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Chapter 1

Introduction

In the last two decades there has been tremendous progress made in the
development of technologies for reaching the physical limits of miniatur-
isation, in order to satisfy increasing industrial demands. Requirements
for lower power consumption and faster processing speeds of electronic
devices has imposed the necessity for smaller dimensions and has led to
a rapid development of manufacturing technologies. Today, the critical
dimension of 100 - 130 nm is reached in commercial microprocessors fab-
rication using optical lithographic techniques. This limit can be reduced
to a few tens of nanometres by use of electron-beam lithography (EBL),
electrochemical methods, etching techniques, etc. Another approach is
promising for overcoming the technical limitations of the above men-
tioned methods for reducing the size of electronic circuits. Namely, under
certain conditions natural microscopic components can be manipulated
to bind themselves together, building well-defined geometrical arrange-
ments comprising fullerene balls, DNA spirals, carbon nanotubes, etc.
This self-assembly approach [1] for making useful electronic devices is a
challenging task for scientists and engineers and will require extensive
interdisciplinary work involving physics, chemistry and biology on the
fundamental side, and micro-engineering disciplines on the application
side.

The above mentioned technologies and techniques have opened an-
other field of solid state science, namely the one of mesoscopic physics,
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where the typical size of the objects of interest is large enough for using
statistical methods but too small for neglecting quantum effects due to
the wave nature of electrons. Most activities in mesoscopic physics are
still performed at low temperatures, where scientifically interesting phe-
nomena manifest themselves fully. In particular, non-classical aspects of
electrical conductance have to be taken into account when, for example,
the electron wavefunction is confined into two dimensions (2DEG semi-
conducting heterostructures), one dimension (carbon nanotubes), zero
dimension (quantum dots), when the number of electrons is strongly
reduced (single-electron transistors), or when the phase of the electron
wavefunction is memorised over the full device length resulting in inter-
ference phenomena, like Aharonov-Bohm (AB) effect [2, 3].

The AB interference effect, central to this thesis, is observable at low
temperatures in mesoscopic rings [4, 5, 6, 7] or in carbon nanotubes [8]
because the quantum phase memory of the electron is not randomised
during a travel around the whole circumference. A quantum wave associ-
ated to such an electron separates into two partial waves at the entrance
into the ring and recombines at the exit, leading to a superposed wave.
The superposition results in an interference similar to that of optical
waves and can be destructive or constructive, depending on the phase
difference. Optical waves acquire different phases because of the path-
length difference, whereas electron waves moving along fixed paths ac-
quire a phase difference because of a monotically changing magnetic field.
The AB effect gives its signature to the magnetoconductance of a meso-
scopic ring as periodic oscillations proportional to cos(2w¢/¢g), where ¢
is the magnetic flux through the ring and ¢g = h/e = 4.14-107° Tm?
(h is the Planck’s constant and e the electron charge). The same type of
electron behaviour is leading to other quantum conductance corrections,
i.e. to weak localisation (WL) [9] and to universal conductance fluctua-
tions (UCF) [10]. The former is due to the interference of electron paths
with their time-reversed counterparts, and the latter is a consequence of
the interference of possible electron paths among themselves. The three
above mentioned phenomena have a common origin in the sense that
the electron paths are defined by elastic scattering processes. Moreover,
UCF and WL can be observed in various mesoscopic geometries, as they



do not depend on a geometry imposed on the electron’s paths. WL can
easily be detected in macroscopic samples as well.

In this thesis the AB effect in mesoscopic gold rings as well as the
UCF in mesoscopic wires are studied. Emphasis is put on the non-
equilibrium situation [11], where an interesting enhancement of the co-
herence phenomena is observed for a large superimposed DC bias voltage
(eVpe > kpT). As the voltage further increases, the amplitude of the
coherence phenomena decreases due to inelastic processes. The voltage
dependence of both UCF and AB coherence effects are expected to ex-
hibit a similar behaviour since they both rely on the same principles.
However, the constraints imposed by the different geometries affect the
decoherence procedures, which is observable in the decay of the phe-
nomenon amplitude for the different UCF and AB effects.

These results show the possibility to study decoherence as a func-
tion of the voltage instead of the temperature and are presented in this
thesis as the central part of Chapter 5. An outline of the models for
describing mesoscopic metallic conductors (Chapter 2) and an overview
of the sample-fabrication method (Chapter 3) will precede a description
of the measurement setup in Chapter 4. In addition to these chapters,
an interesting production method of some other type of mesoscopic sam-
ples will be presented in Appendix A. It reports on a very challenging
technological work, which was carried out prior to these experiments
about coherence effects. Two complementary techniques (EBL and elec-
trochemistry) were combined together to enable electrical studies on spe-
cial materials, which would otherwise remain unavailable to mesoscopic
physicists.
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Chapter 2

Electrical transport in
metallic mesoscopic
conductors

2.1 Classical conductivity

In the presence of an electric field the movement of an electron in a
conductor is classically described by

(2.1)

_|dp
dt B

dt } field .

The rate at which electrons receive momentum from the external field
is exactly equal to the rate at which they lose momentum due to scat-
tering forces. By a simple calculation one obtains the classical Drude
conductivity

:| scattering

ner,

o= , (2.2)

m

where 7, is the momentum-relaxation time, n the electron density and
m the effective mass. Direct comparison of 7, and the average time
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7 during which an electron travels freely before experiencing an elastic
collision is not possible. At low temperatures electrons are scattered less
effectively and need more time to fully relax their momenta, which leads
to Ty > 7 (see Section 2.4.1). However, for simplicity we can use 7 & 7,
and the corresponding mean free path | = vp7, where vg is the Fermi
velocity.

Another way to calculate the conductivity is to consider the cur-
rent as a diffusion of electrons. Due to the concentration gradient, the
conductivity is then given by the Finstein relation

o =¢e’NpD, (2.3)

where N is the density of states at the Fermi level and D the diffusion
constant.

2.2 Quantum conductance

In mesoscopic conductors the classical conductivity gives no adequate
description of the electron transport, highly influenced by the quantum
nature of electrons. Therefore, at this point it is appropriate to define a
quantity which describes the magnitude of various mesoscopic transport
phenomena. One might consider a conductor with dimensions smaller
than [ between two large contact pads. Such conductors, where electrons
undergo only collisions with the boundaries, are called ballistic conduc-
tors. One might also assume that no other event! disturbs the electrons
on their way through the conductor. In such a case the conductance
should be infinite. However, it is found experimentally (see for exam-
ple [12]) that the conductance of a ballistic conductor reaches a limit.
This is a consequence of the interface between the conductor and the
pads. Redistribution of the current among the different current-carrying
modes, few in the conductor and many in the pads, leads to the resis-
tance. The mismatch in the number of modes arises from the difference
in the energy-subband formation, determined by the width in a standard

1One of these would be, for example, a quantum interference of electrons.



2.3. Quantum coherence of electrons 7

approach of quantum confinement. The upper limit of the conductance
is given by

2 2
G. = %M, (2.4)

where M is the number of modes at the Fermi energy. The conduc-
tance of one perfect mode without spin degeneracy equals G = e2/h =
(25.8 k)71, a quantity called quantum conductance.

2.3 Quantum coherence of electrons

In this section some important transport phenomena are described of
which the origin is quantum coherence of electrons. Details of the condi-
tions which have to be fulfilled for the appearance of quantum coherence
are given in Section 2.4.2. If not specified differently, the discussion be-
low refers to diffusive motion of electrons.

In the Drude model no attention is given to the wave nature of
the electrons. Propagation of an electron from a point X to a point
Y (Fig. 2.1) includes all possible paths (for simplicity, only two paths
are taken into account here) between the scatterers. The transmission
probability depends on the phase difference Ap = po — 1 acquired by
an electron during its travel along the paths 1 and 2:

Px_y = |A1 + As|? = |A1)? + |A]? + 2|A1|| Az cos(Ag) ,  (2.5)

where A; = |A;]e’?i are complex amplitudes describing the electron mo-
tion. The first two terms on the right-hand side of Eq. (2.5) give the clas-
sical Drude conductivity, whereas the last term accounts for the quantum
interference.

2.3.1 Weak localisation

The most general interference phenomenon in conductors is the WL.
It can be significant even in macroscopic samples and its signature is
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Figure 2.1: Two possible paths from X to Y, with complex transmission am-
plitudes A1 and Az. Elastic scatterers are depicted by crosses.

observable as a decrease of a sample’s conductance below the classical
value. Due to this interference the correction to the classical conductance
is of the order of

e2

AG = (GQ>7GCL~73 . (2.6)
Unlike classical transport phenomena, WL is sensitive to the phase re-
laxation (characterised by a quantity [,, the phase-relaxation length)
and not just to momentum relaxation, and it can be probed experimen-
tally by its characteristic magnetoconductance. In particular, for a 1-D
sample? of a length L the conductance is lowered as

AG = (Gwi) — Gerp = 2¢% L, (2.7)
={GwrL CL= =77 .

A phase-coherent conductor can enter another regime called strong lo-
calisation (SL) if [, is of the order or greater than the localisation length
lc. = MI, a condition never fulfilled in the present work. In the SL

2Defined by both the sample width and thickness being greater than ly.
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regime a conductor does not show any ohmic behaviour with regard to
increasing sample length but an exponential scaling instead [13].

The decrease of the classical conductance is due to an enhancement
of the backscattering probability [14, 15, 16]. The probability Px_y =
|A1+As+...|? approaches a value Py .y = |A1|>+|A2|?+..., because the
various trajectories have uncorrelated phases and cancel-out in average.
On the other hand the probability Px_,x = [(A1 + Ay +...) + (Air +
Asg + ...)|]? is not influenced by this averaging because A; and their
time-reversed paths A;gr are perfectly coherent. This leads to Px_.x =
|A + Ag|? = 4]|A? = 2P° & where A = Ap in the absence of a
magnetic field and Py*° " = |A|? + |Ag|? = 2|A|%. In the presence of
a magnetic field the time-reversal invariance is destroyed and the effect
disappears.

In materials® with strong spin-orbit (SO) interaction the construc-
tive superposition of the propagation amplitude with its time-reversed
counterpart is changed in a destructive way [17], which results in an in-
creased conductance. This effect is called weak anti-localisation (WAL).
In the WL regime, the conductance as a function of the magnetic field
is thus positive whereas it is negative in the WAL regime.

2.3.2 Universal conductance fluctuations

Quantum conductance depends on the positions of the scatterers as well,
leading to fluctuations which are sample specific. Experimentally, these
fluctuations have been observed. For example, by studying the conduc-
tance of a sample as a function of a magnetic field [4, 18]. The phase
of the electron’s wavefunction is sensitive to the vector potential A,
and thus a magnetic field changes the phase relationship of the different
paths randomly. These fluctuations can also be studied as a function
of the Fermi energy [18, 19], which has an effect on the phase as well.
In statistical sense, varying the magnetic field or the Fermi energy is
equivalent to changing the configuration of the scatterers?. The mag-
nitude of these conductance fluctuations is around ~ e?/h even if the

3Those comprising heavy atoms.
4Ergodic assumption put forward by Lee and Stone [18].
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background conductance varies over several orders of magnitude. Fur-
thermore, at zero temperature the magnitude does not change regardless
of the degree of disorder (provided that the transport is diffusive L > )
and is independent on the average conductance (G). For this reason
Lee and Stone [18] used the term wniversality, and the phenomenon is
called universal conductance fluctuations today. More accurately the
UCF amplitude is described by C - f~1/2 . e?/h, where C' depends on
the dimensionality of the sample and on the spin-orbit interaction (of
order unity if L > w), and where /8 accounts for the breaking of time-
invariance symmetry at high magnetic field (8 =1 is changed in g = 2
in case of broken symmetry).

At a non-zero temperature the UCF magnitude is reduced below
0Gucr = 06’1/262/h. One reason is a finite phase coherence length [,
another is the effect of thermal averaging characterised by the thermal
length Iy = \/hD/kgT. Below is the description of the characteristic
UCF regimes in the case of 1-D conditions which are relevant for this
work.

- l, < l7 (no thermal averaging):

The dependence on the sample length (L > [,) is obtained by a
simple calculation taking into account that a sample subdivides
into L/l "resistors” in series:

Cl 62 l 3/2
0Gap. = —=— | 2 , 2.8

=7 (2) (2
where C is a constant of order unity. If the temperature is raised,

the dimension [, of a coherent unit becomes smaller, the number
of "resistors” increases and the conductance fluctuations decrease.

- l, > lp (thermal averaging):

The energy interval kT around the Fermi level, the one available
for transport, is subdivided into N = kpT/E. uncorrelated sub-
intervals, each contributing to the phase coherence within itself.
E. is called coherence energy and is given by E. = hD/l?p (for
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more detail see Section 2.4.3). With respect to Eq. (2.8) (L > 1),
0Gp. is reduced further by a factor N-Y2 » lr/l,, which results
in

Oy 2 lrly?
6Gap. - ﬁﬁ L3/2 ) (29)
where C, is a constant of order unity. In the case L < [, no
subdivision into ”series resistors” occurs and the coherence energy
becomes E. = hD/L?. Thus, the only cause of the UCF-amplitude
reduction is thermal averaging. With N~'/2 ~ I3/ L we obtain

0Glap. ~ —— . (2.10)

2.3.3 Aharonov-Bohm effect

As described in Section 2.3.2, magnetoconductance fluctuations in a
channel geometry are aperiodic, since the interfering paths enclose a
continuous range of magnetic-flux values. In contrast, a ring encloses a
well-defined magnetic flux ¢ = BS threading the corresponding area .S,
and thus imposes a dominating periodic behaviour

G(¢) =G (¢ + /;) (2.11)

of the magnetoconductance, where 4 is an integer number and h/e the
period®. Eq. (2.11) expresses the fact that an increment of one flux
quantum ¢ = h/e through the ring changes the phase difference

Ap = %]{A Cds = 271’% (2.12)

between the trajectories by 2w. The fundamental periodicity ¢q is re-
lated to the interference of trajectories that make one half-revolution

5This equation applies to the h/e periodicity only. If other harmonics are signifi-
cant, h/e has to be divided by a corresponding integer.
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around the ring, as shown in Fig. 2.2 (a). The first lower harmonic
¢0/2 = h/2e [20] results from the interference after one full revolution
(Fig. 2.2 (b)). There is a fundamental difference between these two pe-
riodicities:

Figure 2.2: (a) h/e oscillations. The electrons encircle one half of the ring.
(b) h/2e oscillations. The AB effect occurs because of the interference of time-
reversed paths over the whole circumference of the ring.

- The h/e oscillations are dominant in single mesoscopic samples
and are sample-specific. The reason for this is that they originate
in electron paths which do not interfere with their time-reversed
counterparts. Moreover, different configurations of scatterers in
different samples influence the aperiodic part of the conductance as
well, through the phase factor ¥ in Eq. (2.13). The h/e oscillations,
having the same origin as the UCF, are suppressed in macroscopic
samples, where many uncorrelated coherent domains of dimension
l, average out.

- The h/2e oscillations contain a contribution that has a sample-
independent phase. A particular path between the scatterers does
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not play a role because the interference originates from time-reversed
trajectories. The h/2e oscillations can be thought of as a periodic
modulation of the WL effect due to coherent backscattering. This
effect does not disappear on averaging [20, 21, 22].

Consequently, in a geometry with many rings in series (or in parallel)
the h/e oscillations average out [23] whereas the h/2e oscillations remain.
However, a strong magnetic field destroys the time-reversal invariance
and suppresses the h/2e oscillations, whereas the h/e oscillations remain
intact.

In an experiment, both the periodic AB and aperiodic UCF oscilla-
tions are observed simultaneously because of the finite arm width of a
ring. The aperiodic oscillations lead to a modulation of the oscillation
amplitude and phase. Therefore in a ring geometry the magnetoconduc-
tance is given by [24]

o0
G(B) = Zrn(B,e) cos (27m£ + ’l9n(B,6)> , (2.13)
n=0 (,250

where n accounts for higher harmonics of the AB effect, rg describes
the aperiodic fluctuations and € is the energy of electrons relative to the
Fermi energy. The field dependencies of r, and ¥, are weak in a ring
with a good aspect ratio, for example when the area of the hole is consid-
erably larger than that of the annulus [24]. Namely, the variations of 7,
and ¢, with B originate from the beats caused by semiclassical trajec-
tories enclosing slightly different areas, and for a ring with the linewidth
small in comparison with the diameter they are slow with respect to
h/e. Furthermore, in a typical mesoscopic ring the circumference C, is
comparable to [, and the n = 1 term dominates, describing the simplest
possible passing of an electron through the ring without backscattering
which would give rise to the higher harmonics. This is a direct conse-
quence of the length scales involved, as the amplitude of the n-th term
in Eq. 2.13 is roughly proportional to exp(—nC,/l,), and for n > 1 we
can write r, = 7], exp(—nC,/l,) [13].

For I, ~ C,, the amplitude ry is of the order of ~ e?/h (see Sec-
tion 2.3.2) and r{ typically (0.4 - 0.8)e?/h if kgT < E. [24] (for more
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detail about E. see Section 2.4.3). In the experiments of Chapter 5
the root mean square (rms) amplitudes of the differential conductance
6GEAB and (5Gfb’/’2B will refer to the amplitudes 79/v/2 and r;/v/2, re-
spectively.

2.4 Length and energy scales

As discussed in the previous sections, coherent behaviour of electrons de-
pends on various parameters, such as characteristic lengths and energies.
For example, a conductor shows simple ohmic behaviour if its dimensions
are larger than the de Broglie wavelength A, the elastic mean free path
[ and the phase-relaxation length I,. If this is not the case, one must go
beyond a classical description.

2.4.1 Relaxation time and elastic mean free path

The dynamics of an electron moving in a crystal is well described by the
Schrodinger equation and the properties of crystal periodicity. Topolog-
ical lattice defects, impurities and lattice vibrations (phonons)introduce
a departure from perfect crystallinity, which leads to deviations from the
above ”ideal” behaviour of electrons. Surrounding electrons are a source
of scattering processes as well. The total inverse relaxation time is a
sum of inverse relaxation times of all scattering processes, as expressed
in the Matthiesen’s empirical rule.

In mesoscopic conductors at low temperatures the interesting time
scale is the elastic relaxation time. Namely, at these temperatures the
scattering processes are mainly elastic, since the energy range available
for inelastic processes is small. However, as stated in Section 2.1 the
momentum-relaxation time 7, is more appropriate for describing the
conductivity. The relationship between 7,, and 7 can be expressed as

—x an,, 2.14
Tm Ta ( )

where the factor 0 < «,,, < 1 is related to the effectiveness of an individ-
ual collision in destroying the momentum. Without a substantial loss of
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generality, at low temperatures we can use 7 and the related elastic mean
free path [ = vp7 as the appropriate parameters that enter descriptions
of electronic transport in solids.

Because the samples considered in this work are in the diffusive
regime (L > [), the quantity relevant for describing the electron mo-
tion is the diffusion constant

D= évpl , (2.15)

where d is the sample dimensionality, defined with respect to the length
1]25].

2.4.2 Coherence length

The coherence length [, mentioned previously is defined as the maximum
distance an electron can travel without losing the memory on its phase.
The phase-relaxation time 7, is related to the coherence length (or phase-
relaxation length) by

lo =+/D7y . (2.16)

Quantum corrections to the classical conductance are significant if /,
exceeds [. In this case a conductor has to be treated as a series of phase
coherent units. This condition can be fulfilled at low temperature as
far as phase-randomising processes are negligible. Phase-relaxation pro-
cesses are different from momentum-relaxation processes because the lat-
ter do not necessarily lead to randomising the phase of an electron. This
can be understood along a motivated discussion in Ref. [13] (although
it should be noted that subtle details of [, and 7, presently attract a
considerable amount of attention from scientific committee [26, 27, 28]).
Even at this more academic level, one can infer a fundamental distinc-
tion between elastic and inelastic processes. Following the Feynman’s
approach [29], any action which can give information about the path of
a quantum interacting particle destroys the interference. Inelastic pro-
cesses such as scattering on impurities can change the internal degrees
of freedom of the impurities, so that it is theoretically possible to obtain
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information on electron trajectories by considering the modification of
the impurity states. Other examples of phase-randomising sources are
collisions with dynamic scatterers (phonons, electrons), magnetic impu-
rities having internal spin states or ee-interactions. In contrast, elastic
processes are only an implicative source of information.

Even so, these ”implications” with [, taken in a way phenomenolog-
ical describe many experimental results astonishingly well, showing that
quantum phase of electrons in solids is a realistic concept and experi-
mentally observable.

2.4.3 Coherence energy

One might consider an electron confined to a box of size L. In the
diffusive regime the time needed to travel the box is given by 74 =
L?/D. From the Heisenberg’s uncertainty relation the related energy
level acquires a width

EC o Td o L2 ’
called coherence or Thouless energy. The coherence energy in metals
is larger than the single-electron energy-level spacing. Thus, a single
energy level cannot be considered as being independent, it is correlated
with the energy levels lying in the range given by F..

If the energy window AFE contributing to the interference effects® is
widened up above the value E. in an experiment, the window is subdi-
vided into AE/E. uncorrelated energy ”bands” of width E.. Incoherent
superposition of these ”"bands” leads to a weakening of the interference
amplitude [5].

Depending on the relevant characteristic lengths E. changes corre-
spondingly. For example, if the sample size L is larger than [, the
coherence energy is in a rough picture simply F. = hD/ li. However,
in the case of AB interference in a ring the situation is different. The
partial waves have to be coherent over the whole circumference in order

(2.17)

SAFE can be due to a finite temperature (AE = kpgT) or a bias voltage (AE =
eVpc)
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to show interference so that F. does not depend on [, but on C, only.

E. for a ring is given by

(2.18)
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Chapter 3

Device fabrication

3.1 Electron-beam lithography

Electron-beam lithography (EBL) is a widely used technique in the field
of mesoscopic physics. Structuring methods based on EBL enable engi-
neers to reach submicron dimensions in a very efficient way. Compared
to other methods, such as UV- or X-ray lithography, EBL offers an ap-
preciable freedom and flexibility in composing structure patterns, since
masks are not required. On the other hand, EBL is less suited for mass
production because parallel processing is difficult and the exposure time
increases with structure size. EBL is based on writing a pattern in an
organic resist layer spun onto a substrate. The resist is sensitive to elec-
trons, for example produced by a scanning electron microscope (SEM), of
which the beam deflection can be controlled by a computer and commer-
cial software. Electrons irradiating the resist modify the polymer chains
by breaking or cross-linking processes. Thus, illuminated regions can
be selectively removed by an appropriate solvent. The created structure
serves as a mask for subsequent processes.
A JEOL JSM-IC848" SEM equipped with a motorised stage, a custom-

made beam blanker, an external compensation of environmental mag-
netic fields and a software of the company Raith is used to expose

LSEM acceleration voltage of 20 kV.

19
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PMMA? or/and the more sensitive PMMA-MA? positive resists. The
resolution is determined by the spot size of the electron beam, by the
forward-scattered electrons, as well as by electrons backscattered by the
substrate. This backscattering of electrons causes a supplemental expo-
sure that plays an important role in structural elements lying close to
each other (~ 3 um), which is called the prozimity effect. Desired under-
cut in the resist profile (inverted cone, see Fig. 3.1 (b)), which prevents
evaporated material on top of the resist from being connected with the
one lying on the substrate, is a consequence of the backscattered elec-
trons as well. Small structures are usually fabricated using a positive
resist and an additive approach (shown in Fig. 3.1). This method was
used in the present work.

e-beam

TR

Resist

Material

Figure 3.1: EBL using additive pattern transfer and positive resist. (a) E-beam
exposure. (b) Development. (c) Evaporation. (d) Lift-off

A focused SEM electron beam cuts polymer chains of a positive re-
sist into small pieces, and cross-links them in a negative one. So, the

2PolyMethyl MethAcrylate, AR-P 671.09 (950 K), Allresist.
3PolyMethyl MethAcrylate co-Methacrylic Acid, AR-P 610.08, Allresist.
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molecular weight is locally modified by the beam. Low-molecular-weight
parts can be easily removed by a chemical developer. After the develop-
ment of a positive resist, the non-exposed regions create the mask. For a
negative resist, the mask is composed by the exposed regions. The cut-
ting or cross-linking processes are characterised by the clearance dose,
given in charge per unit area, which describes the dose required to fully
remove the exposed resists in the development process. In the additive
approach the mask is used to transfer a pattern by material evaporation,
whereas in the subtractive approach the mask protects the material and
the pattern transfer occurs by etching processes. The remaining mask is
lifted-off by chemical or physical methods.

3.2 Evaporation of a metal

E-beam evaporation is one of the several methods for depositing a thin
layer of a material onto a surface. In particular, it is suitable for deposit-
ing metals like Au, Ag, Cu, Ti or Ni, which are relevant for this work.
This step, subsequent to EBL in the case of the additive approach, is
carried out using a Balzers PLS 500 evaporation system equipped with
an electron gun and its controller (Telemark company). The metal to
be evaporated is located in a water-cooled copper pocket. If necessary,
a graphite liner can be used in order to avoid alloying of the copper part
and the metal. Liquefaction of the pocket content is obtained by irra-
diation using focused® energetic electrons produced by an electron gun.
The thickness of the evaporated material is measured continuously by a
quartz resonator and the evaporation rate is adjusted by the controller.
During the evaporation the chamber is cooled by a continuous flow of
water. Vacuum in the chamber can be significantly improved by conden-
sating the residual gases by a liquid-nitrogen cooled absorber within the
chamber. The best vacuum that can be obtained is of the order of 10~°
mbar. Liquid nitrogen is also standardly used for cooling the sample
holder down. This prevents excessive heating of the resist by hot metal
atoms and thermal radiation of the pocket, which otherwise may result

4The focusing is realised using a magnet located nearby.
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in unwanted and uncontrolled organic outgassing [30] (such as PMMA
sublimation). In addition, the sample holder can be rotated and tilted

within a considerable angular range (360° for the rotation and 440-50°
for the tilt).

3.3 Ar sputtering
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Figure 3.2: Schematics of an Ar sputtering gun.

If required, samples mounted onto the holder of the evaporation sys-
tem can be sputtered by an in-situ-produced Ar beam. A constant flow
of Ar gas is established in the vacuum chamber up to a certain pressure
value (typically 10~* mbar). A gas discharge between an anode and a
heated cathode locally ionises the Ar atoms. These ions are biased to
some energy and directed toward the sample holder. The produced Art
ions are neutralised on their way by an electron spray (thermally emitted
electrons). The neutralisation prevents destructive arc discharges gener-
ated in the evaporation machine by beams of charged particles. Thus, a
neutral and inert flow of Ar atoms etches any material in a pure mechan-
ical way. This method of sample sputtering is very efficient for cleaning
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a surface prior to metal evaporation, which is in many cases crucial for
obtaining high-quality, stable polycrystalline metallic films.

3.4 Fabrication of gold nanostructures

The substrate used in this work is monocrystalline silicon covered by a
thermally grown, 400 nm thick SiOy (insulating) layer. Organic parti-
cles, often contaminating the substrate surface, must be removed be-
fore any subsequent step. Several techniques are used with similar
efficiency, such as cleaning processes using mixtures containing acids
(H2S04:H302=3:1) or organic solvents. The cleaning method chosen
here consists of cleaning the substrate for several minutes in an ozone
oven, followed by sonication in IPA® and in ethanol. Once the substrate
is clean, a double-layer resist is spun and baked. The bottom layer
is 450 nm thick PMMA-MA, and the top one 270 nm thick PMMA.
The double-layer technique is often advantageous in the fabrication of
a desired structure. It offers a significant tolerance in creating a pro-
nounced undercut profile [31] for our 2 mm large samples (see Figs. 3.6
and 3.8), the EBL exposure of which generally remains unaffected by a
badly focussed electron beam due to changes of the writing-field (WF)
size and/or a slightly tilted sample. These problems were frequent when
a single PMMA layer was used.

Fig. 3.6 and Fig. 3.8 (Section 3.5) show the EBL structure patterns
used for the fabrication of the AB and the UCF samples (shown in
Figs. 3.3 and 3.4, respectively). The smallest WF (50 x 50 pm?) of
the EBL step is the most important one because it is used to structure
the smallest features of the design. For the AB sample three different
exposure steps are performed (Table 3.1), whereas two steps are used for
the UCF sample fabrication (Table 3.2). Changing the size of the WF is
accompanied by changes of the exposure parameters (beam shift, beam
tilt and zoom) which have to be determined by a precise calibration us-
ing a special commercially available sample of known dimensions®. This

59-isopropanol.
6 A fractal-like ”chess-field”.
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500nm
Figure 3.3: AB gold ring (diame- Figure 8.4: UCF gold wire (length
ter 1 um, thickness 18 nm, width 1.5 um, width 130 nm, thickness
90 nm). 20 nm,).

calibration prevents misalignments between different WFs. Corrections
of the exposure dose due to the proximity effect are determined empir-
ically. Note that a slightly overexposed dose was deliberately chosen to
perform EBL.

Before mounting a sample into the evaporation system, a develop-
ment is made using a 1:3 mixture of MiBK":IPA for 45 s. A 20 nm thick
gold layer is evaporated at a pressure of 1-10~° mbar (pressure before the
evaporation ~ 1-1077 mbar). In order to avoid heating the resists, the
thermal contact between the sample and its holder® is improved using a
thermally-conducting paste. Adhesion of the metal to the silicon oxide
is improved by in-situ Ar sputtering prior to evaporation (10 s at 4 sccm
Ar flow). After the lift-off and cleavage procedures the sample is glued
onto a chip carrier and bonded ultrasonically by 50 um Al wires, thus

74-Methyl-2-pentanone isoButyl-methylKeton
8The holder is cooled by liquid nitrogen, see Section 3.2.
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AB sample Writing | E-beam Step Exposure
fab. steps field size | current size dose
Ring & 50 pm 34 pA | 20 nm 3 nC/cm
leads 450 puC/cm?
Leads 200 um | 87 pA | 20 nm | 550 uC/cm?
Leads & pads 2 mm 12nA | 200 nm | 750 uC/cm?

Table 3.1: Parameters used for the three successive fabrication steps of the AB
samples

UCF sample | Writing | E-beam Step Exposure

fab. steps field size | current size dose
Wires & 100 ym | 34 pA | 20 nm 3 nC/cm
reservoirs 450 pC/em?

Leads & pads | 2 mm 15nA | 200 nm | 750 uC/cm?

Table 3.2: Parameters used for the two successive fabrication steps of the UCF
samples

becoming accessible to external electronics (Fig. 3.5). At this point the
chip carrier can be inserted into a socket and the sample is ready to be
tested or measured. At any time after evaporation the sample can be ob-
served and visually checked using a SEM (Philips XL30 FEG). Once the
fabrication process has been completed the sample is stored at liquid
nitrogen temperature to prevent clustering of the gold polycrystalline
grains.

The samples were produced in one EBL and evaporation step, with-
out using any tilt-angle technique [32] for increasing the thickness of the
contact pads. This was done for the following reasons:

- The evaporated gold is pure enough to diffuse on the substrate
relatively quickly and to aggregate into clusters. Therefore any
resist-baking step following the evaporation inevitably damages the
sample and prevents a subsequent EBL.

- A ring is not a geometrical structure suitable for a tilt evapora-
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Figure 3.5: Sample glued onto a chip carrier and bonded with Al wires.

tion, unless very high evaporation angles (4 45°) are used. The
high-angle technique was tested in an attempt to avoid problems in
bonding thin structures® like those used here. Although the sam-
ples were produced with relative success [33], significant lift-off
difficulties appeared and this approach was abandoned. Improving
the bonding method turned out to be considerably easier.

3.5 Synoptic views

In this section schematic views and SEM photographs of different sam-
ples are shown. Three sequential lithographic exposure steps (two only
in Fig. 3.8) can be clearly distinguished.

The SEM magnification, writing current and the corresponding ex-
posure parameters are changed after each step. The alignment between
different WF's is achieved by a precise calibration procedure (shortly de-
scribed in Section 3.4), which also requires an accurate adjustment of
the SEM column. So, the EBL alignment marks were not necessary. In

9Thickness of ~ 20 nm.
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practice, more than one device is patterned in a single EBL step. The
reason is that mesoscopic samples are rather delicate, and one cannot
expect a 100% yield. This is illustrated in Fig. 3.6 and related comments.
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Comments to Fig. 3.6 (AB sample):

(a)

(b)

(d)

()
(f)

Contact pads and leads: a (2 x 2 mm?) large WF is exposed with
a dose of 750 C/cm? and an e-beam current of 12 nA. The steps
between successive e-beam movements are 200 nm.

Leads: the WF is (200 x 200 pm?) large, the dose 550 uC/cm?,
the current 87 pA and the steps 20 nm.

Rings: the WF is (50 x 50 um?) large. The rings are written as
lines with a dose of 3 nC/cm, an e-beam current of 34 pA and
a step size of 20 nm. 300 nm away from the rings, the leads are
broadened and written as rectangles with a dose of 450 puC/cm?
(the step size and current remain the same). A series of 5 rings
with each 6 leads has been designed in order to reach a high yield.

SEM picture of a ring (width 90 nm, thickness 18 nm, diameter 1
um). The broadening of the leads can be seen as well.

SEM picture corresponding to (b).

SEM picture corresponding to (a).
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Figure 3.6: AB sample. See designations in text for explanations.
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Comments to Fig. 3.7 (special AB sample with heating wire, see Sec-
tion 5.8):

(a)

(b)

(d)

(e)
(f)

Contact pads and leads: a (2 x 2 mm?) large WF is exposed with
a dose of 750 uC/cm? and an e-beam current of 12 nA. The steps
between successive e-beam movements are 200 nm.

Leads: the WF is (200 x 200 ym?) large, the dose 550 uC/cm?,
the current 87 pA and the steps 20 nm.

Rings: the WF is (50 x 50 pm?) large. The rings are written as
lines with a dose of 3 nC/cm, an e-beam current of 34 pA and a
step size of 20 nm. As for the previous synoptic view (Fig. 3.6), the
leads are broadened and written as rectangles with a dose of 450
puC/em? (step size and current remain the same). The meander
line, connected to the ring by a short wire, is 120 pm long and 400
nm wide.

SEM picture of a ring (width 130 nm, thickness 18 nm, diameter
1 pm).

SEM picture corresponding to (c).

SEM picture corresponding to (a).
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(b)

Figure 3.7: Special AB sample with heating wire. See designations in text for
explanations.
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Comments to Fig. 3.8 (UCF sample):

(a)

(b)

(e)

Contact pads and leads: a (2 x 2 mm?) large WF is exposed with
a dose of 750 C/cm? and an e-beam current of 15 nA. The steps
between successive e-beam movements are 200 nm.

Reservoirs and wires: the WF is (100 x 100 pum?) large. The
different wires (see point (c¢)) are written as lines with a dose of
3 nC/cm, an e-beam current of 34 pA and a step size of 20 nm,
whereas the reservoirs are written with an area dose of 450 ;,C/cm?
(step size and current remain the same).

SEM picture of a wire (width 130 nm, thickness 20 nm, length 1.5
um).

SEM picture corresponding to (b). Three different wires are pat-
terned. The long one is 170 nm wide, 98 pm long and 20 nm
thick and designed for WL measurements, whereas the short ones
are 130 nm wide, 1.5 pum long and 20 nm thick and are used to
perform UCF measurements.

SEM picture corresponding to (a).
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Figure 3.8: UCF sample. See designations in text for explanations.
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Chapter 4

Measurement setup

Observation of the AB or UCF effects requires samples which are able
to show coherence. To fulfill this condition the typical dimensions of
the samples and the coherence length of the electrons have to be of the
same order of magnitude (~ 1 pm). The fabrication technique intro-
duced in Chapter 3 allows for reaching those dimensions easily. In order
to reach the desired coherence length I, ~1 pm, precautions have to be
taken to avoid magnetic impurities which can be phase destructive and
therefore the use of pure material is imperative. Low temperatures help
to suppress inelastic scattering and thus enhance phase coherence. The
relevant energies are of the order of peV - meV (for example E., Ta-
ble 5.3), energies which correspond to a few K. Thus the measurements
are done in a Cryogenics He cryostat with a base temperature of 270
mK.

4.1 3He cryostat

In ®*He cryostats (see Fig. 4.1) two cooling systems, both relying on adi-
abatic expansion, are combined. Pre-cooling is achieved by pumping
liquid *He through a needle valve into a small container called a one-
kelvin pot. By pumping the helium gas away the temperature of the
liquid “He can be lowered down to ~1.4 K. The second cooling sys-

35
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tem consists of a *He gas container located at room temperature and
connected by a long tube to a second container (*He pot) close to the
sample holder (see Fig. 4.2). The tube goes through a charcoal adsorp-
tion pump and the 1K pot. When the adsorption pump is at a high
temperature (> 40K) the *He gas condenses in the *He pot. Pressure
in the 3He system can be adjusted by the temperature of the adsorption
pump. The 3He gas pressure depends on the adsorption of He atoms
on the surface of the cold charcoal. The highest adsorption occurs at
low temperatures. As a consequence the *He liquid is cooled down. The
3He bath is connected to the sample holder via a copper bridge. The
thermal coupling of the device to the bath is provided by the bonding
wires and thermal radiation. With the *He completely condensed in the
3He pot, a sample can be kept at 270 mK for 10 - 13 hours. Heating of
the sample to higher temperatures is achieved by using a heater close to
the sample, which is controlled by a commercial temperature controller.
Furthermore, the cryostat is equipped with a superconductive magnet
providing a magnetic field of 11 T at 4.2 K.
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instrument

leads with
n-filters

vacuum

magnet
power supply

Figure 4.1: Left side: ®He cryostat with the instrument “rack”. The insert,
normally immersed in liquid helium, is hanging in front of the dewar. Right
side: details of the insert when the tube for the isolation vacuum is removed.
All the wires are connected to w-filters at the top of the insert.
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Figure 4.2: Bottom part of the insert.

Chapter 4. Measurement setup

Higher fields (up to 16 T)
can be reached by increas-
ing the critical current of the
superconductive coil.  This
is achieved by pumping away
liquid *He at the M-plate,
which cools down the neigh-
bourhood of the magnet to
2.2 K.

To really reach low sample
temperatures an additional
effort has to be made. Even
when the bath temperature
is low the sample tempera-
ture can be higher due to
RF radiation heating [34].
Therefore the sample stage
is equipped with an RF-tight
copper box, and all wires
leaving the box are ”ther-
mocoax” cables from Philips.
They consist of a wire in
a fine stainless steel jacket.
The insulation between the
wire and the outer shell is
made of a mineral powder.
The thermal conduction is
nearly temperature indepen-
dent and 20 times smaller
than room-temperature con-
duction of copper. The
jacket around the wire has
two effects: screening of mi-
crowaves and attenuation of
high frequency AC currents in
the wire itself.
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4.2 Measurement technique

The electrical measurements were performed by means of a lock-in am-
plifier (SR 830 DSP) at low frequencies and low excitations!, using an
Adler-Jackson bridge (Fig. 4.3). This method allows compensation of
the resistance of a sample at a given temperature and magnetic field
by a variable resistor. If the sample resistance R changes, the lock-in
measures a voltage proportional to the difference between R and the
variable-resistor value Rg, Vipek—in < AR = R — Ry. This technique
has the advantage to offer an excellent accuracy in measuring small dif-
ferences AR around a fixed compensation value Ry, independent of the
magnitude of R. The signal? is amplified by a low-noise preamplifier
(108x, SR 552) for better accuracy and measured with a typical sensi-
tivity of = 0.3 nV.

Differential resistance measurements as a function of current can be
carried out by superimposing an alternating current I4¢ of a low ampli-
tude to a DC current Ipc to the sample, and measuring the AC voltage
drop by means of the lock-in. Because the measurement is made using a
low amplitude, the result is a good estimate of the differential resistance
dV/dI(Ipc). Together with the Adler-Jackson bridge technique we can
accurately determine the fluctuations §[dV/dI] = §(AR) = §R of the
sample resistance as a function of a magnetic field and for a given DC
current.

The magnetoresistance measurements have been performed by sweep-
ing a magnetic field at a low rate of 0.15 mT /s with an estimated sensitiv-
ity of 0.02 mT. The measurements in Chapter 5 are expressed as the mag-
netoconductance §G* = §[dI /dV] = —(1/R2)-5§[dV/dI] = —(1/R3) -6 R.

leVac SkgpT.
2The off-phase component never exceeds 5 % of the in-phase component.
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Figure 4.3: Schematic of the Adler-Jackson bridge used for magnetoconduc-
tance measurements.
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Non-equilibrium
coherence phenomena

Aperiodic fluctuations in electrical conductance of small disordered metal-
lic samples have been studied as a function of magnetic field [4, 18], Fermi
energy [18, 19] and configuration of defects [35, 36]. These fluctuations
are generally well explained by the theory of UCF (see Section 2.3.2
and [18, 37, 38]). The connection between the above external parameters,
all leading to similar conductance fluctuations, was established by an er-
godic assumption of Lee and Stone [18]. Conductance fluctuations as a
function of an applied voltage [39, 40, 41] have been studied both exper-
imentally and theoretically. For example, Larkin and Khmel'nitskii [11]
have found theoretically that in the V >> V, regime! the rms amplitude
of the fluctuations for the differential-conductance G is given by

5GL, (V) ~ (e2/h)\/ V]V, (5.1)

Experimental verification of this prediction was however in a way contro-
versial. Namely, Ralph et al. [40] measured a voltage-independent 6G¢,,
whereas some other experiments [39, 41] showed a certain V-dependence
of conductance fluctuations.

1See following sections for comments and definitions.

41
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It is unambiguously shown in this work that Eq. 5.1 is correct and,
moreover, that it can be used as a starting point for explaining the results
of similar experiments focused on highly non-equilibrium conditions.

Studies of the periodic fluctuations of magnetoconductance were per-
formed for ring geometries (see Section 2.3.3). Since the same coherence
mechanism governs the periodic and aperiodic fluctuations, it is expected
to observe some V-dependence of the AB oscillations as well. This has
indeed been shown experimentally in [39, 33] and described qualitatively
by Héufller [42].

This thesis brings up a study of both the periodic and aperiodic con-
ductance fluctuations as a function of a large DC voltage as the external
parameter and using a magnetic field as the averaging tool [41]. Special
emphasis is put on the fluctuations at high DC voltages, where inelastic
processes become important and suppress the coherence.

5.1 Equilibrium and non-equilibrium con-
ditions

It is necessary to first outline the expected behaviour of the aperiodic
fluctuation amplitude with respect to different experimental realisations,
provided that inelastic processes are not important.

- In equilibrium, kT > eV, where V is the applied voltage. The
range of energies which contribute to the interference pattern is set
by kgT. If kT is larger than the coherence energy E. this energy
range subdivides in to N = kgT'/E, uncorrelated energy intervals.
Increase in N results in thermal averaging?, and a suppression of
the fluctuations is expected.

- In out-of-equilibrium conditions, for example if a DC or a low-
frequency AC voltage is applied so that eVac pc > kT, the
energy range leading to ensemble averaging widens up and subdi-
vides into N = eVac,pc/E. statistically independent energy in-

2See Section 2.3.2.



5.2. Non-equilibrium differential conductance 43

tervals. With an increase of N, §Gyp, = 6I/V ~ 1/v/N (because
V ~ N,6I ~ /N ) decreases and a damping is also expected.

- An interesting out-of-equilibrium condition is realised by superim-
posing a large DC voltage eVpc > kpT to a small probing AC
voltage kT 2 eVac, thus performing a differential measurement
6Ggp.. In this case an enhancement of the amplitude as a func-
tion of the DC voltage is expected instead of a suppression. This
enhancement is explained in more detail in Section 5.2.1.

5.2 Non-equilibrium differential conductan-
ce

Larkin and Khmel’nitskii [11] calculated the conductance of a small con-
tact between two large reservoirs made of normal metals. In particular,
they calculated the deviations of this conductance from the ohmic be-
haviour. An applied voltage across the contact results in a modification
of the interference between the partial wavefunctions and affects the con-
ductance. No special attention has been given to the contact geometry,
which is considered irrelevant as long as the coherence is possible and
its typical size L is larger than the mean free path [ (diffusive regime).

5.2.1 Contribution of the quantum interference

Larkin and Khmel’nitskii give a derivation of the fluctuations of the cur-
rent as a function of an applied voltage. Their result can be understood
as follows. At low temperatures (kpT < E.,eVpc) electrons can in-
terfere if their energies are separated by less than E.. Provided that
Voo S Ve (V. = E./e) the current is formed by electrons within the en-
ergy range eVpe around the Fermi level. For larger voltages Vpo > V.
(but still low temperatures, kT < eVpc) the energy range eVpe con-
tributing to the current subdivides into coherent energy intervals of a size
E., which are uncorrelated among themselves. The number of intervals is
given by N = Vpe/V., and each coherent interval contributes randomly
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to the quantum correction of the classical current by an amount (e2?/h)V,,
a product of €2/h and the relevant voltage scale V... This leads to a total
correction to the current Alpc ~ (e2/h)V, - NY/2 = (e2/h)\/VpcVe.
Fluctuations due to Vp¢ are similar to those caused by a change of
the Fermi energy. In both cases the velocities of electrons are influenced,
which results in randomisation of the phase given by the interference [41].
Therefore, the current fluctuates around its mean value randomly with
an amplitude Alpc and a characteristic voltage scale V.. This can be
expressed as Ipc = (I)+Alpc-da, where Alpc ~ (€2/h)\/Vpc Ve, and
da is a random function of Vpe which varies with a ”frequency” 27 /V,
(6a = 6a(Vpe - 21/V,)) and has the rms amplitude (§a?)/? equal to 1.
The differential conductance for the above situation is given by

dl d(I) dAT dda
d DC DC
= = . 5 AI . ~2
¢ dVpc  dVpc * dVpc @+ 8ipo dVpe ' (5:2)
or equivalently
dAT 21
d DC
= Alpc-— |6 .
G <G>+<dVDC+ DC Vc> a, (5.3)

where the second term on the right hand side represents the fluctuation
of the differential conductance:

1e? V. ez [Vpo
6GL =da | 1/ + —4/ . 4
Gap. o (2 i\ Voo + 5 V. (5.4)

Since this derivation holds for Vpe > V., one finally obtains

2
d e VDC
5Gap_ x " v

(5.5)

which anticipates a non-linear enhancement of the fluctuation amplitude
of the differential conductance with increasing Vpc. The validity of
Eq. 5.5 is clearly shown experimentally in Sections 5.4 - 5.5.

In carrying out a differential conductance measurement by simply
sweeping the DC voltage, problems in extracting the average fluctuation
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amplitude 6G%, (Vpe) occur [42] due to sample-specific configuration of

scatterers. In this case 5Ggp, (Vbe) can be determined by averaging over
a small voltage interval around Vpeo. Another possibility - exclusively
used in the following sections - is to average over a different ensemble at
a field Vp¢, for example to average over a magnetoconductance trace. It
was shown experimentally [41] that these two ways of extracting 5G§p'
give the same result.

So far no assumption has been made with regard to the ratio L/,
and the above derivation is valid implicitly for I, > L. However, it is
expected that inelastic processes (not taken into account until now) alter
this behaviour. At high energies electron-electron and electron-phonon
interactions give rise to inelastic processes and therefore to a loss of the
coherent interference.

5.2.2 Inelastic processes

At high voltages or temperatures inelastic processes which have been
ignored so far are significant. These processes can be characterised by
the length l;, = v/ Dm;p. If [;,, which now determines the characteristic
energy scale of the coherence, decreases beyond the length L of a sample,
the model of Section 5.2.1 is affected.

At I, < L, a division into series "resistors” of length l;, occurs. In a
single resistor electrons are coherent within the energy interval eV/" =
hD/1?, = V.(L/l;n)?. The reasoning of Section 5.2.1 is still valid if the
voltage drop Vi, = Vpe - (Iin/L) over a segment of a length [;;, is larger
than V. Now the energy range eVj,, subdivides into energy intervals of
a size eV" and the quantum correction of the current through a resistor
is ALy, ~ (€2/h)\/Vi,Vim. Calculation of Section 5.2.1 still holds for
a single resistor, and similarly to Eq. 5.5 the fluctuation amplitude of
the differential conductance is 0G4, ., o (€?/h)\/Vin/Vi". In order to
obtain the fluctuation amplitude over the whole length L of a sample,
one has to average the partial amplitudes incoherently, which results in
5G§p, = 5G4 - N71/2 (where N = L/l;,). So, in the presence of

in,ap.



46 Chapter 5. Non-equilibrium coherence phenomena

inelastic processes the differential-conductance amplitude is given by

1/2 2 2
. ) ) 1 2 .
60217' x €_ ‘/zn . (lzn) _ %\/VDC lzn . lzn . lzn

i)

h\ Vin L L V.L?2 L
&2 [Voc (ln\?

valid for V;,, > V" and eV;,, > kpT. Expressing them differently, Eq. 5.6
is valid for

L L\*
eVpe > kT - (l—) and Vpe > V.- (l_> s (57)
which is always fulfilled in the experiments presented in the following
sections. Eq. 5.6 shows that the enhancement of the rms amplitude
of the differential-conductance fluctuations described in Section 5.2.1 is
suppressed at high voltages as a power law.

5.2.3 Periodic fluctuations

The underlying mechanism of the interference phenomenon leading to
the fluctuations of differential conductance is universal and applies to
any geometry. For a ring, in addition to the aperiodic fluctuations, in-
terference imposed by the geometry gives rise to the periodic oscillations.
If the circumference of the ring C, is shorter than [, or l;;,, the discussion
given in Section 5.2.1 applies to the AB oscillations as well, and their
enhancement following Eq. 5.5 is expected. This effect is observed ex-
perimentally [33, 42]. In contrast, for C;. > [;,, the picture of subdivision
of a ring into coherent ”resistors” in series is not correct, and the func-
tional form of the suppression given by Eq. 5.6 does not hold for the AB
oscillations. Namely, only those electrons which remain coherent over
the whole length of the loop contribute to the h/e oscillations. In this
case the number of electrons of which the phase is not randomised by
inelastic processes is reduced exponentially as exp(—C,./l;,). This ex-
ponential decay is predicted by an intuitive argument of Al’tshuler and
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was experimentally demonstrated in [43] for an Sb ring in equilibrium
conditions and for l;, = l,(T) inferred from the WAL measurements.

According to [44], E, for the AB oscillations in a ring is, interestingly,
not given by Eq. 2.18, but by

. hD
Bin ~ (5.8)

B lin . Cr .
This expression is calculated from the probability p(¢) that a carrier
interferes with itself at a time ¢ after one passage around the ring, which
is a product of the probability that it has diffused all the way around,
times the probability that it has not been inelastically scattered:

p(t) = exp (Dcf> -exp (Ti) = exp [ (gi + gjﬂ . (5.9)

The minimum t¢,,;, = l;;C,./D of the exponent in Eq. 5.9 determines
the maximum of the probability p(t) and is the flight time of importance
for determining E‘" (Eq. 5.8). A more accurate calculation shows that
E" has the precise form

in hD

e (5.10)

with v = 1.3 [44].
With the above arguments the voltage dependence of the differential
conductance for the AB oscillations in the limit C,. > [;,, can be obtained

as
2

d e Ve . O

0Gy ). w\ B exp( 7 lm)

62 VDC lm 7/2 Cr
o< " 7 . (a) - exp (—77- m) . (5.11)

where 7 is of order 1 and accounts for the deviations in the regime where
lin < C, is not satisfied® [44]. This expression states that the decay of

3The exponential decay is fully developed at l;,, < C;-.
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the fluctuation amplitude in the differential conductance is steeper than
for the UCF. In Section 5.5 it will be shown experimentally that it is
indeed the case.

5.3 Equilibrium coherence parameters

In order to discuss the non-equilibrium phenomena it is important to
start from the coherence parameters in equilibrium. In general, the loss
of coherence can be caused by the electron-electron, electron-phonon
and magnetic interactions [45]. Under certain conditions the dephasing
occurs in the absence of inelastic processes [46], but elastic scattering at
non-magnetic impurities are known to cause no phase randomisation [47].
By fitting the WL theory to the measured change in the resistance as a
function of a magnetic field at its low values it is possible to determine
the phase coherence time and, consequently, the corresponding length.
Theoretically, the phase-breaking rate decreases with temperature as a
power law, 7, o< 1/TP, where p varies between 0.5 and 3, depending on
the type of interactions and the effective dimensionality of the system.

In the case of a long 1-D wire (L > [,,w,t) the WL correction of
Eq. 2.7 can be rewritten [48] as

AR Ro 1,
h L R whle2w'’

(5.12)

where R is the sheet resistance and w the width of the wire. The
effect of a magnetic field is described by introducing a field-dependent
1,(B) [49)

1 11 [WwBr (5.13)

= — —|— — _
2(B) 12" 3|h/2e

For a strong spin-orbit coupling the WL correction breaks up into a
singlet and a triplet part [17]

L)) o
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where I'(B) is a function of l,(B) and the spin-orbit scattering length
lso. Therefore, including the spin-orbit scattering accounts for the WL
and WAL events:

4
I"%(B) =1,%(B) + glgg : (5.15)

WAL Magnetoconductance (e?/ h)

-0.10 -0.05 0.00 0.05
Magnetic Field (T)

Figure 5.1: WAL curves of a gold wire (length 98 um, width 170 nm, thickness
20 nm) for four different temperatures. The curves are offset for clarity.

Eq. 5.16 summarises the above effects in an equation comprising [ so and
l, as fitting parameters.

AG 1 1 3 1 5.16)
2h L[ L 7 W
b (p) e ()
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WL measurements have been performed on both AB and UCF gold
samples. Gold is known to show strong spin-orbit scattering, and WAL
is expected and observed (Fig. 5.1). In addition to the UCF sample
(Fig. 3.8), a longer wire has been simultaneously produced on the same
chip in order to carry out the measurements of conductance fluctuations
and WL on samples of identical material quality. Because of the differ-
ence in the amplitudes of WL and UCF with regard to the ratio ({,/L),
ie.

2 3/2 2

(UCF)  6Gay, ox <%> Sy ac=-2l )
the WL can be more successfully measured in a long wire (L > ).
By this approach the Iso and [, can be determined precisely, as shown
in Fig. 5.2 (a) and Table 5.1. Reliable determination of lgo is possible
at T = 10 K, where the magnetoconductance changes its slope at a
high field (not shown in Fig. 5.1). Thus determined lgo is used in the
calculations for lower temperatures. Unfortunately, in the case of the
AB sample no similar wires suitable for the WL measurements have
been produced on the same substrate (Fig. 3.6). However, WL has
been measured in rings as well and a rough estimate of [, has been
made (shown in Table 5.1 and Fig. 5.2 (b)). Because the conditions of
the evaporation of gold for both AB and UCF samples are very similar
(identical pressure, evaporation rate, source of gold) the values of [, for
the AB sample, lower than the UCF sample values, can be considered
as the lower limits.

Since the diffusion constants of the samples differ negligibly (Ta-
ble 5.2), the result for I, obtained by the WAL measurements on the
long wire is considered to be the most accurate value. This assumption
is justified further by the results of analysis in Section 5.6. Therein it is
shown that [,(Vpc = 0) > lrp, where lry, is a length which determines
the equilibrium coherence energy by geometrical arguments, results in
a remarkably consistent picture of the decoherence due to inelastic pro-
cesses in our samples.

Fig. 5.2 shows the temperature dependence of 7, which is qualita-
tively in agreement with the fact that the mechanism of phase breaking
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Figure 5.2: Coherence times deduced from WAL measurements, (a) of a 98
um long gold wire, (b) of a @ 1 um large gold ring.

is dominated by electron-phonon scattering at temperatures above a few
K (1, o< T72) and electron-electron interaction at low temperatures
(rp T—2/3). A discussion about those slope values is held in Sec-
tion 5.6. The experiments show a saturation of 7, at low temperatures
as well, which was observed in other gold samples [26]. The question
of the saturation of 7, is still a controversial topic which is outside the
scope of this thesis.

Finally, Table 5.2 shows the values of the parameters which char-
acterise both the AB and UCF samples. The diffusion constant D is
deduced from R; and the sample dimensions using Eq. 2.3 (Einstein
relation).
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Sample L w t T ly To lso
[pm] | [nm] | [nm] | [K] | [pm] | [ns] | [nm]

UCF 98 170 20 | 0.3 3.0 0.8 48
(for WL) 35| 1.2 | 01 | 48
AB a1 90 18 | 03| 209 | 007 |~ 90
3.5 20.65 | 0.04 | ~90

Table 5.1: Coherence lengths and spin-orbit scattering lengths extracted from

WAL measurements.

Sample | Ry (300 K) | Ry (0.3K) | Rpo D
UCF 319 Q 18.5 Q2 1.6 Q | 116 cm?/s
AB 43.0 Q 25.9 Q 1.9Q | 110 cm?/s

Table 5.2: 4 terminal characterisation at B=0.
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5.4 Non-equilibrium universal conductance
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Figure 5.3: Typical UCF DC Voltage (mV)

magnetoconductance trace at
T=0.8 K and Vpc=0.91

mv Figure 5.4: UCF amplitude as a function

of the superimposed DC' bias voltage at
T=0.3 K, the line serves as a guide for the
eye.

The UCF measurements have been carried out at 300 mK in a 3He
cryostat. A DC current Ipc (up to 200 pA) resulting in a DC bias
voltage Vpo = IpcRo has been superimposed to a small AC current
of 1 pA. The energy scales obtained by this approach are summarised
in Table 5.3. The magnetoconductance traces have been measured in
the field range 0-7 T with a sweeping rate of 0.5 mT/s and a sampling
rate of 3 s, which represents a measurement time of ~ 4 hours per trace.
Such a typical trace is shown in Fig. 5.3. The reproducibility of the
traces (shown in Fig. 5.5) has been checked and remains perfect even
after thermal cycling up to several degrees kelvin.

The averaging range of the UCF has been chosen for magnetic field
values lying between 5-7 T. It comprises ~ 100 times the correlation
field B, = ¢g/wL = 20 mT. The ensemble averaging over a magnetic
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e2/h

Magnetoconductance (e2/h)

T=03K Vpe=0.56 mV
0.4 0.6 0.8 1.0 12 14
Magnetic Field (T)

Figure 5.5: Two magnetoconductance traces at T = 0.3 K and Vpc = 0.56
mV as a test of reproducibility. The curves are offset for clarity.

field reduces sample-specific fluctuations and allows to determine the
behaviour of the UCF amplitude as a function of Vp¢ independent of
the configuration of defects. The rms amplitude of the UCF is given
by the standard deviation §GELYCF = ((GLUCF — (GHUCF))2)1/2 of the
averaging range after having subtracted the coarse background. The
superscript UCF refers to the wire sample whereas AB is related to the
ring sample.

At Vpe =0, 5GngF = 0.19 - €2/h, which is smaller than expected.
As stated in Section 2.3.2, a UCF amplitude reduction can occur because
of the thermal averaging. This is the case in our experiment, since
kT is larger than V. for Vpe = 0. In addition, the time-invariance
symmetry is broken at high magnetic field, which leads to a further
reduction by a factor of 3~/2 = 1/4/2. Thus, a suppression factor of
B~1/2.C-lp/L = 0.24 -C is to be taken into account, where C is of
order unity.

The UCF amplitude as a function of a superimposed DC voltage is
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shown in Fig. 5.4. The amplitude of the UCF increases up to a value
of approximately 1 mV, saturates and then decreases. The decay has
been measured up to 3.6 mV, which is higher than 40 K if expressed as
temperature. According to the theory of Larkin and Khmel'nitskii the
increase of the UCF up to 1 mV is expected to behave as a square root.
However, it is found that 6GZ£CF x V5o with o ~ 0.2, which is less
steep. Experimentally the UCF amplitude is not zero at Vpco=0 and
therefore an asymptotic behaviour towards the square root is observed,
which inevitably reduces the value of a. In addition, a fraction of elec-
trons may already be affected by inelastic processes even at low Vpo
which can also be a cause for the smaller value of a.

Sample | Oscillation E,. eVac | kT | eVpe
type [neV] | [peV] | [peV] | [meV]
UCF aperiodic 3.4 18.5 259 | 0-3.7
AB periodic h/e | 0.7 259 | 259 | 0-3.2
aperiodic 1.5 25.9 259 | 0-3.2

Table 5.3: Energy scales for the AB and UCF experiments.

5.5 Non-equilibrium Aharonov-Bohm effect

The same type of measurements as for the UCF have been carried out
for the AB effect at 300 mK. A DC current (up to 125 pA) has been
superimposed to an AC current of 1 pA (the energy scales are sum-
marised in Table 5.3). A magnetic field was swept at a typical rate of
0.15 mT/s and a sampling rate of 1 s. The magnetoconductance traces
have been measured from 0 to 2.5 T, representing a measurement time
of ~ 5 hours per trace. A single trace (shown in Fig. 5.8) corresponds
to approximately ~ 500 AB oscillation periods of ~ 5.1 mT (taken from
the peak value of the Fourier spectrum in Fig. 5.7) which is in very good
agreement with the sample dimension.
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Figure 5.6: Upper curves: part of a
magnetoconductance trace (light line)
and its corresponding filtered curve
(black curve). Bottom curves: sim-
ilar traces as the upper ones in the
presence of a non-zero DC voltage.
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Figure 5.7: Fourier transform of
an AB magnetoconductance trace
at 300 mK and Vpc = 0.5 mV,
the peak corresponds to oscilla-
tions of ~ 5.1 mT period.
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Figure 5.8: AB magnetoresistance trace showing hundreds of periodic oscilla-
tions, which are obtained by sweeping the magnetic field for ~ 5 hours.
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Because of the finite width (w =~ 90 nm) of the AB ring the amplitude
of the oscillations does not remain constant and shows beating features
(Fig. 5.6) due to the semiclassical trajectories enclosing slightly different
areas. For the same reason the UCF is also superimposed and gives rise
mainly to the low frequency part in the Fourier spectrum.

eV /kgT
0 19 39 8 77 97 116 135

0.09 -
oo | s ; T=03K
007 b # '
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005 [ # ]
004 | ]
003 |4 F ]
002 L —
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001 | ]
0.00 1 n 1 n 1 n 1 n 1 n 1 n 1 n
00 05 10 15 20 25 30 35
DC Voltage (mV)

Figure 5.9: AB amplitude as a function of the superimposed DC bias voltage
at T=0.3 K, the line serves as a guide for the eye.

The effect of the increase of the oscillation amplitude with increasing
Vpe is shown in Fig. 5.6. Extracting the average AB amplitude from
the whole magnetoconductance trace has been a difficult task because
of the finite width of the peak in the Fourier spectrum. Using a digital
filter, the aperiodic fluctuations have been subtracted from the magne-
toconductance traces and the oscillations smoothed (Fig. 5.6). The rms
AB amplitude has been determined by numerical integration.

At Vpc = 0, the AB amplitude is equal to 6Gi’/iB(VDC =0) ~
0.03 -e%/h, not (0.4 - 0.8) -e?/h as expected from [24, 50]. However,
this expectation is valid for temperatures kgT < FE., which is not the
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Figure 5.10: Aperiodic fluctuations amplitude extracted from the AB traces as
a function of the superimposed DC bias voltage at T=0.3 K, the line serves as
a guide for the eye.

case in the experiment for Vpe = 0 (see Table 5.3). The aperiodic fluc-
tuations (see Fig. 5.8) which are superimposed to the AB oscillations
can be extracted from a measurement trace as well. At Vpc = 0 the
aperiodic fluctuation amplitude is of order 5G§;f}3 (Vbe = 0) ~ 0.12
-€2/h, again smaller than unity as in the non-equilibrium UCF measure-
ment. The reduction of this factor from unity can be explained by the
thermal averaging, breaking of the time-invariance symmetry and in ad-
dition subdivision into series resistors (Section 2.3.2), which leads to an
amplitude 371/2.C - (Ir/l,) - (I,/L)%/? =~ (0.04 - 0.10) -C, where C is
of order unity.

The AB amplitude as a function of Vp¢ is shown in Fig. 5.9. The
dependence is qualitatively the same as that observed for the UCF am-
plitude. Namely, an increase of the AB amplitude up to a value of 0.5
mV, a saturation and a decay which has been measured up to 3.4 mV.
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Similar to the UCF result, the increase of up to 0.5 mV does not exactly
AB

behave as a square root, but as 5Gi’/e x VBE%. This discrepancy can
be explained using the same arguments as for the UCF case (see Sec-
tion 5.4). The steeper decay of the AB amplitude in comparison to the
UCF amplitude shows a different functional form of the decoherence, as
explained in Section 5.2.3.

The aperiodic fluctuation amplitude dG fB has been extracted from
the AB magnetoconductance trace not only for Vpe = 0 (as stated
above), but for all Vpe traces. Fig. 5.10 shows the behaviour of the
aperiodic fluctuations found from the AB traces. Similar to the AB
amplitude, the saturation of the aperiodic fluctuations amplitude occurs
at Vpo = 0.5 mV. On the other hand, the decay is clearly less steep
than the AB decay of Fig. 5.9.

d
a

5.6 Discussion

In this section we will discuss the extraction of l;, from the above mea-
surements and its voltage dependence. Due to large electric fields ap-
plied across the samples and the reservoir which are not massive, one
has doubts about the fact that electronic heating affects the effective
temperature of the electrons [32, 31, 51, 52]. However, this temperature
increase, which is estimated to be as high as T, = 5-12 K according to
Eq. 5.20, is still small in comparison to eVpe for all the points except
perhaps to one or two at the lowest Vpe. For that reason we can neglect
the thermal averaging and, analogously to Eq. 5.6, use the expression

V Lin(V, 2
§Ga T (Vpe) = AQSE -4/ 50 ( (LDC)) : (5.18)

The parameter AaUp(‘jF is deduced from the first Vpeo > V. experimen-

tal point? of Fig. 5.4, assuming that l;,/L > 1 plays no role® and thus
setting l;,/L = 1. Since V. and L are known, [;,(Vpc) can easily be

4In our measurements, it corresponds always to the first Vpc # 0 point.
51in(Vpo = 0) = 1,(T = 0.3K) leading to l;/L > 1 at Vpc = 0.
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extracted from the results shown in Fig. 5.4. The same procedure can be
applied to the aperiodic fluctuations 5GZ},‘T‘B in the AB sample® by re-
placing AaquF with Afp]? in Eq. 5.18. If we plot as a function of Vp¢ both

lin-dependencies normalised to their typical lengths lr, = \/hD/eV, we
obtain a similar behaviour (shown by full (M) and open (OJ) squares
in Fig. 5.11) for both samples. Therefore, the aperiodic conductance
fluctuations of both the ring and the wire do not show any significant
discrepancies and confirm that identical measurements have been per-
formed effectively under non-equilibrium conditions and that the exact
geometry of the sample has a negligible influence on the fluctuations, as
predicted by Larkin and Khmel’nitskii. Importantly, at high Vpe, lin
decays as a power law.

; . .
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n 5. VDC
©
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Figure 5.11: Voltage dependence of lin extracted from the measurements

5GP, 6GatE and G OF.

A similar analysis can be carried out for the periodic fluctuations.

SIn the AB sample L is given by the distance between the voltage probes, con-
nected for the half of the ring circumference.
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Using the data set 5G‘Z’/’237 the expression (similar to Eq. 5.11)

v, Lin(Vpe) \ % C
SQPAB _ JAB, DC [ tin\VDC) . - A 1
Gh/e h/e ch Cr eXp N lln(VDC) ’ (5 9)

and the obtained l;,, /l1p, values from 5Gg;f‘3 , it is possible to determine

A‘,f/Be and 7 unequivocally. With these two parameters, l;,(Vpe)/lrn can

be extracted from 6GZ’/‘23 (shown as open diamonds (0) in Fig. 5.11)

for a check, and it naturally shows the same behaviour as the other [;,
values found. The result n = 1.1 is physically reasonable, and A;‘L‘ﬁ =
0.01 is close to the values AngF = 0.02, Ag‘f = 0.04.

0.09

0.08 -
0.07 -
0.06 I
0.05 I
0.04 I
0.03 I
0.02 I

AB Amplitude (e2/h)

001 | ]
0.00 1 n 1 n 1 n 1 n 1 n 1 n 1 n
00 05 10 15 20 25 30 35
DC Voltage (mV)

Figure 5.12: AB amplitude as a function of the superimposed DC' bias voltage
at T=0.3 K, the line is a fit according to formula 5.19.

The exponent ¢ = -0.6 of the dependence l;,, /I, x Vi (Fig. 5.11)
inferred from the non-equilibrium measurements can be used to obtain
an insight into the source of the decoherence mechanism. A derivation
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of the electron-electron dephasing rate as a function of a large applied
voltage eV > kpT using a similar method as in [53] gives a dependence
ly ox V-4 [54]. The much larger exponent ¢ = -0.6 obtained rules out
the electron-electron interaction as the decoherence process and are in
favour of the following arguments.

The electronic heating, which affects the effective temperature T, of
the electrons, is known to depend on the voltage when eV > kpTpqh.-
More precisely, T. o« V2/2+™) where m is the exponent of the tem-
perature dependence of the contribution of electron-phonon interaction
to Tin (T;_lph oc T™). This gives 7,,' oc V2™/(2+m) or equivalently,
li_n1 x Vm/(2tm) Therefore, l;, vs. Vpc plots can be used for determi-
nation of the exponent m. The result for ¢ = -0.6 gives m = 3. This
value of m is large enough that electron-electron interactions as a source
of dephasing can be safely ruled out, as expected for such large T, (of
the order 5-12 K for values Vpo ~ 2-3 mV). However, m = 3 is too large
when one takes into account typical values of ~ 2 - 2.5 obtained in a
noise experiment [31] for similar samples. The exponent m depends sig-
nificantly on the degree of disorder in a sample. For very clean samples
and at high temperatures it equals 3, whereas for very dirty sample it has
a value of 4. For the samples of intermediate disorder it has lower values,
typically 2 - 2.5. The disorder dependence of m is shown in Fig. 5.13.
The values of m in the range 2 - 2.5 are probably the realistic ones for
our samples.

The present discrepancy is a consequence of the objective sensitivity
of m on the exact values of ¢q. For instance, the slope ¢ in Fig. 5.11
can vary between ¢ = -0.55 and ¢ = -0.65. It has to be mentioned that
for ¢ = -0.55, m equals exactly 2.5. From the above analysis, it can be
argued that the mechanism of decoherence in these samples is due to
electron-phonon interaction.

5.7 Aharonov-Bohm oscillations at 3.5 K

The AB experiment has also been carried out at 3.5 K. At such a high
temperature oscillations cannot be observed clearly at Vpo=0. This is
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Figure 5.13: Electron-phonon scattering rate as a function of | - qr, which is
the wavevector of a phonon with energy kT multiplied by the mean free path.

indeed expected, since kT =~ 0.3 meV, the energy setting up the energy
range of interest is much larger than eV,¢ (see Table 5.3). Suppression
of the amplitude (o« N=%2 = 1/\/kgT/E. ~ 1/9) does not allow to
distinguish the periodic oscillations from the noise. However, if Vp¢ is
increased oscillations larger than the noise floor can be observed. For
Vbe ~ 0.25 mV (eVpe ~ kgT) it is already possible to observe the os-
cillations (shown in Fig. 5.14 (a)). An enhancement of the oscillation
amplitude occurs up to 0.75 mV, and then inelastic processes reduce
them. This experiment at 7" = 3.5 K demonstrates clearly that non-
equilibrium measurements enable observation of coherence phenomena
up to several degrees kelvin, much above the temperatures where equi-
librium quantum coherence is found.

5.8 Direct injection of hot electrons

To probe the decoherence of electrons more directly, the following ex-
periment has been done using the sample shown in Fig. 3.7. A heater
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Figure 5.14: AB amplitude as a function of the superimposed DC bias voltage
at T=38.5 K, the line serves as a guide for the eye. Inset: Fourier spectrum of
the magnetoconductance at Vpc = 0.75 mV.

(120 pm long meander line) has been fabricated nearby an AB ring and
served as an injector of electrons via a short connection line. The four-
terminal resistance of the ring at 300 mK, the temperature at which the
experiment was carried out, was 27.8 Q. The ring was driven out of
equilibrium by a constant DC voltage of 0.56 mV superimposed to an
AC current of 0.3 pA. The two-terminal resistance of the heater itself
was 1.5 k€. The heater was heated by a DC current up to 300 pA. This
heating leads to injection of hot electrons directly into the ring. The AB
amplitude of the ring has been measured as a function of the DC current
passing through the heater.

The result (Fig. 5.15 (a)) shows a slow decay of the AB amplitude
with increasing the DC current through the heater. Hot electrons com-
ing from the heater enter the ring and are a source of dephasing. In-
terestingly, if we relate the heater current to the corresponding electron
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The lines serves as a guide for the eye.

temperature according to the formula

754 1 AN - (5.20)
T \ kg ’ '

valid for L > l._p, where £ is the electric field and I' = 5 - 109 K=3m~—2
the electron-phonon coupling for gold [32], the decrease occurs linearly
with the temperature (shown in Fig. 5.15 (b)). Detailed analysis of the
AB amplitude is not possible in the present case due to the large width
of the ring (w = 130 nm) and a corresponding broadening of the Fourier
peaks. The width is larger than the AB sample in Fig. 3.6 because of
the difficulties to optimise of the line dose in the EBL.

T, =
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5.9 Summary of the different UCF regimes

In Table 5.4, the formulae which describe the aperiodic fluctuations men-
tioned in this thesis are summarised. The notation is consistent with
that used throughout this thesis. For clarity, the subscript ap. has been
removed.
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Summary of the important formulae

V>V, V<V,
2 172 2
L<l, Al~ 5V (%) AT~ 2V
(kT < eV, eV,)
&2 '\ 1/2 &2
0G o 5 () 0G o
62 1/2 €
V, > Ve V, < V7
L>1, (3 i
3
(kpT < eV, eV,) T > (i) ¥ < (i)
Al ~ ZVg AL, ~ <V,

st o ()" 5GY o <
5Gd0<% (% 1/2. (%>2 5Gd0(%(%)1/2

eV, < kT

eV < eV, < kgT

Thermal averaging
is negligible

Thermal averaging
is important

Table 5.4: The voltage V' corresponds to Vac or Vpc depending on the type

of a measurement.
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Chapter 6

Summary

Conductance G of mesoscopic systems is significantly affected at low
temperatures by quantum phenomena. If the size of a sample is of the
order of the electron phase-coherence length I,(T), the wave character
of electrons leads to experimentally observable interference phenomena.
These are the fluctuations 0G of the conductance around its average
value (G), and can be either aperiodic or periodic. In the former case
of universal conductance fluctuations (UCF), the interference pattern is
formed as a superposition of the contributions from a continuous range
of possible interference paths. Averaged over either impurity configura-
tions, magnetic field or the Fermi energy, the root-mean-square conduc-
tance fluctuation 6G,,. is of the order ~ €?/h. The periodic fluctuations
(Aharonov-Bohm or AB effect) are observed if the interference is im-
posed by the geometry, most commonly in the form of a loop threaded
by a magnetic flux ¢. In this case G is a periodic function of ¢ with a pe-
riod ¢g = h/e, and 6G}, /e ~ €?/h. The magnitude of 6G,y. 5 e can also
be affected by an applied voltage V. For the non-equilibrium differential
conductance in the regime V > V., the fluctuations amplitude varies
as 0Ga, 1/, ~ (e?/h)(V/V.)*/?, as shown by Larkin and Khmel nitskir.
The validity of the Larkin and Khmel'nitskii theory has been qualita-
tively confirmed but little attention has been given to the behaviour of
6Ggp.7 h/e in the regime dominated by inelastic scattering, such as to the

suppression of (SGZp, h/e at very large voltages. In particular, no quanti-
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tative description of §G hje I this regime was given nor discussed to
what extent the UCF and ‘AB effect can be treated in the same manner
when inelastic processes are important. This thesis reports on the non-
equilibrium UCF and AB effect in diffusive gold mesoscopic samples,
over a wide range of voltages V > kpT/e, E./e that cover both the low-
voltage (V/V.)'/? enhancement of 6GY, 1/ and its suppression at very
large voltages. Emphasis is put on the details of the decay of 6G%, (V)
and 5Gi /e(V)7 and it is shown that in the former case the suppression,
most probably due to electron-phonon interaction, follows a power law
whereas in the latter case the decay is exponential.



Appendix A

Introduction

In the beginning of the work for this thesis a method for fabricating meso-
scopic devices (such as nanowires) has been investigated. This approach
is based on template synthesis [55] and methods of electrochemistry. It
is rather an alternative than a competition to standard EBL [56, 57],
because it enables the use of materials which cannot be deposited by
evaporation or similar methods.

Arrays of nanowires can be produced by filling a porous membrane
containing a large number of straight and narrow cylindrical holes. The
filling occurs in a solution by electrochemical deposition [58] (Fig. A.1).
Useful templates are, for example, commercially available alumina mem-
branes! [59] or track-etched? polycarbonate membranes [60].

Realisations using template synthesis appear to be almost limitless,
and cover a wide range of applications [61]. For example it allows the fab-
rication of large assemblies of nearly identical nanowires, ideally suited
for measuring magnetic [62, 63, 64] and optical properties [65]. An in-
teresting measurement, namely the conductance measurement made by
Cai [66], has attracted our attention, motivated us to investigate trans-
port properties of single conducting polymer (CP) fibers and therefore to
develop the alternative template-synthesis approach using electrochem-
istry.

L Anodised aluminium films.
2Etched membranes damaged by highly energetic nuclei.
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Figure A.1: SEM images of electrochemically grown Ni wires in template after
its dissolution (wire length ~ 6 um, apparent diameter 100-280 nm,).

The work of Cai shows a drastic enhancement of conductivity of
chemically template-synthesised polypyrrole and polythiophene nanowires
in polycarbonate membranes if smaller pore diameters are employed
(Fig. A.2). The conductivity measurements are carried out on an array
of fibrils using a two-point measurement method. The polycarbonate
membrane filled up with CP is contacted between two electrodes located
on each side of the membrane and within a well-defined area. The con-
ductivity of one fibril is deduced by taking into account the membrane’s
pore density [67].

Unfortunately, this type of measurement is considerably influenced by
the contact resistances and the result may not reflect intrinsic properties
of CPs. In order to investigate electrical transport properties of a single
polymer fiber one has to develop a method for selectively contacting it.
This research, done in collaboration with A. Bachtold [68, 69] and M.
Kriiger [61] is the topic of this Appendix. Two techniques have been
investigated and are presented separately in Appendices A.1 and A.2.
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Figure A.2: Conductivity of polypyrrole fibers versus fiber diameter. Polypyr-
role is chemically synthesised in polycarbonate membranes with different pore
diameters (see [66]).
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A.1 Contacting single template synthesised
nanowires

In this section a method for making electrical contacts to a few template-
synthesised nanowires is presented. The work was performed for Ni wires
grown in commercial polycarbonate templates with a nominal pore di-
ameter dy=80 nm, membrane thickness 6 ym, and mean pore length of
6.5 pm. The mean pore length is larger than the membrane’s thickness
due to £ 30° angular distribution of the pore axis [58]. The nominal
diameter - characteristic parameter given by the manufacturer - is the
pore diameter on the top or bottom of the membrane. Since the pore
shows a cigar-like shape [58], the nominal diameter is not a representa-
tive value of the average pore diameter. The fabricated contacts enable
electrical measurements on a single nanowire as well. The method is a
combination of chemical procedures and EBL.

A.1.1 Device fabrication

The average distance between two pores is about 300 nm because of the
high pore density of the membrane (=~ 108 - 10!° cm~2). Contacting only
one nanowire requires a precise tool such as a high-resolution lithography.
But CPs are sensitive to environmental conditions and should certainly
not be exposed to a developer. The process was thus designed in a way
that the final nanowire is grown during last step, subsequently to all
lithographic processes.
The different steps in the process are as follows (see Fig. A.3):

- A gold layer, thick enough to close the pores, is deposited on one
side of the membrane (typically a 1 cm diameter piece). This layer
serves as the bottom electrode for every electrochemical step as
well as for electrical measurements.

- Ni is then deposited electrochemically into all pores. As soon as
spherical Ni caps start to nucleate on top of the membrane [58],
the Ni growth is stopped. This initial filling of the pores protects
them during lithographic processes.
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Figure A.8: Schematics (not to scale) showing a completely structured device
before the dissolution of the Ni in the pore selected by the contact hole.

- The membrane is fixed onto a rigid substrate with the Au layer fac-
ing the substrate, which enables spin coating of a resist layer on top
of the Ni caps. Showing a better resistance to chemicals, a positive
Novolak-based photoresist has been used instead of PMMA.

Using EBL, a contact hole (~ 500 nm in diameter) is created!. In
this process, very few pores can be selected due to the randomness.
For a similar protection purpose as mentioned above, Ni electro-
chemical plating is also used to fill the contact hole (not shown in
Fig. A.3).

The process is completed by making a top electrical contact pad.
A 100 nm thick Au layer is evaporated over the whole surface. A
second positive resist (PMMA-MA copolymer) is spin-coated and
structured using EBL. The structure consists of (a) an opening of
~ 10 pm centred above the previously made contact hole, and (b)
open lines separating the central area (several 100 pum) from the
rest of the device. Through these openings Au is wet-chemically

INovolak turned out to be usable for EBL as well.
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contacted nanowire
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Figure A.4: (a) One selected pore with dissolved Ni protection (left) and refilled
with the desired material forming an electric contact to the top Au layer (right).
The SEM images are top views of one particular pore after the dissolution of
Ni (b), (¢) and after (partial) refilling (d).

etched using KI. Finally, the PMMA-MA resist is stripped-off by

a commercial remover2.

Protection of the pores is essential for the success of this method and
is maintained during every processing step. At this stage, the protected
device can be stored until a final nanowire (such as CP nanowire) is
implemented. The preparation of the nanowire is done as follows: the
Ni protection is selectively removed through the contact hole by elec-
trochemical dissolution using sulfuric acid (H2SOy4). The empty pore
is then refilled with the material of interest. This time, however, the
electrochemical growth is continued until both the pore and the contact
hole are filled as well as the gap between the contact hole and the Au
pad, as shown in Fig. A4 (a).

The success of the last filling procedure relies on an important con-
dition: the pore has to be wet at all times, since electrochemistry in

2X AR 600-77/2, Allresist
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dry pores is impossible. It is thus essential to keep the device immersed
in a liquid between the electrochemical dissolution and electrodeposi-
tion. Fig. A.4 illustrates this last electrochemistry step in which the
final nanowire is formed and contacted. The left part of Fig. A.4 (a)
shows the dissolution of the pores’ Ni protection. In the right part, the
same pore has been refilled electrochemically with the material of inter-
est. Once the material has established electrical contact to the gold pad,
the filling is stopped. Three SEM snapshots of the same device (Fig. A.4
(b)-(d)) have been taken at different fabrication steps: Fig. A.4 (b) and
Fig. A.4 (c) after the dissolution of the Ni protection, and Fig. A.4 (d)
after the refilling of the pore (in the present case Ni also).

Figs. A4 (b) and (c) illustrate the three-level hole hierarchy. The
nanopore of the template within a contact hole of 500 nm is shown in
Fig. A.4 (c). This contact hole is shown in Fig. A.4 (b), and is located
within a =~ 10 pm large opening of the Au layer. The ragged border
of this hole is due to unavoidable Au underetching by the KI stripper.
Fig. A4 (d) demonstrates a successful refilling of the same pore. The
bright centred cap, which has grown out of the contact hole, is freshly
plated Ni. For visualisation purposes the plating is stopped before the
Ni could contact the Au surrounding.

A.1.2 Electrical measurements

Since the nanopores are randomly distributed on the surface of a polycar-
bonate membrane, the number of pores being selected by an arbitrarily
placed contact hole remains unknown. In order to measure intrinsic elec-
trical resistance of nanowires formed by template synthesis, the number
of contacted nanowires has to be determined. Therefore a statistical
analysis of the measured conductance G must be carried out.

In Fig. A.5 (a) the conductances of 30 identically prepared devices are
shown. The devices consist of pores filled with Ni and were measured at
T = 300 K. Each point corresponds to one device. The horizontal axis,
representing an arbitrary device number, has been arranged in such a
way that the G-values appear in ascending order. Sharp steps would
appear if all the devices could be considered as identical ones (see Sec-
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Figure A.5: (a) Conductance values for 30 devices with Ni wires represented in
ascending order. (b) Histogram of the difference in conductance for different
devices.

tion A.1.3). However, we rather notice an accumulation of points around
the particular G-values of 0.042 S; 0.084 S, and 0.168 S (represented by
arrows in Fig. A.5 (a) ). Since conductance values G < 0.03 S have not
been found, it can be deduced that the conductance G = 0.042 S proba-
bly corresponds to one single nanowire. This nanowire-conductance unit
can be more accurately derived from the histogram shown in Fig. A.5 (b),
which represents the difference in conductance (AG;; = |G;—G||) for two
different devices, obtained by taking all possible combinations ij (¢ # j)
of the 30 measured devices. The histogram shows pronounced equidis-
tantly spaced peaks. In this case, the average distance between the peaks
represents the mean conductance for one single nanowire, G' = (23 ) ~1.
Using the measured specific resistance of p= 7.7 uflcm for electroplated
Ni films, the average inner pore diameter? of 160 nm, and the mean pore
length of 6.5 pum, a single Ni wire should have an average resistance of
25 €, in excellent agreement with the present experiment. This result

3See explanations in Section A.1
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also proves that the contact resistances are negligible for Ni-wires with
nominal pore diameter? of dy=80 nm.

A.1.3 Conclusion and comments

12+
% 6
g3

-1.50 -0.75 0.00 0.75 150
B(T)

Figure A.6: Magnetoresistance of 4 contacted Ni manowires measured at
T = 2.2 K with the magnetic field B directed L to the Ni nanowire.

Conducting nanowires were electrochemically fabricated in templates
consisting of a large and dense array of nanopores. Electrical contacts
to a single or few nanowires were successfully made by combining chemi-
cal methods and high-resolution EBL in a multi-level process. Electrical
measurements on a set of nanowire devices demonstrate that the conduc-
tance of one single nanowire can be determined by means of a statistical
analysis. After this analysis the devices with only one contacted Ni wire
may be used further, for example, to grow alternative materials such
as Bi and CPs after successful dissolution of the Ni. Fig. A.6 shows a
first magnetoresistance measurement, demonstrating that the nanowires,
contacted according to the description given above, can be used for stud-
ies of electrical transport at low temperatures. Although this method
promises interesting possibilities, the following problems have been iden-
tified:
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- The fabricated contact hole cannot be self-aligned to only one pore
in a straightforward way.

- Attaching macroscopic wires to the Au contact pads by ultrasonic
bonding is almost impossible, most probably because of the poly-
carbonate membrane’s softness.

- In order to obtain intrinsic unambiguous electrical properties, four-
terminal measurements are necessary. The multi-level fabrication
procedure is not suitable for creating a simple four-terminal device.

- Volumes of the pores are not known a priori: the pore diameter is
not constant along the pore axis (as shown in Ref. [58]) and thus
the specification of the manufacturer is not accurate enough. In
order to determine the resistivity from the measured resistance, an
extensive investigation of the geometry has to precede electrical
measurements for each new pore diameter.

- Because of incompatibility of the organic solvents and resists, the
method has been applicable only for polypyrrole wires, which can
be synthesised in an aqueous solution.

Growth of polypyrrole (see Ref. [61] for synthesis parameters) nano-
wires was tried. The Au pad was sometimes covered by polypyrrole
(shown in Fig. A.7), but the resistance could not be measured reliably.
For eight different devices, resistances of 50 2, 710 2, 2.2 k2, 2.4 kQ, 3.9
kQ, 4.3 k2, 1.38 M2, 6 M2 and 12 MS2 were respectively obtained. Tak-
ing the best values for the conductivity of polypyrrole and the geometri-
cal shape into account, one would expect nanowires to have resistances in
the range of 42-43 k(2. The low resistance values are probably due to the
shortcuts with non-fully-dissolved Ni nanowires. It is not easy to obtain
reliable contacts to electrochemically grown CP wires. Furthermore, it is
difficult to carry out a statistical analysis because the reported bulk con-
ductivity values for CP (see [61]) differ from source to source. The fab-
rication of the devices is also very time-consuming. For these reasons an
alternative contacting method for enabling four-terminal measurements,
together with a better control of the wire formation, was developed. A
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Figure A.7: SEM image (topview) of an array of different devices after dis-
solution of the Ni-wire and electro-polymerisation of polypyrrole. No reliable
resistances could be measured. (a) Au-pads. (b) In some cases, polypyrrole
was grown on top of the Au-pads.

self-made template laterally aligned to the surface in a polyimide resist
replaced the track-etched pores. This approach is described in the next
section.
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A.2 Template fabrication of lateral nano-
pores in polyimide

A.2.1 Method

Since surface-structuring techniques are rather well known and offer
a better control for achieving reliable electrical contacts, making use
of them (instead of a multi-level technique) may be more appropriate
for template-synthesis purposes. Furthermore, devices produced in this
manner might have higher stability against mechanical stress, and in-
terconnects or branched networks could be readily created. This is a
method which has been investigated after having identified the prob-
lems mentioned in Section A.1.3.

Four macroscopically thick Au pads are structured on top of a Si/SiO9
chip! by optical lithography (see Section B.1 for details) and used as
bond pads in a later step. The device configuration is shown schemat-
ically in Fig. A.8 (a) (top-view) and Fig. A.8 (b) (cross-section). The
outer left and right pads are used as current contacts, whereas the two
inner fingers (Fig. A.9) are used for measuring the voltage drop, thereby
creating a true four-terminal device. It should also be mentioned that
the two Au fingers are optional and can be omitted for a two-terminal
configuration or replaced by other terminals (such as a gate) upon re-
quirement. If necessary, these fingers are connected to the Au pads by
EBL and Au evaporation. In the next step a lateral pore is created by
EBL and three-angle technique evaporation in order to overcome the
high step between the Au pads and the substrate. The required shape
between the left and right Au pads is defined by a Ni (or Cu) mold struc-
ture (see Fig. A.9). The Ni mold wires are usually 100-200 nm wide, 100
nm thick and 6 pm long.

Then a polyimide layer is spin-coated over the whole device (see Sec-
tion B.2) and serves as a template. Finally, on one side of the device a
large opening? was structured in the polyimid template using lithogra-
phy and reactive ion etching (RIE) (see Section B.3) in an additionally

11.5 cm x 2 cm in size.
2400 pm x 400 pm in size.
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Figure A.8: (a) Top-view of a particular device configuration designed for four-
terminal electrical measurements. (b) Cross section of the device described
in (a). (c) The device is covered by polyimide. The Ni is electrochemically
dissolved, which results in a lateral nanochannel between the two Au contacts.
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20 um

Figure A.9: SEM image of a Ni mold nanowire fabricated over two gold fingers.
At this stage, the polyimide resist used as template is not spin-coated yet.

spun, sacrificial resist layer3. The Ni mold is dissolved electrochemi-
cally and/or chemically* through this opening. This results in a lat-
eral nanochannel underneath the polyimide insulating layer, as shown in
Fig. A.8 (c). It is somewhat difficult to control the effects of the mixture
of acids on the dissolution. Fortunately, the polyimide resist has shown
a appreciable resistance against any chemicals used (such as acids or or-
ganic solvents) as well as a good mechanical stability and it is thus not
affected by the concentration and composition variations.

The nanochannel connects the Au pads and ends in the opening,
thus enabling an other electrochemical solution to fill it in completely.
Electrochemistry of a CP or any other material can now take place. A
successful electrochemical dissolution of Ni can be seen in Fig. A.10,
showing a single lateral pore in formation.

3Both EBL in PMMA or UV lithography with optical alignment procedure are
possible.
4By a 1:5 mixture of H2SO04 (98%) / H3PO4 (42%).
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Figure A.10: (a) Optical microscope image of a Ni mold nanowire joining two
Aw pads and covered by an inert polyimide resist. On the right side an opening
in the polyimide resist is shown. (b) Optical microscope image of a lateral
channel in formation (indicated by dotted lines) due to the electrochemical
dissolution of the Ni.

A.2.2 Experimental results and discussion

Following the success of the above-mentioned lateral nanochannels, it
was necessary to test their usefulness for electrical measurements on
electroplated CPs. For this purpose, and for simplicity, two-terminal
devices were fabricated. After the dissolution, the nanochannels were
kept wet (in pure water) and finally mounted into an electrochemical
cell with the plating bath of interest [61]. It was found that several
CP wires®, as well as Bi wires, could be synthesised (see [61]) in the
nanochannels. For instance, Fig. A.11 (a) shows a successful refilling
of the pore with Bi (optical microscope image). Because of a relatively
thick insulating layer (2-3 pm of polyimide), a precise SEM imaging is
not achievable here. Bi-magnetoresistance curves have been measured
at three different temperatures and are shown in Fig. A.11 (b).

The filling of a pore with CPs is difficult to observe by either simple
optical microscopy or confocal optical microscopy. The success of this
step with CPs is thus unclear. Sometimes the polymer wires grew out of
the pores and covered the contact pad. As shown in Fig. A.12 (b), it is
not clear whether the CP has grown homogeneously inside the channel.

5Poly-3-methyl-thiophene, polypyrrole or polythiophene.
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Figure A.11: (a) Optical-microscope image of a Bi wire obtained by the tem-
plate synthesis in a single pore fabricated in-plane before. (b) Magnetoresis-
tance of such a wire at three different temperatures.

A quite sharp contour might indicate that the Ni wire may not have been
completely dissolved, but the "black material” (see the left Au pad and
the opening on the right, Fig. A.12 (b)) has surely been deposited. The
”black material” is presumably the polymer. A chip with 5 nanochannels
is shown in Fig. A.12 (a).

In conclusion, the laterally-grown pores can be filled with CP. Resis-
tance measurements have been carried out successfully, but they show
relatively high values of a few M. The I-V characteristic exhibits a
non-ohmic behaviour. Taking the geometrical factor into account, a
conductivity below 1 S/cm has been deduced (70-120 S/cm corresponds
to bulk conductivity of a CP film). It was not clear whether the mea-
sured conductivity was linked to the polymer itself or maybe to the
ionic solution remaining in the pore. The low conductivity value could
be explained by the type of measurement applied (2-terminal), since the
contact resistances might play an important role. It should also be noted
that the growth of CPs on SiOs is different than the growth used for bulk
film characterisation [61]. As such, the overall physical properties can
be different and the conductivity can be significantly affected by that
difference.
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Figure A.12: (a) Optical image of 5 aligned devices on top of a silicon chip.
The openings in the polyimide resist can be seen very clearly as small black
squares. The black colour let us suppose that CP has grown out of the channel.
(b) Optical microscope image of the inner part of such a device.

Four-terminal channels filled with CP have still not been successfully
produced. After the dissolution of the Ni mold structure, attempts to
grow CPs in the resulting channel failed. The CP was growing in the
channel as well as in between the polyimide template and the finger
structure (Fig. A.9) used as voltage probes, indicating the presence of
an unwanted free space. Unavoidable shortcuts between this free space
and the CP plating bath dashed our hopes for a success in making such
a four-terminal device in a reasonably short period of time.

In the meantime other CPs (carbon nanotubes) have been discov-
ered, produced and identified as promising candidates for further stud-
ies [8, 61, 70, 71, 72, 73, 74], which slowly stopped the work on the
project presented in Appendices A.1 and A.2. However, the usefulness
of this research is still present, because numerous subtle experimental
procedures used later by the author and other co-workers originate from
this activity (such as [61]). Even if this project has been stopped regard-
ing our group’s interests and goals, it seems that research is still going on
using such presented techniques [75, 76], where carbon nanotubes were
synthesised in template by chemical vapour deposition (CVD).
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Appendix B

Detail of structuring
methods

B.1 UV lithography

The principles of UV lithography are basically the same as those of EBL.
A pattern is transferred into a resist, which is developed by a chemical
procedure. However, the pattern is not defined by the movements of
an electron-beam but rather by the exposure to UV light, which passes
through a chromium mask.

For the experiments described in this work the following procedure
has been applied: after the cleaning of a substrate (ozone oven — ul-
trasonic IPA bath — ultrasonic ethanol bath — pure water), HMDS! is
spin-coated at 2000 rpm for 40 s. HMDS modifies the hydrophilic SiO,
surface into a hydrophobic one, which results in a better adhesion of the
resist. A ~ 2 um thick ma-N-420 ? negative resist is then spun and
baked at 87.5°C for 30 min. Lithography is performed by a 1 - 1.5 min
of exposure to UV produced by a mercury lamp (Maskaligner MJB 3,
Karl Suss). The development is done in a ma-D-332 developer solution
for 20-25 min.

I Hexamethyldisilazane.
2Micro resist technology, Germany.
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B.2 Spin coating and baking of polyimide

Polyimide resist PI 2570 is commercially available from the company
DuPont. The spin-coating sequence is described by Fig. B.1. A specific
baking process was chosen in order to possibly get the most inert poly-
imide (Table B.1). The polyimide produced by this method is 2.7 to 3
pm thick.

2000 - — —— -

1500 -

1000 _

Rotation speed (rpm)

500 - 1

1 1 1 1 1 T ]
0 5 10 60 65 70 75

Time (s)

Figure B.1: Spin-coating procedure for polyimide.

Step Time Temperature
Prebaking 0 - 50 min 20 - 200°C
(air) 50 - 80 min 200°C

80 - 140 min | 200 - 350°C
Hard baking | 140 - 200 min 350°C
(N2 atm)
Cooling overnight 350 - 20°C
(N atm.)

Table B.1: Hard baking procedure.
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B.3 Dry plasma etching

In microstructuring, it is often necessary to use subtractive methods for
transferring a lithographically created pattern onto a substrate. This can
be done by dry plasma etching, either physically (using heavy-ion bom-
bardment, such as Ar™), or chemically (using reactive ions, like fluorine
or chlorine). As outlined below, one can distinguish different etching
methods with respect to the etching process involved and parameters
such as selectivity, anisotropy, uniformity, etch rate, etc.

- Dry chemical etching, which involves chemical reactions, is an
isotropic and selective method.

- Reactive ion etching (RIE), or ion-enhanced etching, involves both
physical and chemical processes, is anisotropic and selective. This
method enables higher etch selectivity between the resist mask and
the material to be etched.

- Ton milling, or sputter etching (see also Section 3.3), is based on
physical processes, is anisotropic and non-selective. This method
is appropriate if a surface has to be cleaned mechanically or if a
chemically inert material, such as a noble metal, has to be struc-
tured.

For the etching of polyimide, described in Section A.2.1, RIE with a
CHF3 / Oz = 1:3 plasma (100 W and 0.05 mbar of base pressure) was
carried out for ~20 min. The thickness of remaining polyimide was 1 -
1.5 pm.
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