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suspended graphene. I would like to thank Prof. Tero Heikkild and Dr. Pauli
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1. Introduction

“Meso” is a greek word which means ‘middle’. Mesoscopic physics, a branch
of condensed matter physics, deals with the systems which belong to inter-
mediate length scales between microscopic and macroscopic. A macroscopic
object obeys classical mechanics but when they are scaled down to meso size
they start revealing quantum features. Another advantage of studying meso-
scopic physics is that, it addresses the several issues due to miniaturization of
electronic components, as the physical properties do not remain same in these
low dimensional systems.

Initially, the realms of experimental quantum physics were mostly bounded
in the area of atomic physics and optics. But due to the advancement in tech-
nology, mesocopic physics emerged up as new sub-discipline in the condensed
matter physics, which also proved itself as an area to study quantum effects.
This area is getting enriched every day both in theoretical and experimental
directions.

Perhaps the most profound finding is that in atomic scale the energy levels
are discrete, quantized. This quantization can be used for many purposes, for
example two levels can serve as two states representing binary information |1)
and |0). Scientists have always had a desire to create a custom-made system
which is not atomic in size but still exhibits atomic features in the sense of
energy levels. A well known and much used device is a Josephson junction
(JJ) based qubit with its discrete energy levels.

Many groups are currently working on J.J based qubits with a dream of cre-
ating the future quantum computers and, as a bi-product on the way towards
that goal, a lot of interesting physics is also explored. This thesis deals with
electronic transport focused on mesoscopic systems which I have explored dur-
ing my doctoral studies. In broad perspective my thesis can be divided into
two parts; studies on J.J based devices and current-current correlation inves-

tigations on diffusive system.
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A major section covered in this thesis is related to Bloch Oscillating tran-
sistor (BOT). This device was proven to be a good candidate as a cryogenic
current amplifier but the region near the bistability of this amplifier was not
thoroughly explored. In this thesis work, this region has been explored in more
details yielding new observations (Publ. III). We investigated the common-
mode-rejection capability of BOT in differential pair configuration. The low
frequency noise spectra of BOT were explored in current gain and transcon-
ductance mode.

Another highlight of this thesis is the experiment, commonly known as the
Hanbury-Brown and Twiss (HBT) experiment in optics, which was adopted
to a diffusive electronic system. The fundamental idea of the HBT type of
experiments is measuring correlations in fluctuations. In a DC measurement
one measures the average value of a certain observable, whereas studying fluc-
tuations can give various insight about the fundamental processes occuring
in the system. In the context of quantum transport, noise [1] is not an un-
wanted feature for quantum physicists as it gives plenty of insight to various
fundamental processes going on in a mesoscopic system. Especially, the shot
noise which is dependent on the current flowing through a sample is present
in every conductor but it is only measurable as the size of the conductor and
the ambient temperature is small enough. By low temperature we generally
imply a temperature comparable to or lower than that of liquid helium tem-
perature. Thus during the current-current correlation measurement and shot
noise measurements that we have performed at liquid helium temperature the
different characteristic length scales were kept in mind.

Current-current correlation reveals many interesting features in different sys-
tems. In 1928, Robert Hanbury-Brown and Richard Twiss performed a cor-
relation experiment using photon detectors to determine the radius of a star.
Their correlation technique solved the problem of atmospheric disturbances
in the measurement scheme of a traditionally used Michelson interferometer.
Later on several groups have implemented the idea in solid state physics mostly
in 2-dimensional electron gas systems to demonstrate HBT type exchange ef-
fects.

We performed the HBT measurement with two sources and two detectors
in a four terminal diffusive system. The underlying theory for our experiment
was proposed by Blanter and Biittiker [2] and later on Sukhorukov and Loss
[3] explained the HBT effect for such a system using semiclassical treatment.
In our experiment, we find that the results of HBT experiments for non-

interacting and interacting electrons are different. Moreover, we performed a
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similar experiment with a tunnel junction cross system. Our measurements
were performed at liquid helium temperature in the frequency range of 600 —
900 MHz which enables us to avoid unwanted 1/f noise.

The author also took part in other projects related to Josephson junction
based devices (Publ IV, V, VI). Publ. IV describes the current-phase relation
in a Superconducting Cooper pair transistor. Publ. V deals with an experi-
mental demonstration of Franck-Condon physics in a qubit coupled to an LC
oscillator. The combination of these basic units creates essentially an artifi-
cial molecule that was studied at milliKelvin temperatures. Publ. VI deals
with an overview of interference effects in superconducting qubits. It describes
the physics of the artificial molecule in the phase space picture and Joseph-
son inductance. Moreover, it also describes the Landau-Zener interference in
superconducting qubits.

The thesis chapters are organized as follows. In Ch. 2, various theoretical
aspects related to current-current correlations are discussed. Ch. 3 describes
the sample fabrication related to the major projects (Publs. I, II, III). In
Ch. 4, the experimental side of current-current correlation measurement is
covered. Chs. 5 and 6 explore the background of superconducting devices
followed by the experiments performed at milliKelvin temperatures. All in all,
this thesis sums up a wide range of fundamental experiments on mesoscopic

devices performed using modern microwave measurement techniques.
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2. Current-current correlations in
mesoscopic metallic system

2.1 Current noise

From the point of view of electronics, the term “noise" refers to the temporal
fluctuations of the current or voltage around the mean value [1]. The Fourier
transform of the current-current or voltage-voltage correlation function is a
way to characterize these fluctuations. Though many types of noise in an
electronic circuitry are undesirable for the device performance e.g., 1/f noise,
amplifier noise, etc. The intrinsic noise arising due to fundamental transport
of charge carriers has always been the focus of interest.

Walter Schottky calculated the noise of a system where the emission of par-
ticles takes place independently [4]. In the system where many particles with
charge ¢ are transmitted from one lead to another, the probability for N inde-
pendent tunnel events during time ¢ is given by Py (t) = va—]\;v!qt /7, where T is
the average time between two tunnel events. For example, in a vacuum diode
the average current can be written as (I') = ¢ (IV) /t. The noise is proportional
to the variance of the number of transmitted particles. Thus noise power in

the case of a Poissonian noise source can be written as [5]
S =2¢*((N?) — ((N))*)/t = 2q(I). (2.1)

The fundamental mathematical tool to explain noise is called correlation
function. Considering a current passing through a conductor the auto corre-
lation function is defined by

1 [T/2
cit) = —/ dtI()I(t+1). (2.2)

T J)-1/2
The spectral density of the noise is given by S(w) = 2 [°% C(t') exp(—iwt’)dt’.
Apparently, ¢ [see Eq. 2.1] might be expected as electronic charge but it is

not always the case, but instead it is the effective charge gess in the process.
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For a strongly correlated system, like fractional quantum Hall system, the
current is carried by Laughlin quasiparticles which has effective charge geyy =
ev where v = 2/3,1/3,1/5... corresponds to the filling factor [6-8]. Hence, shot
noise Sy = 2¢esyI would be distinct for different filling factors. For normal-
superconductor junction, g.rs = 2e due to Andreev reflection, which makes
the shot noise S; = 4el.

Another noise which is unavoidable in any measurement is ‘thermal’ noise.
It is always present in any resistor above absolute zero temperature. For
resistance R, electrical noise due to thermal fluctuations will give rise to voltage

fluctuations with voltage spectral density,
Sy (0) = 4kpTR, (2.3)

which was first experimentally observed by J.B. Johnson in 1928 [9] along
with the theoretical explanation by H. Nyquist [10]. Both of the authors
have used the word ‘agitation’ instead of ‘noise’in their work. Thermal noise
and shot noise at low frequency are both white noise'. The main difference
between these two is that thermal noise is equilibrium noise while latter is
out of equilibrium noise; thermal noise depends on the temperature whereas,
shot noise varies linearly with the current passing through the conductor.
Nevertheless, both of these noises can be considered as ‘white’ in the present
work. 2

In any kind of noise measurement, fluctuations are normally measured using

an amplifier with certain gain and bandwidth. In the case of Poissonian noise

of Eq. 2.1, the measured quantity is

(i) ay = S1(f)-GAf = 2eIGAY, (2.4)
where I is the average current and GAf is the gain-bandwidth of the mea-
surement [1].

There are several approaches to formulate shot noise for different systems. I

only give a short review on the scattering approach.

2.1.1 Scattering approach

In the wave packet (or scattering approach) approach, the current can be

considered as superposition of current pulses, [11]

1= Z i(t —n1)gn (2.5)

L When the frequencies are less than the inverse relaxation time in the system.
2The shot noise to quantum noise cross-over frequency decreases from 6 THz to 0.4
GHz from room temperature to 20 mK. Below this cut-off frequency the shot noise
can be considered as white noise.
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Figure 2.1. Landauer concept of transport; current as a series of pulses (wave packet).[5]

where i(t — n7) is the current associated with the n th pulse and where g, =
+1(—1) when the electron is transferred from left(right) to right(left) reservoir
and g, = 0 when no transfer takes place.

Landauer was the first to describe the electrical transport as scattering prob-
lem [12, 13]. Though it raised doubts at that time but eventually proved
to be a strong tool to address many problems in mesoscopic physics. In a
macroscopic conductor, the conductance is given by G = oW/L, assuming
transmission amplitudes are the same for all the transverse modes; here o is
the conductivity and W and L are the width and length of the conductor,
respectively. But in smaller dimension, there are corrections to this law. Be-
sides interfacial resistance dependent on L, another factor which affects the
conductance is the number of transverse modes in the conductor. According
to Landauer, the conductance varies as G = %M T where M is the number
of transverse modes and T is the average probability that an electron injected
from one end is transmitted to other end. The net current can be expressed

as

e2

I'=+MT(m ~ p2), (2.6)

where p1 and po denote the chemical potential of the two contacts, respectively.

The milestone laid by Landauer in describing transport in terms of quantum
conductance for a two-terminal conductor was later developed by Biittiker
for multi-terminal conductors. In this approach, the conductance is deter-
mined by a scattering matrix and is commonly known as Landauer-Biittiker
formalism [13] which has been successfully used in understanding shot noise
for mesoscopic systems [11, 14-16].

Here I describe briefly the Landauer-Biittiker formalism in the case illus-
trated schematically in Fig. 2.2 to determine various relationships. Suppose
the scattering region is connected to ideal reservoirs with given chemical po-
tential p and temperature 7' via ideal leads where no scattering takes place.
There are transversely quantized modes in the leads. Fig. 2.2 which are con-

nected by the scatterer S in Fig. 2.2. Both channels in each lead contain
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Figure 2.2. Schematic of a four-terminal device with 2 edge modes. Incoming states are
scattered by the scattering region.

incoming and outgoing states. After scattering an electron an incoming state
is scattered into outgoing states and absorbed by the reservoirs. In the reser-
voirs, the scattered electrons are finally thermalized. Every occupied mode

injects a current from the reservoir into the leads
e
I =—pu. 2.7
e (2.7)

Let us denote Tj; ., as the probability that an electron in mode n coming from
reservoir j is scattered into mode m of reservoir i. Current-voltage relation

can be represented as

e
Li=4 > T — 1), (2.8)

i#]
where T;; = E%’zl Zzﬁl T5jmn- The conductance for a two-terminal conduc-

tor can be written as
2 X

G= ;::1 T, (2.9)
where N is the number of occupied channels and T}, is the transmission prob-
ability of channel n from one reservoir to the other one.

For a wire with no scattering, the noise is zero. But in the case of 0 < T}, < 1,
the noise expression for a two-terminal conductor at zero temperature takes

the form,

2 N
€
S = 2eV - S Tu(1=T,). (2.10)

n=1
When T, < 1, the above equation yields full shot noise S; = 2el. In this
context, a new ratio is defined, which is called Fano factor in order to describe
the suppression or enhancement of shot noise compared to Poissonian noise:

S Y Tu(1-Ty)
Spoisson Zn Tn

F= (2.11)
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Different characteristics of a mesoscopic system can be accounted for by
the particular distributions of transmission eigenvalues T),. Applications of
scattering formalism predicted several interesting features of current spectral
density, but also predicted current-current correlations in multi-terminal ge-
ometries.

For a two-terminal conductor the current spectral density derived by Bit-

tiker [16, 27] is given by in terms of transmission probability as

S1= 53 [ABILB)FE)F f(B) + f(EY1 T fa(B)] (212
+Tu(B)1 = Tu(B)(fL(E) = fr(E))’].

where the first two terms are the equilibrium noise contributions and the third
term is the shot noise contribution to the power spectrum. Plus sign in the
third term corresponds to fermions whereas minus sign corresponds to bosons.
The general expression for a multi-terminal conductor with reservoirs labeled

by «, 8,7, takes the form

2 L
Sap = 5 O [ AETelslysasshsson { (B)L = S5(B)] + fs(B)[L - £, (B),
V#S

(2.13)

where s is the scattering matrix [16].

2.1.2 Shot noise of a tunnel junction and a two-terminal diffusive

wire

For a tunnel junction, the current spectral density is given by [27]

2eV eV
[ ] (2.14)

Eq. 2.14 describes both equilibrium (V' = 0) noise and out of equilibrium
noise. For eV <« kpT, Eq. 2.14 reduces to Johnson noise S; = %. The
general form for a two-terminal system with arbitrary Fano factor (from Ref.
[27] with 3 T written in terms of F) is given by

4kT 2eV eV

T) = 1-F F—— coth 2.1
ST =T a-F) 4 P o ) (2as)
which yields Eq. 2.14 with ' =1 and
8kpT  2eV eV
T) = —— cotl 2.1
SHV,T) = 22+ 2 com{%BT (2.16)

for a two-terminal diffusive conductor with F' = 1/3. In general, total noise
cannot be represented as a simple addition of thermal and shot noise, but

rather the noise power is an integral combination of thermal and non-thermal
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V (volt)

Figure 2.3. Comparison of shot noise between tunnel junction with F' = 1 and two-terminal
diffusive wire with F' = 1/3. Both has potential to use as shot noise calibration
elements.

noise sources. As tunnel junctions and diffusive wires are now well established
systems demonstrating F' = 1 and 1/3, they can both be used to calibrate a
noise measurement set up.

For a two-terminal conductor, auto-correlation and cross-correlation differ
only by ‘sign’ but their magnitude remains same. However, for a multi-
terminal case there is sign change as well but the magnitude becomes dif-
ferent. Eq. 2.13 is the basis of the correlation measurements in different con-
figurations in a multi-terminal conductor, e.g., diffusive conductor, including

Hanbury-Brown and Twiss type of interference phenomena.

2.2 Development of Interferometery: Towards Hanbury Brown
Interferometer

Hanbury-Brown and Twiss type of experiments in various branches of sci-
ence originate from the astrophysics experiments performed in 1950s when R.
Hanbury-Brown and R. Q. Twiss built a new type of stellar interferometer to
determine the radius of stars [17-19].

When thinking about interferometry, the first notion is the picture of a ‘wave’
yielding constructive or destructive interference patterns. Young’s double slit
experiment with light is a textbook topic demonstrating the interference of
electromagnetic waves in the wavelength of visible light. This experiment
showed that coherent light beams coming from separated slits will interfere
and form a pattern on a screen. In 1961, a similar double slit experiment
was performed with electrons by Claus von Joénsson [20, 21]. Following von
Jonsson’s measurements, several other experiments demonstrated electron’s

wave nature to produce interference fringes [22, 23]. Neutrons, atoms and
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Electrons Two slits Screen
N
Ll

Figure 2.4. Double slit electron interference

molecules have also shown their wave nature in similar experiments later on.
These interference phenomena proved convincingly the ‘wave-particle duality’.

Most interference effects of light can be explained with ‘classical’ interpre-
tations. The double slit experiment can be modeled using Huygens-Fresnel
principle. When the slit width ‘b’ is greater than the wavelength (\) of the
source light, the intensity pattern of the interference fringes will follow the
Fraunhofer diffraction formula

wdsing . . mbsin 0

I(6) = cos?( )sine?( 3 ) (2.17)

where d is the separation between the slits.

Interferometric studies have the potential to reveal many interesting phe-
nomena in quantum physics. A quite popular interferometer is the Michelson
interferometer. In the Michelson interferometer, a source wave is split into
two waves with a beam splitter (similar to slits as in Young’s double slit ex-
periment) and those waves are then interfered after having bounced back from
mirrors.

In the Michelson interferometer, we can consider the interference effect be-
tween two rays emanating from virtual sources S and S5 analogous to the
two slits of Young’s double slits experiment. In both of the interference exper-
iments the final detection are the ‘fringes’ on a screen. In a similar experiment
with electrons, the screen should be electron sensitive in order to create the
intensity profile of the ‘fringes’.

The next level of interferometric sophistication is brought by the Hanbury-
Brown and Twiss (HBT) interferometer [17-19]. The main difference with this
interferometer to the prior ones is the use of two detectors instead of one. In the
interferometers prior to the HBT interferometer a photosensitive screen was
used to detect the resulting interference pattern. In the HBT interferometer,
two photon counters were used and a new technique, ‘correlation’ analysis was
implemented between the detected signals [17, 18]. This was a ground breaking

technique in interferometric measurements and later on it was picked up in
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Figure 2.5. Schematic of Michelson interferometry [24].

several branches of physics.
photodetectors
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Figure 2.6. Schematic of HBT measurement performed by R. Hanbury-Brown and R. Twiss
[17, 18].

After progressing from the experiment using mercury lamp they decided to
measure the radius of the star Sirius with this new interferometric technique.
They determine the radius of star with great accuracy 0.0068” £ 0.0005”.

The original HBT interferometry is based on intensity-intensity correlations.
For a detailed understanding consult Ref. [25]. Here I give a brief account to
describe the main features differentiating the Michelson interferometry from
HBT interferometry to lay down the great importance of HBT interferomet-
ric principle whose importance still prevails even after long time of its first
implementation which surpassed all previous interferometric techniques.

In order to focus into the actual working principles of the interferometry by
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Robert Hanbury-Brown and Richard Q. Twiss we can consider two photode-
tectors at points r; and rp as in Fig. 2.6 the photocurrents can be expressed

with the aid of electric field Ey as
I(ri, 1) o | B> + | By |? + BB )0 e (i=1,2). (2.18)
Multiplying the currents at two detectors yields for the average
(I(r1,6)1(r2,t)) o< [ Bif* + | B [* + BB 4 c.c.]
(Bl + B + BBy K02 4 e
(2.19)
o< [{|Bl? + B )]
+ <|Ek‘2> <‘Ek"2> [ei(kfk/),(rlfrz)] )
In this result, the low frequency interference term exists but atmospheric sen-
sitive terms cos((k + k’)(r1 —r2)/2) are absent. This is the main feature of
an HBT interferometer.

In a Michelson interferometer, the photocurrent is written as
I «(E*E)
— (| B (e 1 ekr2) 4 (Tt 4 pikra) 2y
= (B + | Bw|?) + | B [ 00172 e ] 4 | Bo 2 [0 012D e
(2.20)
For thermal radiation (Ey) = (Ey) = 0 and (EfEw) = (Ef) (Ey) = 0. For
(| Bxl®) = (| Bwl?) = Io, we get

I Ip{l+cos|[(k+k).(r1 —r2)/2] x cos [(k —K').(r1 —r2)/2]} (2.21)

The photocurrent here contains an interference term but environmental fluc-
tuation effects are in cos[(k + k’).(r1 — r2)/2] which is the drawback of the
Michelson interferometer.

The field operator E(r,t) can be written as E()(r,t) + E()(r,t) where
E®) are the positive and negative frequency parts. The first order correlation

function is then written as
G (ry,re;7) = (BT (r1, t1) EM) (2, 82)) , 7 = t1 — to (2.22)

whereas, the joint probability of photodetection is governed by a second order

correlation function G which will be discussed in the next subsection.

2.2.1 Hanbury-Brown and Twiss: Second order coherence

A laser beam and thermal light source can both have the same first order

coherence properties but higher order coherence is different. Suppose that
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there are two independent photons having momentum k and k’, respectively,

then the second order correlation function takes the form
G (ry,ra;t,t) o (1 + cos[(k — kK')(ry — r2)]. (2.23)

For many photon states, e.g., light from stars, the second order correlation

takes the form,
G (2 )2 + (n)? {1 + cos|(k — K')(ry — rz)]}) , (2.24)

where (n) = [exp(fv/kT) — 1]7*. For fermionic system the correlation func-

tion takes the form
G (ry,re5t,t) =2 {1 — cos[(k — K')(r1 — r2)]} (2.25)

While the Michelson interferometer at a point r is observing the average
light intensity at time ¢ as (I(r,t)) = (EC)(r,t)E™)(r,t)), an HBT interfer-
ometer yields intensity-intensity correlation as G (ry,ra;t,t) = < E() (rq,1)
EC) (rg,t) EM) (rg, t) E) (rq,t) >. Thus, we see that HBT interference works
even for two radiative point sources emitting fermions. These would work
even for neutrons, beta particles, etc. The only difference would be in dif-
ferent cases the sign of the interference term. A nice demonstration of HBT

effect has been extended to systems of atoms too [26].

2.3 Hanbury-Brown Twiss in diffusive system: Diffusive cross and
box

3

Diffusive box Diffusive cross

Figure 2.7. Schematic diagram of four-terminal diffusive system. In a diffusive box geom-
etry the shaded area is the main disordered area, whereas in a cross geometry
the central area is negligible compared to the area of the arms.

In Ref. [2], Blanter and Biittiker proposed the idea of HBT type of cor-

relations in a multi-terminal diffusive system. They concluded in their the-
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oretical work that the exchange (interference) effect exists in the ensemble-
averaged current correlations. They investigated two different kind of struc-
tures, namely ‘cross’ and ‘box’ (see Fig. 2.7). The main difference between
these two structures is the central area: in the ‘box’ the area is comparably
bigger than the arms which implies the shot noise generators are mainly in the
central region. In the ‘cross’ the shot noise generators are in the arms of the
cross. The contribution of the central area becomes negligible in this case.

Our experimental studies were concentrated on cross shaped structures made
of normal metal. The four ends of the cross geometry connected to four ~ 200
nm thick metal leads which acted as reservoirs.

Following the principles from Ref. [2], we have measured the current-current
correlation of a cross sample in three different configurations as shown in Fig.
2.8.

e S4: 1 DC biased. 2, 3, 4 are grounded 5.
e SB: 3 DC biased. 1, 3, 4 are grounded.
e S¢: 1,3 DC biased equally. 2, 4 are grounded.
We denote the cross-correlated noise in these configurations A, B, C' as S with

c=A,B,C:

3¢B STC

Figure 2.8. Measuring and biasing configurations to demonstrate electronic HBT effect in
a four-terminal system.

S4 ) =

sB Y = Selv| Sy : (2.26)
m

s¢ E1+E24+E3+E,

where the terms Z;(i = 1,2, 3,4) are fluctuations of the scattering matrices
[2, 27]. Due to the interference terms Es and Z4, the addition of S4 and
SB does not amount to S¢. In the above mentioned definition S4, S5, S¢
are defined as positive quantities. =3 and Z4 are named as exchange terms,

whereas the difference of S¢ to (S4 + SP) is named as ‘exchange correction

3Grounded at DC but not at f > 10 kHz. The terminals are grounded through
bias-tees.
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Figure 2.9. Fermi distribution function along a diffusive wire for two-terminal case and
four-terminal case (e.g.,A, B configurations discussed in previous section). At
the center of the cross f(F) in the four-terminal system is half of the two-
terminal case. Although, for C' configuration with two biased and two ground
terminals, the distribution reduces to the two-terminal case.

factor’ AS:
AS =8¢ g8 _ g4 (2.27)

Due to 25 + Z4 in S, AS does not necessarily become zero. In a finite-size

‘cross’ shaped geometry AS can be positive.

2.4 Semiclassical theory for shot noise in a multi-terminal
diffusive conductor

Suppression of shot noise in a diffusive conductor has been modeled using
different theoretical techniques; scattering matrix approach, Green’s function
technique, semiclassical Boltzmann-Langevin approach. All of the techniques
ended up with the same result that the suppression factor for a two-terminal
diffusive system is 1/3. In the semiclassical theory, the quantum phase co-
herent effect is not included in the analysis. For a multi-terminal conductor,
the suppression factor depends on the sample configuration and geometry.
Sukhorokuv and Loss [3]have addressed the issue of noise correlations in a
multi-terminal diffusive conductor and calculated suppression factors in dif-
ferent geometries.

The spectral density of current fluctuations between terminal m and n of a
multi-terminal system is given by Spp, = 5 [ dt (61,,(t)51(0) + 611, (£)61,,(0))
at zero frequency, where m and n label the terminals. For n = m, this denotes
the autocorrelator of current fluctuations S,,,, which can be expressed as Fel,
using the Fano factor F. For n # m, Sy, denotes the cross-correlated noise
between leads n and m; usually negative in fermionic systems but though
possibly also positive due to interactions [28].

In the semiclassical theory [3], the spectral density of noise in a diffusive
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system is governed by II(r) = 2 [defo(e,r)[l — fole,r)], where fy is the lo-
cal distribution function. In the noninteracting regime, fo = >, onf(e —
eVy), where ¢,s are characteristic potentials, induced by terminal voltages
V,, and f(e) the Fermi functions of the reservoirs. II(r) then takes the form
of 2 [de >y drdif(e — eVi)[l — f(e — eVi)]. Spectral density of noise is re-
lated to II(r) through Sy, = [drV¢,.6Ve¢,ll, where o is the conductiv-
ity tensor. When electron-electron interactions smear the coherent double-
step distribution function, fo(e,r) takes the form of a Fermi distribution
fole,r) = (1 + exp[(e — eV (r))/(kpT.(r))])~L. Essentially, the distribution
function, which governs the “energy" integral II(r), differentiates the non-
interacting and interacting regimes with distinct correlated noise powers.
Without interference, the bias dependence of the HBT effect can be ac-
counted for by the semiclassical approach for a diffusive cross in a non-interacting

regime where the current fluctuation spectrum takes the form [3],

Snm(v) = %26 Ek O‘nak(Jk + Jn)((snm - 5km)
—4GrmkpT, (2.28)

where J, = >, G|(V,, — V}) coth (%) and ap, = G/ Y, Gn = G /G.

The exchange correction determined from the semiclassical theory [3, 29]
includes the thermal HBT exchange which is explained in Publ. III. Overall,
semiclassical theory explains the region where interference does not play a
role.

In addition to the exchange effect, the semiclassical theory also addresses
some extra features e.g., ‘universality’, and ‘nonlocality’ of noise. In the fol-
lowing subsection, I will tell about ‘universality’ of F', the reduction of F' in

different bias configurations and the ‘nonlocality’ of shot noise.

2.4.1 Universality of Fano factor

In a multi-terminal diffusive conductor with one lead biased (V3 = V') and the

rest grounded (V,, = 0,n # 1), the shot noise expression takes the form:

1 eV
Sin = —32G1n |4kpT + eVi coth (%BTH : (2.29)
At T =0,
1
1
S = 32|01, (2.31)

The above expression is valid for arbitrarily shaped conductors. The suppres-

sion factor is the same as for a two-terminal diffusive conductor where the
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suppression factor is 1/3. In short, the shot noise measured with respect to
the total current is independent of the sample configuration as long as the

biasing port and measuring port are same and rest of the leads are grounded.

2.4.2 Suppression of Fano factor from 1/3

For auto-correlation, we need to calculate Sy, while for the correlated part of
the noises between two terminals, we need to calculate S,.

While measuring the cross-correlated, noise the suppression factor is different
in different configurations. When the biasing end is terminal 1, the current-

current correlations take the form:

Syp = %261 (2.32)

Sy = Sy3 = Sy = 73261 (2.33)
Spy = Sgg = Suy = 3261 (2.34)
So3 = Soq = Ssq = —%8261 (2.35)

We have performed successful measurements to find the suppression factor
from the auto-correlation and cross-correlation measurements, and found com-
plete agreement with the theoretical predictions. To keep the thesis concise,

we are not going to present the data and leave it for a future publication.
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3. Sample fabrication

3.1 Introduction

Sample fabrication is a major task in experimental mesoscopic physics. As
the size shrinks the fabrication becomes more complicated. To just study a
thin film, we don’t need any lithographic processes. A simple quartz crys-
tal is enough to monitor the thickness of a thin film during evaporation.
But to pattern the film to make a more complicated geometry, one needs
suitable lithographic tehniques. To get a desired structure bigger than 1pm,
photolithography is an appropriate technique. To reach sub-micron features,
e-beam lithography or equivalent is needed.
This thesis deals mainly with two different kind of samples: diffusive multi/two-

terminal devices and Josephson junction based systems. I first explain the

fabrication procedure of the diffusive structures.

3.2 Thin wires with thick reservoirs

To fabricate narrow linewidth structures normally people use thin layer of
resist and high accelerating voltage for lithography to avoid back scattered
electrons. But that process was not suitable for our purpose as we opted for a
device which involves two drastically different thicknesses in a single structure.
One way is to fabricate the thin structure on a substrate with pre-patterned
alignment markers with thin resist first followed by thick structures with bi-
layer resist. However, we found that it is best to to fabricate the structure in

a single lithographic process.
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3.2.1 Fabrication process for two-terminal diffusive wire

First, 10% copolymer and 3% PMMA were spun on oxidized Si substrate.
Each polymer coating step was followed by baking at 180C for 30 min. Hard
baking allows us to achieve narrow linewidth structures. After e-beam ex-
posure the chips were developed with MIBK:IPA (1:4) mixture followed by
drying with nitrogen gas. These chips were subjected to evaporation of thin
metal perpendicular to the substrate surface (see Fig. 3.1). We have used 2
nm of Ti layer as a sticking layer. The schematic fabrication process is shown
in Fig. 3.1. Thick reservoirs were evaporated with the sample stage tilted
> 40° (with respect to source-sample axis). In this step, the evaporated metal
does not enter through the narrow window of the fine structure, rather it piles
up on the wall of the resist. Thus, two angle evaporation procedure enabled

us to fabricate a thin wire with thick pads.

A

e

I el

Figure 3.1. Schematic view of evaporation process for two-terminal wire with 200-nm thick
reservoirs.

Figure 3.2. SEM image of a two-terminal diffusive wire with thick reservoirs.

20



Sample fabrication

3.2.2 Cross-shaped structure

The recipe discussed above for the two-terminal wire fabrication uses resists
which react with the same developer, which takes away some freedom in fab-
rication. Therefore, we used ZEP as the top layer and PMMA 50K as the
bottom layer in order to develop each layer selectively. PMMA can be devel-
oped with MIBK and ZEP-N50 with n-Amyl acetate. n-Amyl acetate (MIBK)
does not react with PMMA (ZEP) which made it possible to control the devel-
opment of each layer separately. ZEP resist being more sensitive than PMMA,
needs less e-beam dose for lithography. With this bilayer resist combination,
even 20 kV accelerating voltage resulted in < 100 nm line width with high
yield.

Figure 3.3. Evaporation steps for diffusive cross.

The evaporation steps for cross-shaped fine structure with thicker reservoirs
is shown in Fig. 3.3.
e zero angle evaporation of sticking layer (~ 2 nm Ti) followed by metal
of the desired thickness (~ 10 nm Cu) for diffusive cross structure
o rotate the stage +45° and tilt by +40°
e evaporation of metal: ~ 50 nm

e rotate the stage —45° and tilt by —40°
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e evaporation of metal: ~ 50 nm

e rotate the stage +45° and tilt by —40°

e cvaporation of metal: ~ 50 nm

e rotate the stage —45° and tilt by +40°

e evaporation of metal: ~ 50 nm

e lift off in warm acetone followed by rinsing in Iso-propanol and drying

with nitrogen blower.

Figure 3.4. SEM image of thin cross structured sample with 200 -nm thick reservoirs.

3.3 Tunnel junction fabrication

Ultra-small-normal metal or superconducting tunnel junctions require e-beam
lithographic processing. Large tunnel junctions can be fabricated using photo
lithography. We used 3% PMMA as the top layer and 10% MMA/MAA
(copolymer) as the bottom layer for our bilayer resist combination. In prin-
ciple, the evaporation procedure is similar to the fabrication process of ‘wire’
but no zero angle evaporation is involved in this case. Thus, no requirement
of very narrow linewidth in the mask (say 100 nm) to fabricate sub-100nm
size junctions. The shadow evaporation takes care of the reduction of the size.
The design and evaporation technique is illustrated in Fig. 3.5. After the first
evaporation of 20 nm of Al at a tilting angle of +249 the sample is moved to
load lock for oxidation in a Ar/Og mixture for 90 s. After that the load lock
is evacuated well and the sample is put back into main chamber followed by
evaporation of 40 nm of Al at an angle of —24%. The sample is subjected to
lift off in warm acetone and rinsed with IPA followed by drying with nitrogen

blower.
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Figure 3.5. Process of fabricating tunnel junction. Blue color represents a thin layer of
oxide

3.4 Bloch Oscillating transistor fabrications

BOT fabrication includes shadow evaporation at several angles. The narrow
line width with large undercut requires different resist combination than de-
scribed for previous structures. The details are presented in Appendix (Sec.

8.1). Here I briefly explain the process schematically.

1. 2.

4. 3

Plasma etch Plasma etch

ubo v

Figure 3.6. Schematic flow for the BOT fabrication process. The arrows indicate the etch-
ing.

After all the etching processes involved in Ge-mask fabrication (see Fig.
3.6), the substrates were ready for evaporation. The angles required for the
evaporation were calculated by keeping in mind the thickness of the LOR. We
can ignore the thickness of Ge in this case.

o -180 tilt for Cr (7 nm).
o -30° tilt for Al island (20 nm).
o +45° rotation along with 4+30° tilt for Al of thickness 30 nm for fork
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o +20 tilt for Cu 40 nm

-
-

s :

Figure 3.7. Evaporation scheme for the fabrication of BOT. The steps are explained in the
text. Step 6 indicates the final product; the symbols J.J, B junction and C' are
explained in the caption of Fig. 3.8.

Figure 3.8. SEM image of a BOT. Emitter, Base and Collector are labeled as E, B and C
respectively. Cr strip acts as the collector. The dashed rectangle is to highlight
the two JJs (Al-oxide-Al) which are enclosed in a loop. This part forms the
emitter. Base is formed by the NIS junction (Cu-oxide-Al).

An important point is that, to achieve a 100-nm line in the last evaporation
step, the initial width has to be well above 100 nm, because in every evapora-

tion step the window gets narrower due to metal piling up at the edges.
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4. Cross-correlation experiments

The cross-correlation measurements described in this chapter were performed
in a liquid helium cryostat at 4.2 K. The schematic of the employed setup is
shown in Fig. 4.1. The noise generated from the sample is amplified by a
low-noise amplifier located in helium bath close to the sample. The output
of the low noise amplifier is further amplified by room temperature ampli-
fiers. The setup features several DC and RF lines for the measurement. The
measurement bandwidth is essentially limited by the circulator and the low
noise amplifiers (LNA). The LNAs have a bandwidth of 600-950 MHz while
the circulators operate over a 600-900 MHz band at room temperature. At
4.2 K, the usable bandwidth becomes 650-900 MHz (see Fig. 4.2). We used
Cu coaxial for the connections from the sample to the circulator and the LNA
stage as that provides the best signal transfer between these elements and all
of them are immersed into the bath. Cabling from top of the cryostat to the
LNA is done with stainless steel to reduce heat conduction to the bottom of
the cryostat.

The DC lines are filtered first on top of the cryostat with Mini-Circuit SLP-
1.9 low pass filters with a cut-off frequency at 1.9 MHz. Inside the cryostat
twisted pairs are used to reduce cross talk. Further filtering is provided with
a grounded copper tape around the twisted pairs which creates a lossy trans-
mission line (tapeworm filter) at high frequencies. The filtering prohibits RF
interference to the sample through the DC lines in the measurement band

frequency.

4.1 HBT measurement results: cold electrons & hot electrons

To determine the HBT exchange correction factor we have performed three
consecutive measurements, namely A, B and C', shown in left schematic of Fig.

2.8, respectively. The cross-correlation is measured in each configuration from
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Figure 4.1. Schematic of the experimental set up to measure cross correlation. In this

configuration 4 terminals of the sample are connected to bias-tees. The above
schematic is for the case of $** where the terminal 1 is biased through a bias-
tee. The correlated spectra is detected from 2nd and 4th terminal. There are
two circulators in these two lines which prohibits any back action noise coming
from the amplifiers. DC end of the bias-tee is connected to the top of the
cryostat which can be used to change the biasing corresponding to different
measurement scheme. After the amplification by room temperature amplifiers
signals are passed through (low and high pass) filters and fed into Lecroy
oscilloscope.

the side terminals 2 and 4. In configuration A, bias is applied to terminal

Table 4.1. Sample parameters of the diffusive cross. [, is the arm length and A denotes
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the central area of the cross.

Sample Resistance of the arms lg A

Q) nm | nm X nm

arml | arm 2 | arm 3 | arm 4

#1 110 125 310 135 | 450 | 60 x 70

#2 40 42 36 45 475 | 150 x 130
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Figure 4.2. Overall bandwidth of the circulator and amplifiers in chain shows a 3 dB flat-
band from 650 - 900 MHz.

1 while the other terminals are connected to DC ground. For case B, the
connection is reversed so that the opposite terminal 3 is biased. The final
measurement C' is done with both contacts 1 and 3 biased simultaneously and
rest DC grounded. The time traces of the fluctuations were recorded using
Lecroy oscilloscope with two independent channel. For each biasing point,
100 pairs of time traces were collected and correlation result was calculated
from summing up (averaging) the cross-correlations of each of these pairs.
The sampling rate was 5 GS/s, i.e., slightly oversampled in order to secure
the quality of the data. Each trace had 1 MS of data points and the overall

cross-correlation sensitivity of our setup was 10 mK with 100 averaged traces.

. AS-AS(V=0) ,

IS |- [s"v=0)x 10 2 A%/ He)

Figure 4.3. Cross-correlations [S7| —[S7(V = 0)| of a four-terminal diffusive system (sam-

ple #1) in the non-interacting regime measured at low bias voltages.

The result [S7| — |S7(V = 0)| obtained for the case of cold electron system
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is shown in Fig. 4.3 for sample # 1. The solid curves in the main picture
show an excellent fit which is obtained from semiclassical theory [3]. Similar
measurements for hot-electron system on sample #2 are shown in Fig. 4.5.
The voltage range in the latter measurement is almost by a factor of 10 higher
than that on sample #1.

In sample #1, we found that exchange correction AS(V) — AS(V = 0)
increases linearly till 2 mV, as seen in the inset of Fig. 4.3, above which
it becomes nearly bias independent. Using all the shot noise data at differ-
ent configurations, we found that the deviation from diffusive linear regime
towards hot-electron regime starts around ~ 6 mV. Nevertheless, sample #1
exchange correction factor shows sign of positive exchange effect AS = 0.025¢
at small bias.

At eV > kpT, the strength of the electron-electron interaction increases
[30-32], which eventually drives the diffusive cross to quasi-equilibrium where
the electron distribution tends towards a Fermi function. In the hot electron
regime, the magnitude of shot noise is determined by the local non-equilibrium
temperature distribution. Fig. 4.4 displays calculated temperature profiles for
the different HBT biasing conditions A , B, and C, respectively. The picture
displays the T-distribution vs. position x in the biasing leads and in one
of the non-biased conductors. Non-equal currents in the biased conductor
compared with the grounded leads produces asymmetric temperature distri-
butions, where the profile in the individual arms follow the typical quadratic

structure of the hot electron regime. The cross-correlation spectra in this case

1.0F : .
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0.8F i <
S
0.6F -
B S
4 NN Y
04r i &\l o
02f 1t
0.0k . . . 3 0L . . . . -
0.0 0.25 0.5 0.75 10 0.0 0.2 0.4 0.6 0.8 1.0
x/L x/L

Figure 4.4. Potential profile of a symmetric diffusive cross in A, B, C' configurations along
with electron temperature profile in the case of hot-electron regime.

along with AS(V) — AS(V = 0)| for sample #2 are displayed in Fig. 4.5. We

see that AS — AS(V = 0) decreases linearly with increasing bias (AS < 0).
According to the condition (ks/pr)(eV)2/er > D/L? [31, 32] the strong

interaction limit is satisfied for our data above 10 mV; here ks = €?vp /€0 is

the inverse screening parameter (~ 1.5kp for Cu). Hence, at ~ 10 mV the
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electron-electron interaction strength starts to increase and the system nearly
reaches the pure hot-electron regime at the highest bias of 70 mV (Fig. 4.5)

where F has increased by 15% from the non-interacting limit (see Publ. I).
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Figure 4.5. Cross-correlation results on sample #2 in interacting regime along with ex-
change term plotted with bias. The dotted line are obtained from simulation.

On sample #2, we observe no decrease in noise power with bias, which
can be attributed to the fact that the phonon lattice overheats in the wire
and thus the heat flow from electrons to the phonon system is not sufficient
to alter the hot-electron temperature distribution governed by the electronic
heat conduction. Therefore, we still see a rise in cross-correlated noise spectra
at V > 10 mV when the electron system and the phonons heat up to 50 — 100
K.

The hot-electron results of sample #2 are compared with the circuit theory
model where the diffusive conductor is replaced by an array of tunnel junc-
tions [33]. The simulation with non-relaxing nodes between junctions produces
F = 1/3 for a two-terminal conductor while the use of nodes with scattering
imposed Fermi distributions yields I = y/3/4. The simulation where the
asymmetry of the arms are also taken into account has been found to generate

similar AS variation (Fig. 4.5).

4.2 HBT measurement on a tunnel junction cross

We have also made an HBT type of experiment on a tunnel junction cross sys-
tem. Most notably we observed a distinct change in sign of AS in comparison
to the diffusive cross system. The measurement configurations and techniques

are similar as for the diffusive cross system described in the previous section
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(Fig. 2.8) and the tunnel junction cross was also investigated at liquid helium

temperature.
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Figure 4.6. The measured S° —S°(V = 0) and AS—AS(V = 0) in a tunnel junction cross
system along with simulation result (dotted lines).

We have employed circuit theory simulation to compare our results and the
match with our experimental findings proved to be very good. The experi-
mentally observed AS is practically identical to the AS,, = |SA [4|SEZ ]| found
from the simulation and is positive in sign. A comparison of the simulated
cross correlation ratios with the experimental results is shown in Tab. 4.2.

We also mention the simulation result in the hot electron case which clearly

proves that the tunnel junction cross system was not in hot electron regime.

nl 1 ni1

3 |5 3 |»

Figure 4.7. (a) Circuit model for tunnel junctions in cross formation. The central dot
denotes an equilibrium node in the simulation. (b) The right figure is the
classical model discussed by Langen et. al [34], showing independent noise
sources in each arm.

The classical situation is discussed by Langen and Biittiker [34] as sketched
in Fig. 4.7b where tunnel junction resistances are marked as the Rs and
im = 2e (I,,) is the noise generated by the tunnel junctions. The resistances of
the connecting conductors among the tunnel junctions are negligible compared

to Rs. Naively, one could expect that the correlated noise in the A, B, C con-
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Ratios s¢/84  sBjsA ¢ 8B
Experiment 5.4 1.80 2.9
Simulation 5.4 1.75 3.1
Simulation (hot) 2.2 1.2 1.8

Table 4.2. Comparison of the measured and the simulated excess cross correlations in terms
of ratios of different biasing configurations A, B, and C' for both interacting (hot)
and non-interacting (cold) tunnel junction cross system.

figurations would fulfill, S¢ = §4 + S for a system of classical noise sources
but it is not the case. The voltage fluctuations in the central region (around
the mean voltage U = >, Vi /4 are responsible for the current correlation

among the leads which is given by

; [Vin = U]
Si=e Y [1+4(20 — 1) (0 + 5m1)}T (4.1)
m=1
in the case of a symmetric noise generator system with R = R} = Ry =

R3 = Ry. For the symmetric case, SC/SA’B = 4 as follows from Eq 4.1.
The TJ-cross sample measured has non-identical tunnel junction resistances
which will modify the central potential as U = (Vi/R1 + Va/Ra + V3/Rs +
Vi/R4)/(Ry +1/Ry + 1/R3 + 1/Ry4), which, in turn, will influence the ratios
of cross-correlation powers, S¢ /545, Nevertheless, the sign of exchange cor-
rection factor AS = |S¢| — |S4| — |SB| will remain positive irrespective of the
arm resistances.

In a diffusive cross system in the semiclassical (dephased cold electron)
regime, |S¢|—[S4|—|S®| does not change with bias. In the hot electron regime,
when electron-electron interaction dominates, the sign of |[S¢| —[S4| — |SP| is

opposite than in the case for a tunnel junction cross system.

4.3 Prerequisites for the correlation study on diffusive conductors

4.3.1 Different length scales in diffusive conductors

Length of a diffusive system is an important factor when aiming to observe
shot noise. But this length alone is not the fundamental factor. The behavior
depends on several other scales like electron-phonon length (le;—pp), electron-
electron interaction length (l¢;—¢;), phase-breaking length (l,) which have been
collected to Tabl. 4.3 below along with descriptions of the charge transport

and the conserved quantities in the transport.
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Limit Length Conserved quantity
Ballistic L < lepyle—eyle—pn current for each momentum state
Diffusive lg K L < le—e,le—pp | current for each energy

Quasi-equilibrium

leh lefe <LK le—ph

charge and energy currents

Local equilibrium

lelv lefey lefph <L

charge current

Table 4.3. Different length scales and the corresponding regimes in a mesoscopic conductor

[35].
Lg Lef-el Lel—ph
V3l
4 ! : |
F 1 ; \
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Figure 4.8. Dependence of Fano factor on the length scale in a metallic conductor with

impurities [36].

4.3.2 Dependence of Fano factor on temperature

Phonons are excited lattice vibration modes. The collisions between electrons
and phonons are inelastic which result in dephasing of electron motion. With
a reduction in temperature the available phonon modes to absorb or emit de-
crease resulting in a simultaneous decrease in the dephasing rate of electrons.
Usually the dephasing length can be in microns at liquid helium temperature
in a disordered metal and can be even longer in high mobility semiconductors.
The structure of the system in comparison to the dephasing length scale de-
termines the dimensionality of the system in regard to quantum-interference
effects. In weakly disordered conductor (L, < Ly, Ly, L. ) electron-phonon
scattering is the main dominant inelastic dephasing process. At low tempera-
ture and low voltage, the optical phonons can be neglected and it is sufficient
to consider only the acoustic phonons.

When the sample length is smaller than the inelastic length scales, lej—c1, lei—ph
the Fano factor of a diffusive conductor turns out to be 1/3. But the effect of
electron-electron and electron-phonon interaction affects the Fano factor. The

dependence of Fano factor on the interaction length scales is shown in Fig.
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4.8.

We estimate the dependence of F' on temperature using Ref. [37]. The heat
balance equation which depends on the phonon dimensionality has the form
of

inet = ST — T (4.2)

where o depends on dimensionality. For a 3-dimensional system, a = 2 and
the above equation displays T° dependence. For a 2-dimensional system, the
exponent is a + 3 = 4. We estimate the temperature dependence of Fano

factor from the relation F oc Va+3 [37] that
atl
F o Tat3. (4.3)

This leads to the conclusion that F oc 77%% in two dimensions '. Our mea-
surement of shot noise at different temperatures performed on a two-terminal
diffusive wire follows the above relation. The experimental data are presented

in the following section.

4.3.3 Shot noise measurement scheme

The setup used for shot noise measurements shown in Fig. 4.9 is similar to the
one used for cross-correlation measurements and presented earlier in Fig. 4.1.
Instead of recording the time traces with an oscilloscope we have employed an
RF-diode [41] to detect the noise power (see Fig. 4.9).

Shot noise vs. bias current is depicted in Fig. 4.10 at different temperatures
between 4.2 — 18 K. The lowest trace represents the data measured at 4.2 K.
Overall, the noise power increases with increasing temperature. Fano factors
obtained from the fits are plotted with temperature in Fig. 4.10b. The straight
line is a fit to the data on log-log scale with the slope of -0.5.

IRefs. [38] and [39] give a relation of Fano factor with 8 = L/l¢_,p, for 3-dimensional

system.
St L
= —F= 1z <<1
2el p2ro lei—ei
5 L
= 55 ; >>1 (4.4)
el—el

The factor 5 in the denominator of the exponent comes from dimensionality which
is 3-dim in this case. For 2-dim, or for disordered case with 7¢;_p; oc 1/T [40] this
exponent becomes 4 which also leads to the conclusion that from Eq. 4.4 we can
approximate the functional dependence of F' on T

2/4
1 Lizpn  (DTa—pn)V* —2/4 ~0.5
FNWN T2 = T2/ x T xT . (4.5)
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Figure 4.9. Schematic of the measurement set up for shot noise measurement of a two-
terminal diffusive wire using RF-diode detection. The region inside the dashed
box is at liquid helium temperature.

035
MW 3% ng*,&ﬁ‘;&r 8K - 3| e e e
g 32x10°F 1 o |
=
by ARy 026 Ne 1
2
S 3.0x10°F k™ 02 [N ]
.: MMW B
2 Feoa s ° ]
& 2.8x107 - °
E 017 . b
2.6x107 - °
‘ ‘ 014 () 1
-1.0x10° 0.0 1.0x10° 3 5 7 9 11 13 15 17 19
1(A) T (K)

Figure 4.10. (a) The measured shot noise power of a biased two-terminal diffusive wire
plotted vs. current at different temperatures. (b) Fano factor determined
from the results of (a) is plotted vs. temperature. Dashed line marks the
Fano factor 1/3 for diffusive system.

The effect of electron-electron interaction can be neglected in our consid-
erations. From the estimates of Tglel = kBTe;ﬂ%ln (;%) using Altshuler
formula, l¢;_¢; drops from 1.2 pm to 0.97 pm over the temperature range from
4.2 K to 18 K. So at the highest temperature measured L ~ lo_¢;, and the
electron-electron interaction will not influence the shot noise power much. The

strong inelastic collision due to electron-phonon interaction will dominate the

decrease of the Fano factor.
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5. Mesoscopic superconductivity

5.1 Introduction

Superconductivity encompasses a plethora of interesting phenomena that be-
come even more intriguing at small length scales. In 1957, Bardeen Cooper
and Schrieffer presented the microscopic theory (BCS theory) for supercon-
ductivity [42]. This theory provided and explanation of pairing of electrons
to form Cooper pairs which essentially explains the superconductivity. These
two electrons, bound by weak attraction via electron-phonon interaction, can
spread over a considerable distance and a macroscopic number of pairs can oc-
cupy the same region of space at the same time [43]. Another model addressing
the issue of superconductivity is the Ginzburg and Landau model (GL) which
is based on a phenomenological order parameter. The superconducting state

can be described by a single wave function
W(r,t) = \/ns(r)e?r) (5.1)

where ng is proportional to the density of Cooper pairs and ¢(r) is the phase
of the wave function. All the Cooper pairs in a superconductor have the same
energy. This is referred to the ground state of the superconductor, and to
excite this state, a finite energy must be supplied. The finite energy difference
between the ground state and the excited state per particle is called the energy
gap and denoted by A. The basic excitation of the system can be described
as a breakup of a Cooper pair, and the energy needed for such an operation
is 2A, which is the so-called pair binding energy. GL model is the limiting
case of the microscopic BCS theory, and it is valid near T where T is the
superconducting transition temperature. The superconducting energy gap A
is given by 3.07kp(Tc — T)Y/? when 1 — T/To < 1.

In 1962 B. D. Josephson predicted the Josephson effect [44] which opened a

new door for physicists and engineers to realize intriguing quantum phenomena
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in solid systems. According to his prediction, zero voltage supercurrent Ig =
1o sin ¢ flows between two superconducting electrodes separated by insulating
barrier, where ¢ = @1 — @9 is the phase difference over the barrier. The
critical current I is related to the Josephson energy Ej by Ej = % For
a superconducting tunnel junction, i.e. Josephson junction (J.J), the critical
current can also be determined from the normal state resistance R, and A
through the Ambegaokar-Baratoff relation Ic = % [45]. The realization of
JJs has revealed many aspects of quantum physics on macroscopic scale and
such components have long been considered as potential building blocks for
future quantum computers.

A current biased JJ can be modeled as a parallel combination of a capaci-
tor, a resistor and an ideal tunnel element, a combination which is known as
the resistively and capacitively shunted superconducting junction (RCSJ). A
schematic circuit of a current biased J.J based in the RCSJ model is shown in

Fig. 5.1.

<~

€

P

\4

Figure 5.1. Josephson junction equivalent in RCSJ model with three parallel elements.

From the RCSJ model the time dependence of ¢ is implicitly governed by
the Kirchoff’s law

av
I=1Icsin(p)+Ig +Cﬁ’ (5.2)
which in terms of ¢ can be written as a second order differential equation
d%p 1 de I
— — +sinp = — 5.3
a2 o RCar TN T I (5:3)
where w, = QT%C is the plasma frequency of the JJ and 7 = wyt. The

damping parameter in this form is given by 1/w,RC.
The junction dynamics can be well explained with Eq. 5.3 whose solutions

can be obtained from the ‘tilted washboard potential’:

hI
U(p,t) =—FEjcosp — 2—€g0 (5.4)

The functional form of the washboard potential is illustrated in Fig. 5.2.

The tilting of the washboard potential grows with the increase in the bias
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Figure 5.2. Washboard potential U(p) as function of ¢ showing the tilt with increasing I.

current I. The amplitude of the sinusoid is Fy = %. The dynamics can

be thought of as an equation of motion of a particle with mass (h/2¢)2C' at
position ¢ in the “washboard potential”, U(p). The sinusoidal dependence of
washboard potential is responsible for JJ’s ability to act as a non-linear in-
ductor in modeling of the J.J-based devices such as superconducting quantum
interference devices (SQUID) etc.

For an overdamped junction w,RC < 1, Eq. 5.3 can be reduced to a first

order differential equation

dp 2elcR (1 .
TS (IC sin cp) . (5.5)

Integrating the above equation gives the expression of current-voltage rela-

tionship of an overdamped J.J:

V = RyJ(I2 — I2). (5.6)

The comparison of Eq. 5.6 with a linear, resistive I — V curve is illustrated
in Fig. 5.3, which shows that well above I~ the current-voltage relationship

follows Ohm’s law.

1,

VIR

Figure 5.3. I —V of a classical, overdamped Josephson junction compared with a linear
(ohmic) I — V.

For an underdamped junction (w, RC' > 1), the voltage V remains zero until

I = Ic. Above I¢ the system jumps to a finite voltage state, the ‘running
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state’ in which ¢ increases at the rate of % In an ideal JJ at T < T¢,
this running state occurs at V' = 2A/e. Another important feature of an
underdamped JJ is its hysteretic I — V' curve.

JJ based devices which have been addressed in this thesis work are in the
form of SQUID. A SQUID is a device consisting of J.Js (or weak links) con-
nected to each other in a form of a loop. If in a two-junction SQUID if

individual JJs have equal I the total critical current can be written as

o
Isq = 2I¢ cos (L) (5.7)
(2

where @ is the flux enclosed by the loop. A double junction SQUID can
be approximated as a single JJ with an effective F; which depends on the
individual Ej(; 2)s and the enclosed flux. The extra important freedom that a
SQUID gives over a single .J.J is the possibility to vary the E; using external
flux.

In classical J.Js, the quantum uncertainty relation ANAp > 1/2h between
the number of Cooper pairs and the phase of the superconductor does not
play a role in determining the dynamics. In the case of small-capacitance
Josephson junctions in a high impedance environment, the phase is no longer
well defined due to quantum fluctuations. In this situation, the charge on
the junction capacitance behaves as the quantum variable with good quantum
numbers, and a description of the dynamics of the junction works in the refer-
ence frame of (quasi) charge [46, 47]. To explain central features of nano-scale
junctions a quantum mechanical treatment of both variables ¢ and charge @
is needed. Quantum mechanically these variables form a pair of conjugate op-
erators Q, ¢ for which Q is canonically conjugate to ¢ with the commutation

relation [§, Q] = 2ei. The Hamiltonian takes the form
2

0p?’
where Ec = €2/2C is the charging energy for a single electron charge. This

H=—Ejcosp—4E¢ (5.8)

Hamiltonian neglects the quasiparticle degrees of freedom. The solutions of
Eq. 5.8 are of the form v, = u(p)e’?? where ‘q’ is the quasicharge and u(¢p)
is periodic with period 2.

The energy eigenvalues can be classified in terms of quasicharge ¢, which is
analogous to the crystal momentum in solid state physics [48]. The resulting
band structure E,(q) looks similar to the Bloch bands in solid state periodic
potentials. Thus, the main difference with the classical case is that the state
of the junction cannot be described with a single value for ¢ but rather a
distribution of ¢ has to be defined - this distribution may even be delocalized

(i.e, Coulomb blockade of supercurrent).
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Figure 5.4. Band diagram and corresponding junction states at various points of lower
energy band (adapted from Ref. [49]).

5.2 Bloch band dynamics

The energy levels E,(q) are energy bands with periodicity 2e, since the first
Brillouin zone extends over —e to e. As shown in Fig. 5.4, the form of the
energy bands is determined by the ratio between the two energy scales Ey
and E¢ [49]. The quasicharge dynamics of a small capacitance J.J in a high
impedance environment is discussed elaborately in Ref. [49]. By inspecting
Fig. 5.4, we end up with the following understanding of the dynamics of the
junction. When the junction is biased with current less than Zener current,
I, = %2%7 the quasicharge increases upto ¢ = e and returns to ¢ = —e
and back again to ¢ = e. Thus, there is a coherent oscillation of quasicharge,
i.e., Bloch oscillation. The junction state at each step is schematically de-

scribed in Fig. 5.4. At the Brillouin zone boundary the Zener tunneling to

second band is possible. The probability of transition from band n—1 to band

z T 1 (E;\*eEc
Pn—l—)n ~ exp (_Snin (FG) 7}7,_[ .

Apart from this mechanism, the actual downward and upward transition

n is given by

(5.9)

rates can be dependent on other factors when the junction is embedded in
an environment. Zaikin and Golubev [50] have calculated the upward and
downward transition rates I' of a voltage biased J.J in a resistive environment

(R¢) in the limit of Ec > Ej :

v vz
Iy = 2Texp{—v_l

(v—1)

1+ <5q2/62>] } (5.10)
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while the down relaxation rate due to charge fluctuations is given by

vy (v—1)2
r, - % o) 5.11
inl T /271' <(57q2/€2> exXp { 2 <6q2/€2> ) ( )
where v = CVg /e, 7 = RcC' , (6¢%) = kpCT, and
w2 Re (Ej\?

The voltage vz is related to the so called Zener break down current by Iz =

evz/(41). Rg = ﬁ is the quantum resistance for Cooper pairs.

5.3 Environment and P(FE) theory

The transition rates in Egs. 5.10 and 5.11 have been employed in Publ. III to
model the dynamics of the J.J-based devices. The equation of the transition
rates indicates that the environment plays an important factor in the band
dynamics, and thus affects the I — V' characteristics of a tunnel junction. In
order to calculate the I —V characteristic of a normal metal (superconducting)
tunnel junction, one needs to calculate the electron (Cooper pair) tunneling
rate across the junction by taking the bias voltage into account.

For an isolated tunnel junction the energy before and after a single electron
tunneling differs by F¢. This view is called the local view as the interaction of
junction with the environment is ignored [51]. In the global view, the junction
and the environment are considered together to evaluate changes in energy. In
a voltage biased junction, the charge equilibrium is established immediately
after the tunneling process, which is not the case for a current biased junction.

The classical relaxation of charge in a circuit can be described in terms of
the impedance seen by the current. The impedance can be decomposed into
an infinite number of LC oscillators. The quantum mechanical treatment of
an LC circuit is the basis of the phase fluctuation a.k.a. P(F) theory where
the electromagnetic environment is considered as an ensemble of harmonic

oscillators. Introducing the phase in the case of Cooper pairs,
2% [t
o) = =< / AUt (5.13)
hJ—oo
the Hamiltonian of the system is given by,
oo (ae) (o= 5ve)
H=—"—+—— - —Vt) . 5.14
2c "2 \2e) \¥ T (5.14)

where, Q = C'V is the average charge on the capacitor. Eq. 5.13 is essentially
the Josephson relation. The above Hamiltonian shows that the average phase

varies with time as ¢(t) = 2¢/hVt.
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The fluctuations around the mean value can be written as[51]

Q(t) = Q(t) - CV, (5.15)
2
5(t) = p(t) - =V, (5.16)
where the fluctuating variables Q and ¢ satisfy the commutation relation
(6, Q) = i2e.
Thus, in rotating reference frame the above Hamiltonian, (Eq. 5.14) can be
expressed as ~
Q 1 (h ~)2
H=—* . 5.17
50 T or \ o9 (5.17)

This Hamiltonian shows the similarity between the LC- circuit and a harmonic
oscillator. When an electromagnetic environment is considered as an ensemble
of LC oscillators the Hamiltonian for the environment can be written as a

summation of LC' oscillator Hamiltonians

AN )
env = — (@ — ¢n 1
+Z{ (26) +or (¢ so)] (5.18)
with an appropriate density that corresponds to the Ohmic dissipation [51].

5.3.1 Electromagnetic environment

In the previous section I showed the resemblance of the environment with an
ensemble of electric oscillators. Now it is time to discuss briefly the influence of
electromagnetic environment in Cooper pair tunneling. Consider a Josephson
junction biased through a resistor R by voltage V. The Hamiltonian of the
system can be written as

H = HJ + Hen’u» (519)

where H; represents the Josephson coupling contribution while H.,, includes
all other electrical elements in the circuit.
The above Hamiltonian is the basis for understanding the dynamics of the

JJ. The tunneling rates can be calculated by means of the Fermi golden rule:
21 .
Tivsg = S| (L Hy li) PO(E; — By), (5.20)

where (f| Hy |i) is the matrix element describing the transition, while E; and
E; correspond to the energies of these initial and final states. By summing

over all possible initial and final states, the tunneling rate becomes
Z | (f1 5y li) [P P(i)8(E; — Ey), (5.21)
where P(7) is the probability of finding the system initially at state 7 [51].
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If the environment is in thermal equilibrium the forward tunneling rate be-

comes

(V)= ”TEffp(zeV), (5.22)

where P(E) is the Fourier transform of the phase-phase correlation function

(e ei#(0)y given by
1 0 7
PE) =5 [ dtexp {J(t) + ﬁEt} . (5.23)

and where J(t) for a linear environment is given by

© dw ReZ(w) e ™t —1
=2 o T g ATy’ (5.24)

P(E) essentially describes the probability of energy exchange between the

tunneling electron with its environment. The main features of P(E) are,
oo
/ dEP(E) =¢'® =1 (5.25)
J—o0
/ dEEP(E) = ilJ'(0) = Eg. (5.26)

For an ohmic shunt R, the environmental Z(w) = (% +iwC) ™! where C is the

junction capacitance. Thus,
_ R

1+ (wRC)?
At low temperatures P(+2eV) > P(—2eV), which reduces the I —V to the

Re{Z(w)} (5.27)

form

2
V) = mel;

P(2eV). (5.28)

The P(FE) function is strongly peaked at E¢ in a highly resistive environment
R > Rg. We can approximate it as a Gaussian function of the form,
1 . (E - Ec)*
= exp | =€)
VarEckgT P AEckgT |’

where E¢ = (2¢)2/2C corresponds to the Coulomb energy of the Cooper pair.

P(E) = (5.29)

The width of the peak is governed by the thermal noise of resistance R. An
I —V calculated using the P(E) function in the limit R/R¢g > 1 is plotted in
Fig. 5.5.

5.4 Josephson inductance

The quantum mechanical properties of ¢ have been reviewed in several articles
[47, 52]. following RCSJ model I already derived earlier that total current in

a current-biased J.J is given by

i(t) = Iosinp(t) + i}_? + C%v(t). (5.30)
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Figure 5.5. I — V calculated using Egs. 5.28 and 5.29 in the limit of high impedance
environment. The parameters are of an actual measurement presented in Publ.
IIT where Ec=40 peV, E;=3.5 peV, T=90 mK.
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Figure 5.6. Josephson junction can be modeled by the parallel combination of a capacitor
C' and a tunable nonlinear inductor L ;.

Taking the time derivative of the above equation yields

%i(t) _ [ngoc cosgo(t)} o(t), (5.31)
which shows that the time derivative of Josephson current is proportional
to voltage. The proportionality factor corresponds to an inductance Lj; =
27?5%’ where the cosine term is responsible for the non-linearity of the
inductance. Josephson inductance Lj; can also be defined in terms of the

energy as

—1
g (O’FE
Ly=—|—= . .32
77 o (8(,02) (5-32)

Thus, a J.J is a non-linear inductor which forms together with the junction
capacitance an anharmonic oscillator with discrete and non-equally spaced
energy levels [53].

The formulation of L; can also be extended to the Cooper pair transistor
which comprises of two J.Js and an island coupled to a gate (see Fig. 5.7).

Introducing a variable d for the asymmetry of the junctions, the potential
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Figure 5.7. Schematic of a single Cooper pair transistor (SCPT) consisting of two JJs and
an superconducting island in between.

energy of the system can be written as,
V=—FE;(1-d)cosp; — E;(1+d)cosps. (5.33)

Introducing a new set of variables [54] ¢ = 1 + @2 and 0 = (p1 — ¢2)/2 the

full Hamiltonian of such a system can be written as
1
H = E¢(n — ng)® — 2E; cos g cos 0 + 2dE; sin % sind— SC, V7, (5:34)

where Ec = ¢%/2C% is the charging energy of the island. Total capacitance
of the island is given by Cyx, = C1 + Cs + Cy, n is the count of the Cooper
pairs on the island, and ny, = C,V;/e is the gate-voltage-induced charge on
the island. Eq. 5.34 specifies the eigenenergies F;(¢,ng) of the SCPT, which
in turn yield the Josephson inductance.

Considering two charge states, we obtain for the Josephson inductance (L )

of a superconducting SET in ground state to take the form

(5.35)

s ) 3/2
(s (20 send
2r) Ey {4+i—§(lfng)2} cosg+3+cos2p
where z = E;/Ec and + and - sign correspond to the ground and excited
states, respectively. Determination of Lj provides a means to determine the

current-phase relation of a SCPT through the relationships

L' = (%7 (5.36)

Oy (¥ 4
I(p) = — L5 dp. 5.37
(0) =52 [ L;'de (537)
For a tunnel barrier with 7,, < 1, the current-phase relationship is sinusoidal

which leads to fact that L' oc cos ¢ (see Eq 5.31).

5.5 Superconducting artificial molecules

The term ‘artificial’ atom or molecule emerges with a meaning different from

the usual in this context. The atoms and molecules are not in true sense
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atomic and molecular in size but their distinct features (energy levels) are
of interest to us. No more elements are being added in the periodic table.
Originally, the idea of ‘quasiatom’ made of semiconductor heterostructures
was proposed with controlled 3-dim doping which could show well-defined wave
functions under certain conditions [55]. Realizing the atomic features came
however, through another way, 2-dim patterned systems . A brief review on
the concept of an artificial atom is presented in Ref. [56]. In true sense, single
electron transistors, quantum dots and zero-dimensional electron gases are
artificial atoms. Like natural atoms, these structures also contain a discrete
number of electrons and have discrete energy levels. Our work on an artificial
molecule is not based on semiconductor heterostructures, but instead we have
implemented a .J.J based structure to demonstrate artificial ‘molecule’ kind of
behavior.

Let’s consider a diatomic molecule consisting of two atoms. As the molecule
contains two atomic nuclei, we have two extra degrees of freedom in compar-
ison to a single atom. The nuclei can vibrate with respect to an equilibrium
separation in addition to the rotational motion around a fixed axis. The elec-
tronic motion is much faster than atomic motion. The wavefunction of the
molecule can be written as ¥ = |U,.) |¥,,). The nuclear part can further be
considered to consists of a vibrational and rotational terms ¥,, = |U,) |U,).
Vibrational states can be approximated to be the states of a simple harmonic
oscillator.

The spectroscopy of a diatomic molecule is based on observing of electromagnetic-
field-induced transitions between states with different quantum numbers. The
main interest is to observe the intensity of the transitions where the rota-
tional state does not change. The simultaneous transitions of vibrational and
electronic states are called vibronic.

From Fig. 5.8 demonstrates the vibronic transitions in a diatomic molecule.
There are two nearly parabolic vibrational potentials corresponding to differ-
ent equilibrium distance between the nuclei. The vertical arrow denotes the
transitions between two states. The most intense transitions occur when the
overlap integral [ < ¢/, |1, > between vibrational states in different electronic
states has a maximum. This is called as Franck-Condon principle [57, 58].

In Publ. V, we deal with an artificial molecule that, in addition to electronic
states, also includes the analog of nuclear vibrations present in a diatomic
molecule. In our case, the electronic states of the molecule are represented
by a Josephson-junction qubit, and the nuclear separation corresponds to the

magnetic flux in a loop containing the qubit. A detailed discussion about
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Figure 5.8. Potential energy and energy eigenstates of an artificial molecule. The arrows
show the possible transition following Franck-Condon principle. k denotes the
change in vibrational quanta (adapted from Publ. V).

vibronic transition related to Publ. V can be found in Ref. [59].

The potentials in our artificial molecule are illustrated in Fig. 5.8. The two
states of the qubit correspond to two electronic states in a molecule. For both,
there are several vibrational states.

The two electronic states of the artificial molecule are represented by

1
Bl = :ti\/Egl + E o cos?(n® /Do) (5.38)
where E¢y = 4E.(1 —ng) and Ejo = Ej1 + Ejs.
The Hamiltonian of the LC circuit is given by
H, = ¢*/C + (® — &,)?/2L (5.39)

where @y, is the magnetic flux bias through the inductor loop caused by external
magnetic field. Assuming the vibrations are slow, the total potential energy

of the ‘molecule’ is

1

(® — By)?
5 A il 7

Uy(P) ==+ 5T

®
\/ B2 + B3y cos? o + (5.40)
0

Fig. 5.8 shows potential energy variation with ®. Electronic and vibrational
degrees of freedom both depend on ®. The minimum of total potential shifts
in opposite directions due to opposite slopes of qubit energies .

The basic circuitry of the measurement for the spectroscopy on the artificial
molecule is shown in Fig. 5.9. The probe frequency is at vpp = 872 MHz
slightly below the LC' oscillator frequency vy = 874 MHz. The reflected sig-
nal was monitored using a network analyzer which gives all the information
needed for the purpose. Another drive signal v r operating at high frequency
mediates the vibronic transitions.

Below the main control parameters in this measurements are listed:
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Figure 5.9. SEM image of the sample and the measurement scheme for the vibronic spec-
troscopy on an artificial molecule made of two J.Js in combination with LC-
circuitry (see Publ. V).

e Low frequency drive excites the vibration.

e High frequency drive enables vibronic transitions.

5.6 Landau Zener tunneling

Linearly driven transitions at an avoided crossing of two energy levels are
known as Landau- Zener (LZ) transitions [60, 61]. An extensive review regard-
ing LZ transition in different systems can be found in Ref. [62]. Landau-Zener
tunneling which is responsible for upward transition in the BOT is also visible
in other JJ based devices. According to the adiabatic theorem, a system that
is initially in the ground state will remain there provided the system’s parame-
ters are changed infinitely slowly. However, when the parameters are changed
at a finite rate in such a way that the two energy bands cross at least once,
there is a finite probability that the system can tunnel from the lower state
to the upper state. This tunneling event is known as Landau-Zener tunneling.

The tunneling probability in a single sweep is given by,

Pz =exp(—271y), (5.41)

2
27;5“ and €g;1 is the half of the band gap at the crossing point;

where v =
v is the speed at which we pass the crossing point, v = |d(ep — €1)/dt|, and
(e0—€1) = 4Ec(1—nyg) is the energy difference in the absence of the Josephson
coupling.

Publ. VI gives a detailed description on the experimental studies of LZ
interference on a Cooper pair box system and as well as it analyzes in the

phase space the vibronic transitions performed on ‘artificial molecule’.
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6. Experiments on Superconducting
devices

Different features of JJ based devices have been discussed in the previous
chapter. In this chapter I will present the experimental results related to
those devices. I will mainly concentrate on the Superconducting Cooper pair
transistor (SCPT) and the Bloch Oscillating Transistor. The study on the
SCPT is foremost focused into understanding its current-phase relationship
which is important for realizing fast, ultra-sensitive charge and flux detectors.
The main goal of the study of the BOT is to explore the region near the
bifurcation point where the current gain diverges. This operation regime is
very important as the tendency to bifurcate can be utilized to improve the
noise performance of the BOT amplifier. In addition to developing a phe-
nomenological understanding of the BOT near the bifurcation point, we have
developed the first differential BOT pairs, which provides an essential step

towards achieving a BOT-based null detector for metrological purposes.

6.1 Superconducting Cooper pair transistor

The experimental determination of Josephson inductance L; was realized in
this thesis work by the scheme depicted in Fig. 6.1; the experiment itself is
described elaborately in Publ. IV.

The characteristic feature of the measurement is the insertion of the Ly into
an LC circuit. By tracing the impedance of the overall circuit using microwave
reflection measurements, a change in L; can be determined because a change
in inductance modifies the reflected/transmitted signal. L,, is an on-chip
inductor which together with L; forms the effective inductance L in the LC
circuit: 1/L = 1/Ly + 1/L,,. The capacitor C. determines the coupling-
strength of the driving signal to the resonator. In the scheme of Fig. 6.1,
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Figure 6.1. Microwave reflection measurement scheme describing the sample parameters
and various setup components to determine the Josephson inductance.

Josephson inductance can be determined from the equation
-1 -1

1 1 1yt 1
Ly=— -— -7 - — 6.1
T G {(Z—Zc ZR) R} 71 (61)
where Z is the overall impedance seen by the input signal and Zc g are
the individual impedances of the circuit elements C, R, L; Zc = 1/(jwC,),
Z;, = jwL and Zg = (1/R + jwC)~!. From experiment we measure Z to

determine L.

In a regular tunnel junction, the current-phase relation is sinusoidal but, in
other systems like point contacts and diffusive SNS junctions, this relationship
does not necessarily hold. In the SCPT, we observe non-sinusoidal behavior

near the charge degeneracy point. But far from the degeneracy point, the

behavior is sinusoidal.

6.2 Bloch oscillating transistor

The existence of Bloch bands in JJ system lays the foundation for the real-
ization of the Bloch oscillating transistor (BOT). This device which should
not be confused with a Bloch transistor, is based on three mechanisms: Bloch

oscillations, Zener tunneling and downward transition initiated by external
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Figure 6.2. (a) L; variation at different bias conditions (ng, ¢). (b) Non-sinusoidal behav-
ior of current-phase relationship seen near ny/e = 1 which tends to sinusoidal
when moving towards ng = 0. (see Publ. IV)

means, i.e., quasiparticle injection. The device can be viewed as a charge
converter of single electrons, induced from the base electrode, into a sequence
of N sequential Cooper pair tunneling events, i.e., Bloch oscillations on the
emitter terminal with a Josephson junction. The current gain is ideally given
by B = 2N + 1. The number of Bloch oscillations is limited by interband
transitions caused by Landau-Zener (LZ) tunneling which depends exponen-
tially on the band gap between the ground state and excited states of the .J.J.
This simple picture has been found to correspond quite well to the measured
current gain. However, incoherent tunneling of Cooper pairs and electrons,
complicates the basic BOT operation. The interaction of tunneling electrons
or Cooper pairs with the electromagnetic environment has been demonstrated
to be strong in small tunnel junctions, both in the normal and superconducting
states.

Bias-induced inelastic tunneling rates can strongly modify the internal dy-
namics and characteristics of the BOT, e.g., leading to bifurcation in the BOT
operation. A detailed introduction describing the motivation behind the study

of bifurcation of BOT is given in Publ. III.

6.2.1 Experimental aspects

The key measurement to demonstrate current gain in a BOT is to measure
the emitter current under voltage-biased condition across collector - emitter
and to inject quasiparticles through the NIS junction. A typical Ip — Vg
characteristic of a BOT is shown in Fig. 6.4a. Using an external magnetic
field, the E; of the SQUID loop can be changed.

At zero base current, Iy — Vi shows a Coulomb blockade which is destroyed
by quasiparticle injection. We find that the blockade tends to vanish with an
increase in F;. With injection of quasiparticles, the P(FE) peak of Ir — V¢

curve becomes sharper and, eventually with large Ip, we see a sudden jump
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Figure 6.3. Base, emitter and collector of a BOT structure are marked by B, E and C,
respectively. Positive directions for the currents are indicated by the arrows.
The sample parameters are given in Table 6.1. Q;(¢) is the island charge. The
SQUID configuration allows tuning of the Josephson coupling energy E; in the
device.

I, (nA)

-0.6 -0.4 -02 0 0.2 0.4 0.6 808 —0.4 02 0 0.2 0.4 0.6

Ve (mV) Vg (mV)

Figure 6.4. Ip — Vo of BOT sample #1 at different values of E; (see Publ. III for sample
details). The right figure shows the base-collector I — V' characteristics of the
corresponding sample.

in Ip — Ve characteristics; a signature of bifurcation.

L (@)

/ N
‘inverted

normal

0 02 04 0.6 )
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Figure 6.5. (a) Middle traces: magenta and black IV curves are measured without base
current at E£; = 6.5 and 5.8 ueV, respectively. Red curves, corresponding to
Ej; = 6.5 eV, are measured at Ig = +0.3, +0.34, and +0.38 nA (traces from
right to left). Blue curves have the same bias conditions as the red curves but
were measured at £y = 5.8ueV. The red curves are offset by (+0.22 mV,+0.42
nA) for clarity, like the blue curves by (40.22mV,-0.42nA).

For a fixed base current I x Vg — Vs, Vg and Vj; can each dynamically
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acquire two different values, while the difference can remain same. This is the

reason for the bifurcation which shows up as hysteresis in the I — Vi traces.

6.2.2 Comparison with old BOT experiments

The first report [63] on BOT presented its potential applicability as a low
noise current amplifier for high source impedance systems especially when
compared with solutions based on large cryogenic current comparators [64]. It
was already realized that the onset of hysteresis could be utilized for improving
the amplifier characteristics, but the physics behind the bifurcation were not
explored. We have studied BOT dynamics in detail in the limit of F;/FEc < 1
where the perturbation theory works well for the calculation of the Cooper
pair tunneling rates. Especially, the main regime of interest was near the
bifurcation. In our work we have modeled the bifurcation behavior of the
BOT in current gain () mode with a phenomenological model and find good

agreement between the model and the experimental results.

6.2.3 Fabrication and sample parameters

The basic fabrication procedure for the BOT has been already been mentioned
in Ch. IIT and as well as explained in appendix. BOTs are fragile devices so
extreme care was taken to handle these devices. The NIS junction is the most
fragile part. In previous experiments, Cr was used as an intermediate layer in
the NIS junction but in our current work we have not added Cr in order to
avoid reduction of A in the superconducting island.

Table 6.1. BOT parameters for the measured samples in Publ. III. Ry and R;; are the

normal state resistances of the NIS and JJ tunnel junctions in the SQUID-loop
geometry, respectively. Resistances are given in units of k{2 and energies in peV.

| BOT # | Ry | Rys | Re | B/ | B | B0 | A |

‘1 ‘53‘27 ‘550‘17‘2.7 ‘40‘150‘
‘2 ‘75‘21 ‘305‘25‘3.3 ‘60‘165‘

6.2.4 Current gain

Injection of Ip through the base terminal changes the I — Vo characteristics
in the way shown in Fig. 6.6. Above the bifurcation point Ip — Vi displays
hysteretic behavior (see Fig. 6.6a). But the exact base current, Ip for this

point is difficult to determine. Consequently, we plotted S~! vs. Ip and
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Figure 6.6. The normal operation region of the BOT at E; = 7.1ueV with increasing

Ip. Negative slope, the Landau-Zener tunneling regime, increases with Ip
and eventually the slope diverges: Ip = +0.06, 0.065, 0.07, 0.075, 0.08, 0.085,
0.095, and 0.105 nA (from right to left). Filled (open) circle traces are for
Ir when Ve is swept from left (right) to right (left). (b) Measurement of the
current gain by tracing Ir vs. Ip at E; = 7.1ueV. The steepest slope yields the
operating point with the largest current gain g at the corresponding collector
voltage Vo. Vo = - 0.443, - 0.429, - 0.419, -0.410, and -0.401 mV (traces from
right to left). Different signs of Iz and Ip correspond to the regime of normal
operation. Red (purple) traces are for growing (decreasing) sweep of Ip.

fitted the theoretical function (Eq. 6.2) to determine the current required for

bifurcation (Ip_pg) for different E;:

1 Rom+
e Ry SR S| (6.2)

Ve 7

A few traces of ,6’]51 as a function of I are shown in Fig. 6.7.
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Figure 6.7. (a) Gain g = TI;P; plotted against bias current Ip. (b) Inverse gain 35 as a

function of bias current Ig. Each data point was obtained from an Ig vs. Ip
sweep illustrated in Fig. 6.6b. The solid curves were obtained using Eq. 6.2
fitted to the highest Ip quartile fraction of the data sets (from the first to the
eighth lowest 3" value)

6.2.5 Phase diagram for bifurcation

For two different samples (see Table 6.1), where the collector resistance Rc¢

differed considerably, the Ip_p vs. Ej variation showed similar behavior. The

details of the derivation of the theoretical fit are given in the appendix of Publ.
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Figure 6.8. Bifurcation threshold on the E; vs. Ip plane. Red (filled) and blue (open)
circles denote the Ip_p values for the two BOT samples, respectively. Solid
curves display the theoretical dependence from Eq. 6.3.

III. Here I write down only the final result for the phase boundary:
Ton o erse’r + exp(fﬁEg) .
\V1+T%/ES

In the operating regime near the bifurcation point, the base current consists

(6.3)

of two parts; one which does not induce inter-band transitions and a smaller
part which leads to transitions. The ratio of these two parts is N.. In our

model, the current gain is simply related to N, and upward tunneling rate I';.

6.2.6 Computational modeling of BOT

The simulation model of BOT is based on the Ref. [65]. It is assumed that
the current flowing in the different branches can be treated separately and
dynamics of island charge Q)5 is simulated and averaged over a large number
of steps. The tunneling rates in the J.J and NIS are calculated using P(E)
theory at the instantaneous charge and voltage values in the system. The
tunneling at each point in time in simulation is determined by comparing
a random number and the tunneling probability of the different junctions,
which depends on the voltage across them. Another assumption F; < E¢
enables the energy bands to be approximated as parabolas. In this case the
quasicharge is equal to the island charge which is also the charge over the J.J.

Hence, Q; = V;C;y, where V7 is the island potential. The simulated island
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charge can be determined by integrating over time from the equation

dT? - ‘/CT;V} B (dT%)QPl - <%)QP2 ; (dT?)CP . (64)

Thus, the island charge is governed by three extra factors in addition to the
collector-island voltage; quasiparticle current through the base, quasiparticle
current through the JJ, and Cooper pair tunneling through the J.J. This
modified version of the P(FE) theory can be called “time dependent P(FE)
theory”. In the simulation, the P(E) is calculated considering only the real
part of the impedance. The simulation run time was chosen to be longer than
the time constant due to the base resistance and the capacitance from base to
ground so that a steady state was reached properly. Moreover, we monitored
the tunneling events on and off the island with time which revealed the ground
state and the transitions to higher states. We counted all the events and the
number of inter-band tunneling events to higher states in order to determine

(Ne)-

6.3 Common mode rejection with matched BOT pair

Common mode rejection ratio or CMRR is a measure for the capability of
canceling common mode signals. A typical differential amplifier consists of
two identical amplifiers with inverted gain. The work, which will be described
in the following will use of two nearly identical BOTs to form a differential
amplifier. Each BOT was characterized first by measuring separately Ip — Vo
with different I as described in the previous section. In Fig. 6.9 we describe
the underlying idea of applying BOTs for differential amplification. For two
ideal BOTs, the basic characteristics are exactly the same. The two BOTs are
biased in the opposite configurations at —Ig,, =V, +1p and +1g,, +Ve, —Ip,
respectively. Thus, summing of the two output currents will yield Ig, — Ig, .
If a base current Alp is injected to the common port connected to both base
electrodes then Ig — Vi (Fig. 6.9b) will show upward shift as shown by the
arrow. Similarly, other BOTs Ip — V¢ will shift downwards. Thus, summing
the I'gs in two opposite directions results in net output current I, +3(Alg)—
Ip, — B(AIp) = I, — Ig,. Thus, it rejects any common mode signal. Above
principle works for ‘normal’” as well as for ‘inverted’ operation points of the

BOT. The measurement schematic is shown in Fig. 6.11.
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Figure 6.9. The principle for common mode rejection using a BOT pair. The right data
is original data from the measurement. The data are mirrored on the left to
demonstrate the capability to use a BOT pair for common mode rejection.

6.3.1 Samples

The sample fabrication is described in details in Ch. ITI. We followed this pro-
cedure and made samples in batches of hundreds. Even though the nominal
process parameters in the fabrication steps were the same, the individual sam-
ple parameters still differed substantially as can be seen in Tab. 6.2 describing
the parameters of the measured differential pair BOT. The underlying reason
was attributed to nonuniform bending of the Ge mask (see Fig. 8.1) during the
etching process that was employed to create the large undercut. Due to this
reason, angle evaporation of different metals did not produce exactly identical
sample structures among all the samples on one chip. This incapability of
fabricating identical structures is the main reason that we could not achieve a
fully matched differential amplifier pair for totally eliminating fully common

mode current signals.
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Table 6.2. Parameters for the measured differential BOT pair. Ry and R ;s are the normal
state resistances of the NIS and JJ tunnel junctions (SQUID), respectively. BOT
#1 is the same as BOT #1 in the Table 6.1. E; denotes the Josephson energy of
the SQUID and E¢ is the charging energy associated with the total capacitance
(C) of the system.

BOT # Ry(k2) Rys(kQ) Ro(kQ) Ej(ueV) Ec(ueV)

1 53 27 550 17 40
2 123 19 660 18 45

6.3.2 Measurement

We focused our studies on the effect of output current when the base is fed with
voltage. The underlying idea is similar to the idea of common mode current
rejection as described in Fig. 6.9. In our experiment, we have measured Ig;
and Ipo against the common mode voltage Vips. Within the dashed rectangle
we present the technique to be followed in real application where two currents

I and Ipy could be subtracted using a comparator.

o~ :“N
2 )
~ Z
-0.50 -045 -0.40 035 035 0.40 0.45 0.50
V. (mV) V. (mV)

[T T T T = = = = = = = — =
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| polarity change of IEZO |
- transconductance g * |

| m

- _ _ o o _ _ _ o

_} Difference _E -

Figure 6.10. The idea which drove us to measure the common mode rejection in transcon-
ductance mode. The transconductance is of same sign for both of the BOTs.
In a real experiment the polarity of one emitter current can be converted
by means of a SQUID. In our experiment we are not implementing the part
which is in the dashed-rectangle.

In our experiment, when the common mode (CM) port was grounded via a
voltage source, most of the bias current at base passes through resistor R in

Fig. 6.11 thus one needs large Vg to bias the BOTs at the operating point.
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Figure 6.11. The scheme followed to determine the common mode rejection ratio of a
differential BOT pair in transconductance mode.

The grounding also makes the I — V' characteristics smoother, which suggests
the use of the ‘inverting’ operating point for these experiments as the response
is sharper there as seen in Fig. 6.12. The slope is about 8 times larger for
example at (-3V/5 GQ) of the green trace in Fig. 6.12 at inverting operating

point (shaded area) than the corresponding normal operating point.
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Figure 6.12. I —V of the two BOTs in the common mode experiment. The shaded regions
+Igi(red trace) and —Ips (green trace) are the working areas. Green traces
are at Vpa =-3,-3.5,-4,-4.5V (right to left) with Ry = Ry = 5 GQ. Similarly,
for red traces Vp1 = +5,45.5,46,4+6.5V. Ve = 0 in the above case. We
can independently tune the Vps to optimize the operating points.

In this configuration (R; > R), the base is effectively voltage biased and,
instead of current gain, transconductance is employed to explain our device
properties. Transconductance (gy,) is defined as f%. A typical g, variation
as we approach the operating point is shown in Fig. 6.13. We performed

similar measurements for both of the BOTs to find the working point. We
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can independently tune the g,,s of the two BOTs with (Vg, Vo) combination.

Moreover, in a separate measurement we measured the current through R,

and calculated input impedance the Z;, = 2—‘1/5.

g, (uS)

Figure 6.13. Transconductance (g, ) vs Ve traces at different Vps are plotted. The working
point is selected in Vg — Vo plane where ¢, is maximum.

6.3.3 Common mode rejection ratio

For a differential BOT, we define the signal as the difference in emitter cur-
rents of the two BOTs. In a real application one can amplify the signal,
e.g., by transforming the currents to magnetic fluxes with opposite polari-
ties in a SQUID amplifier. The common mode rejection ratio is defined as
—20log (2%) when the magnitude of the Vg is the same. Due to the
opposite bias in the non-hysteretic regime, we can have both transconduc-
tances nearly equal. If g1 = gme, the emitter current difference I'py — Igs
would be fully independent of the common mode signal and CMRR is co. Fig.
6.14 shows the effect of Vips on the difference current Igqy — Igs. The two

BOTs were biased where they have almost equal transconductance g,,1 = 1.9

1S and g = 2.1 pS. We find a value of CMRR = 20 dB.

6.3.4 Noise measurement

We measured the low frequency noise spectrum of the differential BOT pair
with spectrum analyzer as illustrated in Fig. 6.15. The measurement was
done at ‘normal’ operating point. As (g increases, the noise power increases

but input referred noise decreases as seen from the following equation:

. 12¢ Ryjy,_; 1
in R —— x —. 6.5
VRcC Re & BE (6.5)

12

From the output noise spectra we can determine the input referred noise 7,,.

Fig. 6.16a shows the input noise i,, at S = 35 in current gain mode. The high
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Figure 6.14. (a) Transconductance g, of the BOTs vs. collector bias V. At the operating

point g, is at maximum. (b) Difference of absolute output currents of the
BOTs, A(|{g1| — |Ig2|) plotted versus voltage applied to the CM port. The
straight line yields a CMRR of 20 dB.
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Figure 6.15. The scheme for BOT noise measurements. The dashed connection is used to
measure noise in transconductance mode. The components within the dashed
rectangle are located at 90 mK. DMM stands for digital multimeter.

input impedance of the device on the order of M2 sets the low bandwidth of

the device in current gain mode.

Comparison of noise in current gain mode and transconductance mode:

In the transconductance mode noise was measured at ‘inverted’ operating
point because the performance on the normal side was poor. Noise measure-
ment in current gain mode and transconductance mode could also be employed
to determine the bandwidth of the device. We see in current gain mode that

the bandwidth is reduced to 20 Hz which is consistent with the RC' input
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Figure 6.16. (a) Input referred current noise (i,) in the current gain mode: red trace
displays i, with g = 1 i.e., far from the active operating regime. The blue
curve depicts in measured at fg = 35. (b) Input referred voltage noise (ey)
in the transconductance mode: the blue curve is obtained at g, = 10 nS
while the red trace was measured at g,, = 10 uS. Note the different frequency
spans of the frames (a) and (b).

time constant of input impedance Z;, ~ 10 Mf). We determined the input
impedance Z;, = 6 M2 which is close to the optimum impedance Z,,; = %:

In the transconductance mode the output current noise is gpe, ~ 100
fA/ VHz which sets the criteria for the post-amplification. This transcon-
ductance amplifier works for the source resistance range 1 M < R, < Zyp ~

5 —10 MQ.
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7. Summary and outlook

This thesis covers a wide range of work done on Josephson junction based de-
vices along with a comprehensive study of current-current correlations in dif-
fusive multi-terminal conductors. The work related with Josephson junctions
can be summed up in three main paths: 1) measurements of the Josephson in-
ductance in a superconducting Cooper pair transistor in order to determine the
field- and flux-dependent current-phase relationship in such a device; 2) spec-
troscopic microwave measurements on an artificial molecule where vibronic
transitions in a JJ based qubit coupled to a LC oscillator were demonstrated
for the first time and found to follow the Franck-Condon principle; 3) the
dynamics of Bloch oscillating transistor was investigated near its bifurcation
point, and its noise and gain characteristics were analyzed in single-ended and
differential configurations.

The second theme of this thesis deals with shot noise and current-current
cross correlation measurements in the frequency range of 600-900 MHz. Shot
noise experiments were employed for sample characterization and for in-situ
temperature determination, while current-current cross correlations were em-
ployed to look for interference phenomena in a multiterminal diffusive system.
In these experiments, many of the theoretical predictions made about 15 years
ago on Hanbury-Brown and Twiss type of interference effects in diffusive met-
als could be verified. These experiments form the first set of measurements
on interference effects using "real" electrons, in contrast to the edge channel
electrons propagating in 2-dim GaAs systems at high fields.

Both research themes posed various challenges on the sample fabrication
in this thesis work. Various designs using 2-4 angle evaporation with ex-
tensive resist undercuts and large inclination angles were developed. The de-
signs allowed, among other things, to fabricate devices where effective thermal
reservoirs are right next to the mesoscopic sample, which is important when

controlling hot-electron issues in current-current correlation experiments.
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Summary and outlook

Our work on the Bloch Oscillating transistor demonstrated its capacity to
work as a current amplifier suitable for cryogenic applications. Furthermore,
by matching the transconductance values of two BOTs, differential pairs can
be constructed that will perform well in applications where common mode
issues pose problems. Altogether, I believe that differential BOT pairs form
excellent null indicators for high impedence technological applications, like the
closing of the metrological triangle, where current noise of 1 fA/v/Hz around
1 Hz frequency is the requirement for successful operation. The closing of the
quantum triangle will be an important step towards the redefinition of the
current standard in the SI system.

The cross-correlation work has also paved the way to experiments on mul-
titerminal graphene systems which are underway presently at LTL. In future,
I believe similar measurements will be performed even on surface states in

topological insulators.
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8. Appendix

8.1 Details of Bloch oscillating transistor fabrication

In the fabrication of the Bloch Oscillating Transistor, the silicon substrate is
coated twice with LOR 3B resist: each spinning at 4000 rpm for 60 sec gave
400 nm of thickness. Before and after the end resist spinning the substrate was
baked at 170°C for 15 min. Next, a 30-nm Ge layer was evaporated at 0.2 A/s
rate. 3% PMMA 950K in anisole was spun on top of the Ge layer. Though
normally PMMA baking is done at 180°C for 30 min, we found that the Ge-
layer tended to crack at this step. Consequently, PMMA baking was done for
5 min at 150°C. The rate of evaporation of Ge was also found to be crucial to
prevent cracking of the germanium layer. A low deposition rate of 0.2 A /s was
found to be optimal in our case. After the e-beam exposure, the chips were
developed for 10sec in MIBK:IPA (1:3) which opens up a window for the Ge
etching. Ge was etched in CHF4 plasma in an RIE etcher. In the process, the
PMMA was also etched away which eventually led to a bilayer resist structure
with the etched Ge as the top layer and the LOR as the bottom layer. Next
these chips were subjected to Oy plasma in a temperature controlled ICP-RIE.
In this etching process, temperature is a crucial parameter. In order to control
the etching rate of the LOR, the sample was kept at 21°C.

In a process involving Ge as the top layer, one cannot use optical microscope
to determine the amount of undercut. An SEM micrograph of a typical Ge
mask for BOT samples is shown in Fig. 8.1. We noticed that there is a
high chance of bending of the mask in the etching process. Thus, one has
to be careful in choosing the time and temperature for the etching process.
This uncontrolled bending is the main problem in achieving identical BOT
samples even with batch processing. As seen in Ch. 6 (Tabl. 6.2) the sample

parameters are typically not the same though the devices were processed in
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the same batch.

Figure 8.1. SEM micrograph of a Ge mask featuring the structure of BOT design after the
final etching.

8.2 Calibration of the shot noise set-up

The noise measurements in this thesis work were performed at microwave
frequencies. This gives the benefit of avoiding 1/f noise in the measure-
ment. In addition to this, large bandwidth compensates for long integra-
tion times as noise-sensitivity goes inversely proportional to VBW4t. Thermal
noise measurements on a resistor will result in white noise with spectral den-
sity St = 4kgT/RAf, which depends only on resistance R and temperature
T of the resistor. The linearity of noise power with temperature has been em-
ployed in our experiments for the calibration of the noise setup. In principle,
any resistor would work for this purpose but we have chosen a high quality
50 Q resistor to match the 50 €2 impedence of the coaxial line. The resistor
was pre-checked at low temperature and was found to be accurately 50 €2 over
the temperature range used in our measurements. For thermal noise measure-
ment, there was no need to bias the 50 €2 terminator as would be the case for
a tunnel junction calibration.

As there was no vacuum chamber in the employed dipstick cryostat, it was
cumbersome to measure noise at different temperatures. Lifting the cryostat
at different heights to change the temperature would lead to another problem
in this case, as the LNA and circulator would experience different temperature
than the sample temperature. That would lead to uncertainty in determina-
tion of noise temperature (T) and bandwidth of the amplifiers and circula-
tors. Therefore, we chose to locally heat the resistor. The schematic and along
with the realization are shown in Fig. 8.2. We used a cylindrical copper block
and wound a heater wire around it uniformly with GE-varnish to ensure good

thermal conduction. On one side of the copper block we mounted the 502
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Appendix

resistor. The diode and the resistor were almost equally far from the center
of the copper block so that the diode would determine the same temperature

as would be at the resistor location. The benefit of the local heater is that it

Figure 8.2. Schematic and actual set up for the thermal calibration with 50€2. The scheme
as shown in the right most figure was used to measure the sample at different
temperatures using local heater.

only heats up the sample while the rest of the setup will remain at 4.2 K.
Thermal measurement on a 50 € resistor was performed to calibrate the shot
noise setup. Sy — T data can be used to obtain the Fano factor from the shot

noise data S; — I in the following way.

(37)
Al')pyr

AS 1
2eZy (E) 70 Thp

Fpyr =

This relation works for the impedences ~ 50€2.

Similar measurement was done with a tunnel junction too. A bias-tee was
inserted to simultaneously DC bias the sample and to measure the shot noise
from the RF-port of the bias-tee. Most of the samples studied in our case are
of low impedances, so calibration with high impedance tunnel junction needs
a correction factor, called coupling factor correction, before the actual noise
power could be calculated. A good quality tunnel junction is essential in this
process of calibration as pinholes can reduce the measured shot noise power.
In this regard, Johnson noise calibration is a more reliable way to calibrate a

shot noise set up.
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