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The main purpose of this work was to study different kinds of metal-based
tunnel junctions at low temperatures. The problem which had to be solved
was creating a junction with appropriate properties at these temperatures.
The materials for junctions were found experimentally. The goal was to
find an alloy material that can provide a high quality tunnel junction, which
remains in the normal conductive state at low temperatures without applying
magnetic field. The fabrication technology of such a device, based on an alloy
of aluminium and manganese, is described in detail. In this thesis theoretical
properties of tunnel junctions are considered and results of experiments with
tunnel junctions are described, and quantitative properties of the junctions
are analyzed based on the experimental data.
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Introduction

Nowadays modern science is more and more interested in low temperature

physics. Low temperatures have already found applications in different areas

of our life. One of the main areas of low temperature applications is gas

separation. The second area is application of low temperatures in medicine

like magnetic resonance imaging. Some effects could never be discovered at

normal temperatures. For instance low temperatures allowed the discovery

of superconductivity in metals [1], which is used for strong magnetic field

creation.

Therefore appears the problem of creation of low temperature devices. One

direction is low temperature thermometry. When usual methods like gas

thermometry for temperature measurement are impossible, it is necessary

to use alternative methods. For example platinum resistance thermometer

can be used in a wide temperature range from 13 to 961 K according to

the International Temperature Scale of 1990: ITS-90. Platinum resistance

thermometer PT100/PT1000 finds wide application for very precise temper-

ature control. It is based on thermoresistor made of platinum and provides

excellent accuracy over a wide temperature range. The approximately linear

relationship between temperature and resistance over a wide range simpli-

fies its use. The second competitor of platinum resistance thermometer is

ruthenium resistance thermometer from 10 mK up to the room temperature.

The main difference from platinum resistance thermometer is increasing re-

sistance during cooling process. It is also very precise device for temperature

measuring, it is typically calibrated only once.
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An alternative method of temperature measuring at low temperatures is

Coulomb blockade thermometry. Coulomb blockade thermometer (CBT)

uses tunnel junctions as a base. It is possible to determine temperature by

defining the half width of the peak in the bias dependence of conduction

curve. Main advantage of CBT is that it is a primary thermometer and

needs consequently no calibration. One main problem in CBT measuring

is creating metal islands which will stay in normal conducting state at low

temperatures during measuring process.

A group at NIST, Bolden has created an electron-tunneling refrigerator based

on unconventional materials [2]. The working principle is based on tunnel

junctions between normal metal and superconducting metal. The question of

creation normal metal at low temperatures without applying magnetic field is

very important. Nowadays PICO-group of Low Temperature Laboratory in

Aalto University, Espoo with Jukka Pekola as a head of the group decided to

solve this problem for creation a Coulomb blockade thermometer and single

electron transistor (SET).

In this thesis I describe design, fabrication and measuring process of tunnel

junctions at wide range of temperatures. The main attention was put on

the improvement of junction properties at low temperatures. The main aim

was to keep metal islands of tunnel junction in normal conducting state at

temperatures down to 60 mK without applying magnetic field.

The thesis consists of 3 chapters. The first chapter provides the reader with

theoretical grounds of tunnel effect, Coulomb blockade thermometry and

basic knowledges about fabrication in a clean room. In the second chapter

technological parameters of manufacturing are presented. The full process
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from design to final measuring has been described in details. Chapter 3

contains experimental results of low temperature experiments.
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1 Theoretical basics

1.1 Tunnel junctions

A tunnel junction is a potential barrier between two metals. The barrier

is made out of an isolating material. An ideal potential barrier of a tunnel

junction is as high as possible, but all real junctions have a finite barrier.

Figure 1 (a) shows a sketch of a real tunnel barrier at temperature T1. In

this case electrons can only tunnel through the potential barrier. Fig. 1 (b)

shows the same tunnel junction, but at an elevated temperature T2 > T1.

If we apply heating, the electrons will get energy and occupy higher levels.

At higher temperatures the rate of electron tunneling through the barrier

increases, because states closer to the barrier top get occupied. Figure 1 (c)

demonstrates that with bias voltage applied, electrons can likewise tunnel

more freely through the barrier because they find un-occupied states at the

other side of the barrier.

Figure 1: A sketch of the tunnel barrier: a) NIN tunnel junction, b) heating

of the structure, c) bias voltage applied.

Tunnel junctions find a wide range of applications. Superconducting logic
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devices [3], SQUIDs are based on tunnel junctions. The most popular junc-

tions are made of Al2O3. These barriers have high quality, stability and are

easy to fabricate. Usually tunnel junctions are fabricated between two super-

conducting metals (SIS-structure) or between normal and superconducting

metals (NIS-structure). NIS-structure can be a base for low temperature re-

frigerators. AlMn alloys can be used for creation of the metal in the normal

conducting state [3].

In the following theoretical formula the effects shown in Fig. 1 are described.

A method for measuring temperature over a wide range is based on measuring

the tunnel junction resistance [4]. The temperature dependence of tunnel

junction resistance is given by

1

R
=

1

R0

(
1 +

(
T

T0

)2
)
, (1)

where T is temperature, T0 is a material constant, R is resistance, measured

at temperature T , and R0 is the resistance at zero temperature.

The bias voltage dependence of tunnel junction conductance g [5], is obtained

as

g(V ) = g0(1 + V 2/V 2
0 ) , (2)

where V is bias voltage; g0 = 1/R0; V 2
0 = (4h̄2/e2m)Φ0/s

2, where s is a

width of tunnel barrier, Φ0 is a height of tunnel barrier, m is the mass of the

electron and e is the electron charge. Typical values for Al-AlOx-Al barrier

are V0 = 0.25 V and T0 = 825 K [6].
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1.2 Tunnel junction devices

1.2.1 Coulomb blockade thermometer(CBT)

The working principle of Coulomb blockade thermometers [7], [8], [9], [10] is

based on single-electron tunneling effects. These effects were first described

in 1986 by Likharev and Averin [11]. The idea and the demonstration of

Coulomb blockade thermometer was described in details in 1994. It is possi-

ble to use thermal dependence of differential resistance of a tunnel junction to

determine temperature very precisely at temperatures in the range of liquid

helium and below [12]. It is easy to use the following equation for calculations

of temperature

V1/2
∼= 5.439NkBT/e , (3)

where kB is the Boltzmann constant; T is a temperature; e is the electron

charge and N is a number of junctions. Equation (3) of the full width, V1/2,

at half minimum of the conductance dip shows how to define temperature

using CBT. CBT measurement allows a primary temperature determination.

It is often useful to use secondary mode of CBT. The depth of the dip ∆G/G

is then a measure of temperature as

∆G

G
=

EC

6kBT
, (4)

where EC = e2/2C∗ is the charging energy (e is the electron charge, C∗ is

the effective capacitance of current system), kB is the Boltzmann constant;

∆G/G is the depth of the line and T is the temperature to be determined

(see Fig. 2). Therefore we have a constant
(

EC

6kB

)
(EC is once determined

using a primary mode) and one parameter
(

∆G
G

)
, which one can measure.

The first mode of Eq. (3) also allows to measure the temperature without
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calibration.

Figure 2: CBT basic principle.

1.2.2 AlMn alloy as a normal metal

One of the serious problems is creation of tunnel junctions in combination

with normal conducting metals at low temperatures without magnetic field

applied to the metal. It is also not easy to use normal metals such as copper

because copper does not form a reliable oxide barrier that would be useful

for tunnel junctions. In this case it is necessary to find other materials. It

was suggested to use AlMn alloys for this purpose. The phase diagram for

AlMn alloys is presented in Fig. 3 [13].

One example for an application using a NIN junction together with a SIN

junction is discussed below in Fig. 4 [14]. The main part of the single

electron transistor (SET) is the island which is connected with two tunnel

junctions to the leads. The potential of this island can be changed by the gate

electrode. Four superconducting leads, which are connected to the normal
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Figure 3: Phase diagram for AlMn alloys.

source by tunnel junctions are used for thermometry and heating. There is

one superconducting lead connected to the normal source directly without

an insulator barrier. The purpose of this contact is to define the electrical

potential of the source and it’s thermal isolation to the leads.

This device can be easily fabricated by lithography and film deposition [14].

However the main question and the topic of this work is how to create a

normal conducting metal at low temperatures without magnetic field in com-

bination with high quality tunnel junctions.

Figure 4: Single Electron Transistor in a set-up to heat transport measure-

ments.
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Besides reducing of critical temperature, addition of Mn in the Al alloy leads

to the increase of the electronic and the thermal resistivity, and this changes

the final device characteristics. Experiments show that aluminium, gold and

copper do not change the heat capacitance a lot in the range of Mn doping

< 1%. Thus AlMn alloys in the necessary range of manganese concentrations

in alloy do not change the heat capacity seriously. This fact lets one use this

material for transition-edge sensor (TES) applications [3].

1.3 Metal thin-film deposition techniques

1.3.1 Thermal Evaporation

Thermal evaporation is one of the widely used methods of thin film depo-

sition. It is well-known and the method is quite simple to apply [12]. The

idea of this method is to heat a source of material up to the evaporation

temperature by any heater. Films are fabricated by direct condensation of

vapor onto the wafer surface. The wafer can be also heated or cooled if it is

necessary for high quality film creation. The requirement for evaporation is

also the pressure inside the chamber. It should be significantly lower than

the pressure, created by evaporation of the material.

Resistive heating can be used in this technique. In this case current goes

through a source of material or through a crucible. This heating method is

not so good, because crucible can contaminate the material and it is difficult

to evaporate materials with high evaporation temperature. Thus electron-

beam heating is usually used. It does not have these disadvantages of resistive

heating. The advantage of this method is the possibility of fabrication metal,
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alloy or even insulator films. This process works in high vacuum to solve the

problem of contamination (pressure less than 10−6 Pa). Another advantage

is a quite high evaporation rate (up to several tens of nm/s) and possibility

of varying it. To create a desired picture on the substrate surface one usually

uses masks. In the presented thesis a shadow evaporation was used [15].

1.3.2 Sputter Deposition

Sputtering deposition is also widely used in different areas. The idea of

this technique is bombarding a target by positive ions (emitted from a gas

glow discharge). Some atoms eject from the target after every incident of

ion bombarding. These atoms fly to the wafer surface and form the film.

The advantage of this technique is that ions have energies high enough to

penetrate some atomic layers of the substrate, which leads to increase of film

adhesion. The feature of this method is that atoms emitted from the target

reach the surface at different random angles. This effect occurs because of

short mean free path at used ranges of pressures for sputtering. However, this

effect provides very good covering of the wafer surface. Sputter deposition

can be also applied for refractory metal deposition [12], but not for shadow

evaporation technique.

1.4 Basics of Clean Room Techniques

Clean rooms have a controlled level of contamination and they are classified

by the cleanliness of their air. This level is specified by the number of par-

ticles at specified particle size per cubic meter. There are some cleanroom
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Table 1: Federal Standard 209.

Measured Particle size (µm) in cubic foot

CLASS 0.1 0.2 0.3 0.5 5.0

1 35 7.5 3 1 NA

10 350 75 30 10 NA

100 NA 750 300 100 NA

1000 NA NA NA 1000 7

10000 NA NA NA 10000 70

100000 NA NA NA 100000 700

standards in the world. The main standards are: Federal Standard 209 (see

Table 1), British Standard 5295, ISO Standard (see Table 2) and Pharma-

ceutical Cleanroom Classification. Clean room class comparison is given in

Table 3.

The clean room of Centre for Micro and Nanotechnology Micronova is 2600

m2 big and it has many laboratories with controlled level of temperature

(21◦C±0.5◦C), humidity (45%± 5% RH), pressure and contamination. This

clean room consists of different areas. They are shown at Fig. 5. The main

areas are: Clean Area, Plenum and Subfab area. Clean room laboratory also

has different facilities for water purification, gas controlling, cooling water,

electricity central vacuum, process sewages, gases (pressure air, technical ni-

trogen, process nitrogen, nitrogen for nitrogen guns, pump nitrogen, oxygen,

hydrogen, argon and other special gases). All laboratories in a clean room

have also a powerfull air conditioning system.

Working in such laboratories is quite difficult and sometimes dangerous. That

is why every new member has to pass essential training before starting any

17



Table 2: ISO Standard 14644-1.

maximum particles/m3

CLASS ≥0.1 µm ≥0.2 µm ≥0.3 µm ≥0.5 µm ≥1 µm ≥5 µm

ISO 1 10 2

ISO 2 100 24 10 4

ISO 3 1000 237 102 35 8

ISO 4 10000 2370 1020 352 83

ISO 5 100000 23700 10200 3520 832 29

ISO 6 1000000 237000 102000 35200 8320 293

ISO 7 352000 83200 2930

ISO 8 3520000 832000 29300

ISO 9 35200000 8320000 293000

Table 3: Clean room class comparison.

ISO 14644-1 FED STD 209E

ISO 3 1

ISO 4 10

ISO 5 100

ISO 6 1000

ISO 7 10000

ISO 8 100000
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Figure 5: Micronova clean room structure: air filtered in the plenum goes

into the clean area and goes out through the raised access floor.

activities in a clean room. There are internal obligatory rules in a clean room

laboratories. Everybody has to follow these rules during all operations in a

clean room. The aim of these rules is not to allow to contaminate a clean room

and to keep human health in safety. There are some gases, chemicals, electric

or magnetic fields which are dangerous for life in the laboratories. The main

rule is that only authorized personnel is working with devices. Only approved

chemicals can be used in the clean room. All operators should take care

that the working areas, equipment and vessels are cleaned after their work.

Clean room has three safety codes: fire alarm (automatic system, reacts to

particles), poisonous gas alarm (automatic controlled in the equipment) and

chemical alarm (manual only).

There are some official regulations: several laws considering safety at work in

Finland and EU chemical directive REACH. REACH is a new EU chemicals

policy, which was adopted in December 2006. The new regulations aim to im-

prove the protection of human health and the environment while maintaining
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competitiveness, and enhancing the innovative capability of the EU chemi-

cals industry. REACH gives greater responsibility to industry to manage the

risks from chemicals and to provide safety information. According to Global

Harmonized System (GHS) all chemicals are labeled with special symbols

(toxic, flammable, irritating, explosive, oxidizing, corrosive, environmentally

dangerous). Every user of chemicals has to take a look at Material Safety

Data Sheet (MSDS). MSDS is a form containing data regarding the proper-

ties of a particular substance, procedures for handling or working with that

substance in a safe manner. MSDS is a widely used system for cataloging in-

formation on chemicals, chemical compounds, and chemical mixtures. MSDS

information may include instructions for the safe use and potential hazards

associated with a particular material or product.
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2 Experimental

2.1 Designing

The first step in producing a Coulomb blockade thermometer is to define

all dimensions. One has to define the junction dimension, island length

and width, number of junctions and parameters of bonding pads. In the

presented case, the following structure parameters for all experiments were

used: island length 10 µm, island width 0.3 µm and expected dimensions of

a tunnel junction 1×0.3 µm2. The number of junctions should be chosen to

get bias true and large enough signed in the experiment but on the other

hand the number should not be too large to avoid a too large resistance.

Therefore the number of junctions is typically in the range between 10 and

100 junctions. All thermometers, demonstrated in the present work have 18

tunnel junctions in series with two bonding pads.

To simplify this work a personal computer was used. The drawing for all

layers of the thermometer was created with a help of special software ”Layout

Editor”. Designing of Coulomb blockade thermometer in ”Layout Editor”

is shown in Fig. 6. This software allows one to create easily all necessary

layers of tunnel junctions and bonding pads with desired dimensions. In

addition to the friendly interface this software has possibility of saving files in

GDSII format (*.gds *.GDS). This detail is very important because software

of electron beam writer, used in this work operates with GDSII format only,

because GDSII is an industry standard file format for layout work. The

image of Coulomb blockade thermometer junctions is presented in Fig. 7.
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Figure 6: Designing Coulomb blockade thermometer in ”Layout Editor”.

Figure 7: Detail view ofthe mask for 18 junctions CBT.
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2.2 Electron beam lithography

2.2.1 Wafer preparation

At the very beginning of litography process one has to prepare a wafer and

coat it by e-beam resist. It is coated in two steps. The first step is coating

by copolymer resist in spinner at 4000 rpm, following baking on a hot plate

at 180◦ C. The second step is coating by polymethyl methacrylate (PMMA)

resist in spinner at 2500 rpm with following baking. The practical result is

a wafer coated by 500 nm of copolymer resist and 50 nm of PMMA resist

as a top layer. PMMA is a positive resist, which is suitable for application

in X-ray lithography, deep UV (with 200 - 250 nm wavelength) and e-beam

lithography. Copolymer is more sensitive to the e-beam. In conclusion, the

ready 4-inch wafer is cut into small pieces suitable for using in the sample

holder for lithography.

2.2.2 Lithography

Electron-beam lithography is done in vacuum in the chamber of a scanning

electron microscope that is upgraded with ”Elphy quantum” electron beam

lithography system from Raith Gmbh and an electrostatic beam blanker.

The SEM has a high resolution: 2.1 nm at 1 kV and 1.0 nm at 20 kV.

One has to choose a GDSII file with sample figure and set up exposure

parameters (magnification, aperture, dose, step) before exposure. In the

current structure aperture 30 was used for the island structure resulting in

a beam current of 0.3 nA and a much bigger aperture of 120 with I = 5 nA

in order to reduce writing time for bonding pads. Magnification is 240 for
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Figure 8: Dose test: too low dose (left), good dose (middle), too high dose

(right).

islands and 48 for bonding pads. The software of this device allows one also

edit to GDSII files created in ”Layout Editor” if necessary.

The main problem is to fabricate samples reproducibly in every lithography

process. For this purpose one has to make a dose test in the beginning (see

Fig. 8). This is an exposure, where every sample has got different dose.

After microscopy control, the operator can make a conclusion which dose is

most suitable for current resist thickness. After that, the operator uses this

dose for following exposures, he just recalculates the dose for the actual value

of beam current which can change in time.

2.2.3 Developing

Some variants of developing mixtures are available for the current e-beam

resist. It is possible to use a mixture of methyl isobutyl ketone (MIBK) and

isopropanol (IPA) to develop. Possible concentrations in this mixture are

shown in Table 4, thus it is possible to mix MIBK and IPA mixture according

to current needs. In all fabrication experiments described in the present

thesis a mixture of M/I 1:3 was in use. It provides high resolution with still
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Table 4: Developing mixtures.

PRODUCT COMPOSITION RESOLUTION SENSITIVITY

M/I 1:1 1:1 MIBK to IPA high high

M/I 1:2 1:2 MIBK to IPA higher medium

M/I 1:3 1:3 MIBK to IPA very high low

MIBK MIBK low high

sufficient sensitivity. Developing process was done in MIBK/IPA mixture

for 20 seconds at room temperature. Samples were cleaned in a beaker with

pure isopropanol immediately after developing. Then samples were dried

by nitrogen. The developing process was done in a vent hood with good

ventilation. All fabrication processes were done in Micronova clean room

laboratory with class ISO 7 of ISO Standard 14644-1, which is sufficiently

clear for such kind of tunnel junction fabrication. However it is recommended

to develop samples not directly after electron beam lithography, but only just

before evaporation. The main purpose of this recommendation is avoiding

contamination in the developed areas. PMMA-MMA can be developed even

after quite long time period after electron beam lithography without losses

in quality.

2.3 Thin film evaporation

The method chosen for tunnel junction fabrication is vacuum evaporation

of metal using electron beam. A metal target is bombarded by high energy

electrons. This leads to temperature increase and consequently to metal

evaporation. We use a shadow evaporation [15]. Two angles were used in the
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experiments, they were adjusted using the measured shift observed during

the dose test for ± 20◦, see Fig. 9.

Figure 9: Vacuum evaporation process: a) the first angle evaporation, b)

oxidation, c) the second angle evaporation.

In fact evaporation process is done in the following step by step cycle. The

wafer with samples is deposited in the sample holder inside the chamber of

the evaporator. The metal or alloy for evaporation has to be deposited in

a graphite crucible before evaporation process. Pumping continues for few

hours after the chamber is closed to reach a sufficient vacuum. Working

pressure for evaporation is approximately 10−7 mbar. The first angle of

evaporation is set by hand. This system has a very precise quartz crystal

microbalance with a resolution of 0.1 nm for the film thickness and it closes

the shutter automatically when the desired thickness has been reached. One

can evaporate metal after setting the parameters (density and Z-factor) in

the thickness monitor. This evaporation is presented in Fig. 9 a. After this,

an insulator barrier of typically 40 nm is formed using 21 mbar pressure. The

oxidation process (see Fig. 9 b) takes 10 minutes after which the chamber

is pumped again. Between the first and the second evaporation, it is also

possible to change evaporated metal if necessary (see Fig. 9 c). A three

26



layer structure metal-oxide-metal on the same wafer is the final result of the

evaporation process.

2.4 Lift off

Lift off is a process to remove all metal from the top of the unexposed re-

sist and a final picture of fabricated device can be seen with a microscope.

Samples deposited into a beaker with acetone were heated with tempera-

ture 50◦C. Lift off process takes approximately 10 to 15 minutes. Its exact

dimension depends on the thickness of the film and time period between

evaporation and lift off. It is better to lift off metal films immediately after

evaporation to avoid any problems. It is necessary to clean samples in IPA

and dry them by nitrogen after that. Lift off process was done in a hood

with good ventilation.

2.5 Microscopy and spectroscopy control of samples

Sample control is an important part of fabrication. This step is to discard

obviously damaged or unsuccessful samples before bonding and final mea-

surement. Usually, optical microscope with 1000x magnification is used for

sample monitoring after e-beam lithography. Using of SEM should be avoided

in order not to expose the PMMA mask. SEM is used for sample monitoring

after lift off. SEM has very high magnification up to 1000000×. Usually,

sample monitoring is used after dose test experiment and for precise measur-

ing of all sample dimensions. In this case, the operator can compare doses

and choose the correct dose for the following e-beam exposures carefully.
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Figure 10: Copper and aluminium on the silicon surface by a SE detector.

Measuring dimensions enables one to calculate the resist thickness and make

a correction of evaporation angles. The SEM has also a secondary electron

(SE) detector. This detector is useful when two different metals were used

for evaporation. One picture from SE detector is presented in Fig. 10. One

can see two different metal islands on the same silicon wafer. The darker

metal is aluminium and lighter is copper. The reason to this contrast is that

copper has higher density than aluminium. That is why SE detector sees

more secondary electrons from a copper surface and the picture is lighter.

However, experiments in this thesis were not limited to pure metals depo-

sition. To solve the problem of superconductivity different alloys were used

for metal islands fabrication. It is difficult to predict what concentrations

of metals are in deposited in alloy because different metals have different
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Figure 11: Choosing of point for EDX spectroscopy.

evaporation speed. Thus concentrations in the target and in the deposited

film are different. As manganese has a higher speed than aluminium, using

of big size targets is recommended to provide homogeneous concentration in

the deposited film, and possibility of using the same target is absent.

A problem of concentration measuring in deposited alloys appears. For

this reason EDX spectroscopy at tabletop microscope TM-1000 ”Hitachi”

(10000× magnification) was used. It is SEM equipment with an X-ray detec-

tor, which operates with personal computer and lets one identify all elements

on the wafer surface. An image from TM-1000 microscope software is shown

in Fig.11. It allows to measure the concentrations at one location (as it is

shown on the figure) or from a selected area. However, the main problem of
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EDX spectroscopy with this tabletop microscope ”Hitachi” is the constant

e-beam energy of 20 keV. In this case, electrons penetrate much deeper than

the thickness of the deposited thin films (approximately 50 nm). As a result,

EDX spectroscopy shows aluminium and manganese of the sample and a very

big percentage of silicon from the substrate. However, it gives the possibility

to identify a concentration of manganese in the alloy, but the uncertainty is

relatively high.

2.6 Bonding

Bonding is the final step before measurements. A wafer with a big number of

samples has to be cut properly with a diamond cutter. At the same time, the

surface of the sample stage and especially bonding pads have to be cleaned

with acetone, otherwise fat or other contamination can lead to bad connection

of wires with bonding pads during bonding or prevents the bonding wire from

sticking to the pads. The samples are glued in a special pad in the middle

of the sample stage (see Fig. 12) by vacuum grease to ensure good thermal

contact. After that all outputs of the sample stage must be properly grounded

before beginning the bonding operations. This step is obligatory because

static charges can easily destroy samples. For all experiments introduced in

the present work, a sample stage with 12 bonding pads was used (see Fig.

12). It gives the possibility to measure 6 samples at the same time. The

bonder ”DELVOTEC-5332” (see Fig. 13) uses aluminium wires of 25 µm

diameter to connect the bonding pads of the sample with the sample stage.
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Figure 12: Sample stage.

Figure 13: Wire bonder ”DELVOTEC-5332”.

2.7 Measurements

The sample resistance is measured when samples are just bonded in the sam-

ple stage to be sure that they are working. The second resistance probing is

done after plugging the samples in the dipstick before putting into the cryo-

stat to be sure that samples are still working and have proper characteristics.

The resistance is measured using a multimeter ”Fluke” 183 (see Fig.14 a) in

manual resistance range of 600 kΩ.

The first experiment is cooling the samples from room temperature down

to the temperature of liquid helium in a helium dewar. To monitor the

temperature, samples are cooled slowly and the temperature is measured
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Figure 14: Multimeters: a) Multimeter ”Fluke” 183, b) Digital multimeter

”Agilent”-34410A.

with platinum resistor PT1000. The temperature dependence of PT1000 is

presented in Fig. 15 [16]. Sample resistances are measured by multimeter

”Fluke” 183 or a very similar multimeter ”Fluke” 175. The resistance of

PT1000 is measured by a four probe method with digital multimeter 34410

A ”Agilent” (Fig.14 b). This four probe method of resistance measuring

has a big advantage in comparison to two probe measurement: four probe

method determines precisely the PT1000 resistance excluding the line and

contact resistance. The scheme of four probe method is illustrated in Fig.

16. During the experiment, one has to be careful with ranges of ”Fluke”

multimeters when measuring the samples. It is necessary to note that at

different ranges different bias is applied which can destroy samples or apply

too high voltages during measurements. ”Fluke” 183 was set up at range 500

kΩ and ”Fluke” 175 used 600 kΩ range. The values of applied bias to 100 kΩ

resistance are available in Table 5 for digital multimeter ”Fluke” 183 and in

the table 5 for ”Fluke” 175. This data is determined experimentally and it

results in an applied voltage of amount of 10 mV per junction. The second

experiment is done at liquid helium temperature. It consists of differential
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Figure 15: Difference between the resistance at temperature T and at 4 K

of PT1000 as a function of temperature. The resistance difference varies

linearly from room temperature down to about 50 K.

Figure 16: Four probe method of resistance measuring.

resistance measurements over a wide range of applied bias voltage with high

level of AC-excitation to measure the background of the CBT peak and at
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Table 5: Range comparisons.

“Fluke” 183

Range Bias, V

500 Ω 1.167

5 kΩ 0.560

50 kΩ 0.312

500 kΩ 0.058

5 MΩ 0.007

50 MΩ 0.007

“Fluke” 175

Range Bias, V

600 Ω 1.184

6 kΩ 1.089

60 kΩ 0.604

600 kΩ 0.111

6 MΩ 0.012

60 MΩ 0.011

low range with reduced level of AC-excitation to measure the CBT peak.

This data is measured with a resistance bridge ”CBT Monitor 400 R”.

The best samples, made from AlMn-AlMnOx-AlMn and created specially for

very low temperatures, were measured in a 3He-4He dilution refrigerator at

the temperatures down to 60 mK with more precise CBT equipment with

very low level of noise.
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3 Results and discussion

For the presented experiments, Coulomb blockade thermometers based on

tunnel junctions made of different materials are fabricated in the same topol-

ogy. They consist of 18 tunnel junctions in series with bonding pads on both

sides. The design is made in software ”Layout Editor”. Designed samples

consist of metal islands (10×0.3 µm2) and bonding pads. The expected size

of tunnel barrier is 1×0.3 µm2. The measured size of the island in the final

devices is 9.65×0.38 µm2 and junction dimensions are 1.23×0.24 µm2. These

parameters are very close to the desired dimensions. A real SEM image of

one tunnel junction in an array with a scale is illustrated in Fig. 17.

Figure 17: A zoomed image of a tunnel junction.

The first fabricated Coulomb blockade thermometer has the following struc-

ture: pure aluminium (50 nm) - aluminium oxide - pure aluminium (50 nm).
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Temperature dependence of the sample resistance is presented in Fig. 18.

One can describe this dependence well with the expression of Eq. (1). The

extracted parameter T0 = 807 K is very close to the literature value of 825

K [6]. The theoretical curve is illustrated in red color. CBT measurement

Figure 18: Temperature dependence of the differential resistance for Al-AlOx-

Al sample (black) with fit (red curve), using the expected dependence.

is illustrated in Fig. 19. This bias dependence of conductance is reasonably

well described by Eq. (2). Theoretical curves are presented as a red curve for

V0 = 0.48 V (Φ0 = 4.7 eV), green curve for V0 = 0.62 V (Φ0 = 6.1 eV) and

blue for V0 = 0.65 V (Φ0 = 6.4 eV). CBT monitor has also a possibility to

calculate temperature by the width of the peak. This method can be applied

only when the peak is well defined with flat background. In this experiment,

it showed the correct temperature of 4.2 K when operating with Al-AlOx-Al

CBT with 18 junctions. These samples showed very good results; however,

this thermometer was not suitable at very low temperatures in the absence

of magnetic field because aluminium converts to the superconducting state.
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Figure 19: Bias voltage dependence of the conductance of an Al-AlOx-Al

sample with theoretical dependences for three values of barrier height Φ0.

For the purpose of solving this problem, thermometers based on different

materials were fabricated.

The first test was to replace the top layer of aluminium by copper and

to investigate the influence of copper on the junction properties. Fig. 20

demonstrates the cooling process with platinum resistor PT1000 and Fig. 21

demonstrates bias voltage dependence of conductance. This approach did

not give promising results, because of the resulting asymmetric background

and consequently the CBT monitor can not define the temperature.

Thus two problems had to be solved: how to keep metal island in normal

state at very low temperature and how to get flat background as a func-

tion of applied bias voltage with a well defined peak. AlMn-AlMnOx-AlMn

structures were fabricated. Mn concentration exceeding 0.2% keeps AlMn
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Figure 20: Temperature dependence of the differential resistance for Al-AlOx-

Cu sample (black) with fit (red curve), using the expected dependence.

Figure 21: Bias voltage dependence of Al-AlOx-Cu sample conductance with

theoretical dependences for three values of barrier height Φ0
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a normal conducting metal according to literature [13]. The first structure

was AlMn(40 nm)-AlMnOx-AlMn(50 nm), with an oxide layer formed by

oxidation for 10 minutes with an oxygen pressure of 20 mbar. AlMn target

was used in the evaporator with 2% concentration of manganese in the alloy.

In fact, as expected, the manganese concentration in the deposited film is

higher by factor 10 than in the target because the vapor pressure of Mn is

higher than that of Al and it is more easily evaporated than aluminium. Fig.

22 demonstrates an EDX spectrogram. The conclusion of the microscope

analysis was: 22% concentration of manganese in the AlMn film. Data of

Figure 22: EDX spectroscopy of AlMn thin film alloy.

the experiment of cooling the sample from 300 K down to 4 K is illustrated

in Fig. 23. CBT measurement is shown in Fig. 24. Either temperature

dependence or bias dependence can not be described with theory. The con-

ductance change was too big and CBT monitor showed ”overloading” (flat

part of the plot). One can make a conclusion that this sample is not suitable

for CBT as the background is not flat. The manganese influences the prop-

erties of junctions too much in this experiment, because the alloy is strongly

magnetic.

To create a thermometer with acceptable parameters another AlMn-AlMnOx-

39



Figure 23: Temperature dependence of the differential resistance for AlMn-

AlMnOx-AlMn sample with 22% concentration of manganese (black) with fit

(red curve), using the expected dependence.

AlMn thermometer was fabricated with 0.3% concentration of Mn in the

target. Tabletop microscope TM-1000 ”Hitachi” showed that manganese

concentration in the resulting metal film was about 2 %. The thickness of

the metal islands was 60 nm for both bottom and top layers. The tempera-

ture dependence of the junction resistance is plotted in Fig. 25. The black

points are the measured resistance values of one junction array and the red

line is theoretical. One can see that these lines are really very close and that

a value T0 = 700 K is close to that of pure aluminium. Figure 26 illustrates

the bias applied to one junction and conductance of this junction. Junctions

based on AlMn alloy with this concentration are well described theoretically

and figure shows that these samples can define the temperature successfully

(see Fig. 27). Two of three samples define temperature of liquid helium

properly and only one sample shows it with 4 K mistake due to high noise
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Figure 24: Bias voltage dependence of conductance of AlMn-AlMnOx-AlMn

sample with 22% concentration of manganese in AlMn. Theoretical depen-

dences for three values of barrier height Φ0 are shown by slid lines

level. Measurements over a period of few weeks time with samples kept in

ambient air showed that resistances did not change. It is good property of the

samples that they are stable in this aspect. All dependences are very close

to Al-AlOx-Al junctions. Another question is whether these samples would

work at very low temperatures. For this purpose, six AlMn-AlMnOx-AlMn

samples with correct properties were selected and measured in a 3He4He di-

lution refrigerator, which can create a temperature below the temperature

of liquid helium. It is important, that in all experiments magnetic field was

not applied to suppress superconductivity. It is an important factor, when

one can not apply a field, for instance due to other delicate measurements in

the same set-up.

Figure 28 consists of three parts. The first part is a bias dependence of tunnel
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Figure 25: Temperature dependence of the differential resistance for AlMn-

AlMnOx-AlMn sample with 2% concentration of manganese (black) with fit

(red curve), using the expected dependence.

junction resistance. The second is the calculated temperature and the third

is the temperature, that was measured by a calibrated RuO2 thermometer.

As one can see the temperature of RuO2 thermometer is approximately 214

mK and the temperature of the electrons in the AlMn-AlMnOx-AlMn islands

increases because of heating when the bias is applied. All six measured sam-

ples show temperature reading very close to the reference temperature. The

AlMn CBT works at sub-kelvin temperatures and shows no sign of super-

conductivity even at the lowest base temperature of 60 mK (see Fig. 29).

Saturation of temperature reading at about 150 mK is the overheating of

electronic temperature in the small islands due to noise [17].

It is worth mentioning that these AlMn-AlMnOx-AlMn junctions were cooled

and heated several times and resistance measurements were done during a
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Figure 26: Bias voltage dependence of conductance of AlMn-AlMnOx-AlMn

sample with 2% concentration of manganese in AlMn. Theoretical depen-

dences for three values of barrier height Φ0 are shown by slid lines.

time period of several weeks. All samples survived and the parameters did

not change, what demonstrates the quality of fabricated Coulomb blockade

thermometers. Thus fabricated devices can be an alternative temperature

sensors. Applying of AlMn alloy allowed us to solve the problem of Al-

AlOx-Al samples (that Al converts to the superconducting state) without

serious quality losses in the junction properties. This material was used in

the fabrication of single electron transistors.
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Figure 27: CBT Monitor ”Nanoway” software in work.
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Figure 28: Bias voltage dependence of AlMn-AlMnOx-AlMn sample (red)

and the temperature defined by using this thermometer (violet). The orange

plot shows the temperature, defined with RuO2 thermometer.
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Figure 29: Temperature reading of the AlMn CBT at bath temperatures of

the cryostat between 60 mK and 600 mK.
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Conclusions

In the present work different tunnel junctions made of pure metals or alloys

were designed and fabricated. These junctions were tested for the possibility

of using them in Coulomb blockade thermometry. Experiments were made

at a wide range of temperatures from room temperature down to 60 mK. Al-

AlOx-Al, Al-AlOx-Cu and AlMn-AlMnOx-AlMn junctions were measured.

During junction fabrication, experience of working in clean room conditions

was obtained.

Al-AlOx-Al junctions demonstrated the best results in the application as a

thermometer. Thus, all resistance dependences can be described very well

with the theoretical formulas. It was proposed to use AlMn alloys for the

tunnel junction fabrication because of the converting of normal conducting

aluminium to the superconducting state in Al-AlOx-Al samples while de-

creasing the temperature posed a problem. These junctions have advantage,

because AlMn alloys stay in the normal conducting state even at the lowst

temperatures.

It was experimentally found that AlMn-AlMnOx-AlMn junctions with 2 per-

cent concentration of manganese in alloy suit better than with 22 percent

concentration of manganese for Coulomb blockade thermometry. These sen-

sors work successfully with CBT Monitor 400 R NANOWAY and show cor-

rect temperature. Temperature dependence of resistance can be described

by conventional formulas. Bias dependences of these junctions are also de-

scribed by standard formulas. All these factors give very good possibility

to use AlMn-AlMnOx-AlMn junctions with 2 percent concentration of man-
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ganese in alloy in CBT sensors at very low temperatures down to 60 mK.

This fact was proved experimentally in a 3He4He dilution refrigerator with

precise CBT equipment.

These experimental results demonstrate that AlMn with 2 percent concen-

tration of manganese in alloy is a suitable material for Coulomb blockade

thermometers. We can assume that alloy with this concentration can be

used also for creating other devices such as a single electron transistors. The

second important detail is that this material and junctions do not change

properties in time. It means that devices based on mesoscopic tunnel junc-

tions made of AlMn with 2 percent concentration of manganese in alloy have

the potential to be used in research environment, and for commercial appli-

cations also.
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