Stellingen

behorende bij het proefschrift van Bas Bakker

1. Selectief gedeponeerd wolfraam is een interessante supergeleider voor supergeleidende
devices, zowel vanuit het oogpunt van fabricage als vanwege de supergeleidende
eigenschappen.

2. De fabricage van gecompliceerde sub-micron devices kan vereenvoudigd worden door
het vervangen van elektronenlithografie door optische lithografie bij produktiestappen
die een minder hoge resolutie behoeven.

3. In tegenstelling tot verwacht treedt "encroachment” ook op bij lage temperatuur W-CVD
processen die gebruik maken van GeHy.

C.A. van der Jeugd, G.J. Leusink, T.G.M. Oosterlaken, P.F.A. Alkemade, L.K. Nanver, E.J.G.
Goudena, G.C.A.M. Janssen, and S. Radelaar, J. Electrochem. Soc. 139, 3615 (1992).

4. Elastische verstrooiing draagt bij tot de onderdrukking van "excess current" in
supergeleidende juncties die gekoppeld zijn door een halfgeleidende verbinding.

5. Het gebruik van de inelastische verstrooiingstijd bepaald uit lokalisatie-experimenten als
maat voor tijd van energierelaxatie in supergeleidende juncties is niet gerechtvaardigd.
Het process van lokalisatie speelt zich af op een totaal andere energieschaal dan
energierelaxatie in een supergeleidende junctie.

D.R. Heslinga, W.M. van Huffelen, T.M. Klapwijk, IEEE Trans. Magn. Mag-27, 3264 (1991).

6.Wanneer een zweefvlieger op "final glide" erg laag zit en het zweet hem uitbreekt kan hij
het raampje van de cockpit beter dicht laten.

7. In tegenstelling tot wat men zou verwachten gebeuren de meeste ongelukken met
zweefvliegtuigen op de grond.

8. De conclusie dat de klant geen behoefte heeft aan een ruimere openstelling van winkels
is waarschijnlijk gebaseerd op onderzoek dat overdag is gehouden.

9. De zogenoemde "Wet van Moore" betreffende het aantal componenten op een
geintegreerde schakeling is een self-fulfilling prophecy.

10. Het voorstel om de sleute] tot het decoderen van computergegevens verplicht te laten
registreren bij de overheid, dit om toegang tot de versleutelde gegevens door justitie
mogelijk te maken, is niet controleerbaar en werkt niet. Versleutelde gegevens zijn als
zodanig niet te herkennen en het verplicht registreren van de sleutel maakt het breken
van de code door onbevoegden eenvoudiger.

11. Afschaffing van fiscale aftrekbaarheid van rente op consumptief krediet levert een
grotere bijdrage aan het milieu dan een carpool strook.

Delft, 14 oktober 1994
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CHAPTER 1

INTRODUCTION

In the past decades the fabrication of small structures has made great progress!. Because of
developments in electron beam lithography, reactive ion etching, and resist systems,
dimensions far below 100 nm can be made nowadays. This is mainly due to the driving force
of the semiconductor industry. This industry wants to get as many electronic basic elements as
possible on one integrated circuit to make complicated functions possible and to improve speed.
Research tools can reach dimensions more than one order of magnitude smaller than used in
production. This process of reaching smaller and smaller dimensions has now reached a regime
where new physical effects? are observed and exploited.

The proximity effect, the diffusion of Cooper pairs from a superconductor into an adjacent
normal material, is well known in thin metal layers. At low temperatures this effect has a range
of a few um in well conducting metals to near a few tens of nm in heavily doped
semiconductors. Since fabrication of devices with dimensions of 100 nm and smaller can be
made, the proximity effect can be used to fabricate a Superconducting Field Effect Transistor; a
SFET. Originally this research started as a co-operation with Dr. U. Kawabe of Hitachi Central
Research Laboratory in Japan. He was interested in the use of advanced microfabrication tools
to make a SFET. Inside a SFET two superconductors are coupled by the proximity effect, the
strength of this coupling is influenced by the voltage on the a gate electrode. In this thesis we
study different structures of this kind, all using silicon as semiconducting coupling. Two types
are treated using different superconductors: CoSi; and amorphous tungsten. These
superconductors are used because of the possibility of self-aligned deposition which simplifies
the fabrication procedure. The purpose of this study is to gain insight in current transport in this
kind of devices and in the possibilities of fabrication.



Chapter I

1 Coherence

Of particular importance in small structures are the elastic and inelastic scattering lengths. These
are the mean distances an electron travels between corresponding scattering events. When one
or more dimensions of the system are smaller than one of these lengths, the device operates in
the mesoscopic regime. For instance the system dealt with in this thesis consists of
semiconductor-coupled superconductors in the mesoscopic regime; the distance electrons travel
between two superconductors is shorter than the inelastic and longer than the elastic scattering

length. For a review see Klapwijk.3

Effects connected with these small dimensions can be divided into coherent and incoherent
effects. Coherent effects are caused by quantum-interference processes and are mainly of
importance at small voltages. Examples of coherent effects are the supercurrent, in which case
the proximity effect connects the two superconductors, and reflectionless tunneling; ie.

quantum-coherent-enhanced Andreev scattering.

Incoherent effects are effects where the wave character of the electrons has to be not explicitly
taken into account. They dominate at somewhat higher voltages. Now the system can be
approximated by two independent sequential transmission processes through the two
interfaces. The incoherent effects that can be described in this approach are multiple Andreev
reflection and effects due to a non equilibrium energy distribution of the electrons in the normal
part. Andreev reflection is a special kind of reflection that occurs at a normal-superconductor
(NS) interface. In this process an electron coming from the normal side reflects as a hole,
accompanied by the injection of a Cooper pair with charge 2e into the superconductor. Multiple
Andreev reflections are visible as structure in the I-V curves. Other special features, caused by
the non equilibrium distribution in the normal part that results from the energy dependent
transmission and reflection coefficients of the NS interfaces, are also observed in the I-V

measurements.

2 Device

In the work described in this thesis advanced microfabrication technology is used to realise
semiconductor coupled superconducting devices in the mesoscopic regime with a controllable
barrier. An independently variable barrier using a 2 dimensional electron gas gives direct

control of a number of physical properties of the barrier. Through the carrier concentration,
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controlled by the voltage on the gate, a number of physical properties can be modified like
conductivity and Fermi level. This leads to a device with a FET structure, as proposed by
Gray* and independently by Clark ef al..5 This kind of structures has been made using II-IV
semiconductors by Millea ez al.5, Ivanov et al.” and Takayanagi and Kawakami8 and recently
by Lenssen et al..? In Si Superconducting FET (SFET) structures have been made by Nishino
et al.'0.11. In this thesis silicon is used as semiconductor, fabrication technology is very
advanced for this semiconductor and future applications will be more easy to implement if
based on silicon.

3 Possible applications

It has been claimed that the SFET has potential applications as switching element in logical
integrated circuits. The ability to carry supercurrent in the on state promises shorter RC times,
faster operation and lower power consumption. Another possibility would be to use SFET
devices as interface elements between ordinary, Si based logic and Josephson junction circuits.
These applications have still to be proven and are not expected in the near future. A
reproducible fabrication process has still to be developed, the switching time of these devices

has to be measured.

4 Scope of this thesis

In this thesis carrier transport in planar, semiconductor-coupled superconducting devices is
studied. The design and fabrication of the devices will be presented in chapter II. In chapter III
existing theory on superconductor-normal-superconductor (SNS) devices will be summarised
and new extensions which include scattering and adapt the theory to the geometry of the device
will be presented. Measurements and interpretations on devices without a gate using CoSip as a
superconductor will be presented in chapter IV and on devices with a gate using amorphous W
as the superconductor in chapter V. In chapter VI we present results on the zero bias
conductivity in amorphous W devices. In chapter VII localisation and superconductivity in 8-W
are studied using magnetoresistance measurements. Chapter VI and VII are, in a slightly

modified version, published in Physical Review B.12, 13
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CHAPTER 11

DESIGN AND FABRICATION

1 Design

In this chapter we describe the fabrication of a device in which the barrier between two
superconductors can be controlled by a gate electrode. The device is structured as an ordinary
MOSFET with an exceptionally short distance between the source and drain electrodes with a
gate electrode in between. Another special feature is that we use superconducting source and
drain contacts. A schematic view of the device is shown in Fig. 2.1. Ordinary MOSFETs with
the necessary short gate length are already known from the literature.! A Superconducting FET
(SFET) device in Si has been made before by Nishino ef al..2 In their device nano-scale
insulation between the different electrodes has been obtained by using a polycrystalline silicon
gate with oxidised sidewalls, configured with an overhanging gate that gives a shadow during
evaporation of the superconductor. This overhanging gate insulates the gate from source and
drain. This is a complicated structure to fabricate and requires many fabrication steps.

Gate Superconducting

amorphous W-Ge

Amorphous Si

N** doped
contact layer

Fig. 2.1 Cross section of the device with gate and amorphous tungsten superconducting source and drain
metallisation (schematic).
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In our design we aimed at a fabrication process with a minimal number of fabrication steps. To
study current transport between Si and superconductor also devices without a gate where
fabricated.

1.1 Requirements and solutions
The requirement of supercurrent through the device and the integration in integrated circuit
technology leads to the following demands on design and fabrication process.

Resolution and alignment

For a working SFET a very short gate length is needed. To observe a supercurrent the length
has to be smaller than a few times the proximity length (the distance Cooper pairs diffuse into a
normal material). As will be shown in chapter IV, the proximity length is expected to be on the
order of 10 nm. This means a gate length on the order of or less than 100 nm to make the
current path through non-superconducting material short enough. The resolution needed to
fabricate a device with these dimensions makes e-beam lithography the obvious choice. In
Fig. 2.1 dimensions of the device are shown. Obviously, fabrication of the gate, metallisation
of source, drain, and gate, and implantation all require high resolution and mutual alignment.
Alignment between different sub-100nm steps is very difficult, even using e-beam. So we
employ a self-aligning process with only one high resolution lithography step needed. The
deposition of the superconductor and the contact implantation are both self-aligning.

Possible superconductors

The choice of the superconductor is limited by the necessity of a self-aligned deposition
process. The self-aligned Co silicidation process is one of the prime candidates. CoSi has a T¢
(superconducting transition temperature) of about 1.4 K. A second candidate is Chemical
Vapour Deposition (CVD) of W. Ordinary o.-W has a T¢ of 15 mK, much too low for useful
measurements. However, different process conditions, using GeHy for the reduction of WF¢
make the deposition of W-Ge films with an amorphous or B-W structure possible. These films
have a T of about 4 K and can be deposited selectively on Si, being essential for a self-aligned
process. With commonly used superconductors as Nb and Al, self-aligned deposition is
difficult to realise because it is only possible by directional evaporation using a gate with
overhang?. This requires additional processing steps. Another silicide, V3Si, promises a higher
T, (17 K), but fabrication is very difficult because the reaction between V and Si does not stop
with V3Si but proceeds to form silicides with a higher Si-concentration. The solution is to co-
deposit V and Si in the right proportion, which makes a self-aligning process impossible.

10



Fabrication

In the remaining part of this paragraph we will mainly concentrate on the fabrication using
amorphous tungsten, the fabrication using CoSip will be treated in paragraph 2.3.2.

Contact

The contact between the superconductor and the semiconductor, in our case to the channel or 2-
Dimensional Electron Gas or 2DEG, is of major importance. A high contact resistance means a
low probability for Andreev reflection or Cooper pair transmission and suppresses the
supercurrent through the device. A high contact resistance can be caused by contamination of
the interface between the superconductor and the semiconductor and by a Schottky barrier. A
solution to the contamination problem is the use of cleaning procedures including an HF-dip
that passivates the surface and prevents oxidation. The contact resistance caused by the
Schottky barrier can be minimised by using the right metallisation and a heavily doped contact
layer. CoSiz and W deposition by CVD with GeHy are known for their low contact
resistance.3# To make this contact layer we use an implantation of As with low energy (10
keV) and a short anneal to suppress lateral transport of doping. The lateral doping must extend
over a distance of a few tens of nm's under the gate (see Fig. 2.1) to contact the channel and to
bridge the metal that creeps under the gate oxide. This consumption of Si at the Si-SiO;
interface during metallisation is called encroachment (see paragraph 2.3.1.2) and can reach up
to about 10 nm under the gate. The lateral doping may extend however not too far under the
gate to prevent direct contact between source and drain. Final form of the device (Fig. 2.1):

The substrate is made of silicon, doped with boron (10-30 Qcm). Source and drain
metallisation are both made of superconducting material that contacts the 2DEG through the n*
doped areas. This 2DEG is influenced by the voltage on the gate above, insulation is provided
by a thin gate oxide (60 nm). Superconducting W is selectively deposited on the silicon; this
process prevents contact between gate, source and drain without additional etching steps.

Source

Fig. 2.2 Top view of the device (schematic).

11
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In Fig 2.2 it is shown that the source and drain areas are contacted on two places to enable 4
point measurements. The gate can be contacted on both sides to make it possible to check
whether the metallisation of the gate is continuous.

2 Process flow

2.1 Low resolution processing

The low resolution part of the process flow is schematically shown in Fig. 2.3. The field oxide
is patterned twice, first to be used as a mask for marker fabrication, secondly to define source
and drain areas. Thereafter a gate oxide is grown in the field oxide windows and a layer of Siis
evaporated on top.

> Field oxide]
Hole marker Si - substrate}
V:-—\\Gate oxxde S;yttered &/:
V Si - substrate

Fig. 2.3 Low resolution processing flowchart. 1) V-hole markers and patterning of the field oxide, 2)
Gate oxide growth and Si deposition.

Markers

Markers are needed to align different patterns realised in separate process steps. The source and
drain areas are made by optical lithography. The fabrication of the gate is done using high
resolution e-beam lithography. The markers must be visible both optically and by e-beam. They
must also be compatible with the fabrication steps following marker fabrication. We use V-hole
markers, pyramid shaped holes in the silicon made by etching with KOH. KOH etches silicon
anisotropically, providing pyramid-shaped holes in a (100) wafer. These markers can easily be
seen by e-beam because they reflect electrons different compared to a flat surface. Furthermore
they are compatible with all process steps afterwards, opposite to heavy metal markers.

The fabrication is done in the following way (detailed information about the recipes is available
in the Appendix):

After the RCA clean (recipe WE4) a field oxide (recipe A3) is grown. Optical lithography is
used to define the markers (recipe L1), followed by the HF etch (recipe WES5) to etch holes in

12
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the oxide. After resist removal in acetone the oxide is used as a mask to etch the pyramid
shaped holes in the Si by KOH (recipe WES).

Source and drain definition
The source and drain areas and their contact windows are made in the field oxide. They are

defined by optical lithography (recipe L1). This is followed by the HF etch (recipe WES) which
etches the SiO;. (Fig. 2.3 step 1)

After the RCA clean (recipe WEA4) the gate oxide is grown (recipe A2) in the windows and a
silicon layer is evaporated on top. This silicon makes the self-aligned growth of the

superconductor gate possible. (Fig. 2.3 step 2)

e-beam exposure

1L

2 layer e-beam mask

Mask removal and "
contact implantation CVD deposition of W

Ul g LU Source ggbon drai

Fig. 2.4 Process flowchart of gate fabrication and metallisation.

e)

2.2 Gate fabrication

Electron beam lithography (recipe L2) is used for the definition of the gate area and its contact
pads. First a 2-layer resist system of AZ and SNR is spun on the wafer (Fig. 2.4a). The e-

13
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beam sensitive negative resist SNR is the top layer of the 2-layer resist system. The pattern is
written with a Philips EBPG/3 or a Leica EBPG/S using automatic marker search for the
alignment with the source and drain areas (Fig. 2.4b). The limiting factor in resolution is the
use of the SNR resist. It has a practical resolution of about 100 nm. After development of the
SNR (Fig. 2.4c) the bottom layer of AZ is anisotropically etched in a low pressure Oz plasma
(recipe DES) using the silicon containing SNR as a mask. This gives vertical resist profiles,

which improves the anisotropy of the oxide etching.

The gate pattern is transferred to the Si and SiO2 layers by Reactive Ion Etching (RIE) (Fig.
2.4d). The Si is etched using a SFg-O2-He plasma’ (recipe DE6) and the SiO; layer using a
CHF3 plasma (recipe DE1). The remaining resist is removed using fuming HNO3 (recipe
WEL1).

o 77525
q’g 10'°- 22,
9 / /L L5325
T [ill’l L2
77/// /¥
SIS

K

LLTALP
ST

Fig 2.5 2D doping profile of the gate area. The right side is the implanted region underneath the W, left
is underneath the gate. The dashed line gives the doping corresponding to the Metal-Insulator (MI)
transition. Silicon doped below this level is insulating at low temperatures. A dose of 10'5 cm2 of As
is implanted with 10keV.

To ensure good contact between the superconductor and the 2DEG the contact areas are
implanted using the gate and field oxide as mask. (Fig. 2.4e) Because of the short gate length a
very shallow implantation is needed. We used a 10 keV As implantation with a dose of
1015¢m-2. The anneal for activation of the doping and diffusion to reach the right lateral depth

14
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is done in a Rapid Thermal Processor (as recipe Al, but 2 minutes at 975 °C). As shown in
Fig. 2.5, the implantation profile® reaches a lateral distance under the gate of about 30 nm.

2.3 Metallisation

2.3.1 Self-aligned W-CVD

A 10 nm thick W film is deposited selectively on the source, drain and gate areas by chemical
vapour deposition (CVD) (recipe D2,D3). It is a low temperature process based on the
reduction of WFg with GeHy in an ASM Single Wafer Reactor. Details of the CVD process are
reported by Van der Jeugd et al.7 This is the first time W, self-aligned deposited using GeHa,
is used in a working device. A substrate temperature during growth of 275°C results in films
with an amorphous W structure as demonstrated by X-ray diffraction. This temperature is
chosen to suppress encroachment (see below). The resistivity of the deposited layers is on the
order of 2 pQm. A layer of silicon on top of the gate oxide promotes deposition on the gate.
No metal is deposited on the insulating surfaces like the side walls of the gate oxide (Fig. 2.4f).
In this process selectivity is only possible for thin layers. For thicker layers (> ~10 nm)

deposition on SiO; may occur as well.

2.3.1.1 Superconducting properties of amorphous W and 3-W

Table 2.1. Superconducting properties of different W-CVD films. The film of run 516 is amorphous, the
others have the B-W structure. The letter codes correspond to the samples mentioned in Chapter VII and
in the figures.

RBS RBS RBS

Sample: | T¢: Heo: R Ge content: | Thickness: | p:

K T Q % nm LOm
448, D | 3.46%+.02 | 7.45+.05 ]| 290+20
448, F ]3.43+.01[8.75+.05|290+20 | 18% 6.46 2.18
448, G | 3.00+.05 | 9.60+.05 | 500+20
455, E | 2.84+.01 480120 |23% 4.72 2.78
475, | 2.83+.02 [ 6.82+.05| 135+20 | 16% 14.2 1.82
516, P | 3.50+.05
516, Q | 3.91+.05

Table 2.1 shows the superconductive properties measured on different samples. The thickness
is designed to be 10 nm and the films are deposited selectively on silicon. The electrical
properties are measured on strips of 10 pm wide and 1 mm long. Samples made in run 448,
455 and 475 consist of B-W made by the GeHs W-CVD7 (recipe D2). Samples made in run
516 are amorphous (recipe D3). Of the film deposited in run 448 and run 516 several samples

are measured to get an estimate of the spread over the wafer. T, and H,» are defined as the
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temperature and field where the normal resistance has been reduced by a factor of 2. Hey is
measured at 0.1 K with the magnetic field perpendicular to the film. The last three columns
show results from RBS measurements. Fig. 2.6 gives the resistance vs. temperature. Fig. 2.7
gives the resistance vs. magnetic field. We also performed a critical field measurement with the
magnetic field parallel to the film. For run 448 film F the result is: Hep>14.5 T. Fig. 2.8
shows the critical current vs. temperature at zero magnetic field for sample F from run 448.

From the data of Table 2.1 can be concluded that the films are so thin that the properties are not
well controlled. For our research application however they can be applied very well because
our only demand is a film that becomes superconducting at a reasonable temperature and is
selectively deposited. For the use in a production process the properties should be better

controlled.
50 LENLENLE SNLENL B LB SRS o,
3 sof o 3
g 3 - b/ F :
© p £ 20 ]
1oF | E
0 ]
2.8 3.2 3.6 4.0 4 6 8 10 12
T(K) B(T)
Fig. 2.6 Resistance vs. temperature near T¢ Fig. 2.7 Resistance vs. magnetic field for
for different W samples. Curve P is scaled to different B-W samples.
RN=10kQ because of a different sample
geometry.
0.5 T Ty T r[rrrtr[rroy
0.4F r
“T F 3
s %°F E
< o 3]
202fF =
0.1f r X .
- . Fig. 2.8 Critical current vs. temperature for
u I y i sample F of run 448.
0-0 LA L 1 . 1L A 1 L1 1
0 1 2 3 4
T(K)
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2.3.1.2 Encroachment

High temperature W-CVD processes cause the problem of consumption of silicon by the
growth of tungsten underneath the SiO starting from the triple point between Si, W and SiOa.
This phenomenon is called encroachment. In extreme cases this can cause a short in the device.
In the first runs we used a process for deposition of 8-W identical to that for amorphous W but
at a temperature of 340°C (recipe D2). This gave, unexpectedly,4 some encroachment (Fig.
2.9a) which bridged the contact implantation and brought the metal in direct contact with the
2DEG. I-V measurements (Fig. 2.10) show a gate voltage dependent breakthrough. A lower W
deposition temperature (recipe D3) and an n* contact layer reaching further under the gate

oxide, made by a longer anneal of 2 minutes instead of 30 seconds, eliminated that problem.

Original
gate width

Encroachment

Implanted areas
Fig. 2.9b Schematic view of the gate area
Fig. 2.9a TEM picture of the gate area showing encroachment.
showing encroachment.

4

Fig. 2.10 Source current I vs. source-drain
voltage Vg5, measured at different gate
voltages: Curve 1 at Vg=-10 V,2at-4V,3at
OV,4at4Vand5at10V.
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2.3.2 Self-aligned CoSi2 growth

Fabricating CoSij in a self-aligned process is also not free of problems. Known problems in
CoSiy formation are bridging (overgrowing oxide spacers) and compared to TiSiz, a high
sensitivity to surface cleanliness.8 First we describe the general outline of the fabrication

process, thereafter we continue with the problem of how to get a clean interface.

First the native oxide is removed in a 1% HF solution (recipe WE2) and then the substrate is
immediately loaded into the vacuum system. After sputter deposition of 12 nm of cobalt (recipe
D1) the CoSiy is selectively formed by a Rapid Thermal Anneal at 700°C for 30 s in Ar (recipe
Al). As a result 45 nm of CoSiy is expected. The residual cobalt on the oxide is etched away
selectively in a HCI-H707 (3:1) mixture (recipe WE3). This mixture also etches other cobalt
silicides like CoSi and Co2Si, which is important to suppress bridging.

The CoSiy forms because the Co reacts with the Si of the substrate. A layer of Si with the same
thickness as the new CoSij is consumed in the reaction. This is the basis of the self-alignment.

Co only reacts with Si, not with SiO and CoSi3 is only formed on the exposed Si surfaces.

During CoSij formation different atoms are moving. First Co reacts with Si to form Co;Si in
which case Co atoms are moving. Subsequently Co,Si reacts with Si to form CoSi, in which
process Si is the mobile species. The last step is reaction of CoSi to CoSig, in which Co is

moving again.?

2.3.2.1 Interface

In the first experiments CoSi; was formed on an oxide pattern made by wet etching.® Here
surface cleaning with HF only, turned out to be sufficient. We used RIE etching to pattern the
oxide. Now CoSi, formation was not reliable, often no CoSip was formed and no conductivity
was measured. We suspected that this is caused by the RIE process. It is known!0 that the
etching plasma contaminates the surface by carbon, fluorine and hydrogen. Carbon and
fluorine will be implanted in the silicon to a depth of a few nm, hydrogen to about 10 nm.

Cleaning of the surface might be a solution.

The following cleaning methods were compared:

1) HNOj to remove the resist followed by an HF-dip (recipe WEI, 2).

2) Like 1, but supplemented with Ar-sputtering before Co deposition (recipe DE2).

The films made following the first approach (1) do not conduct. No CoSi; is formed. AES
analyses after the final wet etch with HCI-H;0; show no sign of Co and a large amount of
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oxygen down to about 60 nm (Fig. 2.11). AES analyses done before this etch show a layer of
oxygen between the substrate and the Co containing top layer (Fig. 2.12). The ratio between
the Co and Si signal makes it likely that the top layer mainly consists of Co,Si. Co,Si is one of
the intermediate stages of the CoSi; formation and can be etched by HCI-H505.
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Fig. 2.11 Atomic concentration vs. depth
measured by ESCA on a film made by method
1 after HCI-H70; etch.
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Fig. 2.13 AES profile of sample made by
method 2. Note the 1:2 ratio of Co and Si.

Fig. 2.12 AES profile of film made by method
1 before HCI-H203 etch. Note the oxygen
containing layer near the Co-Si interface.
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Fig. 2.14 Resistivity of different CoSip
samples as function of temperature near T.
Samples 2-5 use as cleaning Ar sputtering, 3-5
with additional cleaning steps. In sample I and
II the last 10-15 nm of oxide is etched by HF,
sample I is made on low doped silicon, II on
heavily B doped silicon.

Knowing that CoSi; formation proceeds in three steps, the Co,Si present on top of an oxygen

containing layer can be explained assuming that the contamination of the surface causes a
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kinetic diffusion barrier for Co. If this is the case the reaction is too slow and there is no time
available for all three reaction steps to take place.

Films made by method 2 do show CoSi and no oxygen between the substrate and the CoSip
film (Fig. 2.13).

Resistance measurements (Fig 2.14) show a spread in resistivity, which might be due to
remaining surface contamination. Sample 2 is made by cleaning method 2, samples 3-5 are
made using different additional cleaning steps including RCA clean and application of an O3
plasma. The resistivity varies from 5.5 pQcm to 12 ulem. Resistance measurements show
that T, is not the same for all films (Fig. 2.14). Some films lack a clear transition and show a
plateau in the middle of the transition. The question remains whether these effects are just a
spread between different samples or that it is related to the cleaning method, the measurements
have only been done on one sample for each cleaning method. An indication in favour of
remaining surface contamination is curve I, this is measured on a sample where the last 10-15
nm is etched by HF instead of by RIE. This sample has a high T, and a low resistivity.

In conclusion, Ar sputtering is sufficient to remove the diffusion barrier resulting from RIE
etching in order to fabricate CoSiy reliably. The diffusion barrier consists probably of oxygen.

2.3.2.2 Sample fabrication

=80 nm

—

CoSi, p** Si-junction

Fig. 2.15 Cross section of the device with CoSiy used as superconductor (schematic}.

Devices used for the measurements described in Chapter IV (Fig 2.15) are fabricated in the
following way. To get a well-defined current path the current is restricted to the top 20 nm of
the Si. This is done by growing a thin layer of heavily B doped Si on a low doped wafer by
MBE (Molecular Beam Epitaxy). On top of the Si a 60 nm thick oxide is deposited by LPCVD
(Low Pressure Chemical Vapour Deposition), which is used as a mask for CoSiz formation.
The pattern is transferred to this layer by e-beam lithography (recipe L2) after which it is etched
by a RIE process using CHFj3 (recipe DE1). To get a clean surface for CoSi formation, (see
above) the oxide is not etched completely with RIE, the last 10-15 nm is etched in an HF
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solution (recipe WE2) after resist removal (recipe WE1). CoSiy is formed as described above,

the resistivity near T, is shown in Fig. 2.14 curve II. To restrict the current path also in the

lateral direction trenches are etched by argon sputtering.
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CHAPTER 111

CONCEPTUAL FRAMEWORK

1 Introduction

In electrical measurements on superconductor-normal metal-superconductor (SNS) structures
we find a non-linear conductance at low voltages, already far below the superconducting
energy gap. This is caused by a number of effects that can be divided into two categories:
coherent and incoherent effects. Coherent effects are due to the quantum mechanical nature of
the carriers. The other category, incoherent effects, are effects in which the observations can be
accounted for by using a classical energy distribution description in the spirit of the Boltzmann
equation. In this chapter we will focus on incoherent effects of superconductors in contact with
normal materials. The coherent effects will be treated in chapter IV and VI. In chapter IV
supercurrent is treated. In chapter VI reflection-less tunneling will be presented, another

coherent effect, i.e. quantum interference enhanced Andreev reflection.

SINIS:

S N S

I I

Fig. 3.1 Schematic diagram showing the model geometry used by OTBK to describe SNS structures. S

stands for superconductor, N for normal material and I for interface barrier.

Incoherent effects are usually treated in a way initiated by Klapwijk ez al..! Transmission is
treated in a full quantum mechanical way at the NS interface and an energy distribution
description is used in the normal region. The SNS approach is refined by the introduction of an
elastic scattering barrier at the interfaces (I), this leads to a SINIS model (Fig. 3.1). The current
in this structure is calculated by Octavio and co-workers,? hereafter indicated as the OTBK

model. Strictly speaking, the model is one-dimensional and based on the assumption that
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carriers in the normal region maintain the same energy and can change direction and nature only
at the interfaces. An interesting effect that can be explained by the OTBK model is subharmonic
gap structure. This is structure on the differential resistance curve occurring at integer fractions
of twice the superconducting gap. The OTBK model explains this by multiple Andreev
reflections.3 Andreev reflection is the reflection of an electron incident from the normal
conductor into a hole, which retraces the path of the incident electron. This is required by the
pair-correlation in the superconductor and results into an extra Cooper pair in the
superconductor. A full quantum mechanical description of subharmonic gap structure is given

by Arnold# for SIS structures, here qualitatively the same result is found.

In our devices with gate, which will be extensively discussed in chapter V and VI, no
subharmonic gap structure is observed. Therefore, the theoretical study in this chapter is mainly
focused on mechanisms that might suppress the subharmonic gap structure using the
framework of the OTBK model. In doing so we first start with a short review of existing
theory. To this aim we introduce in paragraph 2 the physical processes at the single Normal
metal - Superconductor (NS) interfaces and Andreev reflection. In paragraph 3 the OTBK
model for SINIS systems will be described.

In our devices the barrier between the superconducting electrodes consists of a semiconductor
in which scattering can not be neglected. This scattering might cause the suppression of
subharmonic gap structure. For that reason we present in paragraph 4 extensions of the OTBK
model that includes scattering in the normal region. The elastic mean free path is much shorter
than the length of our device. In paragraph 4.1 we consider the implications of elastic scattering
in the normal region. The influence of elastic scattering on subharmonic gap structure and other
aspects are studied. Inelastic scattering may be another cause for the suppression of
subharmonic gap structure and will be studied in paragraph 4.2.

In the higher dimensional case elastic scattering is fundamentally different from the one-
dimensional case because at each scattering event the angle of incidence at the interface
changes. Because the transmission and reflection coefficients depend on the angle of incidence
at the interface, the influence of elastic scattering on the transport properties of the device is
different for the higher dimensional case. In paragraph 5 we calculate the effect of the angle-
dependent transmission and reflection coefficients. We then integrate these coefficients over the
angle to simulate the case of strong elastic scattering, assuming that the direction of motion of

the electrons is completely random.
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Andreev reflection, an important mechanism for subharmonic gap structure, is fully suppressed
by high interface barriers. For this limit of interfaces with low transparency we will summarise

the low transparency model from Heslinga et al.5 in paragraph 6.

Fig. 3.2 Schematic diagram showing processes at the NS interface. Transmission through the interface is
shown in the left figure, this is only possible for electrons with energy IEI>A relative to the
electrochemical potential of the superconductor . The right-hand side shows ordinary reflection and
Andreev reflection. Electron el with energy E can undergo ordinary reflection that results in electron e2 or
Andreev reflection, this results in a reflected hole h with energy -E and a Cooper pair in the
superconductor.

2 The NS interface

To understand the NS interface we assume, as in Klapwijk et al.,! an abrupt rise of the
superconducting gap at the interface. The elastic scattering at the interface is represented by a
delta function potential. Electrons from the normal side (Fig. 3.2) can either reflect at the
interface, undergo Andreev reflection or pass the interface and proceed as a quasi-particle in the
superconductor. Andreev reflection? is the process in which an electron with energy E incident
from the normal side of the NS interface is reflected as a hole with energy -E while injecting a
Cooper pair into the superconductor. The mirror process is possible for a hole incident on the
NS interface. Both processes contribute a charge of 2¢ to the current, together with ordinary
transmission that contributes a charge e. Using the Bogoliubov equations$ and by matching the
wave functions at the NS interface, one finds an energy-dependent transmission coefficient
T(E), reflection coefficient B(E), and Andreev reflection coefficient A(E) of the NS interface.
These coefficients depend on Z, a dimensionless parameter that gives the strength of the
potential barrier V(x) at the interface, i.e. V(x)=Zhvgd(x) with vp the Fermi velocity and &(x) a
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delta function. The coefficients are given in table 3.1. The current through the contact is given
by:

Izéé—o [[fo(E-eV)-fo(E)2AE)}+T(E)IIE (3.1a)

with the Sharvin resistance Ro=[2Av2N(0)]-! and fo(E) the Fermi distribution. Here A is
the cross-sectional area of the contact and N(0) the density of states at the Fermi energy. The
normal state resistance of an NS contact with a barrier of strength Z can be calculated by taking
A=0:

Ry=Ro(1+Z?) (3.1b)

The charge transport of 2e by each incident electron in case of Andreev reflection leads to an
excess current Iexc above the current carried in the normal state. This excess current is defined
as the positive intercept with the current axis when the I-V curves are extrapolated from
voltages above twice the superconducting gap to zero voltage. An analytical integration” of the

coefficients of table 3.1 leads to:

eRplexc _ 1 1
= [1- ctanh(
A 2227 gza4272 1422

The calculated value using this equation is identical to the numerically result obtained by

27\ 1+72
1+

) (3.2)

Klapwijk ef al..1

Table. 3.1 Andreev reflection coefficient A, ordinary reflection coefficient B and transmission coefficient
T for electrons incident on the NS interface as a function of energy relative to the Fermi level. Here are

used: uQ =1—v02=%{ 1+Y (EZ—AZ)IEZ} and 72=[u02+22(u()2-v02)]2. NS(E)=(1102-V()2)'1 is the supercon-

ducting density of states is, A is the superconducting gap.

A B T
2
(El<A A 1-A 0
E2+(A2-E2)(1+222)2
IEl>A ug2vo? (up2-v02)2Z2(1+22) | (ug?-v0?)(Z2+ug?)
2 72 2
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3 OTBK

The OTBK model!-2 uses results obtained from quantum mechanical calculations for the NS
interface as presented in table 3.1. The reflection and transmission coefficients are used to
calculate the energy distribution in the normal region between the two superconductors. From
this distribution function the current is calculated (Fig. 3.3).

The distribution function is divided into two parts: a distribution function of electrons that go to
the right £ .(E,x) and a distribution function of electrons that go to the left f..(E,x), these
distributions are coupled at the interfaces. The distribution of electrons that start at the left
interface and go to the right, f_.(E,0), is the sum of the contributions of the Andreev reflected
holes, A(E)[1-f«.(-E,0)], the electrons that undergo ordinary reflection, B(E)f.(E,0), and
transmitted electrons, T(E)o(E). fo(E) is the Fermi distribution, the superconducting density of
states is incorporated in the transmission coefficient.

Z
Z
AN
S N
A
S
(€0 .
x=0 "ﬁé\} B
x=L

Fig. 3.3 Schematic diagram of the weak link model used in the OTBK model.

The distribution of electrons that start at the right interface and go to the left, f<.(E,L), consists
of the same contributions. In equation form:!2

f.5(E,0)0=A(E)[1-f<.(-E,0)HB(E){<(E,0)+T(E)fo(E) 3.3)

f«.(E,L)=AE)[1-f.5(-E,L)[+B(E){_o(E,L)+T(E)fo(E) 3.4)

In the model it is assumed that the electrons that start at one interface reach the other with an
unchanged energy distribution, except that the energy distribution is now shifted an amount eV
relative to the electrochemical potential of the other superconductor:
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f(E,L)=f>(E-eV,0) (3.52)

f(E,0)=f..(E+eV,L) (3.5b)

Flensberg et al.8 showed that, provided the barriers and the superconductors are identical, the
symmetry in the problem can simplify the solution. Since the reflection and transmission
coefficients are all even in energy, the electrons with distribution f_,(E,0) which move to the
right will have the same distribution as the holes of energy -E moving in the opposite direction
with distribution 1-f._(-E,L) which gives:

fS(E,0)=1-f.(-E,L) 3.6)

Now we can eliminate one subpopulation by substituting Eq. 3.5 and 3.6 in Eq. 3.3 and obtain
the result (f_(E) replaces f.5(E,0) at x=0):

f_>(E)=A(E)f_>(E-eV)+B (E)[1-f5(-E-eV)IH+T(E)fo(E) 3.7

Except for the Z=0 case this equation has to be solved self-consistently by numerical methods.

The current through the junction is:

=g [EISE){e ()] =p- JEIESERE-CE-V)-1]

oo

=Eé—o( JAE[2f(E)-1]+eV) (3.8)

The normal resistance of the junction R;, can be calculated analytically:

Rp=Ro(1+272). 3.9

Important features of the electron transport explained by this model are subharmonic gap
structure and excess and deficit current. Excess and deficit current can be detected by
extrapolating the high voltage part (eV>>2A) of the I-V curves to V=0 (Fig. 3.4a). Just as in
the single NS case, excess current (positive intercept) is explained by the extra conductance
resulting from Andreev reflections in the energy interval A around the Fermi energy of the
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superconductor. On the other hand, the Andreev reflection probability decreases rapidly with
increasing barrier strength Z and this leads to a current deficit (negative intercept) for higher Z
values. In this case the conductance in the energy interval A around the Fermi energy of the
superconductor is smaller than in the normal case. In a certain energy range the normal region
has almost no "communication" with one superconductor and thus contributes less to the

current.

elR/ A
1/R, dv/dl

0 .
0.0 05 1.0 1.5 2.0 2.5 3.0 00 05 1.0 15 20 25

eV/A eV/A

Fig. 3.4 Calculations that have been done using the OTBK model for different values of the barrier height
Z and at T=0. a) Normalised I-V characteristics showing change from excess current to a current deficit as
Z is increased. The dashed line corresponds to V=RpI. b) Normalised differential resistance curves

showing subharmonic gap structure. (See also ref. 8)

Subharmonic gap structure is structure in the differential resistance curves at integer fractions of
twice the superconducting gap. Calculated results are shown in Fig. 3.4b. This structure
originates from multiple Andreev reflections. When the applied voltage exceeds 2A/ne, the

number of possible Andreev reflections changes with one, which shows up in the conductivity.

4 Scattering in the OTBK model

Underlying assumptions in the OTBK model are conservation of energy and of direction of
motion of the carriers in the normal region. Only at the interfaces direction can change in this
one-dimensional model. Although the devices studied by Van Huffelen et al.? are in the
diffusive regime, the model has been successful in interpreting carrier transport phenomena in
these semiconductor coupled structures. The authors studied a sandwich structure geometry of
heavily doped silicon of 50 nm thick covered by niobium on both sides. The elastic mean free
path in heavily doped silicon is about 5 nm, which means that only a small fraction reaches the

other side without scattering. Since we expect elastic scattering to be even stronger in our case
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we extend the OTBK with elastic scattering and study its effect on subharmonic gap structure in

paragraph 4.1.

Suppression of higher order subharmonic gap structure is often attributed to inelastic scattering
(Van Huffelen et al.% and Nitta et al.10). However, the number of electrons that undergo
inelastic scattering is small, an inelastic scattering length a few times larger than the length of
the device is not unusual. In devices where this is the case (see Van Huffelen er al.%) we still
see suppression of higher order subharmonic gap structure. This can be understood by taking
into account that subharmonic gap structure originates from multiple Andreev reflections, the
electrons have to cross the normal area more than once and so have a higher probability of
inelastic scattering. This causes the higher order structure to be more strongly suppressed. Nitta
et al.19 modelled inelastic scattering in the Z=0 case based on the OTBK model. Here we
introduce inelastic scattering in the OTBK model in a similar way, but for general Z. This

theory is treated in paragraph 4.2.

N B Z
S N N
A S
£EX A
SO
x=L

Fig. 3.5 Schematic diagram of the weak link model used in the extension on the OTBK model to include
scattering. B is the barrier where the scattering takes place.

In both extensions of the OTBK model we assume scattering to take place at a barrier placed at
the centre of the normal area. This is schematically shown in Fig 3.5. For elastic scattering in
one dimension this is a good approximation if we do not include quantum mechanical effects.
The only scattering possible in one dimension is a change of direction. For inelastic scattering
the equilibrium energy distribution is very important. As can be seen in paragraph 4.2, we will
assume that a fraction of the electrons scatter at the barrier B to the Fermi distribution. This is a
gross simplification but perhaps the best possible in the framework of the OTBK model.

4.1 Elastic scattering

Elastic scattering is modelled by assuming that all scattering is confined to one barrier in the

centre of the normal area (Fig 3.5). Quantum coherent effects are neglected. A fraction of the
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electrons changes direction, depending on the height of the barrier. Not all electrons that start at
one interface will reach the other so Eq. 3.5 is replaced by:

f.>(E,L)=Pf_(E-eV,0)+(1-P){.(E,L) (3.10a)

f<.(E,0)=Pf..(E+eV,L)+(1-P)f_.(E,0) (3.10b)

with P the transmission probability of the barrier for electrons. This is the only difference with
the original model. Using this assumption with the original equations 3.3, 3.4 and 3.6 we can
eliminate one sub-population and calculate the other; the distribution of electrons leaving the

interface at x=0:

f>(E)=AE)[PL.5(E-eV)-(1-P){.5(-E) +B(E)[(1-P){.5(E)-Pf 5(-E-eV) ]+
T(EM(E)+AE)1-P)+B(E)P (3.11)

The current is:

e B £ ()] g [AEIE>(ENHx(EeV)-1]

oo

=%( [AER2E5(B)-1}+eV) (3.12)

Also in this case we can calculate the normal resistance:

14+2P72
RF%RO. (3.13)
We calculated numerically the differential resistance curves using this model to see what the
influence of elastic scattering is on the subharmonic gap structure. Fig. 3.6 shows the results
for different P and Z values, scaled with the resistance in the normal state. The P=1 curves (no
scattering) are identical to the original OTBK curves.
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Fig. 3.6 Normalised differential resistance
(1/Rp)(dV/dI) as function of normalised
voltage eV/A for zero temperature, calculated
with the OTBK model with elastic scattering.
1-P is the probability of elastic scattering in
the normal area, the P=1 curve is identical to
the original OTBK model without scattering.
(a) Z=0.3. (b) Z=1. (c) Z=3. (d) Z=9. (e)
Excess current as function of P at different Z
values. Negative excess current is called
deficit current.
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4.1.1 Influence on subharmonic gap structure

The main effect of the elastic scattering is the reduction of the amplitude of the structure on the
differential resistance curves. When the curves are scaled it can be seen that the reduction is the
strongest for the 2A dip (if Z>1). For Z<1 the structure at 2A is not reduced more strongly than
the other structure. This is opposite to what can be naively expected because the structure at
higher n originates from multiply Andreev-reflected particles that have to pass the scattering
barrier more than once, as described by Arnold.4

This result can be understood if we think of the barrier in the normal region as if it has a certain
width. As seen from inside the barrier Andreev reflection probability and transmission
probability are changed because multiple reflections between the barrier and the NS interface
are possible before the electron transmits or enters the barrier again as an electron or hole
caused by Andreev reflection. We define the total Andreev reflection probability A' as the
probability that the reflected hole comes back into the barrier.

The total Andreev reflection probability A’ and transmission probability T' have the following

A AP \ T .
value: A_(l-(l—P)B)Z-(l-P)zAT T =T (A+BY(I-P) with A, B and T from table 3.1. For small

P this becomes A'=0.5 and T'=0 for [El<A and A'=0 and T'=1 for higher energies,
independent of Z.

The Andreev reflection "transmits” the structure in the total transmission around energy A, to
the energies 2A/n. Although the structure is much weaker when P is small, the transmission is
better; an Andreev reflection coefficient of 0.5 is higher than the Andreev reflection coefficient
of an NS interface at Z>1.

4.1.2 Influence on excess and deficit current

Fig. 3.6e shows that the excess current is also reduced or even turns over to a deficit current
when elastic scattering is introduced. The behaviour of the current deficit depends on barrier
height. Excess current can be seen as a reduced interface resistance caused by Andreev
reflection. Elastic scattering manifests itself as a series resistance, the relative contribution of

the reduced interface resistance becomes smaller with higher amounts of elastic scattering.

The same argument can be used to explain the behaviour of the current deficit. Here it is useful
to think in terms of a series resistance that depends on electron energy. Current deficit is then
explained by a higher interface resistance in an energy interval 2A. Elastic scattering causes a

series resistance at all energies, which reduces the relative importance of the higher interface
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resistance in the energy interval 2A. The higher interface resistance in the energy interval 2A
causing the current deficit rises with Z so an increasing amount of elastic scattering is needed to

reach a comparable series resistance.

The initial increase in current deficit with increasing elastic scattering can be explained by the
extra conductance caused by a high density of states near A. This conductance partly
compensates the current deficit caused by a higher interface resistance. In case of elastic
scattering there is an extra elastic scattering resistance in series, which causes (for high Z

values) the initial increase in current deficit until it decreases again.

The influence of elastic scattering on the normal resistance (Eq. 3.13) can help solving another
problem with the application of the OTBK model to devices with semiconductor barriers (Ref.
9). If we derive a barrier strength Z by comparing the differential resistance curves and use Eq.
3.9 to calculate the normal resistance, the calculated value is orders of magnitude smaller than
the measured normal resistance. This can be explained by assuming that a fraction of the
surface is transparent, which is supposed to be caused by the uneven distribution of doping
atoms. However, this explanation is not consistent with Schottky barrier theory. Schottky
barrier theory does give a reasonable estimation for the normal resistance while also there the
distribution of doping atoms should be of major influence. The incorporation of elastic
scattering gives the same amount of subharmonic gap structure for a higher Z value. This
higher Z value together with the resistance contribution of the elastic scattering will give a much

higher normal resistance.

We conclude that elastic scattering does not reduce subharmonic gap structure, the relative
amplitude remains the same. Only the 2A structure is more strongly reduced. Elastic scattering
does give extra normal resistance and suppresses excess current. The current deficit can be
enlarged for intermediate amounts of elastic scattering and high interface barriers, but a higher

amount of elastic scattering suppresses it in the end.

4.2 Inelastic scattering
Inelastic scattering is modelled in a similar way as elastic scattering: by assuming that all
scattering is concentrated in one barrier in the centre of the normal area. A variable fraction of

the electrons relaxes to the equilibrium distribution.

The problem here is that we have to make an approximation for the equilibrium energy
distribution. For the case without scattering or only elastic scattering this was not necessary.
All injected electrons kept the same energy until they reached one of the interfaces. In the case

of one central barrier a chemical potential at the average level of the two superconducting banks
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is a natural choice. For the equilibrium distribution we take the Fermi distribution. This is a
reasonable approximation at higher temperatures and low probability of inelastic scattering,
outside this region the model is not applicable. At low temperatures the Fermi distribution is
very sharp. It is not to be expected that in reality, at low probability of inelastic scattering, the
scattered electrons are fully relaxed and a broad distribution is expected. At high probability of
inelastic scattering multiple inelastic scattering events can occur. This, together with a voltage
drop across the normal region, causes different equilibrium distributions at different interfaces.
In this case the assumption of an averaged chemical potential is clearly not justified. The limit
of high interface barriers and including inelastic scattering is treated in paragraph 6.

At the barrier in the centre of the normal region a fraction P, of the electrons scatters elastically,
a fraction Pj scatters inelastically and a fraction P, transmits through the barrier. The sum
Pi+Pe+Pj equals one. The distribution reaching an interface is the sum of the distribution of
transmitted electrons coming from the other side Pif .(E-eV,0), the distribution of electrons that
have undergone elastic scattering and come from the same side Pef< (E,L) and the distribution
of electrons that have relaxed to the Fermi distribution Pifo(E-eV/2). Eq. 3.6 is then replaced
by:

£ 5(B,L)=Pd 5(E-eV,0)+Pef(E,L)+Pifo(E-eV/2) (3.14a)

f< (E,0)=Pif< (E+eV ,L)+Pcf o(E,0)0+Pifo(E+e V/2) (3.14b)

Together with the original equations 3.3, 3.4 and 3.6 we can eliminate one sub-population and

calculate the other. The distribution of electrons leaving the interface at x=0 is then given by:

ESE)=AE)PE >(E-eV)-Pef »(-E))+B(E)(Pef.>(E)-Pif »(-E-eV))+
T(E)Yo(E)+A(E)(1-Pr-Pifo(-E+eV/2))+B(E)(P+Pifo(E+eV/2)) (3.15)

The current is;

I=alz; (AE[f 5 (B)-f-.(E)] %ﬁ;{;"% [dE[2f5(E)-1]+eV) (3.16)
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Fig. 3.7 Normalised differential resistance
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which in the normal state becomes:

(2-2P.-P)V
= 3.1
M (14+(2-2Pe-P)Z2)R, (.17a)
or a resistance of:
2 o
Rn=(2'2PC‘Pi +2Z Ro (3.17b)

Examples of the resulting differential resistance curves are shown in Fig. 3.7. For Z=0 we get
the same results as provided by the analytic method of Nitta ef al..!® We observe that inelastic
scattering suppresses higher order subharmonic gap structure. With higher interface barriers Z
less inelastic scattering is needed to suppress higher order subharmonic gap structure. In the
low barrier case of Z=0.3 we observe that in the presence of elastic scattering a smaller amount
of inelastic scattering is sufficient to suppress higher order subharmonic gap structure. The

influence on excess and deficit current is small at these small amounts of inelastic scattering.

5 2-Dimensionality

In the higher dimensional case the result of scattering is fundamentally different from the one-
dimensional case because the transmission and reflection coefficients depend on the angle of
incidence on the interface. This angle changes at each scattering event. To see if in more than
one dimension the resulting I-V curves are much different from the one-dimensional case, we
calculate the scattering coefficients as a function of the angle of incidence. Then we compute the
average over this angle, to model the case of strong elastic scattering in two dimensions, after
which we compare the resulting transmission and scattering coefficients with the one-

dimensional case.

First we have to calculate the transmission and scattering coefficients as a function of angle. We
follow the same technique as in Ref. 1. The Bogoliubov wave functions are matched at the
interface, using the extra coordinate @, the angle to the normal on the NS interface. We assume

refraction of the wave functions at the interface. The results are given in table 3.2.
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Table. 3.2 Andreev reflection coefficient Aop, ordinary reflection coefficient Bop and transmission
coefficient Top for electrons incident on the NS interface as a function of E, energy relative to the Fermi

level and @, angle to the normal on the NS interface. Here are used: u02=1-v02=%{ 1+ (EZ-Az)/EZ} and

b'e =u02cos2q>+22(u02-v02).

Azp Bop T2D
IEl<A A2 costo 1A o
Ezcos4<p+(222+coszq>)2(A2-E2)
IElI>A ug2vo? cose 72(22+c0s20)(ug2-vp2)2| (ug2-vo2)cos2e(uglcosp+Z2)
2 12 2
Y Y Y

We integrate’ over angle of incidence to model the case of strong elastic scattering in 2

dimensions. The results are:

For E>A:
/2
Aap=> [Aapde=r" ( _ ZNug?-voX(3ug*+222(ug-ve)) (3.182)
20 n D202 (U()2+Z2(u02-v()2))3/2 .
/2 ) . i
2 Z,[ooivg W 1+2Z YupZ-vo2)
™ 2 1
#2p KJBZquFZ to (ug2+Z2(ug? -vg2))32 (3.18b)
) /2 \/_2__ . o
2D=" Nug?ve? 57, Z(ug%(2-3u0)-Z*(ug"ve%)")
T2p EJTZDd(PT ugQ (u02+Zz(u02-v02))3/2 ) (3.18c)
for E<A:

5 /2 ,———Az =

A'2D=—JAde(p= 1-Z
n V14142222 A2-E)+(142Z2)\ A2- E2
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Fig. 3.8 Plots of the transmission and reflec-
tion coefficient at the NS interface for the 1
dimensional case and the 2 dimensional case,
integrated over incidence angle. A gives the
Andreev reflection probability, B the ordinary
reflection probability and T the transmission
probability. Z measures the barrier strength

at the interface.

The resulting transmission and reflection coefficients are qualitatively the same as in the 1-

dimensional case. It can easily be seen that for Z=0 the coefficients are identical to the

coefficients in the 1-D case, for non-zero Z values the 1D and 2D cases are both shown in Fig.

3.8. Here the Z value in the 1-D case is changed slightly from the 2D value such that the curve

is closest to the 2-D one.
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We conclude that extending the calculations to two dimensions does not give a fundamental
change in electrical behaviour, the changes caused by this extra dimension are comparable to a
slightly different Z value in the one dimensional case.

6 Low transparency limit

The low transparency limit as described in the SINIS model by Heslinga et al.,> treats the case
of high interface barriers and neglects Andreev reflection. It models the normal area as a
reservoir of carriers that is in communication with the superconducting electrodes by tunneling
through the interface, which causes a nonequilibrium energy distribution. This energy
distribution relaxes to the Fermi distribution by inelastic scattering. Central in this model is the

injection rate that is defined as:

= 1

-————Nne2Rc d (3.20)

T is the injection rate of electrons from the superconductor into the normal region and depends
on d, the width of the normal area, N, the density of states in the normal part and R, the
contact resistance. The injection rate gives a rate for electrons entering and leaving the reservoir
where relaxation occurs. Together with the relaxation rate Tg it gives the degree of

nonequilibrium. The degree of nonequilibrium rises with increasing I'tg, the electrical

behaviour depends on the degree of nonequilibrium.

6.1 Injection and relaxation

The energy distribution in the normal region is determined by population from one
superconducting electrode, extraction from the other and by relaxation. The population rate rp, at
a certain energy level is the tunneling current at that level divided by the electronic charge:

rlF% Ny(E-eV/72) [fo(E-eV/2) - fy(E)] (3.21)

where (A is the surface area of the device, R the specific contact resistance in the normal state,
N;(E) the reduced density of states of the superconductor, fo(E) the Fermi distribution, and
fa(E) the energy distribution function of the normal region. The extraction rate from the normal
region to the other electrode:
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re=i Ny(E+eV/72) [fa(E) - fo(E+eV/2)] (3.22)
e?R.

The relaxation rate is written as:

r=AN,d nE) - Io(E) (3.23)
T

The steady state occupation at energy E is determined by the balance rp=re+ry. This gives:
No(E- SHR0(E- S)-EaE)=Ny(E+ it B)-oE+ S1+ HETE) 5 9
2 2 2 2 g

using I' as defined above. With this distribution function we calculate the current using the

tunnel equation:

A | Ng(E-eV/2) [fo(E-eV/2) - fp(E)1dE (3.25)

I=®

Fig. 3.9 Normalised current deficit as
function of I'tg for T<<T,.

In Fig. 3.9 the current deficit is shown calculated with this model as function of I'tg. A high
degree of nonequilibrium (I"tg<<1) suppresses the current deficit. The temperature dependence

of the current deficit is nearly the same as that of the superconducting gap.’
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In the next two chapters we will compare the models presented in this chapter with the

observed strength of the subharmonic gap structure and the amount of excess or deficit current.
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CHAPTER IV

SNS DEVICES USING CoSi2 AS SUPERCONDUCTOR

In this chapter we present results on planar devices consisting of two CoSi, superconducting
electrodes coupled by a heavily doped silicon link. In these devices a supercurrent is observed
as well as structure in current voltage curves at integer fractions of the energy gap resulting
from multiple Andreev reflection (subharmonic gap structure). In planar devices similar results
have only been obtained by Nitta ez al.! in a InAs heterostructure. In a non-planar device also
by Van Huffelen et al.? observed supercurrent and subharmonic gap structure using a thin

crystalline membrane sandwiched between superconducting niobium electrodes.

We have used CoSiy because it can be deposited self-aligning and because it is known3 to have
a well-defined interface and a low interface resistance to Si. CoSis is superconducting below
1.4 K. Using e-beam lithography and dry etching the distance between the superconducting
electrodes can be made as small as 80 nm. Most measurements have been done below 1K in a
3He-4He dilution cryostat. The conductance is measured with a standard 4-point lock-in

technique. The system is well shielded from external noise.

In paragraph | we briefly summarise the theory on supercurrents in SNS devices with interface
resistance between the superconductor (S) and the normal (N), degenerately doped silicon in
the middle. In paragraph 2.1 we describe measurements in the voltage carrying state and
interpret them using the model of multiple Andreev reflection extended with contributions from
elastic and inelastic scattering as described in chapter I11. In paragraph 2.2 we will describe the
measured supercurrent and interpret it using the theory of paragraph 1.

1 Supercurrent theory

The supercurrent through a SNS device depends on the interface barrier and on the length
Cooper pairs diffuse into the normal material, i.e. the proximity length or normal metal
coherence length. Van Huffelen e al.2 found that the theory of Kupriyanov and Lukichev# is
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well suited for the description of supercurrent in a SNS device with degenerate silicon as
normal region. Near T and without interface barrier, this theory gives results identical to the
model presented by Likharev> that does not include an interface barrier. The theory of
Kupriyanov and Lukichev# allows a variable barrier strength. The supercurrent is calculated in
the theory of Kupriyanov and Lukichev* using the Usadel equations® for the superconducting
order parameter. The Usadel equations are valid in the dirty limit (elastic mean free path much
smaller than the BCS coherence length) and not subjected to restrictions on temperature range
as are the Ginzburg-Landau equations. Different regimes are studied in which the length of the
normal region and the barrier transparency is varied.

1.1 Coherence length
The coherence length Esy(T) in a dirty normal material represents the depth Cooper pairs

diffuse into the normal material and is expressed as:#

Esm(T)= \’ 2—2% 4.1)

For an order of magnitude estimate we substitute the value for the diffusion constant D found
by Heslinga et al.7 for 91019 cm3 P doped Si. We obtain a value of: {sm(1K)=20 nm which

is to be compared with a length between the superconducting electrodes of 80 nm.

1.2 Kupriyanov and Lukichev theory
In the long junction limit (L>>Egm(T) with L the length of the normal link) Kupriyanov and

Lukichev# find for the critical current:

64nkT L -L
L=—% (142I'p) Coexp( ) (4.2a)
eRn Esm(T) Esm(T)
with Cg the solution of:
i A 4 Cp)=2 T 2 C 4.2b
sm(a.rctannkT— arctan Cp)=2YB T, sin(2 arctan Cp) (4.2b)

with parameter yg=I'BL/Esm(T¢) and I'g the barrier strength. The normal resistance of the
junction Ry=pL(1+2I'g)/A. A is the area and p the resistivity of the normal link. In the limit
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of Yg=0 and near T the results of Kupriyanov and Lukichev* are identical to the results

calculated by Likharev.> For other temperatures small differences appear.

2 Measurement resulits

2.1 Voltage-carrying state

Current vs. voltage measurements are shown in fig. 4.1 for two devices; one with a low
resistance (32f) and one with a high resistance (32d). The two devices clearly show different
behaviour, The low resistance device 32f shows a superconducting state near V=0 and a small
excess current. The high resistance device 32d shows a large current deficit indicating high

interface resistances.

UL L L LN L L L B B L B 5% "L B B B A
0.6F -
0.5 - —— Device 32f - 3

3 0.3K, R,=127Q

< 0.4F 3

£ - .

o 0.3 -
0.2F 3

E ---------- Device 32d E
0.1 140mK R,=1.18kQ -
0.0 Y ;1||||'|| ra o b e by gy o byl 3

0.0 0.2 0.4 0.6 0.8
V{mV)

Fig. 4.1 Measured current as function of bias voltage for device 32f (upper curve) and 32d (lower, dashed
curve). The graph shows the superconducting state of device 32f near V=0. Note the large current deficit
of device 32d.

Figs. 4.2 show the differential resistance measurements vs. voltage. In Fig. 4.2a the behaviour
of device 32d is shown. Subharmonic gap structure can be seen, assuming a gap of 0.25 meV
it occurs at 2A/2 and 2A/3. The shift of the 2A/2 structure in the 500 mK measurement might
be due to heating of the sample which suppresses the gap. The dip in differential resistance near
V=0 can be a sign of reflectionless tunneling (see chapter VI).

Fig. 4.2b shows the behaviour of device 32f, the main figure shows the measurements done at
higher temperatures and the insert shows the enlarged measurements at the lowest

temperatures. At the lowest temperatures (see insert) the differential resistance drops to zero
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near V=0 corresponding to the observed supercurrent. Above 600 mK this does not occur. We
cannot explain the sharp peak in the differential resistance at small voltage in the 0.5 K curve.
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Fig. 4.2 Measured differential resistance as function of bias voltage for the two devices. a) Device 32d.
Note the subharmonic gap structure at 2A/2 and 2A/3, a superconducting gap of 0.25 meV is assumed.
b) Device 32f. The insert shows the measurements at the lowest temperatures in detail. The structure at
0.2 mV is identified as subharmonic gap structure at 2A/2, the remaining structure can not be connected

to subharmonic gap structure.

Device 32f has a low normal state resistance, shows supercurrent at low temperatures (see
paragraph 2.2) and weak subharmonic gap structure combined with a small excess current of

80nA. This indicates a device with low interface barriers.
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Device 32d has a higher normal state resistance, no supercurrent and clear subharmonic gap
structure and a current deficit of 220 nA, all indications of a device with poorly transmissive

barriers.

2.1.1 Interpretation

To describe the above observations in terms of the extended OTBK model as presented in
chapter III, we first make an estimate of the model parameters P (the transmission probability
of the scattering barrier in the normal region), Z (strength of the barrier at the NS Interface) and
P; (inelastic scattering probability).

The transmission probability P was introduced in chapter Il paragraph 4.1 and follows from

the bulk resistance of the doped silicon and the Sharvin resistance Ry, using Eq. 3.13:

2
Rn—le’.—ZPBZ—RO (3.13)

with Z set equal to zero. The current path through the silicon barrier L is 80+20 nm long and
the device has a surface area A of 0.2 X 20 um2. The doping level of the silicon is about 1020
cm-3 of boron. At these high doping levels the resistivity at low temperature is nearly identical
to the resistivity at room temperature.8 Using the corresponding resistivity p=1.2:10-3 Qcm
(Sze?) we find a normal resistance of the silicon barrier of 2.4 Q. Comparison with the actual
values of more than 100 Q indicates that the main part of the resistance is caused by the
interface. Using the doping level and the free electron model we estimate a Fermi energy Er of
90 meV, a Fermi velocity vg of 1.9-10% m/s and a density of states at the Fermi level N(0) of
1.7-1027m-3eV-1. From this follows that the Sharvin resistance Rp=[2. A v2N(0)]-! has a
value of 30mQ. Altogether, this gives a value for the transmission probability of the central
barrier in the extended OTBK model P of 0.01.

The barrier strength Z can be estimated from the measured normal resistance of the devices
using Eq. 3.13. This gives for device 32d: Z=140 and for device 32f: Z=50. From
measurements on the contact resistance we can also estimate Z by using Eq. 3.1. Van den Hove
et al.3 measured 1.5-10-11 Qm? for a contact using the same fabrication process and doping.
This gives Z=40. This value is different from the values derived above which is not unusual
because contact resistances often show large variation. Contact resistances are very sensitive to
the doping near the interface and to processing conditions. For device 32d we expect a high
interface barrier strength from the current deficit, 220 nA is near 4A/3eR,, the value in the

strong barrier limit.!9 For device 32f however, a Z value near unity is expected since this
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device shows a small excess current. At this stage we already see that for device 32f the Z
values estimated from the resistance and from the I-V curve do not agree. This discrepancy
might be explained by an interface that is only partly transparent.

To estimate Pj, the inelastic scattering probability, we first make an estimation of the inelastic
mean free path. This length is calculated using the diffusion constant D and the inelastic
relaxation time: 1;\/5%. The diffusion constant is derived from the resistivity p. From the
free electron model we get: D=(e2N(Eg)p)-! and using the resistivity from Sze® p=1.2-10-3
Qcm we get: D=3-104m%/s.
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Fig. 4.3 Measured and calculated differential resistance curves as function of bias voltage for device 32d.
The measurement is done at 140 mK. The dashed line is calculated using the original OTBK model with
Z=2.4. The dotted curve uses the OTBK model extended with elastic scattering with Z=3.2 and P=0.01. In
all calculations is assumed: A=0.25meV.

In our case carriers with an energy on the order of A have to relax to the Fermi energy. In this
energy range (E=A) electron-phonon scattering is of major importance. The relaxation time for
electron-phonon scattering can be calculated using a deformation potential approach.!! In this
approach phonons are thought of as waves in an elastic continuum in which the change in

energy of the carriers by the strain is given by the deformation potential times the strain. For
our case, where kgT<<A, eV<<EEF, the following expression is obtained!!:

15-1=3A2(m*)5/2 \2Ep/(nh4d) ) (4.3)

Here A is the deformation potential of silicon (=3 V), m* the effective hole mass (0.43 mg),
and d the density of silicon. This gives: Tg=8-10-!1s; 1;=0.2 um, which means 1;/L=3 from
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which we estimate for the inelastic scattering probability P; a value of the order of one third of
the transmission probability.

Calculations using the barrier strength Z of 140 as obtained from the normal resistance gives an
unrealistic differential resistance curve that rises to very high values (more than 10 times the
normal resistance value) at voltages below twice the gap. In Fig. 4.3 the measured differential
resistance curve for device 32d (Ry=1.18 k) is compared with calculations based on the
original OTBK model with Z=2.4 (dashed line), and with the OTBK model extended with
elastic scattering of the amount calculated above (P=0.01) and Z=3.2 (dotted). Both
observations and calculations show subharmonic gap structure near eV=2A/2 and eV=2A/3.

Clearly, the introduction of elastic scattering does not resolve the discrepancy between the
observed and calculated normal resistance. If we use P=2.5-10-3 and Z=14 the normal
resistance is in reasonable agreement with the observations and the differential resistance curve
is nearly identical to the Z=3.2, P=0.01 curve without the slight dip near 0.5 mV. This
transmission probability P value however does not agree with the transmission probability

calculated from the bulk resistance of the silicon barrier calculated above.

This means that we, like Van Huffelen ef al.,2 have to assume an interface that is only partly
transparent. These authors assume that the variation in transparency is caused by the
distribution of doping atoms near the interface. At places where a doping atom is close to the
interface the potential barrier is lower which gives a better transparency. This smaller effective
area leads to a larger Sharvin resistance Ry and to a lower Z value than calculated from the
normal resistance and the dimensions of the link (Eq. 3.13). The variation in transparency can

also be caused by contamination of the interface.

The incorporation of elastic scattering gives a better agreement of the calculated normal
resistance and gives a smaller resistance dip near eV=2A (the P=2.5-10-5, Z=14 curve does not
have a resistance dip near eV=2A, in agreement with the observations). The overall structure,
especially the rise below eV=A, is still not well reproduced. The introduction of a difference in
barrier strength between the two sides of the junction can improve the agreement between
measurement and calculation as shown by Van Huffelen et al..2 Here the introduction of a
difference in barrier strength Z of almost a factor 2 gives a steeper rise of the differential
resistance at voltages below the gap of also a factor 2, while at voltages above the gap the
overall shape remains the same. Such a difference in barrier strength is not unlikely as we
consider the variation in normal resistance between different devices fabricated in the same
batch.
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A very low amount of inelastic scattering is sufficient to suppress the subharmonic gap
structure. The suppression is already significant for 1;/L=3-104, corresponding to an inelastic
scattering probability P; which is a fraction of 3-10-5 of the transmission probability of the
central barrier. Calculations with a higher value for P; gave no structure on the curve at all. The
difference with the estimation using Eq. 4.3 (1y/L=3) is unrealistically large and indicates that
the extension of the OTBK model with inelastic scattering does not give quantitatively useful
results. This is probably due to the simplifying assumptions made about the energy relaxation
in the model. In our model as presented in chapter III carriers are assumed to relax to the Fermi
distribution in one scattering event. In reality relaxation happens in many steps and carriers do

not fully relax on such a short distance.
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Fig. 4.4 Measured and calculated differential resistance curves as function of bias voltage for device 32f.
The measurement was done at 300 mK. Different amounts of elastic scattering are assumed, the P=1
curve uses the OTBK model without extension. In all calculations is used: Z=0.8 and A=0.2meV.

In Fig. 4.4 the measured differential resistance curve for device 32f is compared with model
calculations. All calculations use Z=0.8, this value does give the best agreement with the data
and is consistent with the observed small excess current and the observation of a supercurrent.
We have to assume a partly transparent interface to explain the difference between the estimated
Z value and the observations. In paragraph 2.2 we will see that a partly transparent interface is
also necessary to explain the supercurrent observed in device 32f. The P=1 curve is calculated
using the original OTBK model and has a subharmonic gap structure with a much higher
amplitude than measured. The P=0.01 curve uses the amount of elastic scattering needed to

explain the bulk resistance. This suppresses the subharmonic gap structure too much. In the

50



SNS Devices using CoSi; as superconductor

P=0.05 curve a smaller amount of elastic scattering is used, here the amplitude of the structure
on the curve is comparable with the measurement, but the position of peaks is very different.

The resistance step at about eV=A is used to scale the curves, this gives a A of about 0.2 meV.
Differences in superconducting gap as observed here between the two devices are not unusual.
Near the interface the superconductor can very well be slightly degraded compared to the bulk
and the gap of the material near the interface is what is observed.

Calculations including the estimated inelastic scattering gave no structure on the curve
whatsoever, only when a few orders of magnitude larger inelastic length is assumed, the

structure returns.

From this we conclude that I-V characteristics of device 32f can not be described completely in
the framework of the OTBK model. Some structure on the differential resistance curve can be

understood, some other features remain unexplained.

2.1.2 Conclusion

Device 32d can be described by the OTBK model if only partly transparent interfaces are
assumed. The extension with elastic scattering gives a small improvement: the Z value from this
model is slightly closer to the estimated one from the contact resistance and the structure near
eV=2A is somewhat suppressed, as in the observations. With this assumption reasonable
agreement in differential resistance can be obtained, if some difference in barrier strength
between the two sides is assumed. This is not unrealistic if the spread in normal resistance

values between samples of the same batch is taken into account.

The extension with inelastic scattering does not give realistic results. The amount of inelastic
scattering needed in the model to get about the right suppression of higher order subharmonic
gap structure is unrealistically small (4 orders of magnitude smaller than expected). We
conclude that the extension with inelastic scattering to the OTBK model does not give
quantitative agreement, which might be due to the simplifying assumptions made about the
equilibrium distribution.

Device 32f can not be well described by the OTBK model with or without extensions. The
introduction of elastic scattering does give a suppression of the amplitude of the subharmonic
gap structure, identical to the observations. Except the subharmonic gap structure near 2A/2,
there is more structure on the differential resistance curve that can not be described by the
OTBK model. This structure could be due to coherent effects, as is the supercurrent.
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2.2 Superconducting state
In this paragraph the measurements of the supercurrent will be presented and will be compared
with the Kupriyanov and Lukichev* model as presented in paragraph 1.

Device 32f shows a supercurrent of which the temperature dependence is shown in Fig. 4.5.
No supercurrent is observed at temperatures above 600 mK instead of 1.4K which is the

critical temperature of the superconductor. This can be due to the noise level in the instrumental

hl.

set-up. If the noise energy is larger than the Josephson coupling energy of 2o observation of

the supercurrent is difficult. The thermal noise corresponding to a temperature of 0.7 K is
equivalent to a critical current of 30 nA. Some extra noise, transmitted into the cryostat through

the measuring wiring for instance, can be sufficient to suppress the expected supercurrent.
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Fig. 4.5 Critical current as function of temperature for device 32f together with calculations using the
model of Kupriyanov and Lukichev*.

To compare the experimental results with the theory of Kupriyanov and Lukichev* (Eq. 4.2)
we have to estimate the coherence length in the doped silicon Es(T) (Eq. 4.1) and the barrier
strength T'p. To determine the coherence length we use the diffusion constant as calculated
above: D=3-10-4m2/s. The barrier strength I'g is derived uvsing the normal resistance:
Rp=pL(14+2T'B)/ A which gives: ['g=26. For the area A we take as above 0.2 X 20 pum?2. With
this value and the coherence length we can also calculate the parameter Yg: I'g=Esm(T¢)YB/L.
This gives: Yg=130, in this range of yg>>VT/T Eq. 4.2b reduces to:
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ANTST
Co= I = (4.4)
4B /(K T)2+A2
This gives for the critical current:
4n(1+2I'p)kT, A2 L -L
= : P 4.5)

Royp2  (KT)Z+A2 Eg(T) © Esm(T)

In model calculations we use T = 1.4 K. Substituting the values given above results in a

critical current of about 10 nA at 200 mK is found, much lower than the measured value.

Another approach would be to use the barrier strength Z as derived in paragraph 2.1. There we
use P to make a correction on the bulk resistance using Eq. 3.13, and then we get ['g=PZ2.

This results in a yg value much smaller than unity.

Then, a better agreement with the data (full line in Fig. 4.5) in the range 0.2 K - 0.6 K is
obtained using L/&sm(Tc)=5 and yg=1 or smaller. In this range the resulting supercurrent is no
longer very sensitive to the value of yg. Here we can not use Eq. 4.4 but we have to solve Eq.
4.2b. The value L/Egm(T¢)=5 agrees with the observed junction length of 80 nm and the
coherence length calculated using Eq. 4.1. The interface barrier strength is much lower. The
barrier strength found gives A~10-14 m2 instead of 4-10-13 m2 as designed. This agrees with
the calculations for the voltage-carrying state where also a partly transparent interface is

assumed to explain the observations.

We conclude that we have observed a supercurrent in a CoSiy-Si-CoSiy junction. The
measured current as function of temperature is compared to the calculations using the theory of
Kupriyanov and Lukichev.# Agreement between theory and measurement is found if a barrier
strength much smaller than expected from the measured normal resistance and the resistivity of
the silicon of the barrier is allowed. The calculated coherence length did agree with
expectations. The disagreement in barrier strength can be explained by an interface that is only
partly transparent. A low barrier strength is consistent with the measurements in the voltage

carrying state where also a low barrier strength of Z=0.8 did agree closest to the measurements.
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CHAPTER V

MOSFETS WITH SUPERCONDUCTING SOURCE AND
DRAIN

In this chapter we report on the electrical behaviour of short channel MOSFETs with
superconducting source and drain. We analyse the results and compare those with the different
theories described in Chapter III.

Amorphous tungsten (W) is used as superconductor in these MOSFETs, details of the
fabrication are described in Chapter II. The conductance is measured at temperatures ranging
from 1.2K down to 65 mK in a 3He-#He dilution refrigerator equipped with a superconducting
magnet. A standard 4-probe measuring technique is used to diminish the influence of lead
resistances. The magnetic field, if applied, is directed perpendicular to the SiO,/Si interface.

4 1 | 1 30 T I L] l T
Device K100 (b)
T=200 mK 25| Device N5 Z
3 T=200 mK
20k Step Vg 2V ~
I 2 T 15k V=20V -
10— -
1
5 < —
Vg=8 V
o 0 1 I A 1 1
0.0 1.0 2.0 3.0 0.0 1.0 2.0 3.0
vV(mV) V(mV)

Fig. 5.1 Measured I-V Curves of MOSFETSs with superconducting source and drain. a)Device K100, with
a gatelength of about Ium and b) Device N5, with a gatelength below 100 nm. Both devices use
amorphous W as superconductor
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A typical experimental result is shown in Fig. 5.1 where the current through the devices as a
function of source - drain voltage is shown for various values of the gate voltage, i.e. carrier
density. A clear increase in conductance is observed for increasing gate voltage, as expected for
a field - effect device. Fig. 5.1a shows results for a relatively long device (1um), whereas Fig.
5.1b shows results for a short device (0.1jum). Note that in the second device the conductance
is non-linear approaching an asymptote at high voltage that does not extrapolate to the origin.

In a more detailed analysis we will look at the conductance around V=0. For example in Fig.
5.4b a minimum value of the resistance is observed at V=0, which evolves into a maximum at
finite voltage, before gradually the asymptotic value is reached at voltages above twice the
superconducting gap. The initial minimum is due to quantum coherent transport and will be
discussed in detail in Chapter VI. Here we focus on more mundane aspects that can be
understood within the framework of the Boltzmann equation approach outlined in Chapter IIL
We will first analyse the behaviour in terms of a standard MOSFET model, ignoring the
influence of the superconductivity of the source and drain (paragraph 1) to determine the device
parameters. Subsequently we will show and analyse the influence of the superconducting state

(paragraph 2).

1 Device parameters

1.1 MOSFET model

The device parameters are extracted using a standard MOSFET model.! It assumes a resistance

Rq in series with a channel at the SiO,/Si interface. The channel should at low temperatures be

considered as a 2-dimensional electron gas (2DEG) with mobility p. The series resistance Ry
represents the resistance between both metal electrodes and silicon together with the resistance

of the heavily doped contact layer underneath the metal contacts. These 3-dimensional

electronic systems touch the 2DEG on both sides. Note that by describing the resistance as two

series resistors we ignore quantum coherent transport. Moreover, the use of this model is

justified only for small source - drain voltages, far from saturation, and at gate voltages well

above threshold. In this regime the sub-threshold current and short channel effects can be

neglected. The total resistance of the device is then given by:

_ dok (5.1)

Rp=Rs+RopEG =Rs +
Wheox(Vg-Vo)
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where Vy is the gate voltage, V; the threshold voltage, dyx=60 nm the thickness of the gate
oxide, i the mobility of the 2DEG, and €4x=3.45-10"11 C/Vm the dielectric constant of the gate
oxide. W is the width and L the length of the channel. The channel length is the lithographically
defined gate length minus the length of the two heavily doped regions reaching under the gate
(about 60 nm, see Fig. 2.5).2 The width is 5 um for both samples. We have studied 8 samples
with channel lengths ranging from 0.1 pm and 1 pm. They all show qualitatively similar
behaviour. We will focus here on two samples, one with a gate length of 100 nm and one with
a gate length of 1 um for a detailed quantitative analysis.

Fig. 5.2 shows a typical fit of the data (full line) to Eq. 5.1. The data represent the conductance
at voltages above twice the superconducting gap, the asymptotic limit, which is believed to be
the true normal state resistance as will be explained in paragraph 2. In Table 5.1 the fitting
parameters [, Vi and R; are listed. The channel length L is estimated by subtracting the depth
of the calculated doping profile from the lithographically defined width. The errors indicated in
the table for p, Vi and R; are twice the standard deviation given by the fitting routine. Most
values are reasonable, except for the negative value of R for sample K100. In this case the
total resistance R, is an order of magnitude larger than R,. Hence we attribute the negative

value to the inaccuracy.

800 I L I L] I T
Table 5.1. Characteristic properties of the
Device N5 devices. Thc. mobili_ty M, threshold voltage
600 T=200 mK - V¢ and series resistance Rg are results

obtained by fitting Eq. 5.1 to the normal
state resistance. L is the estimated channel

length.
Device: N5 K100
Gate length|nm 100 1000
L nm 40115 940+15
m cm2/Vs |180+70  [458+83
Vi V' 5.78+0.15[5.1410.37
Vg(V) Rs Q 187 -98+101

Fig. 5.2 Fit of Eq. 5.1 to the differential
resistance at bias voltages above 2 times the

gap.

1.2 Series resistance

We can compare Rg also with an estimated value using the metal - Si contact resistance and the
resistance of the heavily doped silicon. Let us assume a half-infinite contact. Then the current
distributes itself exponentially over a characteristic length VRo/Rg, with R, the specific metal -
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Si contact resistance and R the sheet resistance of the heavily doped contact layer. Then the
combined series resistance for two of these contacts equals Rs=2VRRyW. From the
calculated doping profile? we estimate Ry=175 € and obtain R.=1.3-10-6 Qcm? (doping level
2.1020 ¢m-3), using experimental data given by Van der Jeugd et al..3 This value for the contact
resistance may easily be a factor of 2 smaller or larger depending on processing conditions.
Using R.=1.3-10-6 Qcm? we find Rg which is 60 £, higher than the value given in table 5.1

for sample N5. In the following we will use R¢=18 Q as a reasonable value for both samples.

1.3 Mobility

The relatively low mobility and high threshold voltage found in the fit (Table 5.1) indicate! a
high density of interface charge at the SiO2/Si interface. A threshold voltage of 5 V corresponds
to a negative interface charge of 1.8-1012 cm™2, which sets? a mobility maximum of about
1000 cm2/Vs. This interface charge is for example due to the electron trapping during plasma
processing. An additional cause for the deterioration of the mobility is the high doping in the
channel region resulting from the source and drain contact implantation. For a doping of 1018
cm-3 (estimated average for device N5, see Fig. 2.5) an additional positive charge of 1012 cm™2
resides within 10 nm from the interface. This is consistent with the differences in [ for sample
N5 compared to sample K100, which has a lower average doping level resulting from diffusion
from the contact areas because of the longer channel.

The uncertainty in the mobility of device N5 is mainly determined by the uncertainty in the
determination of the channel length L. The lithographically defined gate length and the length of
the heavily doped region reaching under the gate are not accurately known. A lithographic gate
length of 100 nm is near the limit of resolution of the SNR resist used in the processing. The
actual dimensions depend sensitively on the process conditions, in particular for e-beam wﬁting
and resist development. The length of the heavily doped region is derived from doping profile
simulations, which are also very sensitive to the process conditions.

1.4 Carrier density and Fermi energy
The gate voltage controls the carrier concentration N; of the inversion layer through:
_€ox(Vg-Vy)
= (5.2)
with the symbols having the meaning defined in Eq. 5.1. Using the density of states of the
2DEGS: N'p=2m*/nh? we find the Fermi energy from: E'r=N¢/N', with m* the effective
mass, 0.19 times the free electron mass. To check the 2-dimensional nature of the electron gas

the resistance of the device was measured as function of magnetic field. We find weak
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Shubnikov-de Haas oscillations (Fig. 5.3), the weakness is caused by the low mobility. Only
for the device with the highest mobility, K100, we have been able to get reliable data. From the
observed periodicity in 1/B we find for the carrier density: Ng=4.740.3 -1012 ¢cm2 to be
compared with Ng=3.5440.2 -1012 cm2 calculated using Eq. 5.2. The slight difference might
be due to a thinner gate oxide than designed (=45 nm), in which case, according Eq. 5.1, also
the mobility would be 25% lower.,

1.3t Device K100 -
-1 -1
A =
12k B =0.02037 T _|
g 11} T — . I .
x Fig. 5.3 Longitudinal resistance measured as
« 10k | a function of magnetic field for device K100
: T=200 mK T at Vg=15V. Above H, of the metallisation
0.9F V&=15V _ weak oscillations are observed from which a
’ T carrier concentration of 4.740.3-1012 cm2 is
08E ) | , i derived. The arrows indicate the maximums.
0.08 0.12 0.16
<11
B (T)
2 Influence of the superconducting electrodes

Until now we have focused on the resistance at voltages above twice the superconducting gap,
which resistance is taken as a measure of the resistance for a device with normal metal
electrodes. As is evident from Fig. 5.1a and 5.1b and more clearly in the differential resistance,
changes occur over a range of 0.7 mV. This energy range is what one would expect, although
it is somewhat small for a superconductor with a T; of 3.9 K. In the experiments no
supercurrent has been observed. Also sub-harmonic gap structure, changes in resistance at
fractional values of the superconducting gap due to multiple Andreev reflections, are not
observed. The main aspect, which reflects the superconducting nature of the electrodes is the
change over a range of 0.7 mV and the shifted asymptote, i.e. that the extrapolated linear slope
intercepts the current axis at a negative value; the current deficit. If all other phenomena can be
ignored one expects a peak in resistance around V=0 extending all the way up to the energy gap
2A/e followed by a constant value. In a narrow range of voltages around V=0 one finds in
some samples a small dip as in Fig. 5.4b. This is the quantum coherent effect mentioned in the

introduction and further discussed in Chapter V1. For the present analysis we describe curves
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as a broad peak in differential resistance over about 2A/e (dashed line in Fig. 5.4b, Vg=10V)

followed by a constant value.

R 0 LN
0.91 - 400 3
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Fig. 5.4 Measured differential resistance as function of bias voltage for different gate voltages. a) Device
K100. b) Device N5, the dashed line in the V=10V curve illustrates the type of behaviour discussed in
this chapter. The dip at V=0 is discussed in chapter VL.

2.1 Interpretation

In Chapter ITI we have extensively analysed the conceptual framework, relevant to the present
data. The absence of sub-harmonic gap structure and/or a supercurrent indicates a weak
coupling between the superconducting electrodes. Within the constraints of the SINIS model
this points to a high interface resistance diminishing the probability of Andreev reflections. In
addition it may indicate that substantial inelastic scattering is present. The barrier strength can
be estimated from the normal state series resistance. In table 5.1 we find a series resistance Rg
of 18 Q, the series resistance contains the barriers on both sides. Using Eq. 3.1 and the
definition of Sharvin resistance Ro=[2.Avge2Np], with vg=3.6:105 m/s, Np=3-1021cm3e V-1
and the area A=Ws=10-13 m2 we find Z=18. Such a large value of Z is equivalent to a
transmission probability of 0.003. Alternatively we can also estimate a Z value from the metal -
silicon contact resistance. In paragraph 1.2 we find R¢=1.3-10-6 Qcm2, from this we calculate
Z=210. This corresponds to a transmission probability of 2- 10-5.

Clearly we are in the limit of high Z or strong elastic scattering at the interfaces. Hence Andreev

reflection can in first order be ignored and we use the low transparency model.
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2.1.1 Current deficit

When the I-V curves are extrapolated from voltages above twice the superconducting gap to
zero voltage, they intercept the current axis at a negative value. This current-deficit (see
chapter III) is caused by the fact that in an energy interval A around the Fermi energy of the
superconductor, no electrons can be injected from the superconductor into the normal region
but can be extracted at the other electrode. This causes a non-equilibrium distribution in the
normal region. The current-deficit is a result of the influence of superconducting electrodes on
the current through the device.

-
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Fig. 5.5 Measured current deficit, multiplied by the normal resistance. a) Device K100 at =200 mK
(+ symbols) and 800 mK (diamonds). b) Device N5, measured at =200 mK.

The current-deficit, multiplied by the normal resistance, is shown in Fig. 5.5. The values at
low gate voltages have large uncertainties, as is evident from the differences between the values
measured at about the same gate voltage. Particularly for device K100 LjefR;, is not significantly
different from zero at low gate voltages. The experiments suggest a rising I4efR, with gate
voltage beginning at about 12 V. The same trend is visible in Fig. 5.5b for sample N5.

2.1.1.1 Temperature dependence

Measurements for device K100 in Fig. 5.5a do not show significant differences between the
200 and 800 mK measurements. For device N5 all measurements at high bias voltages are done
at low temperatures, but in the low bias differential resistance curves (Fig. 6.3) no strong
temperature dependence can be seen. The curves only differ near zero bias and are nearly

identical at higher bias. From these curves we can estimate the current deficit using:
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V>>2A

LiefRy=V-I(V>>2A)Ry = f (1-R,,§IV‘ v)dv. (5.3)
0

This results in a few percent difference between 1.2 K and 65 mK. We conclude that also for
device N5 the current deficit is very weakly temperature dependent.

2.1.1.2 Energy relaxation

In this paragraph we make an order of magnitude estimate of the energy relaxation time and
investigate if it is in reasonable agreement with existing theory. In Fig. 5.5 we observe the
normalised current elgefRp/A deficit in the range 0.05 - 0.14. In Fig. 3.9 we see that this value
corresponds to a I'tg value of about 0.01. We estimate T using the series resistance Rs. We

rewrite Eq. 3.21 as:

1

= (5.4)
AdNpe2Ry/2

Ad is the volume of the device which means that AdN, is the total number of available states
in the device. This number is the sum of available states in the 2DEG and in the heavily doped
contact layers. The effective volume of heavily doped silicon per contact we estimate to be
WsVRJ/Rg with VR/Rg the effective length of current transport as derived in paragraph 1.2.
This gives a number of available states in the two contacts of 3-1027 J-1, compared to which the

number of available states in the 2DEG can be neglected. Together with Ry= 18 Q we get
=109 s-1 which results in an energy relaxation time Tg=10-11 s.

Now we investigate if the temperature independent relaxation time is in reasonable agreement
with existing theory. In our case electrons with an energy on the order A have to relax to the
Fermi energy. In this energy range (E=~A) electron-phonon scattering is of major importance.
As in chapter IV can we calculate the relaxation time for electron-phonon scattering rate using a
deformation potential approach.6 Here phonons are seen as waves in an elastic continuum in
which the change in energy of the carriers by the strain is given by the deformation potential
times the strain. For our case where kpT<<A, e V<<EF the following expression is obtainedt:

15 1=3A2(m*)52 Y2ZER/(nhtd) (4.3)
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Here A is the deformation potential of silicon (=3 eV), m* the effective electron mass, and d the
density of silicon. This gives in our case: Tg=3+*10-10s. This is larger than the value derived
from the measurements but not unreasonable because of the uncertainty in the device
parameters and the simplifications used in applying the low transparency model. The value
obtained using Eq. 4.3 is temperature independent because all parameters are independent of
temperature. This agrees with the measurements, in contrast to the phase breaking time derived
from weak localisation that is suggested as measure for energy relaxation by Van Huffelen et
al.7, Heslinga® and Nitta et al..% Phase breaking time has a strong temperature dependence, in
heavily n-doped silicon Heslinga ez al.!0 measured T¢=9*10-10T-2.235,

The difference between energy relaxation in our system and phase breaking scattering, which is
an important parameter in weak localisation, is that in our case the electrons have an energy on
the order of the superconducting gap (=1 meV), caused by applied bias, while in weak
localisation an order of kgT (=0.02 meV at 0.2 K) is assumed. Another difference is that in
weak localisation scattering events with a small energy transfer contribute equally to the

scattering rate, while in our case these events are unimportant.

2.1.1.3 Gate voltage dependence

The rise of current deficit with gate voltage can be understood if we think of the channel as an
extra resistive barrier in the normal region. The strength of the current deficit is determined by
the parameter of non-equilibrium I'tg, the injection rate times the relaxation time. The injection
rate I can be seen as the inverse of the mean time carriers are inside the normal region. In this
time they have probability to relax to the equilibrium distribution set by the time 1g. If the
reservoir size (AdNj, in Eq. 5.4) remains the same and the current at a certain bias voltage
rises with gate voltage, the mean time carriers are inside the normal region decreases. This
gives a higher value for I'tg which gives a higher current deficit.

2.1.2 Gap structure at 2A/e or Ale

A peculiar feature of the observations is that the gap structure occurs at a bias voltage that is
closer to A/e(=0.7 meV) than to 2A/e. The latter is expected from the SINIS models such as the
one proposed by OTBK!! and Heslinga et al..!2 In these models the 2A/e - feature appears as a
result of energy conservation of particles emitted from one superconductor and absorbed by the
other. This is possible when a voltage difference of 2A/e allows that carriers enter from filled
states below the gap of one superconducting electrode to empty states above the gap of the
other superconducting electrode. If there is strong relaxation in the normal region the energy
distribution relaxes to a quasi-normal distribution centred around the average potential. A
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strong increase in current is possible when the Fermi level of the relaxed electrons passes the
gap edge; this also occurs at a voltage of 2A/e.

In our device relaxation mainly occurs in the heavily doped contact layers. Here a Fermi level
close to the potential of the superconducting contacts is expected. When this Fermi level passes
the gap edge of the superconducting electrode of the opposite side, a strong increase of current
can be expected, occurring at a voltage of Ae.

2.2 Conclusion

The superconducting behaviour at bias voltages in the regime between reflection-less tunneling
around V=0 and a few times the superconducting gap can be qualitatively described using the
low transparency model. Using this model we explain the low current deficit by a high amount
of relaxation in the normal region. The absence of subharmonic gap structure is explained by
the high interface barriers. This means that the interface barriers are very strong and probably
the main obstacle for a supercurrent through the device. To fabricate a MOSFET that carries

supercurrent a low contact resistance is essential.
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CHAPTER VI

OBSERVATION OF CARRIER CONCENTRATION DE-
PENDENT REFLECTIONLESS TUNNELING IN A
SUPERCONDUCTOR - 2DEG - SUPERCONDUCTOR
STRUCTURE

1 Introduction

Traditionally, mesoscopic transport phenomena are studied by coupling a short conductor to
metallic contacts at different chemical potentials. The consequences of using superconducting
contacts, are presently largely unexplored. A detailed experimental investigation of many
aspects of the conduction mechanism through such contacts is lacking, in particular its energy-
dependence and dependence on phase-coherence. In this chapter we focus on a phenomenon
first reported by Kastalsky et al..! They observed an enhanced conductance around zero-bias at
a superconductor-semiconductor junction. This enhanced conductance was found to decrease
strongly with bias voltage and applied magnetic field, and quantum-coherent scattering
combined with Andreev reflections have been suggested by Van Wees er al.2 as an explanation.
In the remaining part of the article we will call this effect reflectionless tunneling (RLT)
following a proposal of Marmorkos et al..3

1.1 Device description

We have developed a new type of superconductor-semiconductor MOSFET structure (Fig.
6.1), which allows us to study this phenomenon in a well-characterised way. Fabrication of the
device is described in more detail in Ref. 4. All previous experiments reported only on
magnetic field and temperature dependencies, Refs. 1 and 5 dealt with scattering in 3
dimensions, Ref. 6 reported reflectionless tunneling in a structure with a two-dimensional
electron gas (2DEG). The novelty of the present experiment is the use of a 2DEG with a
controlled change of the electron density.
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Gate Superconducting
amorphous W-Ge

Source

Fig. 6.1 Cross section of the device (schematic).

The device is structured as a short-channel MOSFET with superconducting source and drain
contacts. These contacts are made by selective chemical vapour deposition of amorphous W-
Ge,” which is superconducting with a transition temperature of about 4 K, the precise value
depending on the thickness. The material has an upper critical field of about 5 T. The
fabrication procedure allows the simultaneous formation of a self-aligned gate with a length of
less than 100 nm. We used a strong As-implant (doping at the surface =2:1020 cm-3)
underneath the a-W/Ge superconducting contacts to promote superconductivity in the heavily
doped silicon. The conductance of the samples is studied at temperatures below 1 K in a 3He-
4He dilution refrigerator equipped with a superconducting magnet. The conductance is
measured with standard lock-in techniques and additional care is taken to avoid the influence of
external noise sources. The 2-dimensional nature of the electron gas was verified by

Shubnikov-de Haas oscillations.

2 Measurements

The measured I-V curves for various carrier concentrations, i.e. gate voltages, are shown in
Fig. 6.2. In contrast to Refs. 8 and 9 we did not observe a supercurrent. A gradual decrease of
the resistance with increasing gate voltage is clearly visible, demonstrating a proper field effect
operation of the device. A change in slope is observed around 0.6 meV, the energy gap value
of the superconducting electrode. For voltages above the gap voltage the curve does not
extrapolate to the origin but intercepts the current-axis at negative values, a phenomenon known
as 'current-deficit'.!0 In Fig. 6.2 (inset) the current deficit is shown as a function of gate

voltage. Clearly the amount of current-deficit decreases with decreasing carrier concentration.
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Heslinga et al.!1 have identified the current-deficit as due to a non-equilibrium distribution of
carriers in the normal conductor between the superconducting electrodes. The degree of non-
equilibrium depends on the competition between injection rate from the superconducting contact
into the normal area and energy relaxation rate in the normal area. The physical origin is the
blockage of conducting channels in a band of 2A due to the presence of the energy gap in the
electrode. If the energy gap is absent these channels do conduct. Heslinga et al. assume that the
voltage drop is mainly present across the interface. In our case a large part of the voltage drop
occurs across the channel. The ratio between the voltage drop across the channel and across the
interface increases with decreasing gate voltage. We assume that this phenomenon is the main

reason for the decrease of the current deficit with decreasing gate voltage.

30 T T T
V=20V
25 ]
16V
20 14V
<
3 15 12V
10 V=10V |
5K -
0 = ] ] ! ]
0.0 0.5 1.0 1.5 2.0 2.5 3.0

V(mV)

Fig. 6.2. I-V characteristic of the device at different gate voltages at 200 mK. The inset shows the current
deficit Igef as function of gate voltage Vg

In the present paper we focus on the differential resistance around V=0. From Fig. 6.2 we
expect a broad maximum in resistance extending up to the gap-voltage, where the curve would
become flat. As shown in Fig. 6.3 such a broad maximum is indeed found. As the temperature
is lowered below 1.2 K a narrow region of reduced resistance (or excess conductance) near
zero-bias clearly becomes visible, extending to approximately 0.1 meV. A similar signature
has been reported previously for Nb-InGaAs interfaces by Kastalsky et al.,! Nb-Si interfaces
by Magnée et al.5 and in GaAs/AlGaAs-Sn 2DEG structure by Lenssen et al..6 An explanation
based on quantum-coherent enhanced Andreev reflection has been proposed by Van Wees et

al.,? i.e. reflectionless tunneling,3
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Fig. 6.3. Differential resistance as function of bias voltage at different gate voltages. (a) At different
temperatures. (b) At different magnetic fields. The broken lines are fits using expression given by Volkov
et al. and using a parabolic background.

Fig. 6.3 shows the differential resistance as function of bias voltage for different gate voltages,
temperatures (Fig. 6.3a), and magnetic fields (Fig. 6.3b). As usual for MOSFETs, the
resistance decreases with increasing electron concentration (gate-voltage). Similarly, the
absolute size of the RLT structure decreases. Figure 6.4 shows the differential resistance as a
function of voltage bias normalised to the normal state resistance of the device RN. The inset
shows the difference AR between the minimum at V=0 and the maximum at finite voltage, as a
function of gate voltage. Apparently, the relative resistance change AR associated with the RLT

is roughly gate voltage independent. In addition, we find from Fig. 6.3 that the temperature at
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which the RLT is fully suppressed (defined as the point where the differential resistance no
longer decreases near V=0) is not influenced by the carrier-density, whereas the corresponding

magnetic field is.
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Fig. 6.4. Normalised differential resistance of the device as function of bias voltage at different gate
voltages, the upper one at 20 V down in steps of 2 V to the lowest on at 10 V. The curves are results
normalised to the resistance of the 2DEG as defined in Eq. 6.1. Inset: Magnitude of the normalised excess
conductance as function of gate voltage.

We believe that the conductance peak can be described by a modification due to phase-coherent
processes of the Boltzmann-equation approach outlined by Heslinga et al..10 First however, we
need to address a crucial question related to the specific structure of our device. Ideally, the
device (Fig. 6.1) should behave as a superconductor-2DEG-superconductor system. The
additional complication here is the induced superconductivity within the heavily doped silicon,
which causes a further intermediate region between the superconductor and the 2DEG.
Moreover, the heavily doped layer extends to a certain depth underneath the gate. Below we
therefore first discuss whether the observed RLT is a modification of either the contact- or the
channel-resistance alone, or if it is an effect in which the whole structure of the device is of

importance.

3 Device characterization

For the extraction of the device parameters the standard small source-drain voltage MOSFET
model!! is fitted to the low temperature differential resistance at voltages well above twice the
superconducting gap in which we neglect the proximity effect. In this MOSFET model, a

resistance Rs is connected in series with the 2DEG region. This resistance models the contact
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resistance between metal and silicon as well as the resistance contribution of the heavily doped
contact layer underneath the metal contact. The total resistance of the device is then given by

ol 6.1)

RN =Rs+ RopEG = Rs +
Weox(Vg-Vo)

where Vg is the gate voltage, V; the threshold voltage, dox the thickness of the gate oxide, . the
mobility of the 2DEG, and €0x=3.45-10-11 C/Vm the dielectric constant of the gate oxide. W is
the width and L the length of the channel. The channel length is the gate length (=100 nm)
minus the length of the heavily doped area reaching under the gate (twice about 30 nm).12

In our device the different parameters have the following values: dox=60 nm, L=40 nm and
W=5 um. A fit to Eq. 6.1 gives Rg=18%7 Q, V=5.7810.15 V, and u=180£70 cm?/Vs. The
relatively low mobility and high threshold voltage indicate!! a high interface charge on the
silicon - silicon dioxide interface. Another reason for the low mobility might be the high doping
(around 108 cm-3) in the channel. The uncertainty in the mobility originates mainly from
uncertainty in the determination of L. We can alternatively estimate R from the contact
resistance and the resistance of the heavily doped silicon. In this case R¢=2VR.RyW, where
R is the contact resistance and R the sheet resistance of the heavily doped contact layer. We
estimate Rg=175  from the calculated doping profile!? and obtain Re=1.3-10-6 Qcm? (doping
level 2-1020 ¢m-3), using data from Van der Jeugd ef al..!3 The resulting value Rg=60 Q is
higher than the experimental value of 18 Q given above, even without taking into account
mobility degeneration caused by the perpendicular electric field. The discrepancy between the
estimated series resistance and the fitting result might have its cause in the large uncertainties
associated with the fit. In addition, the contact resistance is very difficult to measure and very
sensitive to doping. For instance, we found that R; decreased by a factor two if some
parameters in the simulation are slightly changed within the error margins of the processing

conditions.

In MOSFETS the gate voltage controls the carrier concentration of the inversion layer through
Ns = €ox(Vg-Vi)/(edox). Changing the carrier concentration also changes the diffusion constant

andthe Fermi velocity and the mean free path!4: D=nNuh2/(vem*), ve=kgl/m*=\ 2ntN/v t/m*,
1=2D/vg=\ 2nN,/v /e where m* is the effective mass which is 0.19 times the free electron
mass and v the valley degeneracy in the (100) plane which is 2.
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Fig. 6.5. Differential resistance of the device, after subtraction of the resistance of the 2DEG, as function
of current at different gate voltages. The dependence of the RLT on gate voltage is clearly visible. Inset:
Strength of the RLT (defined as difference between the resistance value at V=0 and at the maximum at
finite voltage) as function of gate voltage.

In Fig. 6.5 we have plotted the data of Fig. 6.3 as a function of bias current after subtracting
the resistance of the 2DEG (second part of Eq. 6.1). If the observed RLT was caused only by
effects occurring at the interface between the superconductor and the heavily doped silicon, i.e.
if the 2DEG was just a series resistance, all curves for different gate voltages should fall on top
of each other. At higher bias voltages the traces are indeed almost identical. However, although
their overall shape is similar it can clearly be seen that a gate voltage increase from 10V to 20V
decreases the RLT by a factor three. This demonstrates that the RLT is not caused only by
effects occurring at the superconductor - contact layer interface and that the 2DEG clearly plays
an important role. This is also supported by the gate voltage independence of the relative
strength of the RLT seen in the normalised differential resistance in Fig. 6.4.

We can neglect the influence of the gate on the heavily doped silicon underneath it. The sheet
carrier concentration in our device is about a factor of 100 higher in the heavily doped silicon
than in the 2DEG, dropping by a factor of 100 over a length scale of about 20 nm. This makes
the region where they are comparable exceedingly small (a few nm).

Gao et al.!5 measured the phase breaking length in a 2DEG and found 14=220 nm at 1.76 K
and a T-1/2 dependence on temperature. Scaling this value for our lower mobility gives about a
factor 7 shorter phase breaking length. This means that at 1.2 K the phase breaking length in
the 2DEG is about the same as the channel length (=40nm), but at lower temperatures it
exceeds the channel length. In heavily n-doped silicon Heslinga ef al.16 measured 14=408 nm at

1.2 K and a T-!1 power law. The energy-dependent correlation length for superconducting
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correlations!? 'V HD/E becomes shorter than the channel length only for E > 0.15 meV. Thus
for bias voltages below about 0.15 mV and temperatures below 1 K both the correlation length
and the phase breaking length exceed the channel length. In Fig. 6.3 these conditions coincide
with the onset of RLT.

4 Discussion

We now turn to a discussion of potential mechanisms behind the observed RLT. All the
presently available models considered a somewhat idealised device configuration. However, a
qualitative comparison with the observations should be possible. A semiclassical picture for the
RLT has been proposed by Van Wees et al..2 In this explanation Andreev reflection and normal
reflection on the superconductor - semiconductor interface are assumed as well as elastic
scattering in the semiconductor. Excess conductance is caused by constructive quantum
interference that results from the phase conjugation between electrons and holes. This phase
conjugation originates from Andreev reflection and is destroyed by finite energy, eVorkT,ora

magnetic field.

Numerical simulations with a more rigorous treatment of the scattering have been done by
Takane e al.!8 and Marmorkos et al..3 Here, as in the model of Van Wees et al.,? the
calculation is done by using a disordered two-dimensional square lattice connected on one side
with a superconductor via a potential barrier and on the other side with a perfect-conducting
lead. Only small bias voltages are considered (V<<A). Both groups find the RLT, but with a

different bias-, magnetic field-, and disorder-dependence than Van Wees et al2.

Marmorkos et al.3 défine a magnetic field B, at which the excess conductance is reduced by one
half. In wide channels (W>ly>LN) they find that Bc is given by 2®¢/lpLN with @g the magnetic
flux quantum and Ly the total length of the normal region. For our device this leads to
B.=~0.3 T, decreasing with increasing gate voltage, a value reasonably close to the
observations and with the correct dependence on gate voltage. The same group also defines Ve,
the bias voltage at which the excess conductance is reduced by a factor of two. In Fig. 6.6 we
plot quantities characteristic for the RLT as a function of gate voltage. The width of the excess
conductance at the base (crosses) decreases with increasing gate voltage. The half-width (the
definition used by Marmorkos et al.3) is roughly constant and increases at high gate voltages
(open squares). According to Marmorkos et al.3 V¢ should be equal to the Thouless energy
(nDH/e(Ln)?, with D=%VF1). Given the geometry of our device we estimate the Thouless energy

about 0.1 meV, which is clearly the right order of magnitude.
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Analytic calculations using Green's function techniques were done by Volkov et al.17 for
double barrier structures (a SININ' geometry) with bias voltages in the range from zero to
above the gap Ae. In these calculations it is assumed that the length of the current path through
the normal area Ly is larger than the pair coherence length En(A)="\ hD/A. Volkov ef al.17
provide an expression for the normalised excess conductance as a function of both voltage and
magnetic field:

W41 1/ bev? | (6.2)
Oglv)= 1+ R ——— .
‘ vo(h2+V hé+v2)

with h the normalised magnetic field h=2TAEN(A)B/Dg with A the London penetration depth
and v the voltage eV normalised to the energy gap A. In Eq. 6.2 vq is a characteristic voltage,
which depends on the barrier transmission and normal state conductance of the normal metal N.
Here it is used as a free parameter. Superposing a parabolic background on Eq. 6.2 the excess
conductance, shown in Fig. 6.3b is very well reproduced, using A and vy as fitting parameters.
Excellent fits are obtained with v varying by a factor of ten for different magnetic fields.
Strictly speaking if the definition for vg of Volkov et al.17 applies, vg should be constant.
However, our geometry is different from the double barrier tunnel device studied by Volkov et
al.. A further test is the magnetic field at which the RLT is fully suppressed. For our geometry
we estimate a theoretical value in the order of 1 T, decreasing with increasing gate voltage,

which is in reasonable agreement with the observations.
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5

Conclusion

We have observed a dependence of reflectionless tunneling on the electron density in a 2DEG

between superconducting electrodes. The relative strength of the RLT and the temperature at

which the RLT is fully suppressed were found to be independent of carrier concentration. On

the other hand, our data show that the magnetic field at which the RLT is suppressed does

depend on carrier concentration and decreases with increasing carrier concentration. Presently

available numerical calculations for several model-geometries with a rigorous treatment of the

scattering?-!8 and analytic Green's function approaches!” provide a good estimate for the

characteristic magnetic field.
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CHAPTER VII

SUPERCONDUCTIVITY AND LOCALISATION IN THIN
POLYCRISTALINE TUNGSTEN-GERMANIUM FILMS

1 Introduction

The coexistence of superconductivity with a normal resistivity two orders of magnitude higher
than in ordinary metals has made amorphous metal alloys such as Mo-Ge! and Nb-SiZ model
systems for the investigation of electron localization effects. Similar alloys exist also in the case
of tungsten alloyed with Si,3> Ge# and Re’. These elements have been found to stabilize
amorphous thin films and lead to transition temperatures in the range 2 - 5 K, substantially
higher than the value of 11mK in crystalline o-W. Using a low temperature chemical vapour
deposition (CVD) process we have been able to grow thin, crystalline W-Ge films. These films
exhibit high normal-state resistivities of 200{2cm and transition temperatures, T, around 3K,
yet are characterized by the B-W (A1S5) crystal structure. Here we report on detailed

magnetort esistance measurements.

Two competing effects determine the low-temperature resistance of thin, two-dimensional
films. Electron localization and electron-electron interaction effects give rise to an increase in
resistance. In superconductors, on the other hand, superconducting fluctuations lead to a
resistance reduction which can compete with localization effects already at temperatures
significantly above T.. From the temperature and magnetic field dependence of these
contributions transport parameters, such as scattering lengths, can be determined. To our
knowledge, the first magnetoresistance measurements on W thin films are performed by
Rosenbaum et al.%. Their samples are probably polycrystalline, but with further unspecified
structure. Raffy and Laibowitz3 studied amorphous W-Re alloys. For crystalline 8-W little is
known about the low-temperature electronic transport properties besides the superconducting
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transition temperature.’ The crystalline W-Ge films investigated here allow for the first time a
direct comparison with the electron-phonon scattering theory for the dirty crystalline limit8.

2 Theory

For two-dimensional metal films detailed predictions for low temperature quantum
contributions to the classical residual resistance are available.? Both weak localization and
electron-electron interactions give rise to a logarithmic resistance increase as the temperature is
reduced. For given temperature there are additional corrections arising from the magnetic field
dependence of these quantum corrections. This magnetoresistance we label in the following as
AR/R = [R(T,B) - R(T,0)J/R(T,0). Here B is an externally applied perpendicular magnetic
field. There are different contributions to the magnetoresistance; here we summarise localization
contribution, electron-electron interaction contribution and two superconducting fluctuation
contributions, the Maki-Thompson term and the Aslamazov-Larkin term. The sign of the weak
localization contribution depends on the strength of spin-orbit scattering characterized by a
spin-orbit scattering time Tso, in the limit of small 75, the sign is positive. For materials with
high atomic numbers such as W with Z=74 studied here, spin-orbit scattering times approach

those of elastic scattering processes (with characteristic time T) as is expected from the

relation!0

Tso=(02)4, 7.1

where o is the fine structure constant (=1/137). This gives in our case a value of about 0.085.
In addition to Ty also the inelastic scattering time T; and the magnetic impurity scattering time or
time of spin relaxation due to spin-spin scattering T determine the magnetoresistance. It is
common to write the expression for the magnetoresistance in terms of two effective magnetic
fields By and B; associated with relevant combinations of the scattering rates, namely the phase
breaking rate To™! = 7! + 275! and the rate 1,7 =171 + g'cso'l + %’ts'l. The corresponding
fields By (x=6,2) are then given by By = 1i/(4eD1y), where D is the three-dimensional diffusion
constant. The weak localization contribution to the two-dimensional magnetoresistance is then

written as!i-12,13;

ARloc

3 1
R = 5 fZ(BaBZ) - i fZ(BaBd))’ (723)
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with

£2(B,By) = - ﬂ“[‘l’ |

Bx Bo
P +'3 ] -In g ] (7.2b)

N =

Here W(x) is the digamma function, R the sheet resistance of the film, Bo=h/4eD7 the
characteristic field corresponding to elastic scattering. For strong spin-orbit scattering, i.e.
B,/B >> 1, the B-dependence of the term f2(B,B>) in Eq. 7.2 becomes much smaller than that
of f3(B,By) and the magnetoresistance becomes insensitive to any spin-orbit scattering
parameters at the magnetic fields used. In this limit f(B,B;) can be approximated by
1/6(B/2B2)2 + In(By/B,).

The diffusion constant is given by D=vg21/3, where vg is the Fermi velocity. In the case of

superconducting films it can be obtained from the Ginzburg-Landau equations'4:

me dBe
dkg dT |1, (7.3)

Dl=

Eq. 7.3 allows a determination of D directly from the measured temperature dependence of the
upper critical field B¢y near T..

Coulomb interactions between electrons gives rise to a positive magnetoresistance. For

sufficiently small perpendicular magnetic fields gupB/kgT << 1 this contribution!5 is:

ARC  e2R

- = F/2) 0.084 B/kgT)2. 7.4

R =y (g1BB/kpT) (7.4)

Here F is the electron screening constant. For metals F is typically of order one and often
treated as an adjustable parameter in the fits.

The contribution of the superconducting fluctuations to the magnetoresistance above T are
characterized by two parts, the Maki-Thompson term which includes inelastic, Cooper pair
breaking processes and the Aslamazov-Larkin term derived from pair fluctuations. For
temperatures sufficiently far above T such that 2xkg(T-T,) >> fi/1y and for small applied
magnetic fields B << 2nkg(T-T.)/4eD the Maki-Thompson contribution to the
magnetoresistance!.12,16 js written as:
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where B(T/T,) is a coefficient tabulated by Larkin'® and also calculated by Lopes dos Santos
and Abrahams!7. B(x) diverges as m2/[4ln x] when x -> 1 and for large x approaches
12/[6in2x]. For fixed temperature, Eq. 7.5 displays the same structure as Egs. 7.2a,b. The
Maki-Thompson term thus contributes in a similar fashion to a positive magnetoresistance as
the weak localization term in the strong spin-orbit scattering limit.

Finally, the Aslamazov-Larkin term!8 in the presence of small perpendicular magnetic fields is:

ARAL  q2e2Rp 1 B2
—— =-7¢ : (7.6)

R 16 2725 [In(T/T)P (T dBco/dT)?
Eq. 7.6 always shows a negative magnetoresistance. However, in moderate fields of up to
several Tesla, and typical values of order 1T/K for the upper critical field slope, the Aslamazov-
Larkin term is small compared to the Maki-Thompson term except for temperatures very close

to Te.

3 Sample preperation

For sample fabrication a low temperature chemical vapour deposition (CVD) process is
employed based on the reduction of WFg with GeHy. Details of the CVD process are reported
elsewhere.4 Substrate temperatures during growth between 300 and 435°C resulted in films
with a pure B-W crystal structure as seen in the X-ray diffraction patterns. The crystalline
structure is also revealed by transmission electron microscopy. Rutherford backscattering
(RBS) analysis shows a germanium concentration of 16-18% in the films studied. The
resistivity of these samples is about 200 p€2cm (Table 7.1).

This high value does not appear to be strongly dependent on the Ge content in the 8-W phase
but changes from 190 to 10uQcm at a deposition temperature of 435°C, above which o-W is
deposited. The o-W phase has a Ge concentration of less than 5%. We did not detect any Ge
segregation, e.g. at grain boundaries or at the films' surface, at temperatures below 700°C.
This indicates that the Ge is uniformly incorporated into the film.
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Table 7.1: Relevant parameters for the studied W100-xGex films, T and H are defined at the mid-point
of the resistive transition.

sample d Rg |Tc [He |[D 187 A p
nm |[Q |K T m2/s st s TKP
Ws4Ge1s (I) 14 |135]2.82|6.82 |4.1510°5]2.6:10° {3.17-105 | 4
WgaGe17 (D) 7.5 [290[3.43|7.45(4.63:10°5[1.3.1010 | 4.92-106 | 4
WgaGe17 (F) (bestfit) [ 7.5 | 290 |3.39 |8.75 | 4.63-10-5[9.9-109 [13.8-107 |3
2.1-1019 18.80-10% | 4
W (Rosenbaum etal.)[5 |306]|2.75]|=5 ]6.7105 |=1010

We believe that the high resistivity of our films results from compositional disorder in the
crystalline structure where all atoms sit on regular A1S places but randomly W atoms are

replaced by Ge.

The films are grown on a patterned amorphous silicon layer on an oxidized silicon substrate.
The patterning is done by optical lithography. In the CVD process the W is deposited
selectively on the amorphous silicon, it only grows on conducting surfaces and not on
insulators. Typical film dimensions are 10 pm wide and 1000 pm long. For low temperature
electrical transport measurements a standard four terminal configuration is used, the films are
mounted in a temperature-controlled helium cryostat. Magnetoresistance data are taken with a
Linear Research LR-400 resistance bridge while the magnetic field is swept using a

superconducting magnet.

4 Experimental data and fitting results

In the following we discuss results on three different B-W films (see Table 7.1).Using the
measured upper critical field slope, dB/dT = 2.37T/K - 2.64T/K near T Eq. 7.3 gives the
diffusion constant. If we assume vp= 1.5-106 m/s, which is an average Fermi velocity for
metals, this diffusion constant results in an elastic scattering time T = 6:10-17s, corresponding
to a mean free path / of about 0.1nm. This value for the Fermi velocity does not take into
account the bandstructure of 3-W and the influence of the high Ge content. Since no other data
for B-W are available we assume [ = 0.1nm in the following. Eq. 7.1 then leads to spin-orbit
parameters Tso = 7-10-16s, I, = (D1s0)1/2 = 0.2nm and By, = h/(delso2) = 5-103T. These values
place our films into the strong spin-orbit scattering regime. These values should, however,
only be considered rough estimates®11:19. The upper limit for the spin-orbit scattering length
can be derived from the fits of the magnetoresistance; although the fits are not very sensitive for

the exact value of lg,, values larger than 1-2 nm clearly degrade the fits.
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Fig. 7.1: Magnetoresistance curves AR/R = [R(T,B) - R(T,0)l/R(T,0) for sample D, a crystalline, 7.5nm
thick Wg3Ge17 film. The solid lines are fits to weak localization and Maki-Thompson contributions

(Egs. 7.2 and 7.5).

The resistance as a function of applied magnetic field for sample F is plotted in Fig. 7.1 for
different temperatures. The magnetoresistance is positive at all temperatures which clearly
indicates strong spin-orbit scattering. The solid lines are fits of the Maki-Thompson and weak
localization functions as described by Egs. 7.2 and 7.3 to the data using a non-linear least-
square fitting procedure. From these fits the inelastic and magnetic scattering times are
obtained. All values below 2-10-14s for 14, give equally good fitting results, confirming the
idea of a spin-orbit scattering length ls, below 1nm. The fits in Fig. 7.1 extend over the range
IBl < kg(T-T,)/4eD. In this range the sample is two dimensional with respect to weak
localization, i.e. d2 << D1y, d2 << i/(4eB), and the additional condition, 2xkg(T-T¢) >> ti/ty,
for the applicability of the Maki-Thompson term are fulfilled. Other contributions like
Aslamazov-Larkin fluctuations (Eq. 7.6) and the electron-electron interactions (Eq. 7.4) are
neglected over the range of the fits as they are comparatively small.

We note that the fits to Eqgs. 7.2 and 7.3 work remarkably well considering that these are
results from a perturbation expansion relying on (kgl)-! << 1. In our case we find a product kg/
= 0.4 from the diffusion constant using kr/ = Dm*/h, taking the free electron mass for m*. So
the perturbation results might break down. However, in similar systems! such as amorphous
Mo-Ge with comparable resistivity and Ge content, localization theory successfully describes
the data for small kgl .
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5 Scattering rate theory

In order to obtain the temperature dependence of the phase breaking rate, it is useful to
represent Ty as a sum of three different contributions, namely electron-electron, electron-
phonon and magnetic scattering: ‘c¢'1 =Tee !l + ‘cep'l + 275", While magnetic scattering is
independent of temperature, in two-dimensional systems in the dirty limit the contribution of
electron-electron scattering?C is proportional to T:

1_(¢Rg nh
Tool = (zmz}(BT IULZRJ. (1.7)

Eg. 7.7 holds for film thicknesses d such that d2 << iD / kgT << nth2D / kpTe?Rg. For films
in the regime hD / kgT << d? << nh2D / kgTe2R the linear dependence is modified by a

logarithmic correction:

1 _(¢*Rg _nh (WD/kgT)
Tec _(MHZ}BT k{e2Ru 2 (7.8)

Electron-phonon scattering leads to a rate Tep! proportional to TP with p between 2 and 4
depending on the ratio kgT // 1 c5. Here cs is the velocity of sound and [ the electronic mean
free path. For the dirty limit in crystalline materials Schmid er al.8 predict for kgT I/ 1 cg << 1
that:

(nkT)*

s 7.9
B2mMcgS 79)

"Cc:p'l =N

where M is the ion mass, m is the electron mass and 1 = 1/20 for the transverse case and 1| =
1/30 for the longitudinal. Because for longitudinal phonons cg is usually larger than for
transverse phonons, only scattering of electrons with transverse phonons is important.
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Fig. 7.2: Temperature dependences of the phase breaking rate. The solid lines (. ) are the best fits

including contributions from magnetic, electron-electron and electron-phonon scattering (Eq. 7.11). For
comparison the broken line (— - - — — ) is a fit with p=4 to the F sample.

6 Discussion

The phase breaking rate Ty resulting from the fits is plotted in Fig. 7.2. For our samples the
expression for Tee given in Eq. 7.8 is applicable and the temperature dependence of Ty is fitted

to

-7
151221 145.07. 106 Ry T 1n(;(;d2];)+ATP. (7.10)

We find temperature-independent magnetic scattering rates between 75-! = 0.3-1010s-1 and
1.3-1010s-1. A power p=4 for the electron-phonon scattering contribution gives the best fits for
two samples, resulting in a coefficient A of 3.17-106 s-1K-4 and 4.92-106 s-TK-4. From Eq. 7.9
with a weighted average of the ion masses and / =0.1 nm we obtain 1.3-103m/s and 1.2-103m/s
for the transverse speed of sound cs. These values can be used to calculate an estimate for the
Fermi velocity using the Bohm-Staver relation?! vp = cs V3M/Qm where Q is the charge of the
jons in units . The resulting vg on the order of 106 m/s serves as a consistency check for our
earlier assumption of an average Fermi velocity, even without taking into account different
longitudinal and transverse sound propagation. For film F a power p=3 produces the best
fitting results with a coefficient A = 13.8:107 s-1K-3. Fig. 7.2 compares the p=4 fit with the
p=3 fit. In Table 7.1 also the p=4 results are given. The difference between sample D and F is
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at present not understood. Using ¢ = 1.2:103m/s we find kgT I/ ficg= 102 T << 1 over the
relevant temperature range. Taking into account that the longitudinal sound propagation speed
is usually larger than the transverse we conclude that all films are well within the dirty limit for
electron-phonon scattering. Eq. 7.9 may be used and p=4 is the expected exponent.8

The temperature dependence with power 3-4 of Ty~! in our data is in contrast to results on
amorphous W-Re alloys. In these materials Raffy and Laibowitz5 find a linear temperature
dependence of 4! which they explain by assuming that ;! is dominated by electron-electron
scattering. An alternative explanation could be that in amorphous materials electron-phonon
scattering has a different temperature dependence. Also shown in Fig. 7.2 are the data obtained
by Rosenbaum ez al.6 in granular W films. Their data indeed are of comparable magnitude with
ours. Since also the inclusion of oxygen can stabilize the B-W phase it is conceivable that the
films of Rosenbaum e al., fabricated by vacuum arc deposition, contained a significant fraction
of oxygen stabilized 8-W grains. Our films, on the other hand, are formed in the presence of a
strongly reducing CVD environment and showed no detectable oxygen content. However, it is
possible that a thin layer of oxide formed on top of the films after fabrication. Vranken er al.22
shows that such surface layers enhance 15-1. Table 7.1 indeed shows a higher 1! for the

thinner films.

7 Conclusions

The magnetoresistance data on crystalline W-Ge films can be well understood in terms of weak
localization and Maki-Thompson contributions. The calculated phase braking rate can be
explained using magnetic scattering, electron-electron scattering and electron-phonon
scattering. The electron-phonon scattering follows the theory of Schmid8 reasonably well.
These crystalline films are comparable to amorphous transition metal alloys such as Mo-Ge and
Nb-Si, with respect to the high resistivity and the strong spin-orbit scattering. In contrast to
amorphous W-Re alloys, however, the temperature dependence of the inelastic scattering rate
can certainly not be explained on the basis of electron-electron interactions and significant
electron-phonon scattering is found.
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APPENDIX

RECIPES

1 Lithography

L1: Optical lithography using AZ-resist
1) Dispense HDMS-primer, wetting of the wafer for 10 s and spin at 2000 rpm for 30 s.

2) Put a 12.5% wt. solution of AZ-1470 resist on the wafer, spin 5 s at 500 rpm and then 55 s
at 1500 rpm; this gives a layer thickness of about 460 nm.

3) Soft bake at 90°C for 30 min

4) UV exposure for 12 s in the Karl-Siiss mask aligning machine.
5) Develop in a solution of AZ developer in water of 1:3 for 60 s.
6) Rinse in DI-water for more than 60 s

7) Post bake at 120°C for 30 min.

L2: E-beam lithography using the AZ-SNR system
1) Dispense HDMS-primer, wetting of the wafer for 10 s and spin at 2000 rpm for 30 s.

2) Put a 12.5% wt. solution of AZ-1470 resist on the wafer, spin 5 s at 500 rpm and then 55 s
at 5500 rpm; this gives a layer thickness of about 300 nm.

3) Bake: start at 130°C heat up to 200°C in 20 min, 1 hour at 200°C

4) Put a 1:1 solution of 'SNR-M2 in MIBK' (TOSOH Europe b.v.) in MIBK (Methyl-Iso-
Butyl-Keton) on the wafer, spin 5 s 500 rpm and then 55 s 5500 rpm; this gives a layer
thickness of about 80 nm

5) Bake at 60°C for 30 min
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6) Write the pattern with e-beam, at 50 keV a dose of 80 pC/em? is sufficient for large areas

7) Develop the resist for 15 s in xyleen, than rinsing for 30 s in IPA(Iso-Propyl-Alkahol). If
some residue remains repeat the process only with 3 s in xyleen.

8) Etch through the AZ with Oy plasma acording to DES

2 Wet etching

WEL1: Resist removal with fuming HNO3
1) Ultrasonic removal of resist in fuming HNO3 for 10 min.

2) Rinsing in water for more then 10 min and spin dry.

WE2: SiO; etch with HF 1%
1) Etching of native oxide on silicon in a 1% HF solution in water.

Etch rate ~8.4 nm/min.

2) Rinsing in water for more then 10 min and spin dry.

WE3: Residual Co etch with HCI-H202
1) Take 3 parts of a 37% HCl solution in water and 1 part of a 30% H202 solution in water.

2) Add the HyO; slowly to the HCI, be careful that the mixture doesn't boil over.

3) When all the HyO3 is added the mixture should have a higher temperature, (60-80°C) now
immediately etch the substrate for 10 s.

4) Rinsing in water for more then 10 min and spin dry.

This etching mixture etches also Co2Si and CoSi.

WE4: RCA-clean
1) NH4OH-H,0; solution in water, temperature 80 °C, etching for 10 min.

2) Rinsing in water.
3) WE2 for 1 min
4) HCI-H;05 solution in water, temperature 80 °C, etching for 10 min.

5) Rinsing in water.
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6) WE2 for 1 min

WES: SiO; etch with BHF 10%
1) Etching of silicondioxide in a 10% HF solution in water, buffered by NH4F

Etch rate ~100 nm/min.

2) Rinsing in water for more then 10 min and spin dry.

WE6: Anisotropic Si etch with a KOH Propanol solution in water
1) 150 mi H»0O, 45 gram KOH, 20 ml Propanol-1 at 85 °C,

2) Add another 30 ml Propanol-1
Etch rate = 1 um/min.

3) Rinsing in water for more then 10 min and spin dry.

3 Dry etching

DE1: SiO; etch with CHF3 plasma
Processing conditions in the Leybold-Heraeus F etcher:

-20 sccm CHF3

-Total AC power about 100W (= 0.32 W/cm?)

-Pressure 1.3 Pa

-Bias = -460 V

-Etch rate = 27 nm/min

1) Check the vacuum and the leak tightness.

2) Condition the reactor for about a hour with the processing conditions.

3) Etch until required dept is reached.

DE2: Ar sputter clean before Co deposition
Processing conditions in the Leybold-Heraeus Sputter machine:

-100 sccm Ar
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-Pressure =3.8 Pa

-Total AC power about 1000W (= 0.35 W/cm?)

-Bias =-70 V

-Time: 10 min

DE3: Ar sputter etch in F etcher

Processing conditions in the Leybold-Heraeus F etcher:
-20 sccm Ar

-Total AC power about 50W (=0.16 W/cm?)

-Pressure 1.3 Pa

-Bias = -350 V

-Etchrate = 1 4 1.4 nm/min

-Time: 5 min

DE4: Resist removal with Oz plasma
Processing conditions in the TEPLA microwave stripper:
-20 % Oy

-50 % Ar

-Pressure 150 Pa

-Total microwave power 615 W

-Frequency 2.45 GHz

-Time 5 - 15 min

DES: Resist etch with Oz plasma

Processing conditions in the Leybold-Heraeus F etcher:
-20 sccm Oy

-Total AC power about 30W (= 0.1 W/cm?)

-Pressure 0.4 Pa

-Bias: -100--200 V
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-Etch rate = 28 nm/min

DE6: Si etch with SFg-O2-He plasma
Processing conditions in the Leybold-Heraeus F etcher:

-15 scem SFg

-3 sccm Oy

-12 sccm He

-Total AC power about 30W (= 0.1 W/cm2)
-Pressure 1.3 Pa

-Bias: -40- -80 V

-Etch rate = 120 nm/min

4 Deposition

D1: Co sputter deposition

Processing conditions in the Leybold-Heraeus Sputter machine:

-Background pressure <le-6 mBar

-15 sccm Ar

-Pressure =0.5 Pa

-DC-plasma

-145 Watt (0.35 A, 414 V) -> 5.1 nm Co/min

-Rotate the table at 6 rpm

D2: B8-W CVD deposition

1) Fist cleaning with process WE2 and drying by pulling the wafers slowly out of the vapour

of boiling isopropyl alcohol.

2) Then immediately loading into a Varian cold wall W-LPCVD reactor.

Processing conditions:

-Wafer temperature 340 °C
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-Pressure 11.5 Pa

-1000 sccm Hp

-10 sccm GeHy

-10 sccm WFg

-5 sccm Ar

-This gives about 10 nm/min

-Time | min

D3: Amorphous W CVD deposition

1) Fist cleaning with process WE2 and drying by pulling the wafers slowly out of the vapour
of boiling isopropy! alcohol.

2) Then immediately loading into the ASM Single Wafer Reactor.
Processing conditions:

-Wafer temperature 275 °C

-Pressure 20 Pa

-200 sccm Hp

-20 sccm GeHg

-10 sccm WFg

-This gives about 9 nm/min

-Time 1 min

5 Anneal

Al: RTP anneal for CoSi; formation
1) Put the wafer in the Rapid Thermal Processor.

2) Let Ar gas flow for over 4 minutes.
3) Heat the RTP to 700°C for 30 s.

4) Let the wafer cool down to below 200°C before removing.
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A2: Dry thermal oxidation of Silicon (60 nm)
1) Temperature stabilising at 800 °C for 10 min in a flow of 3 slm N3 and 0.15 slm Oy

2) Heating from 800 °C to 1000 °C in 20 min in a flow of 3 slm N3 and 0.15 slm Oz

3) Temperature stabilising at 1000 °C for 15 min in a flow of 3 slm N3 and 0.15 slm O
4) Oxidation at 1000 °C for 1 h 15 min in a flow of 3 slm O3

5) Anneal at 1000 °C for 20 min in a flow of 3 slm N

6) Short oxidation at 1000 °C for 1 min 30 s in a flow of 3 slm Oy

7) Cool down from 1000 °C to 800 °C in 40 min in a flow of 3 slm Ny

A3: Wet thermal oxidation of Silicon (0.5 pum)
1) Temperature stabilising at 800 °C for 10 min in a flow of 3 slm N and 0.15 slm O,

2) Heating from 800 °C to 1050 °C in 25 min in a flow of 3 slm N3 and 0.15 slm O,

3) Temperature stabilising at 1050 °C for 15 min in a flow of 3 slm N5 and 0.15 slm O,
4) Purging at 1050 °C for 40 s in a flow of 2.25 slm O;

5) Oxidation at 1050 °C for 1 h 6 min in a flow of 2.25 slm O and 3.85 slm Hy

6) Purging at 1050 °C for 30 s in a flow of 2.25 slm Oy

7) Anneal at 1050 °C for 15 min in a flow of 3 slm Np

8) Cool down from 1050 °C to 800 °C in 50 min in a flow of 3 slm N
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SAMENVATTING

Het proximity effect, de diffusie van Cooper paren vanuit een supergeleider in een normaal
materiaal, is reeds lang bekend in dunne, metallische lagen. Bij lage temperaturen strekt dit
effect zich uit over afstanden variérend van enkele um's in goed geleidende metalen tot enkele
tientallen nm's in hoog gedoteerde halfgeleiders. Nu fabricage van devices van 100nm en
kleiner mogelijk is geworden, is dit effect te gebruiken voor de realisatie van een
Supergeleidende Field Effect Transistor; een SFET. Dit onderzoek is oorspronkelijk gestart als
samenwerking met Dr. U. Kawabe van Hitachi Central Research Laboratory in Japan. Hij was
geintereseerd in het gebruik van geavanceerde microfabricage technieken voor het maken van
een SFET. In een SFET worden twee supergeleiders door middel van het proximity effect
gekoppeld en wordt de koppeling door een electrische spanning op een gate electrode
beinvloed. In dit proefschrift worden diversen van dergelijke structuren bestudeerd, alle
gebruik makend van silicium als halfgeleidende koppeling. Twee typen devices worden
besproken met verschillende supergeleiders: CoSi en amorf wolfram. Er is gekozen voor deze
supergeleiders omdat deze zelf-uitlijnend gedeponeerd kunnen worden zodat de fabricage
eenvoudiger is. De doelstelling van dit onderzoek is om meer inzicht te krijgen in het
stroomtransport in dit soort strukturen en de mogelijkheden om ze te fabriceren.

In hoofdstuk II wordt de fabricage beschreven. Alle devices hebben een MOSFET (Metal-
Oxide-Semiconductor FET) struktuur met silicium als basis materiaal. Supergeleidende source
en drain metallisaties worden gescheiden door een gate boven een 2-dimensionaal electron gas
(2DEG). Dit 2DEG koppelt de twee supergeleiders, de ladingdragers concentratie wordt
bepaald door middel van een spanning op de gate. De verbinding tussen het 2DEG en de
supergeleidende electrodes wordt verzorgd door een hoog gedoteerde laag, vlak onder de
supergeleidende elektrodes. Ook worden devices beschreven waar source en drain rechtstreeks
gekoppeld worden door hoog gedoteerde materiaal.

De devices zijn gemaakt met behulp van elektronenlithografie, anisotroop reactief ionenetsen
(RIE) en zelf-uitlijnende metallisatie en contact-implantatie. Elektronenlithografie is
noodzakelijk om de vereiste afmetingen van de gate in de orde van 100 nm te krijgen. Optische
lithografie wordt gebruikt bij fabricagestappen die minder hoge eisen stellen aan de resolutie.
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Zelf-uitlijnende implantatie en metallisatie zijn gebruikt om met slechts én lithografische stap
met hoge resolutie te kunnen volstaan. Dit is van belang omdat het uitlijnen van twee hoge-
resolutiestappen t.0.v. elkaar moeilijk is en waarbij mogelijk veel van de bereikte resolutie weer
verloren gaat. Zelf-uitlijnende contact-implantatie betekent dat de reeds gedefinieerde
gatestructuur als masker dient voor de implantatie. Zelf-uitlijnende metallisatie wordt in dit
proefschrift op twee manieren bereikt, athankelijk van de gebruikte supergeleider. Amorf
wolfram (T¢=4K) kan selectief gedeponeerd worden in een LPCVD proces op silicium en niet
op Si0O;. CoSiy (T¢~1.4K) wordt selectief gevormd door middel van het verhitten van een
gesputterde laag kobalt op silicium. Dan reageert het kobalt met silicium op plaatsen waar deze
in contact zijn en niet waar kobalt in contact is met het SiO.

In hoofdstuk Il worden modellen voor de stroom door deze devices gepresenteerd. Hier
worden verschijnselen behandeld waarbij het golfkarakter van de elektronen verwaarloosd kan

worden, dit is het geval bij hogere spanningen.

Voor het inzicht in het stroomtransport is het van belang onderscheid te maken tussen
verschijnselen die samenhangen met het golfkarakter van de elektronen en verschijnselen
waarbij het golfkarakter verwaarloosd kan worden. Verschijnselen die samenhangen met het
golfkarakter van de elektronen treden over het algemeen op bij lage spanningen; onder andere

superstroom en reflectieloos tunnelen.

Een belangrijk verschijnsel dat optreedt aan supergeleider - normaal contacten is Andreev
reflectie: een electron komend uit het normale materiaal gaat in de supergeleider verder als een
Cooper paar terwijl een gat terug het normale materiaal in gaat. In dit hoofdstuk worden
bestaande modellen besproken en worden uitbreidingen met elastische en inelastische
verstrooiing in het normale gebied gepresenteerd. Ook wordt gekeken naar de mogelijkheid de

bestaande één-dimensionale modellen uit te breiden naar meer dimensies.

In hoofdstuk IV worden meetresulaten met interpretaties gepresenteerd van devices waarbij
CoSij is gebruikt als supergeleider. Deze devices hebben geen gate en vertonen superstroom.
Deze superstroom kan alleen goed verklaard worden met bestaande modellen als aangenomen
wordt dat het contactvlak slechts gedeeltelijk transparant is. Ook voor de niet supergeleidende
toestand blijkt het noodzakelijk een gedeeltelijk transparant contactvlak te veronderstellen. De
uitbreiding van de bestaande modellen zoals gepresenteerd in hoofdstuk III levert nauwelijks

verbetering op.

In hoofdstuk V en VI worden meetresulaten met interpretaties gepresenteerd van devices

waarbij amorf wolfram is gebruikt als supergeleider. Deze devices hebben wel een gate en
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vertonen geen superstroom. In hoofdstuk V wordt het gedrag bij hogere spanning over het
device besproken. Uit de meetresultaten blijkt dat het contactvlak een hoge weerstand heeft

waardoor er geen superstroom optreedt en Andreev reflectie onderdrukt wordt.

In hoofdstuk VI wordt het gedrag besproken bij lage spanning over het device waarbij amorf
wolfram is gebruikt als supergeleider. Bij lage spanning over het device wordt toegenomen
geleiding waargenomen die afhankelijk is van de electronen dichtheid in het 2DEG. Dit effect
wordt reflectieloos tunnelen genoemd, en wordt veroorzaakt door toegenomen Andreev
reflectie door constructieve interferentie met gereflecteerde deeltjes. De metingen worden
vergeleken met bestaande modellen die goede voorspellingen doen voor het karakteristieke

magnetische veld waarbij het effect onderdrukt wordt.

In hoofdstuk VII worden magneto-weerstandsmetingen gepresenteerd aan polykristallijne WGe
films met 16-18% Ge, die een hoge specificke weerstand hebben (=200 pf2cm) en
supergeleidend worden. Deze metingen geven de mogelijkheid voorspellingen te testen
betreffende elektron-phonon verstrooiing in aanwezigheid van sterke elastische verstrooiing.
Ook deze films zijn gedeponeerd met een LPCVD proces, hebben de 8-W structuur (A15) met
een kritische temperatuur T, van ongeveer 3K en een kritisch veld H¢ in de buurt van 8T.
Bijdragen van de supergeleidende fluctuaties en zwakke lokalisatie tot de magneto-weerstand
worden besproken. Geconstateerd wordt dat de inelastische verstrooiingsfrequentie bepaald

wordt door elektron-phonon verstrooiing.
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NAWOORD

Wanneer ik terugdenk aan mijn vijf jaar bij DIMES zie ik dat er velen hebben bijgedragen aan
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Tony, Gilles, Jack, Bert, Alfred, Frans, Joop, Wim, Willem, Bram, Jan, Ben en vele anderen,
allemaal bedankt! Mijn collega promovendi bedank ik voor de stimulerende discussies en
andere ondersteuning. Dick, Wim, Peter, Kars-Michiel, Jianrong, Philip, Carolien, Albert,
Hans, Gert, Kees, Ed, Rik, Marian, Arjan, Pieter, Rijko, Dov, Jan-Willem, Arnoud, Jeroen en
wie ik nog vergeet, bedankt. Tevens bedank ik alle anderen, binnen en buiten de T.U. Delft,
die ook op enigerlei wijze hebben bijgedragen aan de totstandkoming van dit proefschrift.

Nogmaals, iedereen van harte bedankt en tot ziens.
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