope). Remove and 

immerse in DI water, then IPA, and finally blow dry with nitrogen 

 

Note that after each development step, the sample was rinsed and blown dry. This 

was done so that the sample could be observed using an optical microscope to ensure that 

the pattern developed in a proper fashion.  

At this point, the sample had undergone a series of steps similar to those in Figure 

34, and the next step in the procedure was metal evaporation. 

 

 

Figure 34 - Schematic demonstrating coating of the bi-layer resist profile, electron beam lithography, 
and development of photoresist  

1. Clean wafer, coat and prebake PMGI 
2. Coat and prebake imaging resist, PMMA 

3. Pattern with SEM, exposing the PMMA 4. Develop using MIBK:ISO (1:3), PG 101 
& MF 319, creating an undercut profile in 
the PMGI 
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4.5 Double Angle Evaporation 

 

The double angle evaporation technique was introduced in Section 3.2. Our 

evaporation system consisted of a large bell jar capable of being pumped to high vacuum. 

The bell jar was roughed out to low vacuum (10
-3 

torr) by a roughing pump, then brought 

to high vacuum (~ 10
-6 

- 10
-7 

torr) with a cryopump.  

 For our purposes, a two-step angled evaporation process [17] was required to 

form the requisite SET tunnel junctions. To determine the angle at which evaporation was 

to occur, the resist profile of the pattern was identified. As well, spacing between the SET 

gate leads and island was required (Figure 35).  

 

Figure 35 - (a) Schematic of SET DesignCAD pattern highlighting spacing between island and leads 
(b) Resist height profiles atop substrate (PMGI undercut indicates resist has already been developed) 
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 Based on these geometries it was trivial to determine the angle of incidence for 

evaporation that would produce the requisite tunnel junctions. As shown in Figure 36 we 

required an angle that would offset the evaporated metal by ~ 200 nm from the PMMA 

entry window. 

 

 

Figure 36 - Determining the angle of incidence for evaporation 

Using simple trigonometry, we find: tan-1 (200/600) = θ = 18.4˚. The tilting stage 

we used moves in steps of 0.9˚ per stepper motor increment. Thus, for an increment of 20 

steps, the stage is offset by 18˚. Substituting this back into the trigonometric relation 

above yields: tan 18 = (x/600)  x = 194.95 nm. For our purposes, this was a negligible 

difference from 200 nm.  

Evaporation in the bell jar was achieved using both thermal and electron beam 

methods. Initial SET samples were evaporated on in a two step process using a thermal 

evaporation source. The first evaporation consisted of depositing a thin layer (~ 50 Å), of 

Cr. Chromium was chosen as it provides a more adherent layer than the substrate itself 

for further evaporated metals. Gold was evaporated next from a tungsten boat to a 

thickness of ~250 Å. Evaporation was performed first at 18˚ clockwise, and then again at 

18˚ anti-clockwise to normal. The two-metal process was achieved without having to 

vent the evacuated bell jar, with the use of a custom built, two source thermal evaporation 
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stand. Gold and chrome were used as initial evaporation metals as a learning tool, as gold 

provided excellent visual contrast in the SEM. 

Electron beam evaporation was used for samples A and B. A Thermionics 150-

0040 3 kW electron beam evaporator and sweeper system [80] was installed in the bell 

jar. The SETs designed used Al-AlOx-Al tunnel junctions, requiring a two step angled Al 

evaporation, separated by an oxidation stage. Five nines (99.999%) pure Al shot [81] was 

loaded into a Fabmate [81] crucible liner, which was then placed in an empty crucible in 

the evaporator.  A sweeper system was used to control the sweep of the electron beam 

over the crucible. By visual inspection, the horizontal and vertical position, amplitude, 

and frequency of the sweep could be adjusted as necessary. This insured that the electron 

beam did not burn through the Al in a single point and affect the integrity of the crucible 

liner. The rest of the evaporation procedure proceeded as follows: 

1. Mount the samples using spring clips to the tilting stage. Ensure that the 

samples align appropriately with the tilting direction of the stage (Figure 

37). Adjust the tilting stage using the controller to get the correct angle 

from normal (i.e. 18˚ = 20 steps)  

2. Mount tilting stage over electron beam evaporator. Rough out bell jar with 

a roughing pump to ~ 3 x 10-3 torr. Turn on water cooling to electron beam 

power supply and thickness monitor. Turn off roughing pump and open 

gate valve to cryopump to get to higher vacuum 

3. Turn on electron beam power supply and slowly increase voltage while 

visually monitoring Al crucible in bell jar  
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4. Program appropriate material parameters (i.e. density, z number, desired 

thickness) into the Inficon XTM/2 thickness monitor [82], ensuring that 

the shutter over the sample is closed  

5. When appropriate pressure for electron beam operation (~ 2 x 10-6 torr) 

has been reached, adjust electron beam emission current until a steady rate 

of deposition has begun (~ 4 Å/s). Then open the shutter to allow ~ 30 nm 

of Al to be deposited on the sample  

 

Figure 37 – Alignment of samples on tilting stage: Vertical leads must be parallel to tilt direction 
while islands must be perpendicular 
 

When the desired thickness layer was reached, the thickness monitor caused the 

shutter to close so that no more Al was deposited on the sample. Before proceeding to the 

oxidation stage, the high voltage electron beam power supply was switched off, and ~ 15 

minutes were allowed to pass to let the system cool.  

For oxidation, a simple trial indicated that by setting the oxygen tank regulator to 

20 psi, approximately 30 mTorr of oxygen was admitted into the vacuum chamber 

through the vent valve. As shown in Figure 38, SET resistance varied based on oxidation 
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parameters. Ideally, device resistance would be identical between two samples subject to 

the exact same oxidation time and pressure conditions. In practice, there was some 

variation between final resistance, most likely arising due to small differences in 

lithography which created different junction sizes between sample batches. Our 

assumption was that resistance would increase for a longer oxidation time at higher 

pressure, which is verified in the figure.  
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Figure 38 - SET resistance based on oxidation time and pressure 
 

Based on the data in Figure 38, oxidation of samples A and B proceeded as 

follows: 

1. Close gate valve, open the bell jar vent valve and admit ~ 30 mTorr of 

oxygen into the system. Allow oxidation to occur for 60 seconds 
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2. Close the oxygen valve to the system, close the vent valve, and open the 

gate valve to return the system to high vacuum 

 The remaining step in the evaporation process was to put on a second layer of 

aluminum, approximately 50 nm thick. When the system was returned to adequately high 

vacuum (~ 2 x 10-6 torr), the electron beam was again switched on. While it heated up, 

the tilting stage was rotated 18˚ (20 steps) anti-clockwise back to normal, and then a 

further 18˚ (20 steps) anti-clockwise. The second evaporation proceeded in exactly the 

same manner as before.  

 

4.6 Lift Off 

 

 After removing the samples from the bell jar system, the excess Al was removed, 

leaving only the SET pattern. This was achieved using the lift off technique as described 

in section 3.2. As shown in Figure 39, the deposited Al covered the sample completely, 

including the undercut spaces left from the resist development step. When the sample was 

immersed in the proper lift off chemical, any Al adherent to the remaining photoresist 

was lifted off, leaving only the metal pattern directly adherent to the Si.  

 
 

Figure 39 - Schematic of thin film lift off process [74] 
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To keep the sample particulate-free, the procedure was carried out in a Class 

10,000 clean room, inside a Class 100 fume hood. The sample was placed in a clean 

Pyrex beaker and immersed in PG Nanoremover [75] on a hot plate at 78˚ C. Lift off 

times varied by sample, and were very dependant on the age of the chemical. In most 

cases, after enough time had elapsed (varied from 1 – 10 hours), the excess Al would be 

removed from the substrate with a gentle shake of the beaker. If adequate time had 

elapsed and lift off had not been achieved, it was sometimes necessary to shake the 

beaker more vigorously or, in more extreme cases, to use a pipette to blow bubbles at the 

sample. The beaker could also be placed into an ultrasonic bath, which quickly shook the 

Al from the sample. However, these more aggressive methods generally caused damage 

to the pattern (i.e. pattern lifted off with the rest of the Al, fine features were destroyed, 

etc.) and were avoided when possible. After lift-off, the sample was visually inspected 

under an optical microscope to check pattern integrity. 

 

4.7 Probe Test Station 

 

 As a simple means of determining whether the SET fabricated was shorted or 

damaged electrically in some way, the sample was investigated using a probe station. The 

sample was placed under the binocular microscope of a Wentworth [83] probe station. 

The probe needles were made from tungsten, with tip diameters of 5 µm.  

 As SETs are sensitive to electro-static discharge (ESD), the SETs were tested in a 

manner that involved putting a very small, known current across the device, without 
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putting on a voltage large enough to cause damage. To test the SET using the probe 

station, a homemade current supply was constructed (circuit diagram in Appendix B).  

The current supply contained precise resistors on a rotational switch. By cycling 

through the switch using a selector knob, it was possible to obtain a very small current 

out to the device under test (in our case, a SET).  The box also contained a variable 1 MΩ 

resistor placed in parallel with the input ports to the device under test. This was done so 

that the SET could be connected with the probe terminals shorted together to prevent 

damage to the device by ESD.  

 With the SET mounted on the probe station, the probe leads were connected to the 

‘device under test’ input terminals of the test box. The current was set to 10 nA output, 

and the variable resistor was set to maximum (i.e. 1 MΩ). Open circuit voltage was read 

out by a Keithley 177 multimeter [84], initially as V = 10 nA * 1 MΩ = 10 mV with the 

needles not touching anything. When the probe needles were contacted together, a short 

was observed (i.e. ~ 0 V). The variable resistance was tuned to minimum (i.e. the ‘short’ 

position) and the probe station was used to contact the needles to the ~ 300 µm SET pads. 

With contact made, the resistance was turned back up to 1 MΩ, providing us with a 

known resistance in parallel with the SET. The non-zero voltage readout across the SET 

could thus be used to determine the resistance using Ohm’s law.  

As an example, for a test with V = 10 mV (open), and a measured voltage across 

the device of 0.45 mV, the resistance of the device would be 47.1 kΩ. As tested in the 

probe station, the resistance of each test device was: (sample A) RΣ = 405 ± 5 kΩ, 

(sample B)  RΣ = 274 ± 3 kΩ. 

 



Chapter 4 Sample Design & Fabrication 

 

69

4.8 Printed Circuit Boards & Wire bonding 

 

 Printed circuit boards (PCBs) are used as a simple means of electrically 

connecting electronic components and test devices, using conductive traces etched from 

copper sheets laminated onto an insulating substrate [85]. PCBs are useful as they are 

fairly robust, inexpensive, and can be made to be reliably consistent. For our purposes, 

they were unaffected at cryogenic temperatures, relatively easy to connect electrically to 

SET samples, and mounted nicely into the He-3 refrigerator.  

 Our PCB was fabricated from positive coated copper clad, FR-4 circuit boards 

[86], using a procedure obtained online [87]. The circuit design was laid out using 

DesignCAD software to pattern conductive leads, passive component mounts, through 

holes for connectors and ground planes. The final design was printed onto two 

transparencies using a laser printer. The transparencies were taped together so they 

overlapped, to provide an opaque design template. The rest of the PCB fabrication 

proceeded as follows inside the clean room lab: 

1. Peel back the protective film on the circuit board to reveal the 

photoresist, and place the transparency over the board. Expose under 

UV light for 8 minutes on each side 

2. While exposing, mix developer solution [88] at room temperature in 

the ratio 10 parts DI water: 1 part developer (500 ml water: 50 ml 

developer) 
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3. Immediately after exposure place the board into the developer solution 

and gently agitate. Remove from developer when the pattern is clearly 

visible in exposed copper (< 60 s) 

4. To etch the PCB, fill a Pyrex dish with ferric chloride and heat to 50˚ 

C, then immerse the PCB in it. Gently agitate and cleanse the board 

surface with a foam brush, until the design is outlined by the exposed 

fiberglass of the board (this can take up to 1 hour depending on how 

new the ferric chloride is). Rinse in DI water 

 

With the PCB completely patterned and etched (Figure 40), the Si sample chip 

was mounted to it using a small amount of GE varnish. The majority of the back side of 

the PCB is a copper ground plane, with 19 separate holes for the dc leads, as well as 2 rf 

leads (not used in this experiment). The top side aligns perfectly with the back, and the 

samples were mounted in the rectangular ground plane (shown in black). 

 

Figure 40 - (left) Sample side of PCB faces down towards floor, (right) back side of PCB faces up into 
cryostat 
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To make electrical connections between the SET and the room temperature 

electronics, ultra thin Al wire was bonded from the ends of the dc PCB leads to the SET, 

using a Westbond wire bonder [89]. Several SET devices were initially destroyed as the 

result of ESD during bonding. Reasons for this included not being properly grounded to 

the wire bonder, and carrying the device in a non-conducting plastic box. Good static 

protection was found when the PCB was mounted to an Al block through a sheet of 

antistatic, conducting foam (from an integrated circuit shipping package), and carried in a 

conductive polyethylene case. Once the samples were bonded, the PCB was mounted in 

the cryostat as described in chapter 5.  
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Chapter 5 

Experimental Setup 

 

 Before mounting and testing the SET samples, several areas of the cryostat 

system required attention. The following section provides some more detailed 

information on the helium-3 cryostat, as well as a look at the custom wiring, filter, and 

sample mount schemes. A brief explanation of the steps undertaken to bring the cryostat 

to base (lowest) temperature is also provided.  

 

5.1 Helium-3 Cryostat System 

 

 A picture of the entire helium 3 cryostat insert is depicted Figure 41, with a more 

detailed look inside of the inner vacuum can (IVC) in Figure 42. 
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Figure 41 - Our helium 3 cryostat insert 
 

The major cooling components of our He-3 cryostat insert are the charcoal 

sorption pump, the 1 K pot, and the He-3 pot. These components are all located within 

the inner vacuum can (IVC), as seen in Figure 42. 
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Figure 42 - Inside the IVC 
 
  

 The charcoal sorption pump has multiple applications: releasing He-3 gas before 

it can once again condense it; reducing the saturated vapor pressure of the condensed 

liquid He-3 (and thus cooling the system); and holding all evaporated He-3 gas [90]. By 

controlling the temperature of the charcoal sorption pump it was possible to regulate the 

pumping speed of the liquid He-3, and therefore the temperature of the system. For 

cooling, cold He-4 gas/liquid flowed through the stainless steel capillary which was 
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wrapped around the pump. For heating, current was allowed to flow through a 25 Ω wire 

wound heater, which was controlled by a Lakeshore 340 temperature controller [70]   

The 1 K pot serves the purpose of condensing the He-3 gas. Helium-4 from the 

main Dewar body was allowed to flow into the 1 K pot through a capillary. The rate at 

which this occurred was regulated by a needle valve, at the top of the cryostat. As the 1 K 

pot filled with liquid He-4, pumping on it using an external pump caused the temperature 

to be reduced (< 2 K). The 1 K pot temperature was measured by a silicon diode 

thermometer, wired to the Lakeshore 340. 

 The helium-3 pot, composed of oxygen free, high conductivity (OFHC) copper, is 

located at the bottom of the insert. The samples were mounted below the He-3 pot on the 

printed circuit board. A 25 Ω wire wound heater was also installed on the He-3 pot, and 

temperature measurements were accomplished using a calibrated RuO2 thermometer 

wired to the Lakeshore 340.  

 The Janis C-1082-M superconducting magnet used in conjunction with the 

cryogenic system was rated for 9 Tesla. It was supplied with a persistent switch heater, 

with a resistance of 45.8 Ω at room temperature. At liquid helium temperatures, the 

carbon resistance sensor on the magnet was calibrated to 5.8 kΩ. It was possible to align 

the magnetic field both parallel and perpendicularly to the sample.  

 

5.2 Operation of the Cryostat  

 

 What follows is an abridged version of the main tasks followed to bring the 

cryostat system to its lowest temperature (~ 300 mK). Steps occurred in three major 
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phases: room temperature check, liquid nitrogen cooldown, and finally liquid helium 

cooldown/helium-3 condensation [90]. 

i) Room Temperature Check:  

1. Put the He-3 insert into the Dewar with the hoist, and leak check  the 

IVC using an Alcatel ASM 110 Turbo CL helium leak checking 

system through the appropriate valve 

2. Pump out the 1 K pot and back fill with dry He-4 gas, check the He-4 

background in the IVC 

3. Leak check the He-3 system, then double check all leads, heaters and 

thermometers with a multimeter 

ii) Liquid Nitrogen Cool down 

1. Introduce ~ 200 torr of N2 exchange gas into the IVC, ensure the 1 K 

pot valve is closed, begin pumping the 1 K pot 

2. Flow dry He-4 gas through the charcoal sorption pump cooling 

capillary 

3. Transfer liquid N2 into the Dewar using a transfer tube to pre-cool the 

system until the 1 K pot temperature is ~ 100 K. Keep pumping on the 

1 K pot during the pre-cool. Stop flowing He-4 gas 

iii) Liquid Helium Cool down & He-3 Condensation 

1.  When the He-3 insert has cooled to ~ 77 K, evacuate the IVC. Blow 

the liquid N2 out of the Dewar, ensuring that no liquid remains, while 

also monitoring for leaks in the IVC 
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2. Flow He-4 gas through the charcoal sorption pump cooling capillary, 

while pumping on the 1 K pot. Slowly transfer liquid He-4 using a 

transfer tube which reaches the bottom of the Dewar 

3. When transfer finishes, slightly open 1 K pot valve, monitor the Dewar 

pressure using a flow meter. Heat the charcoal pump at 1.5 W (100%) 

with a 45 K set point using the Lakeshore 340, while keeping the 1 K 

pot temperature as low as possible (adjust 1K pot needle valve as 

needed). This drives all He-3 gas out of the sorption pump and 

condenses it into the He-3 pot 

4. When the He-3 pot temperature has been < 1.8 K for ~ 1 hour, turn off 

the sorption pump heater. Control the flow rate on the sorption pump 

cooling capillary, making sure the pump temperature is below 5 K. 

The system will continue to cool until it reaches base temperature as 

read by the RuO2 thermometer 

With the system fully cooled to ~ 300 mK, and the temperature monitored on the 

Lakeshore controller, experiments on the SET proceeded as described in chapters 5.6, 

and 6. Note that at several times during the experiment, the Dewar had to be topped up 

with more liquid helium.  

 

5.3 Filters 

 

 Filtering electrical lines which connected room temperature measurement 

apparatus to the cryo-electronic device under test was extremely important. In an effort to 
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reduce noise which could affect the system, several filters were designed and 

implemented in the experimental setup as follows. These served to filter noise signals that 

could heat up the sample. The fact that the SET has a small volume and high resistance 

means that any incoming current will heat it. Recall that one of the conditions that must 

be met for a SET to operate properly is that the energy of thermal fluctuations be much 

less than the charging energy, so any unwanted thermal, or other noise could degrade 

performance. 

 

5.3.1 Pi Filter 

 

 A Pi filter consists of one inductive and two capactitive elements, and presents a 

low impedance to both load and source. The elements are arranged as shown in Figure 

43. Pi filters give good attenuation up to relatively high frequencies (< 1 GHz), and are 

operable at room temperature. 

 

Figure 43 - Circuit schematic of a Pi filter [91] 
 
 A 21 pin Pi filter was designed, using Pi filters from Spectrum controls (part # 

1293-001). The device was housed in an aluminum Pomona box, with filters screwed into 

a metal plate in a honeycomb fashion, and edges sealed with silver conductive epoxy. 

One side of each filter was connected to a 1 mH inductor, and the other side simply by a 

wire, before being connected to 21 pin circular connectors. The filter box was sealed at 
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all seams using silver conductive epoxy to shield any interference. To characterize the 

properties of the filter, a single pin version was also created. 

 The single Pi filter was tested at low frequency on an Agilent DS06052A 

oscilloscope [92], and at high frequencies using an Anritsu MS4623B network analyzer 

[93] (see figures in appendix D). Results showed that the -3 dB point occurred near 15 

kHz, and for an input of 10 MHz < f < 1 GHz, attenuation was greater than 75 dB. The 21 

pin filter was assumed to have response similar to that of the single pin filter.  

 

5.3.2 Metallic Powder Filter 

 

Electromagnetic noise can be introduced to the SET through the cabling which 

leads to room temperature electronics. For a high frequency ‘noise’ photon with energy 

hν, unwanted tunneling events can occur which affect the quantized current measurement 

or heat the device. It is believed that this noise is dissipated in a powder filter by the skin 

effect at each metallic grain boundary [94]. For this reason, a passive microwave filter 

using 304 stainless steel powder (#325 mesh), was designed in a fashion similar to that of 

Fukushima [95].  

The 26 pin metallic powder filter consisted of a ¾” thick copper plate, milled to 

specifications (Figure 44). Twenty six individual, 1.5 m long lengths of fine gauge (# 34, 

~160 µm diameter) copper wire were wound in a tight, coiled manner about a thin (~ 2 

mm diameter) rod so that the resulting coils were ~ 50 mm long. Each coiled wire was 

then soldered to a D style connector, and the contact was coated with GE varnish before 

insertion into the filter body. The body casing was filled with approximately 22 cm3 of 
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the powder (~ 45 µm diameter) using a syringe. After filling, each end of the filter casing 

was sealed using Eccobond CT-5047-2 conducting epoxy [96], and left to set overnight. 

For testing purposes, a single pin powder filter was created in a similar manner.  

 
Figure 44 – Homemade 26 pin powder filter, shown connected to an OFHC copper mount. The brass 
block mounted to the bottom connector encases and shields the cryocable wires, and the dc wire post 
is at right 
 
 The single pin powder filter was tested using the network analyzer between high 

frequency cabling, and was found to reach the noise floor (~ -130 dB) in both forward 

and reverse transmission when above 1 GHz (see appendix D). 
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 A mounting bracket was designed and machined from OFHC copper to allow the 

26 pin powder filter to mount on the 1 K plate in the cryostat. Wiring into and out of the 

powder filter is discussed separately in the next section. 

 

5.4 Cryostat Wiring 

 

 A noteworthy effort went into designing the custom cabling and wiring required 

for cryogenic experiments. The following section will discuss wiring schemes in a top 

(outside cryostat) to bottom (sample) manner. A full wiring and pin chart is provided in 

appendix C.  

 

5.4.1 DC Wiring 

 

 The majority of measurements and instrument control were made available 

through the use of dc wiring which ran the length of the cryostat (Figure 45). Outside of 

the cryostat, stainless steel shielded, 19 pin cables ran from a BNC breakout box, through 

the multi-pin Pi filter, and into the cryostat. The top of the cryostat insert had a 

hermetically sealed, 19 pin circular connector, of which eighteen 0.005” diameter 

insulated manganin wires (in twisted pairs) ran to a wire plug post on the 1 K pot (shown 

previously in Figure 42).  These wires were all thermally anchored beside the powder 

filter at the bottom of the IVC flange (at 4.2 K), as well as at the 1 K pot. To connect to 

the powder filter, twenty lengths of #34 copper wire (in ten twisted pairs), shielded in 

Teflon tubing, ran from the post to a D-sub connector.  
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Figure 45 - DC wiring schematic (grey box represents cryostat inside the Dewar) 
 
 To connect between the powder filter and the sample, a homemade cryocable was 

fashioned. The cryocable was comprised of twenty, one meter lengths of #40 Evanohm 

‘D-formex’ superconducting wire. Using a drill, ten twisted pairs of the wire were 

wrapped into one twenty-braid length of cable. The braid was protected using a length of 

Teflon tubing. To further protect the braid against electromagnetic interference, stainless 

steel braided sheath was slid over the Teflon. The flexible braid was made of 304 

stainless steel (36 AWG), and came from Lakeshore CryoCable (type CYRC) [70]. To 

connect to the powder filter, a twenty-six pin D-sub connector was soldered to one end of 
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the cryocable. A brass piece was machined, as shown previously in the bottom of Figure 

44, and fit over the connector to provide ‘light-tight’ shielding to the wiring. All crevices 

were sealed with the Eccobond conducting epoxy.  

 At the opposing end of the cryocable, the wires were soldered to a micro 

miniature D-sub (mdm) connector, which was mounted beside the He-3 pot. Shielding at 

this end of the cable was achieved using a thin piece of copper foil, bent in such a way as 

to provide a ‘tent’ over the wires. The ‘tent’ was soldered to the connector and sealed 

with conducting epoxy. 

Inside the stainless steel sample can mounted to the He-3 pot, eighteen color-

coded, insulated wires ran from the mating mdm plugs to pin connectors on the PCB. 

They made contact to the sample through the thin Al wire bonded leads.  

 To ensure good thermal behaviour between wiring sections in the cryostat, the 

cryocable was secured and epoxied to an OFHC copper, spool-like heat sink, mounted on 

top of the He-3 pot (shown before in Figure 42).   

 

5.4.2 Radio frequency wiring 

 

 For future high frequency measurements, four hermetically sealed, rigid SMA 

connector (jack-to-jack) rf lines were available at the top of the cryostat insert. These 

lines ran through a feeder tube to the 1 K plate, where they were connected to semi-rigid 

coaxial lines, which were outfitted with MMCX style connectors at one end. The MMCX 

connectors plugged into ports on the sample mount top spindle (He-3 pot). Finally, 

flexible coaxial lines ran from the sample mount spindle, inside the stainless steel can, 
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and down to MMCX rf launchers which were mounted to the circuit board. When not 

using rf cables for an experiment, simple shielding plugs were inserted into the MMCX 

connectors on the sample mount, to prevent any unwanted electromagnetic energy from 

entering the sample can. The experiments run in this thesis did not make use of this 

wiring scheme. 

 

5.5 Cryostat Sample Mount 

 

 To be able to cool the SET device to the lowest possible temperature, it had to be 

mounted to the He-3 portion of the cryostat. This, however, required a special sample 

mount design, on account of very limited space within the cryostat insert. Additionally, 

the sample mount had to be thermally conducting, contain appropriate feed-throughs for 

wiring and filters, and be able to hold the PCB in either vertical or horizontal orientation 

to the magnetic field at the correct height (i.e. distance from the bottom of the 1 K pot).  

 To accommodate the constraints, a custom sample mount was designed using 

SolidEdge v. 14. The mount was made of three distinct pieces, all machined out of OFHC 

copper. To seal and shield this sample space from electrical noise, a ‘light tight’ can was 

machined from thin-walled (~ .05” thick) stainless steel. Each piece of the sample mount 

is described in the following. 
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5.5.1 Top spindle 

 

 The top portion of the sample mount was machined from a cylinder of OFHC 

copper to the shape and size shown in Figure 46. The four holes in the top disc were #4-

40, and mated with those on the bottom of the He-3 pot. The four holes in the bottom of 

the spindle were machined to fit MMCX connectors which passed the rf wires down to 

the sample surface. The larger square hole provided passage for the dc wires to the 

sample, which were passed into mating male and female MDM 21 pin connectors [97].  

 

Figure 46 - Top spindle portion of custom sample mount (all measurements in inches) 

 Notice that there is a lip 0.100” high on the bottom of the spindle; this is where 

the stainless steel can was fit.  
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5.5.2 Horizontal Sample Mount 

 

 To have the PCB in horizontal orientation (i.e. parallel to the floor), the 

cylindrical rods shown in Figure 47 were screwed into mating holes on the bottom of the 

top spindle. 

 

 

Figure 47 - Horizontal sample mount for He-3 can (units in inches) 

 

 These horizontal mounts are made of OFHC copper, with dimensions such that in 

horizontal orientation, the PCB with the sample at its center is exactly 3” below the He-3 

can.  
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5.5.3 Sample Mount (assembled) 

 

 When completely assembled, (not including MMCX and MDM connectors) the 

custom sample mount is as shown in Figure 48. The circular disk at the bottom of the 

configuration is a model of our circular PCB with a mounted sample, and plugs for all 

appropriate wiring.  

   

Figure 48 - Assembled sample mount set for horizontal orientation of the sample. Sample faces down, 
blocks on the topside of the PCB model indicate connector jacks 
 
 Note that the stainless steel can has not been included in Figure 48, however it 

would extend from the bottom lip of the top spindle to down below the bottom surface of 

the horizontal mount.  

 

5.6 Measurement & Circuit Scheme 

 

 To characterize the SET samples at low frequencies, the circuit as shown in 

Figure 49 was constructed. Here, both Vg and Vac were provided by auxiliary outputs of a 

SR 830 DSP lock in amplifier, before being attenuated with voltage dividers by 1000 and 
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2000 times respectively. The ‘X’ output relates to the voltage across the SET, after 

passing through a Signal Recovery 5113 pre-amplifier, while the ‘Y’ output gives current 

through the device after passing through a Femto DLPCA 200 transimpedance pre-

amplifier.  

 

Figure 49 - DC measurement circuit scheme, SET is shown in dashed box 
 

The bias Vsd was provided by an SR SIM 928 isolated voltage source before being 

divided down by 2000. The ‘X’ channel was captured using an SR 830 DSP lock in 

amplifier, while the ‘Y’ was output through an SR 850 DSP lock in. Both signals were 

captured through a GPIB connection into a Matlab data acquisition program. The 

program recorded X vs Y as a function of Vsd or Vg (or both), as well as the temperature 

(recorded by the Lakeshore 340) of the RuO2 resistor at each point. 
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To collect data in a two dimensional ‘sweep’, either Vsd or Vg was kept constant, 

while the other was swept over the appropriate values (using the SIM 928 supply or 

auxiliary out of SR 830 DSP lock in respectively), in user-selected increments. The 

sweep range, increment size, and wait time between each data point were user-selected in 

the Matlab program. For a three dimensional sweep, first Vg was set to its minimum and 

Vsd was swept in increments along it, then Vg was increased by a given increment and Vsd 

was swept again, and so on across the entire range of voltages. Data was plotted in real 

time in Matlab as conductance (G = dI/dV, actually dY/dX based on Figure 49) versus 

the bias voltage. The ac signal (Vac) was kept small and to low frequency (< 1 Hz), and 

allowed us to use lock in amplifiers to make our measurements.  

To produce the more familiar I-V source-drain and gate voltage curves, the raw 

data was first adjusted to reflect appropriate pre-amplifier gains, and then numerically 

integrated using a cumulative trapezoidal approximation. This was achieved using the 

built in Matlab function ‘cumtrapz (X,Y)’, where for our purposes Y was ‘dI/dV’ 

(conductance) and X was bias (typically Vsd). A further explanation of this numerical 

method is provided in Appendix E.  

Care was taken to try to isolate the measurement equipment from noise sources. 

Output signals from the pre-amps were investigated using a Stanford research SR785 

signal analyzer, however a waveform of the noise parameters was not captured. 

Parameters of the pre-amplifiers such as gain, filter values, and coupling modes were 

adjusted as necessary throughout data acquisition, to minimize noise peaks as measured 

on the spectrum analyzer.  



 90

 

 

Chapter 6 

Experimental Results & Discussion 

 

 Experiments were performed over a period of ten days, on two samples cooled 

down at the same time in the cryostat system. As noted in section 4.7, the devices were 

denoted as Sample A (405 ± 5 kΩ), and Sample B (274 ± 3 kΩ). A table outlining all 

experimentally extracted SET parameters is provided in section 6.6. 

 

6.1 DC Measurements – Superconducting state 

 

 Initial SET measurements were taken with the devices in the superconducting 

state, with Tsample ~ 300 mK as measured by the RuO2 resistor and read out on the 

Lakeshore 340 resistance bridge. The first data ‘sweeps,’ as discussed in section 5.6, 

were first performed with no gate voltage at f = .45 Hz, Vac = 50 µV, and a time constant, 

τ = 1 s on the lock in amplifiers, both of which were set to DC coupling. Raw, non-

processed data as plotted by Matlab during data collection for one sweep can be seen in 

Figure 50. This figure does not take into account pre-amplifier gains, or proper units. 
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Figure 50 - Raw Matlab plot of first 2D sweep (G vs Vsd), Sample A, Vg = 0, superconducting state 
(not scaled) 
 

Results indicating conductance, G, versus Vsd and the integrated Isd vs Vsd for 

sample A and B are shown in Figure 51 - Figure 54 respectively. Plots of current vs bias 

voltage were produced using the trapezoidal integration method introduced in the 

previous chapter, and further in appendix E. All further data plots in this chapter 

represent processed data after applying appropriate pre-amplifier gains and proper units. 

Appendix F contains a record of all the parameters used to produce these figures.  
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Figure 51 - Sample A (superconducting): Vg = 0, f = 0.45 Hz, τ = 1 s, Vac = 50 µV 
 

 

Figure 52 – Sample A (superconducting): Vg = 0, f = 0.45 Hz, τ = 1 s, Vac = 50 µV 
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Figure 53 - Sample B (superconducting): Vg = 0, f = 0.45 Hz, τ = 1 s, Vac = 50 µV 
 

 

Figure 54 - Sample B (superconducting): Vg = 0, f = 0.45 Hz, τ = 1 s, Vac = 50 µV 
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 From this data, it is easy to see that each device exhibits a region of zero 

conductance with applied source drain voltage, across the superconducting gap. 

However, it was difficult to determine if the current was sensitive to gate Vg within the 

superconducting gap, in the form of a Josephson quasiparticle peak (JQP). A longer 

sweep of Sample B was conducted (smaller Vsd steps) at the same frequency (f =.45 Hz), 

but a smaller ac dither, Vac = 12 µV (Figure 55).  

 

 

Figure 55 – Sample B (superconducting): Vg = 0, f = 0.45 Hz, Vac = 12 µV, Vsd steps = 2.5 µV 
 

 From the figure, it is apparent that there was an increase in current around the Vsd 

bias conditions of approximately -0.6 mV and + 0.4 mV. To investigate gate voltage 

variance in this region, linear voltage gate sweeps were performed on Sample B (Figure 

56), at a series of fixed Vsd. Input frequency and Vac were kept the same, but the time 
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constant of each amplifier was increased to 3 s, to allow for more settling time between 

data points.  
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Figure 56 - (a) Positive Vg sweeps: f = 0.45 Hz, τ = 3 s, Vac = 24 µV ; (b) Negative Vg sweeps of Sample 
B: f = 0.45 Hz, τ = 3 s 
 

 By measuring the gate voltage between the peaks of the periodic behaviour seen 

at Vsd = -0.55 mV, and recalling that the current should be e periodic (Figure 6), the gate 

capacitance was experimentally calculated to be Cg = 13.8 ± 0.5 aF for sample B. 

Using these gate voltages as a reference, Vsd was swept across the sample at a 

series of fixed Vg values (Figure 57). Frequency, Vac and lock in amplifier time constants 

were left unchanged.  
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Figure 57 – Sample B (superconducting): f = 0.45 Hz, Vac
 = 12 µV, τ = 3 s 

 
 Current versus source-drain bias is re-plotted based on this data in Figure 58.  

 

Figure 58 - Source-drain current through Sample B, at various Vg (f = 0.45 Hz, Vac
 = 12 µV, τ = 3 s) 
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 Here we can see that the device is most sensitive to gate voltage (i.e. biggest 

increases in Isd) when it is tuned to -3, 1, or 8 mV. For a quantitative investigation of 

relative gain, we look at current sensitivity based on gate voltage change (see Figure 59) 

for fixed source-drain bias.   
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Figure 59 - Investigating the sensitivity of source-drain current for changing Vg in sample B, at 
several Vsd values.  The local slope between each point is the transconductance 
 
 

By taking the steepest local slopes from the Vsd lines in Figure 59, values for 

transconductance were determined (Figure 60). Transconductance is the ratio of the 

current out of the device compared to the voltage in - a larger value indicates higher 

amplifier gain. As seen in the figure, we see a peak gain of 0.12 µS at Vsd = 0.5 mV. The 
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transconductance is essentially dI/dVg, which can be converted to dI/dqg, if we recall that 

the gate charge, qg = CgVg. Had an adequate background noise spectrum been captured 

when running the experiment, the values for transconductance could have been converted 

to charge sensitivity in e/Hz1/2.  
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Figure 60 - Sensitivity (µS) to gate bias change at fixed Vsd for Sample B. Higher values indicate 
greater transistor gain 
 

 Before collecting more data, some minor changes were made to the overall 

instrument setup. In an effort to reduce possible ground loops and 60 Hz white noise, all 

equipment was unplugged and then reconnected to the same master power bar and outlet. 

A homemade 10 Hz low-pass filter was added to the gate line, to try to limit 60 Hz 

interference that the Pi filter would not block. Changing the equipment to one master 
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outlet actually caused a reduction in temperature read out by the Lakeshore to ~ 290 mK 

on the RuO2 resistor (a 10 mK reduction), but seemed to do little else in reducing 

background noise.  

Data collection resumed with a full three dimensional sweep (G as function of Vsd 

and Vg sweep) of sample A. The input frequency was increased to f = 17 Hz, and the 

lock-ins were changed to AC coupling mode. Figure 61 depicts the source-drain current, 

integrated from the conductance data.  

Figure 61 – Sample A: f = 17 Hz, τ = 1 s, Vac = 12 µV, low pass filter connected 
 

 From the figure it is difficult to determine if there is any periodic gate behaviour, 

as there is some noise that overpowers the signal near Vsd = 0 mV.  This may have been 

the result of adding the low pass filter to the system. There is also the possibility that 

there was a large amount of background charge fluctuations on the substrate, resulting in 

1/f noise. If this was the case, and the noise had a large enough amplitude, gate 
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dependence would not be apparent, though the superconducting gap would still be 

visible.  

A similar 3D sweep was performed on Sample B, with the low pass filter 

removed. However input frequency was reduced to f = .45 Hz, lock-ins were reset to DC 

coupling, and the time constant was increased to τ = 3 s. Source-drain current at these 

conditions is represented in Figure 62. The second plot in the figure represents the same 

data as viewed along the Vg axis (i.e. Isd – Vsd plane), which shows some evidence of 

higher order tunneling processes with moderate gain inside the superconducting gap.  
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Figure 62 - (upper) Sample B: f = 0.45 Hz, τ = 3 s, Vac = 12 µV, low pass filter removed; (lower) Isd - 
Vsd plane view 
 

6.2 DC Measurements – Normal State 

 

 Both samples were brought into the normal state by applying a 1 T field from the 

cryostat’s superconducting magnet, set to persistent mode. Sample A was tested first, 

with Vac = 5 µV, f = 2.99 Hz, and Vg = 0.  Both lock-ins were set to AC coupling with τ = 

3 s. Figure 63 depicts the normal state conductance of the sample, while the current is 

depicted in Figure 64. 
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Figure 63 –Sample A (normal): Vg = 0, f = 2.99 Hz, Vac = 5 µV, τ = 3 s, 1 T field applied, low pass 
filter added 
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Figure 64 - Sample A (normal): Vg = 0, f = 2.99 Hz, Vac = 5 µV, τ = 3 s, 1 T field applied 
 

The gate voltage was swept across the same sample, keeping the bias at Vsd = -95 

µV (near the bottom of the conductance drop). The low pass filter was removed from the 

gate, signal frequency was reduced to f = 0.45 Hz, and both lock-ins were set back to DC 

coupling. Figure 65 shows periodic gate behaviour of the device at this bias.  
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Figure 65 – Sample A (normal): f = 0.45 Hz, Vac = 12 µV, Vsd = -95 µV, 1 T field applied 
 

 Again by measuring the gate voltage between the peaks of the periodic behaviour 

seen at Vsd = -95 µV, the gate capacitance was experimentally calculated to be Cg = 13.48 

± .01 aF for sample A. 

 Finally, a full-scale sweep of conductance as a function of source-drain and gate 

bias was conducted on sample B. The input signal had a frequency of f = .45 Hz, and 

voltage Vac = 0.12 µV. As input frequency was less than 1 Hz, the lock-ins were again set 

to DC coupling mode with τ = 3 s. A plot of current (after trapezoidal integration) from 

this scan is shown in Figure 66.  
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Figure 66 – Sample B (normal state): f = 0.45 Hz, Vac = .12 µV, τ = 3 s, 1 T field applied 
 
 

6.3 SET Resistance 

 

 To determine the total device resistance RΣ of each sample, it was a simple matter 

of taking the inverse slope of Isd vs Vsd for each device (RΣ = 1/slope) [33]. This 

corresponded to the device behaviour outside the superconducting gap, or in the linear 

region for the normal state data. From an average of the data shown in section 6.1 and 

6.2, and using a linear regression, we find that the total resistance of the SETs 

experimentally is: RA = 432 ± 14 kΩ, and RB = 170 ± 8 kΩ. Since we assumed our SETs 

were symmetric by the nature of their fabrication, the resistance of each junction is just 

half of the total. Both SETs have large enough resistance to satisfy the condition of 
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Equation 1 (RΣ > Rk = 25.8 kΩ), validating our assumptions of quantized charge transfer 

and the disregarding of higher order tunneling processes.  

 

6.4 Device Temperature & Capacitance 

 

As previously noted, typical metallic based SETs have improved sensitivity at 

lower temperature (section 2.1) – it is desired to have the charging energy be much larger 

than the thermal energy of the system for Coulomb blockade to occur. Throughout the 

experiment, temperature at the bottom of the cryostat was read out by the RuO2 resistor 

(Lakeshore 340 temperature controller) to be between 290 – 310 mK. At these 

temperatures, a total SET capacitance CΣ = 3.2 – 3.0 fF would satisfy the charging energy 

relation of Equation 2, where Ec = 2.5 - 2.7 x 10-5 eV. Using the results presented by 

Pekola (as discussed in section 2.4) [46, 47], it was possible to determine the actual 

operating temperature and capacitance of our samples. 

To determine the experimental values of CΣ and T for sample A and B, the normal 

state conductance versus source-drain bias was fit to the theoretical results predicted by 

Pekola with a non-linear, least squares curve (Figure 67, Figure 68). Here conductance is 

scaled by the resistance of the sample RΣ, where GT = 1/2RΣ. To stay consistent with 

Pekola’s theory, our devices were assumed to be symmetric in each junction. This 

assumption stems in part from the fact that junctions were created in the same oxidation 

step during fabrication.  
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Figure 67 - (Sample A) Extracting T and CΣ from experimental results by fitting to Pekola’s theory. 
Solid lines represent fit, markers represent experimental data 
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Figure 68 – (Sample B) Extracting T and CΣ from experimental results by fitting to Pekola’s data. 
Solid lines represent fitted data, squares are experimental data 
 

By varying capacitance and temperature values in Pekola’s fit, the theoretical 

curves appear to match our experimental data when CΣ = (4.79 ± 0.46) x 10-16 F for 

sample A, and CΣ = (6.70 ± 0.47) x 10-16 F for sample B. These values correlate to T = 

684 ± 8 mK and 541± 4 mK for sample A and B, respectively. The fitted curves match 

the experimental results quite well, however, a small voltage offset term had to be added 

to the fit parameters, as the experimental data did not center around Vsd = 0. Error bars 

were calculated as half the measured variance in conductance from original data, and 

were used as weighting factors in the fit (magnitude of 0.05 and 0.04 for A and B 

respectively).   
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From the fits, we find that the actual sample temperatures were above that 

measured for the He-3 pot, indicating that our measurement scheme must have 

introduced some thermal noise to the samples. Though they differ by about 150 mK, the 

fit to sample B is better both visually, and in terms of chi square value, indicating that the 

temperature was probably less than that of sample A. 

Using the fitted CΣ values and Equation 3, the experimental charging energies Ec 

= (1.7 ± 0.1) x 10-4, and (1.19 ± 0.04) x 10-4 eV (sample A and B) were determined. 

These are about an order of magnitude larger (and correspond to CΣ an order of 

magnitude less) then that required for SET operation near 300 mK. However, we want Ec 

several orders of magnitude larger than 5.9 x 10-5 eV (sample A) or 4.7 x 10-5 eV (sample 

B) to satisfy Equation 3 for the actual temperatures determined.   

 

6.5 Superconducting Gap 

 

 The width of the superconducting gap ∆ for the Al based SETs was measured 

from the G vs Vsd curves. As described in section 2.3, the gap width of the SSET in a G-

Vsd plot is 4∆, with the possibility of having JQP peaks in the source-drain bias regime 

that satisfy Equation 14. Based on this, we determine the average ∆ for each of our two 

SETs to be: ∆A = (3.5 ± 0.1) x 10-4 V, ∆B = (3.6 ± 0.1) x 10-4 V. Our data is consistent in 

terms of order of magnitude for ∆Al, which was found to be quoted as 2.1 – 2.4 x 10-4 V 

[98, 99]. 
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6.6 Simulated Results 

 

 As a means of comparison, the experimental results for SET parameters and 

temperature were run through a tunnel junction simulation program designed by Nicholas 

Allec [Queen’s University, Department of Electrical & Computer Engineering]. The 

software simulates SET current behaviour in both the normal and superconducting states 

and can be used for systems with two or more junctions. 

 Simulations were run for an N = 2 junction system, at a median experimentally 

determined temperature of 613 mK. The device was assumed to be symmetric, and had 

input parameters similar to those of sample A (see summary of experimental device 

parameters as compared to simulated parameters in shown in Table 1). Figure 69 - Figure 

70 show the output of the simulations. 

 

 
Experimental  Simulated 

  Sample A  Sample B   

RΣ 432 ± 14 kΩ  170 ± 8 kΩ  500 kΩ 

CΣ (4.79 ± 0.46) x 10-16  (6.70 ± 0.47) x 10-16  0.5 fF 

Ec (1.7 ± 0.1) x 10-4 eV  (1.19 ± 0.04) x 10-4 eV  0.16 meV 

kbT 5.9 x 10-5 eV  4.7 x 10-5 eV  5.3 x 10-5 eV 

∆ (3.5 ± 0.1) x 10-4 V  (3.6 ± 0.1) x 10-4 V  0.3675 mV 

T 684 ± 8 mK  541 ± 4 mK  613 mK 

Cg 13.48 ± .01 aF  13.8 ± 0.5 aF  13.75 aF 
Table 1 - Experimentally extracted vs. simulated SET parameters 
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Figure 69 - Vsd vs Isd (x vs. z) plot of normal state simulation 
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Figure 70 - Simulated superconducting SET Isd behaviour – (top) Isd – Vsd plane; (bottom) Contour 
plot 
 
 Based on the simulated superconducting state parameters, we can use Equation 14 

to investigate where JQP cycles might occur. By substituting in the simulator parameters 

for Ec and ∆, we find that JQP processes can occur for source drain biases of 0.895 mV < 

Vsd < 1.215 mV. By comparison with Figure 70, we indeed see peaks of this nature at 

both positive and negative Vsd in this range.  

 In comparison with the theoretical models provided by the simulator, it is possible 

to see that the experimental data is qualitatively very similar, but differs somewhat 

numerically. For example, in the superconducting state the simulator has some sharp JQP 

candidates in the range defined by Equation 14, however the corresponding sample A 

experimental data shows no evidence of such peaks (recall Figure 61). The normal state 

simulated data does not offer much evidence of periodic gate behaviour of the device, in 

comparison to the data presented in Figure 65.  
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Though the simulated data does not exactly match the experimental data, it was 

included to provide further evidence that our device behaviour was indeed characteristic 

of that of a SET. Quantitative differences between simulated and experimental results 

may have arisen due to several factors. The measurement scheme used in experiment did 

not provide ideal results – unwanted electrical noise introduced by the wiring heated the 

SETs. The simulation was run at a temperature different, although close, to that 

represented by the actual experimental data, and thus may not have accounted for 

performance issues due to this heating.   

The addition of the homemade low pass (10 Hz) filter to several experimental 

trials seemed to degrade measured results, and no gate action was seen with the filter in 

place. The simulated data did not include the addition of this (or any other) filter. The 

input experimental signal to the SETs included a small ac voltage at varying frequencies 

– this was not the case in the simulator. Finally, in the experiment, the data was collected 

via various cables of differing length, and was processed through several pieces of 

equipment. Each of these could contribute additional noise sources to the measured data, 

with the possibility of swamping the signal. The simulated data did not reflect the wiring 

scheme used in the actual experiment.
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Chapter 7 

Conclusions 

 

7.1 Summary 

 

 The main objective of this thesis was to devise a reliable and reproducible means 

for developing metallic single electron transistors on silicon. The fabrication procedure 

was to include optimized parameters for electron beam lithography, resist development 

times, a double angled evaporation and oxidation scheme, and a suitable lift off process. 

Though these processes do exist in various research labs, a significant effort went into 

customizing them for our purposes. Using electron beam lithography, line widths as fine 

as 50 nm were achieved, which approaches the limit of what our SEM is capable of 

producing.  

 Based on the fabrication method devised, more than twenty working SETs were 

produced and tested at room temperature. As measured in our custom probe station, 

device resistance ranged from 31.5 kΩ – 3 MΩ (the bulk of which were in the 100 – 500 

kΩ regime, as shown previously in Figure 38). Although the majority of these devices 

were eventually destroyed by ESD, they at least provided us with a better picture of what 

protective measures must be taken for ESD protection.  
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 Two Al-AlOx-Al SET samples were cooled down in a custom helium-3 

refrigeration system to ~ 300 mK, and tested at low frequencies in both the normal and 

superconducting states. Both devices displayed Coulomb blockade and gate modulation, 

and based on the experimental data it was determined that the actual operating 

temperature of the devices was T = 684 ± 8 mK, and T = 541 ± 4 mK for sample A and B 

respectively. The total device resistance, capacitance, charging energy, and 

superconducting gap of aluminum for each sample were determined based on 

experimental data. Experimental data showed the same behaviour as that produced by a 

SET simulation program. Experimentally, the increase in operating temperature and 

smaller than ideal charging energy were the most likely candidates which affected SET 

performance. 

  

7.2 Future Work 

 

7.2.1 Dual Gate, Radio Frequency Operation 

 

Currently, work in our lab is aimed at producing dual gate, rf-SETs. As mentioned 

earlier, the ability to operate a SET with a radio frequency input signal severely limits the 

amount of 1/f noise arising from background charge traps. The interest in choosing a dual 

gate design is to attempt something not yet represented in the literature. During 

continuous measurements with an rf-SET, the voltage fluctuations on the island will 

inherently affect the measurements. For more sensitive measurements, a desirable 

technique would involve turning on the measurement only when it is needed, and keeping 
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the read-out device otherwise silent. Our interest is to investigate SET sensitivity by 

biasing our device near the edge of the Coulomb gap with one gate, then sending a 

second, pulsed rf signal through the other gate. By monitoring the charge state of the 

system in this manner, we hope to approach the theoretical charge sensitivity of the SET. 

Our initial hypothesis is that by only varying the gate (and not the source-drain signal), 

we can limit the back action to be close to zero when in the Coulomb blockaded state. 

With a device engineered in a way such that back action only occurs at certain times, we 

may be able to try so-called “stroboscopic” measurements [100]. The next step would 

then be to produce coupled systems, using the rf-SET to detect the motion of a 

nanomechanical oscillator. However, the production of a dual gate rf-SET provides new 

fabrication and measurement challenges.  

 A dual gate device requires a relatively small change in the actual SET 

lithography. The same fabrication procedure represented in this thesis can be used to 

accommodate the new design. Figure 71 shows a scanning electron micrograph of a dual 

gate rf-SET, fabricated on the same Si substrate and in the same manner as the SETs 

discussed previously. At this point, several dual gate rf-SETs have been produced with 

different spacing between island and gate leads, but at the time of publication, there was 

no optimized device ready for experimentation. However, we were able to characterize 

the parasitic capacitance Cpad of our sample geometry using one of these initial devices. 
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Figure 71 - A dual gate rf-SET with ~ 35 nm wide island. Island – gate spacing is ~ 300 nm 
 

7.2.2 Updated Printed Circuit Board (PCB) 

 

 The dual gate device design created the necessity of producing a more specialized 

PCB. This new PCB was designed using ExpressPCB [101], with impedance matching 

parameters determined using ‘Trace Analyzer Applet’ software [102]. When using radio 

frequency input signals, it is important to consider conductor lead spacing compared to 

the width of the ground planes, for impedance matching purposes. As depicted in the rf 

PCB schematic in Figure 72, the new board contains four rf-trace leads, spaced precisely 

from the main ground planes (shown in red and green). Radio frequency trace widths 

were calculated using the applet as 0.08” wide, with  a spacing of 0.006” at all edges to 

give a characteristic impedance of Z = 49.97 Ω (matched to Zo = 50 Ω). 
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Figure 72 - (left) Back plane, holes are for wire pins; (right) Sample side, 4 rf and 6 dc leads 
 

 The PCB board dielectric was FR-4 epoxy glass, 0.062” thick, with top and 

bottom copper layers 0.0017” thick. The board contains 6 dc leads, and room for a 7 x 7 

mm sample. The bottom left rf lead has two spaces it, measured to fit L = 27 nH and Cbt = 

560 pF surface mount components. The inductor was chosen such that it forms the rf tank 

circuit for the SET to resonate at 1.2 GHz, where Cpad was determined to be ~ 6.4 x 10-13 

F from initial testing. The capacitor Cbt is used to block lower frequencies as part of an on 

chip bias tee. The other part of the tee is formed by adding an Lbt = 100 nH inductor to 

the bottom left dc lead. Bias tees can be used to supply dc signals to rf devices, and 

contain one inductor and capacitor in a ‘T’ shaped geometry. The bias tee uses a large 

capacitor to block dc signals, which enables biasing of the devices. As well, it employs a 

large inductor, which blocks rf signals from propagating on the dc lines. The bottom right 

dc lead contains surface mount pads for a second possible tee. 

 

 

 

 



Chapter 7 Conclusions 

 

120

7.2.3 RF Wiring Scheme 

 

An updated wiring scheme was devised, which accommodates both the rf lines, 

and the new PCB (shown in Figure 73). The proposed corresponding circuit schematic is 

shown in Figure 74. 

 

Figure 73 - Updated wiring schematic for dual gate rf-SET. On the directional coupler, S = input, 1 = 
coupled, 2 = output 
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Figure 74 – Proposed circuit schematic for dual gate rf-SET 
 

The four rf lines (labeled #1 – 4) run from the room temperature electronics to the 

top of the cryostat through flexible Gore-Tex cables. Going into the cryostat, they 

continue through semi-rigid stainless steel, SMA terminated coaxial lines, and into the 

IVC. Two of these lines can provide gate signals from the auxiliary outputs of the SR 830 

DSP lock-in, or the SIM900 isolated voltage source. Both gate lines include -20 dB 

attenuators inside the cryostat, which can be heat sunk at either 1 or 4 K. The carrier 

signal can be provided from a third rf line through the Anritsu network analyzer.  

The dc wiring is still essentially the same: wires run from the breakout box into 

the Pi filter (at room temperature) and down to the 1 K plate. One change was the 

addition of a Quinstar QCA-L1 low temperature preamplifier, mounted in a custom 

copper bracket on the 1 K plate.  It provides ~ 30 dB of low noise gain when its internal 

FETs are biased optimally. Powering the amplifier requires the use of 7 of the 19 dc 
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wires - these run into the wire post through a separate cable than that going into the 

powder filter.  

A Mini-Circuits 300 – 2000 MHz directional coupler is included to separate the 

incoming carrier signal of that from the reflected rf-SET signal. The coupler has an input, 

output and coupled port, labeled S, 1, and 2 respectively . The input port connects to the 

device drain via semi-rigid and flexible coaxial lines (as described in section 5.4.2). The 

reflected signal comes from the rf-SET, through the coupler’s input port, and into the 

HEMT amplifier. From here, the signal proceeds via semi-rigid coaxial back to the 

electronics outside the cryostat. The coupled output from the directional coupler can be 

used to obtain signal information (i.e., frequency and power level) without interrupting 

the main power flow in the system.  

 
 

7.2.4 Electronics and Measurement 

 

 One parameter we were not able to obtain from our dc SET measurements was an 

experimental value for charge sensitivity (in e/(Hz)1/2).  This was, in some part, due to the 

limited conductance gain seen as a function of gate voltage in our devices. As well, a 

satisfactory background noise spectrum was not captured. As described earlier in Chapter 

6, an attempt was made to remove ground loops from the system by changing the 

configuration of the equipment, while the noise spectrum was observed on a signal 

analyzer. Recent improvements have been made to our measurement scheme towards 

reducing 60 Hz noise, by moving the preamplifiers and breakout box closer to the Dewar. 
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This involved producing new, shorter cabling, as well as the addition of a shelf on the 

Dewar itself to house certain equipment. Future experiments will seek to quantitatively 

describe the noise added to the system from the measurement scheme more thoroughly.  

  

7.2.5 Cryogenics 

 

 SET performance will improve for a given device size as the temperature is 

reduced. Operating future SET or rf-SET experiments with the aid of a dilution 

refrigerator at 40 mK, or lower, would improve charge sensitivity and decrease thermal 

noise fluctuations. At the time of experiment this was not an option, however at present a 

dilution refrigerator is being retrofit for future experimental work.  

 

7.3 Conclusion 

 

Single electron transistors provide an attractive means of measuring small signals 

with excellent precision. We have shown that it is possible to reliably produce and test 

these devices using the equipment available at Queen’s. Future experiments will focus on 

approaching the fundamental noise limits of the SET and creating coupled nano-electrical 

mechanical detector systems. These systems can be produced using some of the 

fabrication techniques presented, as well as the likely additions of dilution refrigeration, 

dual gate device structures, and rf measurement techniques.
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Appendix A 

DesignCAD parameters  

 The parameters used for NPGS pattern writing (run files) on sample A and B are 

summarized in the table below. 

Sample A & B       
Layer Description Mag. Origin 

Offset 
(um) 

Line 
Spacing 
(nm) 

Beam 
Current 
(pA) 

Line 
Dose 
(nC/cm) 

Area 
Dose 
(uC/cm2) 

1 Island 1000 (0,0) 10.36 10 7.6 x 
2 Vertical 

leads 
1000 (0,0) 10.36 10 7.6 x 

3 Small necks 1000 (0,0) 10.36 10 x 900 
4 Bigger 

necks 
75 (-6,-7) 19.73 1000 x 725 

5 Pads 75 (0,0) 19.73 1000 x 500 
 

 The origin offset accounts for the shift in pattern center that occurs when going 

from low to higher (> 1000 x) magnification, and was originally determined through a 

trial and error method. Line spacing denotes the distance between raster lines in a filled 

polygon. The beam current is that of the electron beam striking the surface as measured 

by a Faraday cup in the SEM column, and the dose parameters indicate the electron 

dosage per unit area across the sample surface.  
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Appendix B 

Circuit schematic for ideal current source test box 

 

Figure 75 - Circuit schematic for ideal current source test box 
 
Resistors are on a twelve position rotational switch. Values by position are: 

1 – 2 MΩ 5 – 20 kΩ 

2 – 1 MΩ 6 – 10 kΩ 

3 – 200 kΩ 7 – 2 kΩ 

4 – 100 kΩ 8 – 12 – 1 kΩ 
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Appendix C 

Wiring chart for Helium-3 cryostat system 

Top 19 Pin 
Circular 

Connector   
DC Wire Post 

(1 K plate)   
Powder 

Filter   
Male mdm 21 

pin  
Circuit board 

wires 

  

(pins to male 
d-sub 26 pin 
connector)  

(female 
side 
thru to 
male)  

(micro 
miniature, on 
sample mount)  

(colored 
wires from 
mdm to 
sample) 

A   1   1   1   black 
B   2   2   2   brown 

C   3   3   3  
red, ground 
** 

D   4   4   4   orange 
E   6   6   6  green 
F   7   7   7   blue 
G   8   8   8  purple 

H   18   18   20   
brown/black 
(s) 

J   10   10   10  white 
K   11   11   11   black (s) 
L   12   12   12  brown (s) 
M   13   13   13   red (s) 
P   14   14   14  orange (s) 
R   15   15   15   yellow (s) 
S   16   16   16  green (s) 
T   17   17   17   blue (s) 
U   22   22   5  yellow 
V   23   23   19   grey (s) 
  9  9  9  grey 
    24   24   21   red/black (s) 
(s) = striped    

Table 2 - DC pin wiring chart for helium-3 cryostat
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Appendix D 

Filter performance 

Pi Filter 

The Pi filter was tested at both low and high frequencies. Figure 76 represents 

testing performed on the single-pin Pi filter using an oscilloscope with a 1 V peak-peak 

input sine wave. No difference in attenuation was found, regardless of which way the 

cables were plugged into the filter. Note that the noise floor of the scope was ~ 2 mV.  

Low Frequency Pi Filter Performance
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Figure 76 - Low frequency attenuation of the Pi filter 
 

To characterize the filter at higher frequencies, the following data was taken using 

the Anritsu network analyzer, with high frequency Gore-Tex cables attached across the 

filter. As is seen in Figure 77, excellent transmission attenuation is seen (in either 

direction) below ~ 0.5 GHz.  
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Figure 77 - High frequency transmission and reflection through the Pi filter 
 
 

Metallic Powder Filter 

The single pin metallic powder filter was also tested on the Anritsu network 

analyzer over the full frequency spectrum of 10 MHz – 6 GHz. As seen in Figure 78, 

both forward and reverse transmission showed close to -50 dB at 500 MHz, but improved 

to the noise floor (-130 dB) for frequencies above 1 GHz. Reflection at the first port 

showed a mean drop of – 8.0 dB (standard deviation 2.6 dB), and at the second port was -
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6.5 dB (standard deviation of 2.8 dB) when tested across full frequency scale.  

 

Figure 78 - Transmission and reflection through the metallic powder filter
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Appendix E 

Trapezoidal Integration 

 
The trapezoidal (trapezium) rule works by approximating the area under the graph 

of a function f(x) as a trapezoid (Figure 79). For a given definite integral, 

∫
−

−≈
b

a

bfafabdxxf
2

)()()()( , it is possible to increase the number of area slices 

(intervals), and then apply the trapezium rule to each.  

 

 
Figure 79 - Approximating f(x) with the trapezoidal rule [103] 
 
 Here the area of each trapezoid is simply the base times the average of the 

heights, where the ith strip is 
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)())1(((
2
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++−+  

Equation 31 

Thus, the integral of the function is simply the summation of all the trapezoids, and is 

represented as 

∫ ∑
=

++−+≈
b

a

n

i
ihafhiafhdxxf

1
)())1(((

2
)(  

Equation 32 

 The Matlab function ‘cumtrapz (X,Y)’ computes the cumulative numerical 

integral of Y with respect to X using trapezoidal integration. If X and Y are not vectors of 

the same length, then X must be a column vector, and Y and array with the first 

nonsingleton dimension equal to the length of X. In this instance, ‘cumtrapz’ operates 

across this dimension.
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Appendix F 

Data collection parameters 

 The data tabulated below represents parameters recorded during data collection 

(as represented in Chapter 6). The increment of Vsd and Vg for each sweep is recorded, as 

well as input frequency f and ac voltage Vac. The time constant of the lock-in amplifiers 

(both always set to same value) is noted as τc. The lower table identifies pre-amplifier 

settings for the Signal Recovery voltage and Femto transimpedance models.  

For the voltage pre-amplifier Gsr denotes gain, and DC/AC is the coupling mode. 

If a low pass filter was applied only one value is represented as the low pass cut off (filter 

column), where as for a band pass two values are recorded (low and high cut off), with 

attenuation at each cutoff denoted in the next column.  

For the transimpedance amplifier, Gt denotes gain, and DC/AC is the coupling. 

The 10 Hz/FBW indicates whether the amplifier had the 10 Hz low pass filter applied or 

allowed full bandwidth, and the L/H indicates if it was operated in either low noise or 

high acquisition speed mode. 

Figure f (Hz) Tc 
(s) 

Vac (uV) Vsd inc (mV) Vg inc (mV) 

Superconducting    
Figure 51 0.45 1 50 0.01 x 
Figure 53 0.45 1 50 0.01 x 
Figure 55 0.45 1 12 0.0025 x 
Figure 56 (a) 0.45 3 12 x 0.1 
Figure 56 (a) 0.45 3 12 x 0.1 
Figure 57 0.45 3 12 0.05 x 
Figure 61 17.00 1 12 0.0025 0.1 
Figure 62 0.45 3 12 0.01 0.1 
 
 
 
 
 

     



Appendices 

 

140

Figure f (Hz) Tc 
(s) 

Vac (uV) Vsd inc (mV) Vg inc (mV) 

Normal      
Figure 63 2.99 3 5 0.0005 x 
Figure 65 0.45 3 12 x 0.1 
Figure 66 0.45 3 12 0.025 0.1 
      
 
 
 

     

Figure Gsr (V/V) DC/AC Filter dB Gt 
(V/A) 

10 
Hz/FBW 

DC/AC L/H 

Superconducting        
Figure 51 500 DC x x 10^8 x DC x 
Figure 53 500 DC x x 10^8 x DC x 
Figure 55 500 DC 300 hz 6 10^6 10 hz DC L 
Figure 56 (a) 500 DC 10 hz 6 10^6 10 hz DC L 
Figure 56 (a) 500 DC 10 hz 6 10^6 10 hz DC L 
Figure 57 500 DC 10 hz 6 10^6 10 hz DC L 
Figure 61 2500 AC 1s, A-

B 
10 Hz, 30 
Hz 

6 10^9 FBW AC L 

Figure 62 500 DC 10 hz 6 10^6 10 hz DC L 
         
Normal          
Figure 63 2500 AC 1s, A-

B 
1 Hz,30 Hz 6 10^9 FBW AC L 

Figure 65 500 DC 10 hz 6 10^6 10 hz DC L 
Figure 66 500 DC 10 hz 6 10^6 10 hz DC L 

Table 3 - Amplifier and electronics parameters used for dc measurements 
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