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ABSTRACT 
 

This PhD work involves the utilization of the femtosecond laser technique to 

fabricate the novel S-shaped Josephson Junctions on the high - 𝑇𝐶 superconducting 

𝑌𝐵𝑎2𝐶𝑢3𝑂7 thin films. 

Initially, it was envisaged as the title states to fabricate nano sized Josephson 

Junctions using this femtosecond laser technique. However in this PhD work, 

micron sized (1 – 2 µm) and near nano sized (500 – 800 nm) Josephson Junctions 

where achieved. 

The femtosecond laser technique involved optimizing the laser ablation spot size to 

the minimum size in order to facilitate the fabrication of small constrictions that form 

the Josephson Junction. The optimization of the laser ablation spot involved beam 

collimation and beam focusing processes using optical equipment.  

In this PhD work, we designed a novel S-shaped Josephson Junction, which as the 

name implies is shaped like the letter “S”. The novel S-shaped Junctions where 

designed with the help of the G-code control systems programming language used 

to move the translation stage. The novelty stems from the fact that it is possible to 

regulate both the width and length of the constriction in the junction at the same 

time whereas in the standard shaped constrictions only the width of the junction can 

be regulated, the length is restricted to the laser ablation diameter. 

At the beginning of the PhD work it was believed that due to the low pulse duration 

of the femtosecond laser which is specifically 130 femtoseconds, the constriction 

fabricated would not be exposed to localized heat from the laser and hence form an 

S-s’-S type Josephson Junction. However, after the completion of the research it 

was discovered that the length of time, the junction is exposed to heat from the laser 

depends not only on the pulse duration of the laser but also the feed rate of the 

translation stage, and the pulse repetition rate or the frequency of the laser. These 

other factors such as the laser feed rate which in this case is 333 µms-1 and the 

pulse repetition rate which is 1 kHz (1000 µs) in combination with the pulse duration 

of the laser in femtoseconds combine to expose the junction to the laser for a longer 

period than femtoseconds. As a result, the junction experiences thermal 
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degradation from the femtosecond laser. In the case of the near nano 816 nm wide 

Josephson Junction fabricated, the central part of the constriction was heated and 

normalized to form an S-N-S type Josephson Junction. While in the case of the 

micron sized 2.1 µm wide Josephson Junction fabricated, the central part of the 

constriction was heated only slightly and an S-s’-S type Josephson Junction was 

formed. 

The I-V characteristics, shapiro steps, critical current temperature dependence, 

critical current RF power dependence, normal resistance temperature dependence 

and 𝐼𝐶𝑅𝑁 temperature dependence curves are all shown and analyzed for the 

Josephson Junctions fabricated. 

Finally, suggestions are given on how to fabricate Josephson Junctions using the 

femtosecond laser technique with minimal heating from the laser and on the 

technique that can be used to minimize the laser ablation spot size. 
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CHAPTER 1 

THE JOSEPHSON JUNCTION, THE JOSEPHSON EFFECT AND 

METHODS OF FABRICATION. 

1.1 INTRODUCTION TO SUPERCONDUCTIVITY 

Superconductivity occurs when you cool certain metals and alloys to very low 

temperatures, a phase transition occurs. 

At this “critical temperature” the metal goes from what is called the normal state, 

where it has electrical resistance, to the superconducting state where there is 

essentially no resistance to the flow of direct electrical current. The newer high-

temperature superconductors, which are made from ceramic materials, exhibit the 

same behaviour but at warmer temperature. 

Above the critical temperature, the net interaction between two electrons is 

repulsive; below the critical temperature the overall interaction between the two 

electrons becomes slightly attractive. This slight attraction allows the electrons to 

drop into a lower energy state opening up an energy “gap”. In this energy gap 

electrons can move without being scattered by the ions of the lattice. When the ions 

scatter electrons then there is electrical resistance hence at this state there will be 

no electrical resistance and hence no voltage only the super current. There is 

however a maximum super current that can occur called the critical current. Above 

this critical current the material is normal and the current that flows is called a normal 

current. When the critical current is exceeded then a voltage will drop across the 

device, an A.C voltage which further reduces the critical current and causes even 

more normal current to flow. 

So long as the current through the junction is less than the critical current the voltage 

is zero as soon as the current exceeds the critical current then the voltage is greater 

than zero and oscillates in time. 

The Josephson effect is the phenomenon of super current i.e a current that flows 

indefinitely long without any voltage applied – across a device known as a 

Josephson Junction[1]. The Josephson’s Junction consists of two superconductors 

coupled by a weak link.  
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The Weak link can consist of a thin insulating barrier (superconductor-insulator-

superconductor, or S-I-S), a short section of non-superconducting metal (S-N-S), or 

a physical constriction that weakens the superconductivity at the point of contact (S-

s’-S).This project aims to fabricate the S-s’-S type constriction. 

Detecting and measuring the change from one state to another is the heart of many 

applications for Josephson Junctions [2]-[6]. 

There is one other very important property: when a metal goes into the 

superconducting state, it expels all magnetic fields, as long as the magnetic fields 

are not too large. 

1.1.1 JOSEPHSON EFFECT 

The Josephson Effect is one of the macroscopic quantum phenomena of 

superconductivity. In it the current through a weak contact between two relatively 

bulky superconducting electrodes may contain a component 𝐼𝑆 (supercurrent), 

which is dependent not on the voltage “𝑉” across the electrodes but on the phase 

difference [7] (Φ1 − Φ2) between the two materials that sandwich the weak contact 

[8]. A Josephson junction can be seen in figure 1. 

 

 

Figure 1 Idealised sketch of a Josephson junction [7] 
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Therefore based on this the phase difference is given by; 

𝜑 =  Φ1 −  Φ2             (1) 

Where 𝛷1 𝑎𝑛𝑑 𝛷2 are the phases of the order parameter in the electrodes and 𝜑 is 

the phase. 

In the simplest (“classical”) case, the relationship 𝐼𝑆(𝜑) is sinusoidal; 

𝐼𝑆 =  𝐼𝐶𝑠𝑖𝑛𝜑              (2) 

Where 𝐼𝐶 is called the supercurrent amplitude or the critical current. The phase “𝜑” 

is related to the voltage across the electrodes "𝑉" by the following expression in 

equation (3); 

𝑑𝜑

𝑑𝑡
=

2𝑒

ℏ
𝑉                       (3) 

There is a significant difference between equations (2) and (3) which qualitatively 

describe the Josephson effect. Equation (2) is an approximate one, and various 

kinds of deviations of supercurrent from this dependence may be observed in a 

superconducting weak link of any type. The constant 𝐼𝐶 involved in equation (2) is 

eseentiually dependent on the geometry and material of the weak link, the electrode 

material, temperature and other factors. In contrast, equation (3) is derived solely 

from the main principles of quantum mechanics and contains only fundamental 

constants. 

1.1.2  DC AND AC JOSEPHSON EFFECTS 

All the electrodynamic phenomena [8] taking place at the Josephson contacts are 

generally divided into stationary (d.c) and nonstationary (a.c) effects, depending on 

whether the variables, including the phase difference 𝜑, change with time or not. If 

the phase 𝜑 remains constant (d.c effects), as directly follows from equation (3), the 

voltage across the junction is zero. At the same time, a nonzero supercurrent 

equation (2) can flow through the junction. In the dc case, this current must be 

constant in time and less than or equal to the critical current; 

 

𝑉 = 0 , 𝜑(𝑡) = 𝑐𝑜𝑛𝑠𝑡, 𝐼 = 𝐼𝑆(𝜑), |𝐼| ≤ 𝐼𝐶            (4) 
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Among the nonstationary (ac) effects occurring when the phase changes with time, 

the most important are the Josephson oscillations (shapiro steps) which inevitably 

take place if the voltage "𝑉" at the contact has a dc component �̅�. As follows from 

equation (3), in this case the phase 𝜑 contains a component that increases linearly 

with time at a rate; 

𝜔𝑉 =
𝑑𝜑̅̅ ̅̅

𝑑𝑡
=

2𝑒

ℏ
�̅�, 𝑓𝑉 =

𝜔𝑉

2𝜋
=

2𝑒

ℎ
�̅�                 (5) 

The supercurrent, therefore, oscillates in time at a frequency 𝜔𝑉 directly proportional 

to �̅�. The proportionality factor (
𝑓𝑉

𝑉
≈ 500 𝑀𝐻𝑧/𝜇𝑉) is rather high; consequently, 

Josephson junctions are highly sensitive to the electromagnetic field. This 

proportionality factor and proof of the Josephson effect will be proven in the later 

chapters. 

1.2 VARIETIES OF JOSEPHSON JUNCTIONS 

There are different kinds of Josephson Junctions with respect to structure; 

(a) Tunnelling Junctions 

(b) Constriction 

(c) Point Contact 

Tunnelling junctions are formed by surface contact; constriction, which is the 

structure to be implemented in this project, is formed by etching processes and point 

contact which is junctions formed by contact at a point. All this structures can be 

seen in figure 2. 

 

Figure 2 Varieties of Junctions [8] 
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1.3 USES OF JOSEPHSON JUNCTIONS 
 

SQUIDs, or superconducting quantum interference devices, are very sensitive 

magnetometers that operate via the Josephson effect. They are widely used in 

science and engineering. 

RSFQ digital electronics is based on shunted Josephson junctions. In this case, the 

junction-switching event is associated to the emission of one magnetic flux quantum 

that carries the digital information: the absence of switching is equivalent to 0, while 

one switching event carries a 1. 

Josephson junctions are integral in superconducting quantum computing as qubits 

such as in a flux qubit or others schemes where the phase and charge act as the 

conjugate variables. 

Lastly, Josephson Junctions have very low power dissipation as compared to other 

devices. Figure 3 shows that the superconducting Josephson junctions fall in the 

(aJ) region with respect to power consumption while semiconducting devices fall 

into the (pJ) region; which is several orders of magnitude larger. Therefore 

advancing methods in the fabrication of high-𝑇𝐶 superconducting (HTS) JJ’s open 

up doors for devices that consume low power [9]. 

 

 

Figure 3 A comparative description of device performance and power dissipation characteristics of 
various types of materials (semiconductors and superconductors) [9] 

http://en.wikipedia.org/wiki/SQUID
http://en.wikipedia.org/wiki/Magnetometer
http://en.wikipedia.org/wiki/RSFQ
http://en.wikipedia.org/wiki/Magnetic_flux_quantum
http://en.wikipedia.org/wiki/Superconducting_quantum_computing
http://en.wikipedia.org/wiki/Qubits
http://en.wikipedia.org/wiki/Flux_qubit
http://en.wikipedia.org/wiki/Flux_qubit
http://en.wikipedia.org/wiki/Conjugate_variables
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1.4 WHY NANO JOSEPHSON JUNCTIONS? 

 

Josephson Junctions are very useful for the fabrication of qubits. The advantages 

of Josephson junctions as qubits are twofold. First and foremost Josephson 

junctions have a low dissipation of energy hence a long coherence time, secondly 

when fabricating integrated circuits and using micro fabricating techniques it’s 

possible to make use of a large number of JJ qubits [10]. In qubit design 𝐸𝐶~𝐸𝑗 

where 𝐸𝐶 is the charging energy and 𝐸𝑗 is the Josephson energy, in order for this 

condition to be satisfied the device has to be in the nanoscale. 

Josephson Junctions can be used to fabricate Nano-SQUIDS, which are useful in 

detection possibilities with respect to the magnetization of individual particles or 

molecular spins [10]. In the near field regime the spin sensitivity 𝑆𝑁, in terms of 

number of spins detected is expressed as 𝑆𝑁 = 4𝑟𝛷𝑛𝑠/𝛼µ𝐵µ𝑜. Where 𝑟, 𝜑𝑛𝑠, 𝛼, 𝜇𝐵, 𝜇0 

are nanobridge width, SQUID flux noise, SQUID/dipole coupling factor, Bohr 

magneton, and vacuum permeability respectively. The spin sensitivity requires that 

the bridge dimensions be as small as possible preferably in the nano scale to pick 

up molecular spins. 

 

1.5 PROBLEM STATEMENTS AND OBJECTIVES OF PHD WORK  

1.5.1 PROBLEM STATEMENT 1 

The main aim of this PhD work and the first problem to be solved is to fabricate a 

Josephson junction using the novel femtosecond laser technique. The femtosecond 

laser by itself is not novel by any means however using it to fabricate a Josephson 

junction is a novel technique. Other microsecond (µS) lasers [11-13] have in the 

past been used to fabricate Josephson junctions, but the femtosecond laser has 

never been used before. This problem would involve fabricating a Josephson 

junction using the femtosecond laser and then proving one is fabricated by using I-

V characteristics, shapiro steps and RF effect on critical current. 

1.5.2 PROBLEM STATEMENT 2 

The second problem is that when using a laser technique in the fabrication of a 

Josephson junction especially when using the other microsecond lasers (µS) there 

is a tendency of the constriction fabricated being exposed to localized heating from 

the laser. This thermal degradation changes the weak link at the centre of the 
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Josephson junction from a superconductive phase to a normal one, thereby 

producing an S-N-S type Josephson junction instead of the preferred S-s’-S type 

junction. The S-s’-S type junction is a junction with a geometrically reduced s’ 

superconductor sandwiched in the middle. By using the femtosecond laser which 

has a low pulse duration of 130 fs it is believed that the constrictions weak link would 

not be exposed to the thermal heating for any prolonged period of time and an 

attempt can be made to fabricate the preferred S-s’-S type junction.  

1.5.3 PROBLEM STATEMENT 3 

The third problem to be solved is that of using the femtosecond laser to fabricate 

Josephson junctions in the nanoscale or nano dimensions. That is the Josephson 

junctions fabricated should preferably be in the dimension range of (0 – 500 nm). 

The reason for attempting to make Josephson junctions in this scale has already 

been mentioned in section 1.4 above and is related to the high sensitivity of sensors 

made from nano sized Josephson junctions. In addition, constrictions or weak links 

in the nano scale are more likely to show the Josephson effect as specified in [8] by 

likharev et al. 

1.5.4 PROBLEM STATEMENT 4 

An attempt will be made to fabricate a novel S-shaped constriction to be used as a 

Josephson junction. This S-shaped constriction as the name implies is shaped like 

the letter “S” and differs from the standard constriction type junctions in that it’s 

possible to regulate both the width and the length of this constriction at the same 

time during fabrication, which will be explained in chapter 3 in detail. Again the 

novelty stems from the fact that this type of constriction has never been designed 

before. 

1.5.5 PROBLEM STATEMENT 5 

The last problem is partially related to problems 1 and 3. This problem is related to 

making use of the femtosecond laser for the fabrication process and the desire of 

making a Josephson junction in the nanoscale. In order to make use of the 

femtosecond laser technique for fabrication of Josephson junctions the laser beam 

spot has to be shaped, optimised and reduced in size to produce a small laser 

ablation spot which is conducive for cutting constrictions in the nano dimension. 

Therefore, a laser beam shaping and collimation process has to be developed in 

order to optimize the laser beam spot for the machining process. 
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1.5.6 OBJECTIVES OF PHD WORK 

 

The Josephson Junction has already been made before and its properties have 

been extracted using several methods [10]-[14]. The main aim of this project is to 

make use of a novel approach the femtosecond laser technique to fabricate the 

Josephson  Junctions. The idea behind using this method is that it is very quick and 

uses ultra-fast pulses of laser 130 fs in etching the material. It has a very short 

wavelength 775 nm. The short wavelength would allow very small junction sizes to 

be produced in the order of 400 nm and the short pulse duration would enable 

junctions to be produced without heating the constriction in manufacturing. With 

other laser etching methods when the constriction size decreases from micron to 

submicron levels there will be excessive local heating which changes the YBCO 

phase in the constriction into a non-superconducting normal phase [11].  If the 

superconducting phase can be achieved then the Junction made will be 

homogenous without a normal phase. 

Josephson effect may then be analysed by using I-V measurements, Shapiro steps, 

𝐼𝐶 versus magnetic field, the critical current versus temperature relationship and the 

critical current versus RF power and then compare this to Junctions fabricated using 

other techniques. Finally, if possible the fabricated nano-junction can be applied in 

an electrical sensor capacity such as a magnetic sensor. 

 

1.6 PROVING THE JOSEPHSON EFFECT 
 

The following experiments shall be done to establish the Josephson’s effect in the 

fabricated JJ’s. 

1.6.1 I-V CHARACTERISTICS 

 

As an example figure 4 shows the typical I-V curve of a nanoconstriction produced 

by the AFM technique. Although the I-V curve can be used as proof that a 

Josephson’s junction is produced in this case it shows a bit of rounding near the 

knee of the curves which can be attributed to flux flow not the Josephson’s effect. 
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Figure 4 I-V curve of a Nanoconstriction [10] 

1.6.2 SHAPIRO STEPS 

Figure 5 shows the schematic of the basic test set up to test the device for Shapiro 

steps at T = 57.1 K and frequency of 9.073 GHz. 

 

Figure 5 Schematic of the basic test set up for Shapiro steps [11] 

Shapiro steps give a positive evidence of the Josephson’s effect when they occur. 

Figure 6 shows the typical steps produced by the constant width nanobridge and 

those produce by the VTB – Variable Thickness Bridge, by Elkaseh et al [10]. 
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Figure 6 Shapiro steps of a Nanoconstriction and VTB after exposure to 14.427 GHz and 15.383 
GHz microwave signal respectively [10]. 

The formula that can be used to define the step voltages is given below by; 

(
𝑒

ℎ
) = 𝑛(

𝑓𝑠

2𝑉0
) Where e/h is the fundamental electronic charge divided by Planck’s 

constant, f is the microwave frequency, 𝑉0 is the step voltage and n is an integer. 

1.6.3 FRAUNHOFER DIFFRACTION PATTERN (DEPENDENCE OF 𝑰𝒄 ON THE 

MAGNETIC FIELD) 

When a magnetic field is applied in the plane of a junction a uniform junction would 

show the famous fraunhofer behaviour shown by the relation in equation (6): 

𝐼𝐶 ≅
|sin(

𝛷

𝜑0
)|

𝛷

𝜑0

               (6) 

which would be a true evidence of the Josephson’s effect. Here Φ is the flux density 

and 𝜑 is the flux quantum expressed in Gauss per centimetre square. 

For example figure 7 shows the 𝐼𝐶 versus applied magnetic field (B) relationship for 

the nanoconstriction and VTB. In the case of the uniform thickness constriction a 

good fraunhofer – type diffraction pattern is obtained. This shows the homogeneity 

of the junction.  
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Figure 7 The effect of magnetic field on the critical current of the nanobridge [10] 

1.6.4  𝑰𝑪 VS TEMPERATURE DATA 

In a constriction, type Josephson Junction the 𝐼𝐶 Vs temperature Data exhibits 

straight line behaviour [10] as shown in figure 8.  

 

Figure 8 Critical current Vs Temperature of Nanoconstriction and VTB Bridge with linear fit [10] 
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𝐼𝐶 Versus 𝑇 data is also important to understand the constriction type JJ’s behaviour. 

We will be doing detailed measurements of 𝐼𝐶 versus 𝑇 on our fabricated JJ’s. 

1.7 METHODS OF FABRICATING JOSEPHSON JUNCTIONS 

Many methods have been utilized in the past to fabricate Josephson Junctions 

some of which include; 

 AFM-Atomic Force Microscopy [10],[14] 

 Sample mosaic navigation assisted Laser Etching method [11] 

 Focused ion beam (FIB) [15],[16] 

 Phase separation technique [17],[18] 

 

Most of these methods mentioned utilise a bit of thermal heat to cut or etch away 

the unwanted materials when fabricating the junctions such that a certain amount 

of thermal heating occurs at the junction hence the heating changes the temperature 

of the material and makes it normal in some sections rather than a homogenous 

superconducting material. This would make the flow of electrons across a normal 

material not a superconducting one and hence we may not have the Josephson 

effect. Briefly describing some of the methods already listed above in the following 

sections: 

1.7.1 AFM – ATOMIC FORCE MICROSCOPY 

Atomic force microscopy (AFM) can be used as a lithography tool, to produce 

nanoconstrictions of width say 492 nm, length 660 nm and thickness of film 100 nm 

[10]. 

In the paper mentioned above the method was used to fabricate a constant 

thickness bridge and a variable thickness bridge (VTB). Subsequently properties 

such as I-V measurements, Shapiro steps and magnetic influence on the critical 

current where extracted from the junctions. 

The method involves using 100-120 nm thin films of YBCO grown on MgO substrate 

by inverted magnetron sputtering. The surface roughness is about 6 nm. The 

measured 𝑇𝐶 is about 92 K. The YBCO thin films are patterned into 8-10 µm width 

micro strips using argon milling.  



42 
© University of South Africa October 2017 

Subsequently “The tip of the AFM is vertically displaced on the YBCO surface with 

a loading of 11 µN. To obtain a constriction width W, the tip is placed at the centre 

of the stripling it’s then displaced by W/2 to the left side on the strip line. It is then 

driven into the YBCO film surface and ploughed on the same line until the left edge 

is reached” [10]. The process is repeated back and forth several hundred times. The 

tip velocity is about 4 µm/s. The same ploughing process is done on the right side. 

Figure 9 shows the constant thickness nano bridge produced using the AFM 

technique. The width of the junction can be seen in figure 10 and is about 492 nm. 

 

Figure 9 3D AFM image of a nano bridge [10] 

 

Figure 10 AFM top view of the nano bridge or nano constriction. The horizontal distance between 
the marks in the profile defines the width of the constriction as 492.19 nm [10] 
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1.7.2 SAMPLE MOSAIC NAVIGATION ASSISTED LASER ETCHING 

METHOD. 

 
The laser method involves making use of a new wave 213 nm laser system [11], 

equipped with high-precision submicron resolution sample mosaic navigation 

system. This is used to laser etch and fabricate planar submicron-size Josephson 

junctions on YBCO thin films. The widths are measured by atomic force microscopy 

(AFM) and they are about 0.7 to 1.4 µm. In the case of micron-sized junctions the 

measured critical current dependence on temperature is a linear relationship, whilst 

for submicron constrictions the dependence is an exponential decay type. This is 

consistent with diffusive long S-N-S junction behaviour. It is believed that the 

observed behaviour can be ascribed to laser heating of the constriction material 

changing the superconducting phase to a normal one. This is something we assume 

will not occur when the femtosecond laser will be used to fabricate the sub-micron 

sized junctions. 

The laser etching method can be used to fabricate High 𝑇𝐶 superconducting (HTS) 

Josephson junctions.  

“Inverse cylindrical magnetron (ICM) sputtering is used to deposit 150 nm thick 

YBCO films on MgO. The surface roughness as measured using atomic force 

microscopy (AFM) is approximately 9nm. The film is patterned into 4-10 µm strips 

by argon-ion milling. Using the new wave 213 nm laser system with submicron 

resolution the laser beam is guided from the edges of the each YBCO strips, 

ablating and etching from both sides of the edges [11]. The constrictions are washed 

in an ultrasonic bath of acetone in order to remove the re-deposited material. The 

laser beam movement rate is about 5 µm s−1. 

Figure 11 shows the Josephson junctions produce using this method at micron and 

submicron sizes. 
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Figure 11 (a) AFM picture of a laser-etched constriction width 1.64 µm (b) submicron constriction 
width is 703 nm [11] 

As the constriction size decreases from micron to submicron level using this 

method, the laser due to excessive local heating, changes the YBCO phase in the 

constriction region into a non-superconducting normal phase. The constriction 

becomes an S-N-S junction as a result not a Josephson junction.  

1.7.3 FOCUSED ION BEAM (FIB) METHOD 

 

This method involves the utilization of electrodes that generate an ion beam to cut 

the material in etching the junctions. 

In this method as seen in [19] the Ferromagnetic thin film (𝑃𝑡1−𝑥𝑁𝑖𝑥) is deposited 

on an Nb layer using DC magnetron sputtering. The thickness of the Nb layer is 

about 225 to 350 nm and the thickness of the Ferromagnetic layer is about 20 to 30 

nm. The deposited multilayer is patterned into micro strips using a photolithography 

tool called Ar+ milling. The width of the micro strips produced is about 6 µm. “A 

wedge holder is use to rotate the strips so that they can lie parallel and then 

perpendicularly to the beam” [19]. 

Initially the electrodes are used to produce junctions that have a width of 0.5 µm, 

then when they are parallel to the beam the width is reduced to between 80 nm and 

300 nm. Figure 12 shows the side view of the junction produced using such a 

method. 
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Figure 12 FIB method side view of junction [19] 

1.7.4 PHASE SEPARATION METHOD 

When the junction size is reduced it puts severe limit retaining its superconductive 

properties. In this method, the junctions are realized by using the biepitaxial grain 

boundary technique [20]. This involves producing an interface between YBCO thin 

film with a [001] grain orientation and a YBCO thin film with a [103] grain orientation 

subsequently a YBCO thin film which is an insulating phase is introduced during the 

thin film growth. The competition between the superconductive and insulating 

phases during thin film growth produces the junctions. Figure 13 shows the interface 

produced between the [001] and the [103] YBCO thin films with the insulation growth 

that produces the junction whilst figure 14 shows a nanosquid produced from two 

junctions whilst the 3rd junction is removed by the FIB technique. 

 

 

Figure 13 Interface between [001] and [103] YBCO thin films and an insulative growth Y211 [20] 



46 
© University of South Africa October 2017 

 

Figure 14 nanoSQUID with a junction removed by FIB [20] 

 

Using this method also eliminates thermal heating in making the junctions. The 

junction width is about 185 nm to 275 nm. Figure 15 shows the I-V characteristic 

obtained from this method. The knee of the curves does not show much rounding 

rather it is a sharp corner which shows that Josephson junctions are produced 

without heating. 

 

Figure 15 current voltage characteristics (I-V) for a sample produced by soft nano-patterning width 
of 100 nm [20] 
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1.7.5 FEMTOSECOND LASER 

The definition of LASER is “Light Amplification by Stimulated Emission of 

Radiation”. This method uses ultra-fast pulses of a pulse duration of up to 

130 𝑋 10−15 𝑠 that is 130 femtoseconds. The short duration pulses may allow easy 

manufacture of junctions in the order of nanometres without thermal heating of the 

constriction, which makes the constriction normal. The femtosecond laser etches 

away the material at the constriction without applying thermal energy like most of 

the other methods. 

1.7.5.1 DETAILS OF FEMTOSECOND LASER  

“Drilling or machining of holes and channels in the low micrometer regime in various 

materials is of interest in many research and industrial applications. Precision 

femtosecond laser micro machining has been widely demonstrated to produce 

minimal thermal damage to the work piece material, the ability to produce very small 

spot sizes and allows removal rates of tens to hundreds of nanometres depth per 

pulse. This kind of precision can be very useful in removal of thin layers, drilling 

small features or producing well-defined small structures. “The ablation process 

results in minimal melting and therefore even plastics can be processed” using this 

method [21]. As a result of this the femtosecond laser would be used to cut small 

constrictions on YBCO thin films that would later be used to prove the presence of 

the Josephson effect. 

1.8    SCHEDULED ACTIVITY/PLAN FOLLOWED 
 

Scheduled activity would involve etching the Josephson nanoconstrictions on the 

YBCO thin films at the CSIR, national laser facility. Subsequently measurements 

will be taken from the junctions such as I-V, C-V characteristics at the applied 

physics laboratories at UNISA and at CSIRO research centre at lindfield Australia. 

Comparison would be made between the properties of junction made using the 

femtosecond laser to Junctions fabricated by other methods such as AFM. 

In addition, the influence of a magnetic field on the junction will also be taken into 

consideration. Table 1 below gives a summary of the scheduled activity for the PhD 

work. 
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Table 1 Scheduled Activity for PhD Work. 

Activity Time period Details 

PhD Registration  
 PhD registration  End of 2011  Completed 

Proposal Writing  
 Proposal writing 

  Literature review 

2012  Proposal writing.(DPSET04) 

  Literature review 

 Oral presentation 
proposal defence 

 

Beginning 2013 Registered for PhD thesis. 
(TPHY01). 

Methodology, Field Work Data collection 
 Femtosecond  laser 

work at CSIR 

September 2013-December 
2013 

 Etching of Micros trip lines 
using femtosecond laser on 
metal. Prototype testing of 
G-code program for cutting 
constrictions. 

 Femtosecond  laser 
work at CSIR, Pretoria 

 

February 2014-December 2014  Re-registered for PhD thesis 

 International Conference 
presentation based on 
femtosecond laser work in 
India GESM 2014. 

 Beam shaping of the 
femtosecond laser. NANO 
constriction Fabrication.  

 Femtosecond laser ablation 
of constriction type 
Josephson Junctions at 
CSIR Pretoria on YBCO thin 
films. 

 CSIRO Research 
facility Lindfield 
Australia 

 I-V measurements at 
77K in Liquid nitrogen 

 Shapiro steps 
measurements in Helium 
gas 

  Magnetic field 
measurements. 

August –October 2015   I-V measurements on 
constrictions made. 

 Junction analysis 

 SEM imaging. 

 Shapiro step measurements 
at CSIRO Lindfiled research 
centre in Australia. 

Results and Analysis 
 Journal publications January  2016 –December 2016  Written five articles on the 

fabrication process and 
results. 

 Poster presentation at  
conference ICSM 2016, April 
2016, Fethiye, Turkey. 

 Published one article on the 
fabrication process of 
constrictions in the Journal 
of material science;materials 
in electronics (first online 
December 2016). 

 

Conclusion 
 Thesis Write-up  2017  Write-up and compile Thesis 

report. 

 Published second article in 
the journal of 
superconductivity and novel 
magnetism on the 
Josephson Effect. (First 
online October 2017) 
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CHAPTER 2 

MATERIALS AND METHODOLOGY 
 

2.1 INTRODUCTION 

  The main steps in the methodology component of the PhD work include the 

following: 

1. Dry etching of micro strip lines to separate one constriction from another this is  

done by using the femtosecond laser to etch away the micro strips. 

2. Fabricating micron, sub-micron and nano sized S-shaped constrictions using 

the femtosecond laser. 

3. Atomic Force Microscopy (AFM), scanning electron microscopy (SEM), optical 

microscopy (OM) – using these facilities to take images of the resulting 

constrictions to establish the dimensions of the Josephson junctions made. 

4. Using the I-V system rack, SQUID software instruments, DC voltage meter, DC 

current source, RF signal generator at CSIRO, Lindfield, Australia to take I-V 

measurements, Shapiro steps and fraunhofer diffraction pattern to establish the 

presence of Josephson junctions on the constrictions fabricated. 

 

2.2 YBCO THIN FILMS 

  

The YBCO thin films where procured from Ceraco ceramic company GmBH. The 

YBCO superconductive thin films procured had the following specifications. Each 

thin film had a dimension of 10 mm X 10 mm X 0.5 mm. Of these 12 thin films came 

on an LAO substrate and the other 12 thin films where procured on an MgO 

substrate. The thin films had only one side polished with YBCO on the substrate. It 

is a single sided YBCO thin film with the thickness of the YBCO being 200 nm (0.2 

µm) on the surface the rest is the substrate 499.8 µm. On the surface, the dimension 

of the YBCO superconductive material is 9 mm X 9 mm. Figure 16 shows the cost 

of purchasing the YBCO thin films used and their specifications. 
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Figure 16 Specifications of the superconductive YBCO thin films procured from ceraco and the 
cost as at 2014. 

The thin films chosen are the S-type smooth matrix useful for the manufacture of 

SQUIDS. The critical temperature of the YBCO thin film used is 𝑇𝐶 = 87 K which is 

relatively high. 

2.2.1  METHOD USED TO FABRICATE THE YBCO THIN FILMS. 

2.2.1.1 THERMAL REACTIVE CO-EVAPORATION 

 

In this case the YBCO thin films used for the project where fabricated by using the 

thermal reactive co-evaporation technique. This technique can be achieved by 

using two setups. The first set up involves intermittent deposition of the material and 

reaction with oxygen using a heater, which rotates the substrate in and out of an 

oxygen pocket. In this set up, the substrate is rotated and the oxygen pocket is held 

in a fixed position. This method allows deposition on substrates that are not very 

large, for example, substrates on a circular area of 23 cm diameter. This method 

can be used to increase the productivity rate, by increasing the rate at which 

samples are moved in and out of the oxygen pocket. However, this leads to a loss 

of quality. In the second setup and the one that was actually used for our samples. 

The substrate is held in a fixed position while the oxygen pocket is set in linear 

reciprocation (rotated). This method can be used for larger substrates that cannot 

be rotated. It can be used on a square of 20 X 20 cm2. In this method both the 

productivity rate and the quality of the sample produced is enhanced. 
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2.2.2 TEMPERATURE DEPENDENCE OF THE SURFACE (𝑹𝒔(𝑻)) 

RESISTANCE OF THE YBCO THIN FILMS. 

 

The temperature dependence of the microwave surface resistance for the YBCO 

thin film used from Ceraco GmBH is depicted in figure 17. The dotted red graph 

represents the YBCO on LAO substrate that was utilised for the purposes of this 

PhD. From this graph we can tell that the surface resistance of the YBCO increases 

to a high resistance in (mΩ) at a critical temperature of about 87 K. Above this 

temperature the YBCO ceases to be superconductive.  

 

Figure 17 Temperature dependence of the microwave surface resistance at 10.9 GHz of the YBCO 
thin films. 

2.3 THE FEMTOSECOND LASER 

 

The definition of LASER is “Light Amplification by Stimulated Emission of 

Radiation”. The femtosecond laser is a laser that has a low pulse duration in the 

range of femtoseconds specifically in this case 130 fs. The wavelength of the laser 

is 775 nm, the power output ranges from (0 - 1000 mW) and the pulse repetition 

rate ranges from (1 – 2 kHz). 
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2.4 MAIN COMPONENTS OF THE FEMTOSECOND LASER 

 

The Main components of the femtosecond laser are the ErF/SErF fiber oscillator, 

the Ti:Sapphire regenerative amplifier and the frequency-doubled Nd:YAG diode 

pump laser, extracted from [1]. 

2.4.1 SErFTM FIBER LASER OPERARTION 

 

The femtosecond laser (SErFTM) is based on the fiber ring “Stretched Pulse” laser 

developed at MIT by the group of Professors E.P. Ippen and H.A Haus. The basic 

design is that of a unidirectional, polarization rotation additively pulse mode-locked 

(APM) fiber laser which uses Erbium doped fiber (ErF) as the gain medium. The 

output wavelength of the femtosecond laser (SErF) is centered on 775 nm. The 

system is designed to provide hands-off performance once it has been set up in a 

standard optics laboratory environment. The pump source for the laser is an all 

solid-state fiber-coupled laser diode (Nd:YAG diode) operating at approximately 980 

nm. 

The femtosecond laser (SErF) contains the following components: 

1. A laser diode and associated control electronics. 

2. An active fiber ring laser. 

3. Some bulk optics used for polarization control, output coupling and 

wavelength   control. 

4. A compressor to eliminate residual dispersion of the output pulses. 

5. A temperature-stabilized periodically poled lithium niobate (PPLN) frequency 

doubler. 

These components are summarized in figure 18; 
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Figure 18 The schematic of the laser fiber oscillator. 

2.4.2 ND : YAG PUMP LASER DIODE 

 

This component acts as the source of the laser light. The crystalline wave guiding 

material which forms the active medium for this part of the laser is yttrium-

aluminium-garnet (𝑌3𝐴𝑙5𝑂12) doped with the rare earth metal ion neodymium (𝑁𝑑3+) 

to form the Nd:YAG structure as described in [2]. There is also a 𝐴𝑙𝐺𝑎𝐴𝑠 LED Diode 

used to generate light to pump the 𝑁𝑑 𝑖𝑜𝑛𝑠 out of the YAG material. These ions 

collide with the surface to generate light energy that passes through the (SErF) fiber 

oscillator, which acts as the gain medium. The sketch of the Nd : YAG Pump laser 

diode can be seen in figure 19. 

 

Figure 19 View of the laser YAG head structure and pump diode. 
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2.4.3 TI : SAPPHIRE AMPLIFIER 

 

This component is an amplifier that re-generates the laser light emitted and coming 

from the fibre oscillator. The regenerative amplifier was factory aligned. It should 

not require any realignment after installation with the following exceptions: 

 Optimization of the timing  

 Optimization of the seed injection 

The sketch in figure 20 shows the Ti:Sapphire Amplifier. 

 

Figure 20 regenerative amplifier 

The Laser beam width coming from the output of the amplifer is approximately 

9850 µm (9.85 mm).  
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2.5 THE OPERATION OF THE MAIN COMPONENTS OF THE 

FEMTOSECOND LASER 

2.5.1 LASER LAMP (PUMP DIODE LASER AND THE ERBIUM DOPED FIBER) 

 

The laser generation part is where the laser is produced and the power of the laser 

is generated. Essentially the laser lamp (pump diode laser and erbium-doped fiber) 

lies here. The lamp current can be controlled in this section from the pump laser 

control console. 

As can be seen from figure 21 the laser lamp (pump diode) lies in this box. The lamp 

current can be seen to be 28 A and can be controlled from the pump laser control 

console shown in figure 22. 

Figure 21 Laser Source (Pump diode) 
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Figure 22 Pump laser control console for regulating lamp current 

The pump laser interface or control console centre shown in figure 22 can be used 

to regulate the lamp current, which should be gradually stepped up but should not 

exceed 30 A. The laser lamp power should not exceed about 8 W. These settings 

are deemed necessary to prevent the lamp from burning after a short period. If the 

lamp is consistently kept at a lamp current of 30 A it quickly burns out. Therefore, 

the lamp current should be kept steady at about 28 A. 

In addition, this interface shows the system indicators if the water temperature is 

fine or not circulating around the lamp current. This would give a red warning light if 

something is wrong. 

In the re-generative amplifier section seen in figure 23 the power of the laser is 

amplified by a Ti:Sapphire amplifier before being guided out of the box. The 

oscilloscopes are used to indicate if the laser pulse has the right amplification (peak 

power) and to show the laser profile shape. Subsequently the laser beam is 

manually released by using the black shutter before being utilized for machining. 
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Figure 23 laser amplification section 

2.5.2 SWITCHING THE LASER ON AND OFF 

In figure 24 below one can see the Master control console used to stop and start 

the system. It also allows one to set the power output of the laser from approximately 

0 mW up to a power output of 1 W or 1000 mW. The pulse repetition rate can also 

be set using this interface from 1 – 2 kHz.  

There is a button to open the electronic shutter for the laser, such that the laser 

beam can be released. This electronic shutter is regulated by pressing the “close 

output switch”. 

Finally, the interface shows the status of the lasers individual components such as 

the pump laser, the amplifier, the system status if they are okay or not. If one of the 

components is not okay the system gives a warning with a red light on the system 

indicator. 
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Figure 24 Master control console for Switching the laser ON/OFF. 

2.5.3 TIMING CONSOLE 

 

The timing console has 3 delay controls, Delay 1, Delay 2 and Delay 3, the values 

are in hexadecimal. These delay switches can be manipulated to achieve a phase 

lock between the master (pump diode laser) and the fibre oscillator frequency. When 

this occurs then the maximum power will be released from the laser source. Such 

that when the output power is set to 1000 mW it will release precisely that. The 

timing console can be seen in figure 25; 
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Figure 25 Timing Console 

In order to determine if a lock is achieved or the right power is being released from 

the laser, you need to look at the laser profile or distribution curve on the 

oscilloscope connected to the laser source. This can be seen in figure 26. 

 

Figure 26 Laser profile distribution on oscilloscope. 
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Figure 27 Oscilloscope. 

Normally when the timing is set correctly, the central peak amplitude on the laser 

profile will increase to a maximum. Giving maximum power from the laser. There 

may be two side peaks or bands whose amplitudes should be reduced to a minimum 

as can be seen in figure 26 and 27. 

2.5.4 THE PHYSICAL SHUTTER 

 

The physical shutter is made of black rubber-like material that enables one to open 

and close the physical aperture that controls the laser beam coming out of the 

guiding tunnel. The black rubber-like material would absorb the laser beam rather 

than let it pass through only when its in an upright position. 

Once the laser generation section is switched on and the laser beam is produced, 

to control the laser beam coming out of the guiding tunnel you can use the physical 

shutter to open and close the aperture through which the laser beam comes out of 

the guiding tunnel. 
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Figure 28 Shutter in open position. 

 

Figure 29 Shutter closed. 
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As can be seen in figure 28 and 29 the shutter blocks the laser beam generated in 

the laser lamp (pump laser diode) section. It has two positions when the shutter is 

open as in figure 28 and when the shutter is closed as in figure 29. When the shutter 

is closed, the beam cannot exit the generation box and hence the laser beam cannot 

be used. 

2.5.5 THE OVERALL LASER PATH (REFLECTIVE MIRRORS AND IRIS 

APERTURES)  

 

Outside the generation box when the shutter is open the laser follows a 

predetermined path guided by mirrors which reflect the beam and send it in a 

specific path as can be seen in figure 30. 

 

Figure 30 Reflective and guided path. 
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The laser beam travels and is reflected by mirrors until it reaches another shutter 

an iris aperture. The aperture width of the  iris can be regulated to shut out the beam 

completely. Finally, it reaches a lens that focuses the beam unto a translation stage.  

2.5.6 THE TRANSLATION STAGE  

 

The translation stage consists of a platform together with an argon gas compressed 

mechanical part that moves the platform in 3 dimensions (X, Y, Z). The platform 

holds the job piece that is being machined. 

The translation stage can be programmed in G-Code to move the piece being 

machined in such a way as to allow the laser cut intricate patterns on the job piece. 

In other words, the laser itself is held stationary above the sample while the 

translation stage is moved according to the G-code. The translation stage works 

together with a reflective mirror held in place above it and a focus lens that focuses 

the beam unto the job sample. 

 

Figure 31 Translation stage. 
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Figure 32 Translation stage with the origin and axis lines sketched underneath. 

As can be seen in figure 31 the beam is focused onto the translation stage holding 

the job piece. In figure 32, an actual pattern is cut or machined on the metal test 

sample.  The origin of the X-Y co-ordinates is shown below the platform. 

2.5.7 FOCUSING OPTICS (CONVEX LENS) 

 

After the reflective mirrors, the laser beam is focused unto the translation stage for 

machining the sample by using a lens. This is done either by using a conventional 

spherical convex lens of a specific focal length or by using an objective Plano 

convex lens with a specific numerical aperture. The spherical convex lens used had 

a focal length of either 45 mm or 30 mm. The shorter the focal length of the lens the 

higher the focusing power of the beam and can therefore produce a smaller ablation 

spot size from the laser source. The objective lens used had a numerical aperture 

of NA 0.25 and a X 10 magnification. This tends to focus the beam more than the 

normal spherical convex lens and thus produces a smaller laser ablation width. 
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2.6 SOFT MASK OF THE INITIAL CONSTRICTIONS MACHINED 

USING THE FEMTOSECOND LASER. 
 

The diagram in figure 33 shows a sketch of the soft mask that was initially designed 

to make constrictions. The micro strip lines were used to separate one constriction 

from another electronically. The initial constriction design was a standard type 

where the width of the constriction could be controlled easily but the length was 

restricted to the laser ablation spot size. 

 

Figure 33 Constriction design and microstrip lines. 

The width of the strips containing the constriction will be about 100 µm wide. In 

between one constriction and the next there will be sections with the thin film 

completely removed by dry milling with the laser, leaving only the substrate of the 

thin film (micro strip lines). The method for doing this would be to use the 

femtosecond laser itself to machine the thin film (dry etching). 

The objective would be to machine the micro strip lines on both sides of a 

constriction by using a laser beam of about 50 µm diameter. Then move the laser 

into the YBCO strip and out from both sides leaving a constriction or bridge of about 

100-500 nm wide. 
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2.7 FACTORS THAT DETERMINE THE PARTIAL OR COMPLETE 

REMOVAL OF THE YBCO THIN FILM USING THE 

FEMTOSECOND LASER. 

 
Some of the factors that determine the complete or partial removal of the thin film 

material include: 

1. Laser feed rate. 

2. Fluence of the laser related to the laser power and the ablation profile of the 

material used [3]. 

3. Numerical aperture of the objective lens, which is related to the lens focusing 

power and line width [3]. 

2.8 INITIAL TEST CONSTRICTIONS MACHINED ON STEEL 

USING THE FEMTOSECOND LASER AND THE G-CODE 

PROGRAM USED FOR THE DESIGN. 
 

A G-code program was written to move the translation stage of the femtosecond 

laser. During the design of the constrictions, code was written for the microstrip lines 

that were used to separate one constriction from the other and for the constriction 

itself. Initially when cutting the microstrip lines, the laser horizontal movements 

where made large to see if the laser could be used to completely remove the thin 

film as can be seen in figure 34. Subsequently the laser horizontal movements were 

reduced in spacing as can be seen in figure 35. By doing so the top YBCO material 

in the microstrips is etched away with the femtosecond laser. 

For the section, which contains the constriction itself, the laser was utilised to cut 

incisions into the thin film to form small constrictions. 

In figure 34 the first instance the dimensions where increased for visibility to see the 

constriction well and show control with the G-code program. The width of the 

removed thin film surface (microstrip lines) was 4 mm, moving in horizontal 

transitions of 0.4 mm, whilst the width of the constriction area was 2 mm, with 

incisions of 0.8 mm both sides leaving a constriction width of 0.4 mm or 400 µm. 

This practice was initially performed on metal to prevent damage of the YBCO 

samples, which are very expensive to purchase. 
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In figure 35, the second instance the completely ablated metal section (microstrip 

lines) had a width of 2 mm and by moving vertically up and down the metal surface 

is removed with horizontal transitions of 0.2 mm. The constriction area had a width 

of 1 mm and the incisions are about 0.4 mm on both sides making a constriction of 

0.2 mm about 200 µm. This can be seen in the figure 35. 

 

Figure 34 Microstrips lines with larger horizontal transitions 

 

Figure 35 Microstrip lines with smaller horizontal transitions 
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2.9 FINDING THE FOCUS POINT OF A LASER BEAM 

It is important to find the focus point of a laser beam because this will enable the 

laser to cut at the highest power and to cut with the narrowest beam width or 

smallest spot size. 

The procedure involves moving the translation stage of the laser manually in steps 

along the Y-axis and then vertically up along the Z-axis producing holes on a metal 

that will show the focus point of the laser. The focus point of the laser will generally 

drill the smallest hole. 

When focusing the laser the holes drilled must pass through the focus point 

(smallest hole drilled), this is visible because the holes go from the largest spot size 

through to the smallest spot size and back to the largest spot size again as can be 

seen in figure 36. So essentially, you chose the smallest hole drilled as can be seen 

in figure 36. You make horizontal movements along the Y-axis and vertical 

movements along the Z-axis, then you take note of the position (co-ordinate) along 

the Z-axis where the laser is focused (smallest hole drilled) and set the translation 

stage to that vertical (co-ordinate) postion before you start actually cutting the 

constrictions. To control the translation stage there is a software interface that can 

be used to control the manual movement of the translation stage and control the 

programmed movement of the translation stage with the help of the G-code 

programming language. 

 

Figure 36 Finding the focus point of laser. 
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2.10 FABRICATION OF THE MICROSTRIP LINES AND 

CONSTRICTIONS ON TEST METAL  
 

The microstrip lines where cut on metal by; 

1.  Reducing the movement along the horizontal Y-axis down to 20 𝜇𝑚 such that 

complete ablation or removal of the thin film from the surface occurs. 

2. Creating a loop within the code that enables 5 microstrip lines and 5 

constrictions to be fabricated. 

3. The incisions where made on both sides of the strip lines to produce a junction 

of about 50 𝜇𝑚. However using the dimensions of the beam width (laser ablation 

spots) being around 50 𝜇𝑚 it’s estimated that the constrictions produced in the 

centre of the ablation spots where much smaller about 10 𝜇𝑚. However this 

needs to be confirmed by taking images with an (OM) optical microscope or by 

using an (AFM) Atomic force microscope.  

The diagram in figure 37 shows the microstrip lines (ablation patches) that where 

cut to separate one constriction from another. The constrictions can be seen as 

scratch lines in between the ablation patches in figure 37.  

 

Figure 37 microstrip lines with constrictions. 
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Subsequently the G-code program was modified in the last experiment to make the 

horizontal adjacent movements in the ablation process to about 10 µm from 20 µm. 

This is done to make sure that the top layer of the metal is completely removed. 

However, this was deemed unnecessary at this point in search of complete removal 

of the YBCO thin film surface in the strip line. 

An attempt was made to reduce the constriction width from 50 µm to 20 µm. 

Initially there was a problem doing this as the laser tended to cut across and remove 

or clip the constriction. However the laser was refocused, smaller ablation spots 

where achieved and very small constrictions widths where made (20 µm). 

The constrictions where viewed on an (OM) optical microscope, better images can 

be obtained on an (AFM) atomic force microscope. 

Generally, it was difficult to work with the laser at the beginning because it seemed 

as though the power of the laser was divided into two pulses rather than centred. 

To make sure the whole laser power goes into the one central pulse, one needs to 

play around with the delay switches or timing console to ensure that a phase lock is 

achieved between the master and oscillator frequency. The phase lock will ensure 

that when the laser is set to an output power of 1 W, that it is issuing exactly that 

power.  

The laser power was varied such that as the laser power is reduced then smaller 

beam widths and laser ablation spots are achieved. With smaller ablation spots it’s 

possible to cut relatively smaller constrictions. That is, the beam width of the laser 

becomes smaller as the power of the laser is reduced meaning that a smaller 

constriction could be cut. The output power of the laser was varied from 800 mW to 

500 mW to 350 mW. 

The diagram in figure 38 shows the microstrip lines produced with constrictions 20 

µm wide in between. 

 



74 
© University of South Africa October 2017 

 

Figure 38 smaller constriction. 

The brownish red colour is due to the partial removal of the metal surface during 

ablation. This is related to the power of the laser being applied not being sufficient. 

For complete removal or ablation, the power of the laser can simply be increased. 

2.11 MICRON, SUBMICRON AND NANO STRUCTURING YBCO 

THIN FILMS BY CHANGING THE LASER PULSE ENERGY 

  

It is possible to fabricate nano structures in the region of 100 - 200 nm. This can be 

done by varying the laser pulse energy. As can be seen in the paper by [3] (korte et 

al, 2003). There is the low energy regime, in this regime the ablation process is 

usually accompanied by the formation of small bubbles as can be seen in figure 39 

[3]. At higher pulse energies, a molten ring around the holes and small droplets can 

be observed. When the laser pulse energy grows, the size of the hole drilled 

increases as can be seen in figure 40 [3]. 
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Figure 39 Single pulse laser ablation [3]. 

 

Figure 40 single pulse laser ablation with higher pulse energy [3]. 

𝑃𝐴𝑉𝐺 = 𝐸 𝑥 𝐻𝑧                 (1) 

In equation (1), "𝑃𝐴𝑉𝐺" is the average power output from the laser source, “E” is the 

pulse energy of the laser and “Hz” the repetition rate of the laser pulse or frequency 

of the laser. According to equation (1) if you want to reduce the pulse energy one 

can keep the average power of the laser fixed and increase the frequency or 

repetition rate of the laser or keep the repetition rate fixed at 1 kHz for example and 

reduce the average power effluent from the laser source. In this case the power 

range is from 0 – 1000 mW and the frequency range is from 1 – 2 kHz. 

Reducing the energy of the pulse will reduce the beam width, the ablation spot size 

of the laser and the diameter of the hole that is being drilled as you can see in both 

figure 39 and 40 [3].  
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2.12 LASER ABLATION WIDTHS PRODUCED WITH VARYING 

LASER POWER ON A TEST STEEL SURFACE. 
 

In order to verify the above-mentioned theory that the lower the laser energy applied 

to the sample the smaller the size of the ablation spot. The following experiment 

was performed; the power output of the laser beam was varied and the resulting 

ablation widths were measured under the (OM) optical microscopes as follows. The 

laser power was set at 780 mW, 224 mW, 137 mW, 86 mW applied to cut prototype 

constrictions on metal surfaces and the corresponding ablation widths where 

measured and compared. The results can be observed in the figures below. From 

figures 41 to 44 as the laser power is reduced from 780 mW to 86 mW, the laser 

ablation width reduces from 153 µm to 79 µm. Therefore, this result validates the 

theory in [3].  

 

Figure 41 Laser power at 780 mW laser ablation width is 153 µm. 
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Figure 42 laser power at 224 mW laser ablation width is 91 µm. 

 

Figure 43 laser power at 137 mW laser ablation width is 89 µm. 
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Figure 44  laser power at 86 mW ablation width is 79 µm. 

2.13  FACILITATING THE SUB-MICRON STRUCTURING OF 

MATERIALS BY USING THE LASER ABLATION THRESHOLD 

OF THE MATERIAL. 
 

Every laser has a profile distribution or what one refers to as a Gaussian profile 

distribution as can be seen in figure 45. The peak of this Gaussian distribution will 

vary depending on the laser power released from the source, the energy of the laser 

and laser fluence or energy density. Generally, the cumulative energy of the laser 

will be the total area of the Guassian profile distribution underneath the curve area. 

Different materials have different ablation thresholds with respect to a specific laser 

i.e the minimum amount of energy or power required to just begin removing some 

of the surface material of that sample with the laser (ablation). To make the ablation 

spot of the laser, which is removing the material as small or minute as possible one 

needs to set the laser power or energy such that the profile distribution is just slightly 

above the ablation threshold of that particular material as can be seen in figure 45. 

In this figure, one of the Gaussian profile distribution of the laser just slightly eclipses 
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the horizontal ablation threshold line. If vertical lines are then plotted downwards 

from there to the X- axis one will see that the resulting ablation spot size is minimum. 

It is possible to drill very small holes; submicron holes by choosing the peak laser 

fluence slightly above the ablation threshold of the laser see figure 45 [3].  

 

Figure 45 Ablation threshold of a laser beam [3]. 

Working slightly above the ablation threshold is possible by varying the pulse energy 

of the laser before the laser is focused unto the material sample. In this case, only 

the central part of the beam can ablate the material and it becomes possible to 

produce sub-micron structures. 

Using equation (2) from [3], 

𝐹 = 𝐹0exp (−
𝑑2

𝑑0
2)                 (2) 

Where "𝑑0" the ablation width (laser spot size after ablation) or in some few cases 

the beam diameter, "𝐹" is the laser fluence which is essentially the energy of a pulse 

per unit area of application and "𝐹0" is the peak laser fluence possible. 

According to equation (2), the larger the fluence the larger the diameter of the hole 

that can be drilled. This can be observed in figure 46 [4], laser fluence in joules per 

centimetres squared is increased then the diameter of the laser ablation beam size 

increases and hence the diameter of the hole drilled in gold thin film [4] increases 

and also leads to the formation of a droplet due to some thermal heating. 
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Figure 46 Laser fluences on the gold surface are increased [4]. 

2.14 FACTORS THAT DETERMINE THE NANOSTRUCTURING OF 

METALS 
 

The minimum structure size that can be produced by femtosecond laser pulses is 

determined by equation (3) from [3]; 

𝑑 = 𝑘𝜆/𝑁𝐴𝑞1/2                 (3) 

Where "𝜆” is the radiation wavelength, “𝑁𝐴” is the numerical aperture of the 

objective lens used or the focusing optics, and k is a proportionality constant. 

Generally, when the numerical aperture of the lens is increased in the set up then 

the diameter of the structure produced can be reduced. 

Also 𝑞 is related to the energy band gap of the material, the higher the energy band 

gap of the material the smaller the size of the structure that can be produced, this 

can be seen in figure 47 [3]. 

For this project the femtosecond laser has a radiation wavelength “𝜆"of 775 nm, and 

the objective lens used has an “𝑁𝐴” of 0.25. Certain materials are better suited for 

nano structuring depending on their energy band gap [3]. What about YBCO? 

“Answer” The (in plane) energy gap of YBCO is 20 meV [5] while there is also a 

sub-gap energy band of 12 meV. 



81 
© University of South Africa October 2017 

In YBCO the energy gap between the conduction band and valence band can get 

to as low as 5 meV [5]. Based on this energy band gap and by using the graph in 

figure 47, the limit on the constriction size that can be fabricated on YBCO material 

and still hold up without collapsing, will be about 450 nm. As we will later observe 

the structures that I made had a sub-micron limit of about 800 nm for the 

constrictions width as the YBCO crystals tended to collapse after this. 

 

Figure 47 Dependence of the minimum structure size for different transparent materials on their  
band gap energy [3] 

2.15 THE NOVEL S-SHAPED CONSTRICTION DESIGN THAT 

COULD BE USED AS A JOSEPHSON JUNCTION  
 

A proposal was made for a new S-shaped structure to be cut on the YBCO thin film 

material. The need for the structure arose because of the need to control the width 

and the length of the constriction at the same time. In the standard type of 

constrictions as can be seen in figure 48, it is only the width of the constriction that 

can be controlled the length of the constriction is restricted to the laser ablation width 

as can be seen in figure 48. Which is not the best scenario. 
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Figure 48 Standard type of constriction. 

The diagram in figure 49 shows the shape of the novel S-shaped constriction that 

was designed and machined using the G-code programming language to control 

the movement of the translation stage. In the S-shaped constriction, it is possible to 

regulate both the width and the length of the constriction. 

𝑆𝑊 represents the separation distance in G-code between the centres of the laser 

ablation spots. The beam width refers to the laser ablation width of the laser beam. 

Therefore, according to equation (4) one can calculate the width of the constriction. 

𝑆𝑊 − 𝑏𝑒𝑎𝑚 𝑤𝑖𝑑𝑡ℎ (𝑙𝑎𝑠𝑒𝑟 𝑎𝑏𝑙𝑎𝑡𝑖𝑜𝑛 𝑤𝑖𝑑𝑡ℎ) = 𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 𝑐𝑜𝑛𝑠𝑡𝑟𝑖𝑐𝑡𝑖𝑜𝑛           (4) 

The beam width puts a restriction factor on the width of the constriction that can be 

fabricated. But with the S-shape for the constriction it may be possible to overcome 

this problem. The reason for this is that the width of the constriction that can be 

fabricated depends on the laser ablation width. The smaller the laser ablation width 

the smaller the width of the constriction that can be fabricated. 
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Figure 49 S-shaped constriction design. 

This S-shaped design was utilised to cut test constrictions on metal at the national 

laser centre (CSIR) in Pretoria, South africa. In the one scenario, a spacing of 70 

µm was set between the laser ablation beams in the G-code program and the beams 

still overlapped and created no junctions. The spacing was then set to 80 µm from 

the centre of one beam to the other and the beams just touched. It was concluded 

that the beam width (laser ablation width) of the laser was about 80 µm with the 

current laser settings. 

Finally, the spacing was adjusted to cut a constriction size of about 2 µm. This was 

done by separating the laser ablation spots by 82 µm. That this dimension was 

achieved was verified by measuring the width of the constriction by using the atomic 

force microscope (AFM).  

Subsequently by varying the power of the laser, it was possible to make S-shaped 

constrictions on steel plates with a width of about 3 µm as can be seen in figure 50. 
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Figure 50 Constriction on steel with a width of 3 µm. 

2.16 PULSE ENERGY OF THE LASER 

The femtosecond laser has a very short pulse length (duration) of 130 

femtoseconds, a wavelength of 775 nm, a power range of 0 to 1000 mW and a 

frequency range setting of 1 kHz-2 kHz but it was operated at 1 kHz from the control 

console. 

Using the formula in equation 5 

𝑃𝐴𝑉𝐺 =  𝐸𝑝𝑢𝑙𝑠𝑒 ∗  𝑃𝑢𝑙𝑠𝑒𝑟𝑒𝑝.𝑟𝑎𝑡𝑒(𝑓𝑟𝑒𝑞)              (5) 

Where 𝑃𝐴𝑉𝐺 is the average power effluent from the laser set on the control interface, 

𝐸𝑝𝑢𝑙𝑠𝑒 , is the energy per pulse of the laser and 𝑃𝑢𝑙𝑠𝑒𝑟𝑒𝑝.𝑟𝑎𝑡𝑒(𝑓𝑟𝑒𝑞) is the pulse 

frequency repetition rate of the laser set on the control interface as well. 

In most optimum instances, the laser power incident on the thin film sample was set 

at about 2.1 mW. The reason being that at this power the top layer of the YBCO thin 

film is just removed or ablated. The thin film has a thickness of 200 nm. The 

frequency of operation is set at 1 kHz.  This calculates to 2.1 µJ of energy reaching 

the sample using equation 5. The lower the energy applied the smaller the size of 

the laser ablation width or laser ablation spot size drilled on the sample. 
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This results in very high peak powers of 16.2 MW with relatively low pulse energy, 

according to the formula in equation 6 below; 

𝐸𝑝𝑢𝑙𝑠𝑒 = 𝑃𝑃𝐸𝐴𝐾 ∗ 𝑡                  (6) 

Where 𝑃𝑃𝐸𝐴𝐾 is the peak power of the laser not the average power and 𝑡 is the pulse 

duration in femtoseconds. 

In an example when 1000 mW is applied out of the laser then the energy per pulse 

is about 1 mJ, with this energy value the peak power produced using equation 6 is 

about 7.7 GW. 

Due to the reduced pulse, energy when 2.1 mW is applied to the sample one would 

expect low thermal heating of the device during the cutting of the material. 

The reason why we want to utilise the femtosecond laser to fabricate the Josephson 

junction is because the low pulse duration length and the reduced thermal heating 

can prevent normalization of the superconductive material used for the fabrication 

of the Josephson junction, however that this actually happens still has to be proven 

in experiment. 

2.17 LASER BEAM SHAPING AND COLLIMATION PROCESS TO 

REDUCE LASER ABLATION SPOT SIZE. 
 

2.17.1 INTRODUCTION TO THE LASER BEAM COLLIMATION PROCESS. 

The Beam collimation process is explained in this sub-section. Beam collimation 

involves spreading out, blowing up or expanding a beam and then making it parallel 

(collimating) it. The reason for doing this is in two part. The first reason is because 

the laser beam spot is elliptical with the X-axis smaller than the Y-axis, and there is 

a need to expand the X-axis. Secondly because there was an idea that by blowing 

up the laser spot before using a convex lens to converge it, could possibly produce 

a smaller ablation spot for the fabrication of nano junctions. After the beam 

collimation process was complete the constrictions where initially fabricated on a 

steel surface in order to test the results of the beam collimation process before 

applying the fabrication process on the expensive and highly limited YBCO thin 

films. 
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Beam collimation involves spreading out or blowing up an incident laser beam waist 

and then making the resulting bigger beam waist parallel, sort of like in a telescope. 

This can be seen in figure 51 where the beam is initially spread out by the cylindrical 

diverging lens and then subsequently made parallel by the cylindrical converging 

lens. The cylindrical lenses are slightly different from the spherical lenses in that 

they are half the sphere in a spherical lens. In the specific case of my beam 

collimation experiment, a cylindrical diverging lens of focal length of -12.5 mm and 

a cylindrical converging lens of focal length of 25 mm were utilized. When the beam 

is collimated then the beam lines should not meet (converge) in theory no matter 

how far the beam is sent across a room. That is the beam rays stay parallel. If the 

beam rays stay parallel, then the beam spot will remain the same size after 

collimation no matter how far the beam travels across a room. 

The lenses used for this process are cylindrical lenses half of spherical lenses as 

can be seen in figure 51 and 52. Cylindrical lenses are used because we only want 

to spread out a certain direction the X-axis of the laser beam spot. The reason for 

doing this is that the original laser beam spot is elliptical in shape with the X-axis of 

the spot being smaller than the y-axis. With cylindrical lenses, you can spread out 

the axis that is perpendicular to the normal axis (direction) of the cylindrical lenses 

themselves. 

 

Figure 51 Beam collimation process consisting of a cylindrical diverging lens and a cylindrical 
converging lens. 
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Figure 52 Cylindrical lenses positioned at right angles to the direction of the axis to be blown up. 

Hence, as you will be able to see in figure 53 and 54 the cylindrical lenses are placed 

at right angles or 90 degrees to the vertical X-direction of the laser spot. 

Another point of interest is that in order to collimate the beam the separation 

distance between the lenses has to be specific along the beam path. That is the 

beam only collimates when the lenses are separated by a specific distance. When 

the ratio of the focal length between the diverging lens in this case -12.5 mm and 

the converging lens in this case 25 mm is 2 then the separation distance between 

the lenses should be approximately the focal length of the first lens in this case 12.5 

mm. In the process of beam collimation, the cylindrical diverging lens is positioned 

first to spread out the beam and then the cylindrical converging lenses are placed 

last. 

2.17.2 ACTUAL PROCESS OF COLLIMATING THE LASER BEAM AND THEN 

RE-FOCUSING TO A SMALLER SPOT SIZE. 

 

Essentially the beam spot coming out of the laser source is elliptical and not 

spherical or round. It is approximately 9.85 mm wide along the Y-direction and 

slightly narrower along the X-directions. It is in some proportions narrower in the X-

axis or X-direction than in the X-direction. The assumption is that it’s narrower by a 

factor of about 2 or 1.5. 

Hence, there is a need to expand the beam in the X-direction using a beam 

expander, making the beam round or spherical or the same in both directions and 

then subsequently collimate the beam or make it parallel. 
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To achieve this, we have utilised a cylindrical diverging lens or concave lens with a 

focal length of -12.5 mm to spread out the beam first in the X-direction and then a 

cylindrical convex lens with a focal length of 25 mm to collimate the beam in the X-

direction and make it parallel. These lenses have a physical aperture dimension of 

10 X 10 mm. 

Subsequently we will refocus the beam with a spherical convex lens to make the 

spot size smaller again to cut the thin films in the appropriate proportions to get to 

the nano or sub-micron scale. The spherical convex lens will refocus all the 

directions X and Y, in the same way. The setup and alignment of the cylindrical 

lenses to collimate the beam can be seen in figure 53 and 54. 

 

Figure 53 3-D view cylindrical lenses used to spread out and collimate the laser beam. 

 

Figure 54 2-D view of cylindrical lenses aligned in collimation set up. 
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Before the cylindrical diverging and converging lenses are set up to collimate the 

laser beam, we need to get an estimate distance between the lenses at which they 

should be positioned so that the beam can be made exactly parallel. In order to 

achieve this a software simulator is used to simulate the exact situation. The lenses 

focal lengths are chosen and then positioned in the Gaussian beam simulator at 

different distances from each other until the beam becomes parallel. According to 

the Gaussian, beam simulator in figure 55 the beam initially spreads out and then it 

is collimated, made parallel, before it is refocused. From the Gaussian, beam 

simulator we can see that the two cylindrical lenses should be separated by 

approximately 12.5 mm. 

 

Figure 55 Gaussian beam optics simulator. 

The laser input beam waist placed in the simulator for simulation purposes only is 

about 180 µm, but in reality its much more about 9850 µm. In the simulator, the 

laser beam waist initially drops to 9.8 µm then its spread out to 360 µm by the 

diverging lens in the X-direction. That is from 180 µm to 360 µm a factor of 2 after 

collimation.  The lenses are rotated to a position of 90 degrees perpendicularly to 

the X-direction in the setup. To spread out a direction the cylindrical lens has to be 

perpendicular to that direction and 180 degrees to the direction that remains 

unchanged.  



90 
© University of South Africa October 2017 

 

Therefore, the lenses are aligned at 90 degrees to the X-direction, which must be 

spread out and 180 degrees to the Y-direction, which remains unchanged. 

The cylindrical converging lens collimates the beam and the spherical converging 

lens following the set up focuses the beam to a spot size of 11 µm. Therefore, we 

started with an input beam blown up to a waist size of 360 µm and ended up with a 

laser beam waist of 11 µm. A reduction by a factor of about 32.7 times. In reality 

with an input beam waist of 9850 µm, we expect an output beam waist of 301 µm. 

This depending on the focal length of the converging lens or the focusing power of 

the objective lens used at the end of the setup and its distance from the collimation 

lenses. In this simulation, a convex lens of 45 mm was used at the end of the setup. 

However, this is just a simulator to give an approximate idea of what may occur. 

When we make both axis the same then the laser spot becomes more or less 

spherical in shape with a diameter of 9850 µm at the input. In reality, the beam may 

not be focused to a much smaller size than 775 nm at the output because this is 

limited to the diffraction limit of the laser beam, which has a wavelength of 775 nm. 

2.17.3 FOCUSING THE X-Y (AXIS) OF THE LASER SPOT ALONG THE Z-

DIRECTION WITH THE SPHERICAL CONVEX LENS. 

During the beam collimation process, it is necessary to focus the X-Y axis of the 

now spherical laser ablation spot. This is because during the collimation process 

the X and Y-axis of the laser spot are not focused the same way by the spherical 

convex lens or not by the same amount along the Z-axis. Hence, it is important to 

find the same focus point for the X and Y-axis of the laser spot along the Z-direction. 

When the same focus point is found for both the X and Y-axis of the laser spot then 

you would also get the correct separation distance between the cylindrical lenses, 

which achieves this. Therefore, the same focus point for the X-Y axis of the laser 

spot is obtained by varying the separation distance between the cylindrical lenses 

along the Z-direction. 

The X - axis and the Y - axis of the laser spot are focused by the spherical convex 

lens in both directions, because the lens is spherical and not cylindrical. 

Subsequently you must operate the cutting at the point where both the focus point 

of the X - direction and the Y - direction coincide along the Z - axis (that is are the 

same).  
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The spherical convex lens must focus the X and Y direction the same way as 

mentioned above. This can be achieved by playing around with the separation 

distance between the diverging cylindrical lens and the convex cylindrical lens. 

2.17.3.1 ACTUAL PROCESS OF FOCUSING THE X-Y AXIS OF THE LASER 

SPOT. 

 

Initially the distance between the two lenses is set to 16.5 mm on the micro meter 

screw gauge fastened to the prototype board and holding the diverging cylindrical 

lens as a reference point as can be seen in figure 53. The origin setting on the 

micrometer screw gauge is 20 mm. This means that the actual distance between 

the lenses with this setting is (20 mm – 16.5 mm + 10 mm = 13.5 mm). Taking into 

consideration that the separation distance between the lenses should be measured 

from the centre of the two cylindrical lenses. Such that the combined thickness of 

the two lenses is about 10 mm measured with a calliper. Hence the actual 

separation distance between the centre of the lenses is about 13.5 mm. With this 

setting (variation along the Y-axis is done) the focus point is found by varying the 

movement along the Y-axis and the Z-axis and then drilling holes. Then checking 

for the smallest hole made (focus point) and looking to see if both the X-axis of the 

laser spot and the Y-axis of the laser spot are both focused the same or are in their 

smallest dimension on that spot. 

With the separation distance between the lenses set at 13.5 mm it is found that for 

the Y-axis of the laser spot the focus is at a position of 0.1 mm along Z - direction 

and the focus point for the X – axis of the laser spot is at a position of -3.5 mm along 

the Z-direction. This means the Y and the X-axis of the laser spot are not focused 

at the same position along the Z – direction. Therefore, this separation distance 

between the cylindrical lenses for the collimation process cannot be used. 

Then the micrometer screw gauge is set to a value of 17.0 mm, which transpires to 

a separation distance of (20 mm – 17 mm + 10 mm = 13 mm) between the lenses. 

With this setting the focus for the Y-axis of the laser spot is achieved at a position 

of 0.1 mm along the Z-direction and the focus for the X-axis of the laser spot is 

achieved at a position of 2.0 mm along the Z–direction.  
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Again, the X and Y-axis of the laser spot are not focused at the same position along 

the Z-direction for this setting. Hence this separation distance is not used either. 

KEYNOTE : 

Then the micrometer screw gauge is set to a value of 17.5 mm which produces a 

separation distance of (20 mm – 17.5 mm + 10 mm = 12.5 mm) between the lenses. 

With this setting, the focus point for both the X and Y-axis of the laser spot is found 

to be the same at a position of 0.3 mm along the Z-direction. This is the setting 

utilised to separate the cylindrical lenses to achieve a near perfect collimation for 

the laser beam. The focal length of the (first lens) cylindrical diverging lens is -12.5 

mm this coincides with the spacing set between the lenses of 12.5 mm at which 

beam collimation is achieved. Therefore, the spacing between the lenses required 

to collimate a beam should be equal to the focal length of the first cylindrical 

diverging lens, if the ratio between focal lengths of the two lenses is equal to a factor 

of 2. 

Finally for testing purposes the micro meter screw gauge is set to a value of 18 mm 

which means a separation distance of (20 mm – 18mm + 10 mm = 12 mm) between 

the lenses. For this setting the focus for the Y - axis of the laser spot is found to be 

at a position of 1.1 mm along the Z-direction and the focus for the X - axis of the 

laser spot is found to be at a position of - 2.0 mm along the Z – direction. The focus 

point for the X and Y-axis of the laser spot are not at the same position therefore 

this setting is also not utilized. 

With the X and Y- axis of the laser spot focused, the laser can now be used to cut 

constrictions. Subsequently images will be taken with an optical microscope (OM) 

and the Atomic force microscope (AFM) to show that the laser ablation spot 

generated after the laser is focused becomes more round rather than elliptical. 

In summary when you have two lenses a cylindrical diverging lens of focal length -

12.5 mm and a cylindrical converging lens of focal length 25 mm with a ratio of 2 

between the focal lengths of these two lenses.  Then to achieve beam collimation 

with these lenses the separation distance between the two lenses has to be the 

absolute value of the focal length of the first diverging lens -12.5 mm.  
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After the beam collimation process was completed, a spherical convex lens of focal 

length 45 mm was used to focus the beam and then cut constrictions on the sample.  

2.17.4 CONSTRICTIONS CUT ON TEST STEEL SAMPLES  AFTER THE 

BEAM COLLIMATION PROCESS.  

 

After the design of the S-shaped constriction was completed and the beam 

collimation process was perfected then initial constrictions where cut on steel 

samples made available at the national laser center at CSIR, Pretoria South Africa. 

The reason for initially using steel to fabricate the constrictions was to test the 

design and coding process of the S-shaped constrictions before applying it to the 

real superconductive YBCO material. This material is very expensive about R40000 

for 24, 10 mm X 10 mm samples. Hence, it was deemed necessary to perfect the 

design process of the constrictions on steel before applying it to YBCO.  

The other point to take note of is that the ablation threshold for steel is different from 

that of the YBCO material. For steel, the laser starts to cut or ablate at a power of 

about 50 mW as will be seen later while for YBCO thin film the ablation threshold is 

as little as 1 mW. The ablation threshold for these materials was determined through 

trial and error and by making repetitive cuts to see at what power is the surface 

material completely removed. 

As a result, constrictions were cut on steel at different levels of laser power namely; 

483 mW, 223.7 mW, 97.3 mW and 37.5 mW. The following images taken with an 

optical microscope (OM) show the achieved S-shaped constrictions fabricated on 

steel. By varying the levels of laser power it becomes possible to verify the theory 

obtained from literature that as the level of laser power decreases and therefore the 

laser energy applied decreases then the size of the laser ablation spot cut on a 

material will decrease. 

2.17.4.1 LASER POWER SET AT 483 mW 

At this power, setting of 483 mW the laser ablation width is 40 µm, the width of the 

constriction is 37 µm and the separation distance between the centre of the laser 

ablation spots set in the G-code program is 82 µm as can be seen in figure 56. The 

separation distance is occupied by the laser ablation width of 40 µm and the width 

of the constriction 37 µm.  
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Therefore we can conclude that the; 

 𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑠𝑡𝑟𝑖𝑐𝑡𝑖𝑜𝑛 =

𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑡ℎ𝑒 𝑙𝑎𝑠𝑒𝑟 𝑎𝑏𝑙𝑎𝑡𝑖𝑜𝑛 𝑠𝑝𝑜𝑡𝑠 − 𝑙𝑎𝑠𝑒𝑟 𝑎𝑏𝑙𝑎𝑡𝑖𝑜𝑛 𝑤𝑖𝑑𝑡ℎ𝑠  (7) 

In practice, this equation is not achieved exactly. 

 

Figure 56 Test constriction cut on steel with a laser power setting of 483 mW. 

2.17.4.2 LASER POWER SET AT 223 mW 

Figure 57 shows that when the power is reduced to 223 mW the ablation width drops 

to 30 µm. 

 

Figure 57 Test constriction cut on steel with a laser power setting of 223.7 mW. 
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2.17.4.3 LASER POWER SET AT 37 mW 

In figure 58, the power is reduced to 37 mW and very little or almost no ablation 

occurs at this power setting. This is because at this power level although we can 

see some amount of ablation, the material is not completely removed. Only the 

surface of the steel is slightly ablated. Therefore, the ablation threshold for steel 

should be above 40 mW with this laser. 

 

Figure 58 Test constriction cut on steel with a laser power setting of 37.5 mW. 

2.17.5 AFM IMAGES OF CONSTRICTIONS CUT ON STEEL AFTER THE 

BEAM COLLIMATION PROCESS. 

In the previous section the constrictions where cut on steel and then images where 

taken of these constrictions using the optical microscope (OM). In this, section some 

additional constrictions where cut on steel at varying power levels and images 

where taken of these constrictions using the Atomic Force Microscope (AFM) 

instead. 

2.17.5.1 LASER POWER SET AT 220 mW 

The cylindrical lenses of focal length -12.5 mm and 25 mm where separated by a 

distance of 12.75 mm in the beam collimation set up. At this spacing between 

lenses, the laser beam is not well focused and therefore the image of the 

constriction in the AFM is not very sharp but slightly blurred. 
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In the G-code program, the separation distance between the laser ablation spots is 

set at 60 µm. The AFM image (amplitude – line fit) in figure 59 shows us that the 

laser ablation spot size is 30.49 µm at this power level. The constriction width is 

30.89 µm as can be seen in figure 60 and the constriction length is 25.74 µm shown 

in figure 58. 

 

Figure 59 AFM image showing the laser ablation width is 30.49 µm at a power setting of 220 mW. 

 

Figure 60 AFM image showing the constriction width is 30.89 µm at a power setting of 220 mW. 

 

Figure 61 AFM image showing the constriction length is 25.74 µm at a power setting of 220 mW. 
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From the images taken by the AFM one can see that there is an outer ablation layer 

around the central laser ablation spot, which represents the laser heating effects on 

the constriction. In addition, there is what we call interference fringes caused by the 

reflection of laser light between the cylindrical lenses used for beam collimation. 

This occurs because the lenses are not silver coated. The cylindrical lenses used 

for beam collimation have a small geometric dimension that is 10 X 10 mm. This is 

very close to the laser spot size of 9.85 mm emanating from the source. The laser 

beam spot is therefore very close to the edges of the cylindrical lens causing 

spherical aberration of the spot. Since a lens consists of many small lenses each 

refracting and collimating the laser beam, this produces many small laser ablation 

spots that overlap each other. As a result, a large diffuse spot is created not suitable 

for fabricating nano constrictions. However, these problems can be solved by 

procuring new cylindrical lenses for the beam collimation process. Ones, which are 

silver coated and have a geometric aperture of 25 X 25 mm which is much bigger 

than the laser beam waist from the laser source of 9.85 mm. 

2.17.5.2 LASER POWER SET AT 104 mW 

Again the cylindrical lenses in the beam collimation set up of focal length -12.5 mm 

and 25 mm, aperture size of 10 mm X 10 mm where separated by a distance of 

12.75 mm in order to cut the constrictions on steel at power setting of 104 mW. 

As a result of the power setting the laser ablation spot size reduces to 25.75 µm as 

can be seen in figure 62. The constriction width increases to 35.24 µm, because the 

separation distance between the laser ablation spots set in the G – code program 

has not been changed and is still 60 µm. The length of the constriction achieved is 

15.05 µm as seen in figure 64. 

 

Figure 62 AFM image showing the laser ablation width is 25.75 µm at a power setting of 104 mW. 
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Figure 63 AFM image showing the constriction width is 35.24 µm at a power setting of 104 mW. 

 

Figure 64 AFM image showing the constriction length is 15.05 µm at a power setting of 104 mW. 

2.17.6 AFM IMAGES OF CONSTRICTIONS CUT ON STEEL WITH THE 

LASER CONTROL TIMING SETTINGS CHANGED. 

The timing settings on the control console are used to achieve a phase lock between 

the master frequency (pumped diode laser) and the fibre oscillator frequency 

(Erbium doped fibre). When the timing settings on the control console are changed, 

then the profile distribution of the laser will change and the peak power that can be 

achieved by the laser changes slightly.  
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The timing settings are set on the time console for the laser. The timing settings can 

be changed by changing the values on the 3 delay switches.  

In this case, the timing settings were changed from the original timing settings which 

were; 

Delay 1  070 90  

Delay 2 069 a1 

Delay 3  069 6c 

to the new timing settings which are; 

Delay 1,  070 90  

Delay 2, 069 61 

Delay 3,  069 fc 

As a result of changing the timing settings of the laser the profile distribution of the 

laser changed on the oscilloscope. This was done to see if the variation of the timing 

delay would have a marked change on the shape of the laser ablation spot and 

hence the shape of the constrictions cut. With the timing settings changed, the laser 

was used to cut a test constriction on a steel surface once again with the following 

settings; 

The cylindrical lenses of focal length -12.5 mm and 25 mm where separated by a 

distance of 12.75 mm in the beam collimation set up. The focus point of the X and 

Y- axis of the laser spot was found at a relative position of 6.0 mm along the Z-

direction. The laser power was set at 190 mW and the separation distance between 

the laser ablation spots was set at 60 µm in the G-code program. With these 

settings, the following images of the constriction achieved are shown in figures 65 

and 66. 
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Figure 65 AFM image of the constriction achieved with the Laser ablation spot size being 43.56 µm 
the laser power setting is 190 mW. 

 

Figure 66 AFM image of the constriction achieved with a constriction width of 20.19 µm, at a power 
setting of 190 mW. 

For the laser settings specified above, the constrictions achieved on steel show a 

laser ablation spot size of 43.56 µm and a constriction width of 20.19 µm when the 

separation distance between the laser ablation spots set in code is 60 µm. These 

values verify equation (7) in the previous section to some extent. 

By direct substitution of values into equation (7), the width of the constriction should 

have been 16.44 µm. However, the achieved width of 20.19 µm is not far off from 

the calculated value. There are many factors that could have influenced this slight 

difference such as temperature variation in the room where machining is done, 

vibrations in the room, airflow, and slight imperfections in the movement of the 

translation stage. 
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KEYNOTE AREA: 

By varying, the timing settings of the laser the profile distribution of the laser and its 

actual peak power changed as observed on the oscilloscope. The change is also 

observed by the fact that the laser ablation spot has become poorly shaped as can 

be seen in figures 65 and 66. From previous figures such as figure 59 one takes 

note that at a power setting of 220 mW an ablation spot size of 30.49 µm is achieved. 

However, in this experiment after the change in timing settings and a slight increase 

in the actual peak power we achieved a much larger laser ablation spot size of 43.56 

µm at a power setting of 190 mW. In conclusion, the laser timing settings play a 

marked role on both the shape of the constriction obtained and the size of the laser 

ablation spots on the same material. 

 

2.17.7 FUTURE WORK  

2.17.7.1 NEW CYLINDRICAL LENSES WITH LARGER APERTURES TO BE 

USED FOR THE BEAM COLLIMATION PROCESS. 

 

New lenses were ordered with the following specifications; 

1. Diverging cylindrical lens of focal length - 50 mm, converging cylindrical lens   of 

focal length 100 mm. 

2. The aperture of the lenses was increased from 10 X 10 mm lenses to 25 X 25 

mm lenses. This was done because the diameter of the laser beam waist is 

9.85 mm, which is very close to the aperture of the initial cylindrical lenses of 

10 mm X 10 mm. This can cause spherical aberration of the laser spot. 

Therefore, to improve the beam collimation process and to prevent spherical 

aberration cylindrical lenses of 25 mm X 25 mm aperture where used in the 

subsequent experiments. 

3. The new cylindrical lenses where procured with a silver coating to reduce 

reflections between the lenses. These reflections can produce a poorly shaped 

laser ablation spot. In addition, interference fringes originating from the laser 

source can be reproduced through these reflections. 

Before the new cylindrical lenses, where utilized to fabricate constrictions as part of 

the beam collimation set up. Their application was simulated in the Gaussian beam 



102 
© University of South Africa October 2017 

software. The optical set up with the new cylindrical lenses to be used for the 

fabrication of further constrictions can be seen in the Gaussian beam software in 

figure 67. According to the Gaussian beam software in figure 67, the new cylindrical 

lenses of focal length - 50 mm and 100 mm should be separated by 58 mm to 

achieve beam collimation. However, this is incorrect. In order to achieve perfect 

beam collimation, the cylindrical lenses should be separated by 50 mm. 

 

Figure 67 New cylindrical lenses for beam collimation in the Gaussian beam simulation software. 

2.18 INITIAL CONSTRICTIONS FABRICATED ON THE YBCO THIN FILM. 

 

The first constrictions or bridges made on the YBCO thin film where made on the 

YBCO thin film based on the LAO substrate. The laser ablation spots on these first 

constrictions where poorly shaped. The Laser ablation spots had a poor shape for 

two reasons: 
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1. When the laser is focused onto the sample its necessary to be careful in 

choosing the focus point of the laser along the Z-direction that is the smallest hole 

drilled. The focus spots of the laser have different shapes, sometimes you have two 

circles intertwined as can be seen in figure 68. This will give a sort of a projection 

on the laser ablation spot when its moved either in the forward or reverse direction. 

 

Figure 68 Unwanted extension of the laser beam. When its moved either in the forward direction or 
reverse direction viewed through the Atomic Force microscope (AFM). 

2. The second reason is that the initial cylindrical lenses used for beam 

collimation are not perfect. These cylindrical lenses of aperture 10 mm X 10 mm are 

almost the same size as the laser beam diameter of 9.85 mm. These lenses should 

not be of the same diameter as the laser beam effluent from the laser source. The 

laser beam diameter should be smaller relative to the dimensions of the lenses. In 

this case, the lenses had an aperture of 10 X 10 mm and the beam waist 9.85 mm. 

The laser beam waist is too close to the edges of the lenses used. Since a lens is 

essentially a combination of many lenses this causes different sections of the lens 

to refract the beam and converge the beam separately producing two or more spots 

after focusing which makes an overall bigger spot and a poor beam shape. This is 

referred to as spherical aberration as can be seen in figure 68. 
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2.18.1 METHODS USED TO IMPROVE THE LASER ABLATION SPOT 

SHAPE. 

When the lenses used for beam collimation where replaced by larger lenses of 25 

X 25 mm the shape of the laser ablation spot improved a great deal and became 

smaller. This improvement occurs because only the central part of the cylindrical 

lenses now refracts and converges the beam hence spherical aberration is reduced 

considerably. 

Secondly, an iris diaphragm with a manually adjustable aperture made of black 

rubber was used to reduce the diameter of the laser beam waist that passes through 

to the final spherical convex lens. The diameter of the laser beam waist that passes 

through to the final convex lens was reduced from a diameter of 5000 µm (5mm) to 

2550 µm (2.55 mm) to 1500 µm (1.5 mm) by the aid of the iris (manually adjusted 

aperture). The iris is placed at a specific distance after the beam collimation setup 

and it reduces the diameter of the laser beam that goes through to the sample. The 

iris improves the laser ablation spot shape significantly by removing unwanted 

sections of the laser coming from the source. The iris removes uneven and 

unwanted sections of the laser beam that lie in the outer periphery of the laser beam 

waist. Therefore, only the central core of the laser beam waist and the central part 

of the laser profile with the highest light intensity are able to pass through to the 

convex lens. After this central core of the laser beam is focused, it can then be used 

to cut the constrictions and ablate the thin film. The diameter of the iris aperture is 

measured with digital calipers when it is being set. 

2.18.2 AFM (ATOMIC FORCE MICROSCOPE) SCANNING OF THE 

CONSTRICTIONS. 

 

In a very simplified explanation, the Atomic Force Microscope (AFM) was used in 

combination with optical images from an optical microscope (OM) to determine the 

dimensions of samples fabricated. Images where initially taken with an optical 

microscope to get an idea of the laser ablation spot size, the width and length of the 

constrictions cut and then verified with the AFM. Subsequently with this information, 

settings such as the separation distance between the laser ablation spots were 

adjusted in the G-code program to fabricate the desired constriction widths.  
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Cuts of constrictions where then made and measurements were taken again with 

an atomic force microscope to validate the exact dimensions of the constrictions 

that have been fabricated.  

The process of taking images with the AFM includes mounting a cantilever tip on a 

cantilever head. This tip moves back and forth over the scan area selected by 

yourself. Normally one would set a scan area in the AFM software and the cantilever 

tip moves over the span of that area. Before scanning the image, the sample is 

placed just underneath the cantilever tip, which will focus on the sample and scan 

over the area of interest. 

Generally, there are two types of operational modes used to scan the samples. 

There is the contact mode and the tapping mode. In the case of constrictions 

fabricated on a soft YBCO material, the tapping mode is utilised. The reason for 

using the tapping mode is that the YBCO thin film and the constriction made are 

very sensitive to contact and can be easily scratched or damaged. Hence, the 

tapping mode will not damage the small (micron, sub-micron and nano) 

constrictions fabricated. The contact mode comes into full contact with the 

constriction and may damage the constriction. The tapping mode taps slightly and 

does not damage the constriction.  

Figure 69 shows an image of the Atomic Force Microscope used. This AFM was 

manufactured by the “Nanosurf” company and is called the Nanosurf FlexAFM, 

modelled in 2011. The image shows the main parts of the AFM, namely; the camera, 

the AFM cantilever head and the iso-stage. The iso-stage is used to stabilize the 

image taking process and absorbs any vibrations from the surrounding environment 

where the measurement is being done. During the movement of the cantilever head 

and tip over the sample, the iso-stage also moves slightly to dampen and prevent 

vibrations coming from the surroundings from being transferred to the movement of 

the cantilever tip. This will severely affect the images taken and transmit noise to 

the image taken making the AFM image blurred. 
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Figure 69 Overall diagram of the AFM (Atomic Force Microscope) block. 

 

Figure 70 shows the cantilever tip of the AFM directly above the S-shaped 

constrictions that were designed. The cantilever tip scans over the constriction area 

consisting of two laser ablation spots. The cantilever tip is positioned precisely 

above the relevant section of the constriction. This would enable us to determine 

the width of the constriction after the scan is completed. The sample is positioned 

such that the cantilever tip scans transversely or at angle of 90 degrees to the laser 

ablation spots, across the constriction. The image is developed such that it is 

possible to determine the exact width of the constriction between the laser ablation 

spots. 
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Figure 70 Atomic Force Microscope scanning process with the cantilever tip above a constriction. 

2.18.3 AFM IMAGES OF THE INITIAL CONSTRICTIONS FABRICATED ON 

THE YBCO THIN FILMS WITH A POORLY SHAPED LASER ABLATION 

SPOT. 

 

This section discusses the first constrictions that were fabricated on the YBCO thin 

film. Upto this point all the previous constrictions had been fabricated on steel. All 

the tests for the design of the S-shaped constrictions had been done on a steel 

surface. These first constrictions where fabricated on a YBCO thin film on an LAO 

substrate. The thickness of the YBCO thin film is 200 nm and the thickness of the 

substrate is about 500 µm. The initial constrictions fabricated had a poorly shaped 

laser ablation spot. However, measures were taken to improve on these. 

The initial constrictions were fabricated with the laser settings listed on the following 

page and numbered (1-4) and AFM images were taken of the resulting constrictions. 

The laser power settings were varied in this manner because the ablation threshold 

for YBCO was not yet determined. In other words, we had not yet determined what 

laser power if applied to the YBCO sample would be too much and cut into the 

substrate, and what laser power will be too little and not ablate the material.  
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Therefore the following settings where applied in trial and error mode. 

1. Laser power 5 mW and a laser ablation spot separation distance of 90 µm,  

2. Laser power of 5 mW and a laser ablation spot separation distance of 60 µm,  

3. Laser power of 22.7 mW and a laser ablation spot separation distance of 60 µm  

4. Laser power of 11.65 mW and a separation distance of 25 µm. 

2.18.3.1 CONSTRICTION FABRICATED WITH A LASER POWER SETTING OF 

5 mW AND A SEPARATION DISTANCE BETWEEN THE LASER 

ABLATION SPOTS OF 90 µm. 

In this constriction, the laser power was set at 5 mW and the separation distance 

between the laser ablation spots was set at 90 µm. With these settings, the laser 

ablation spot size achieved was 31.68 µm. The width of the constriction as a result 

of this was 60.19 µm. These results can be seen in figure 71 and 72. At a power 

setting of 5 mW the YBCO thin film was substantially ablated as can be seen from 

the 3-D images in the figures without cutting into the substrate. The laser ablation 

spot size is measured in figure 71 in the AFM profile distribution curve between the 

black arrows. 

 

Figure 71 AFM image showing the laser ablation spot size is 31.68 µm. 

The constriction width can be observed in figure 72. The laser ablation spots are 

however poorly shaped with extensions making it slightly difficult to determine the 

constriction width. With the separation distance of 90 µm and a laser ablation spot 

of 31.68 µm the constriction width is too large, therefore, the laser ablation spots 

are brought closer in the next fabrication by changing the separation distance in the 

G-code. 
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Figure 72 AFM image of the constriction showing constriction width is 60.19 µm. 

 

2.18.3.2 CONSTRICTION FABRICATED WITH A LASER POWER SETTING 

OF 5 mW AND A SEPARATION DISTANCE BETWEEN THE LASER 

ABLATION SPOTS OF 60 µm. 

 

In this constriction, the separation distance between the laser ablation spots is 

changed from 90 µm to 60 µm in the G-code to bring the laser ablation spots closer 

together to achieve a narrower constriction and exhibit control in the program code. 

The constriction in this case is cut with a laser power setting of 5 mW. Therefore, 

the laser ablation spot size does not change by much from the constriction in the 

previous section and is 34.05 µm as can be seen in figure 73. With the separation 

distance reduced to 60 µm the constriction width reduces to 30.49 µm as can be 

seen in figure 74. 
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Figure 73 AFM image showing the laser ablation spot size is 34.05 µm. 

 

 

Figure 74 AFM image showing constriction width is 30.49 µm. 

 

The constriction length is determined to be 53.46 µm as can be seen in figure 75. 

This length is extremely large and may not be correct because the shape of the 

ablation spot is very poor as can be seen in figure 75. The laser ablation spot does 

not have a good spherical shape instead: it has an extension at the tip. 



111 
© University of South Africa October 2017 

 

Figure 75 AFM image showing the constriction length is 53.46 µm. 

2.18.3.3 CONSTRICTION FABRICATED WITH A LASER POWER SETTING OF 

22.7 mW AND A SEPARATION DISTANCE BETWEEN THE LASER 

ABLATION SPOTS OF 60 µm. 

 

In this constriction, the power was set at 22.7 mW and the laser ablation spots where 

separated by a distance of 60 µm. This power level exceeds the ablation threshold 

of YBCO thin film largely. With this power setting of 22.7 mW the laser cuts into the 

substrate material in this case LAO substrate. This is made evident by the fact that 

there are now two laser ablation fringes as can be seen in the topography line fit of 

figure 76. The one is a thick black central line, which represents the laser cutting 

into the substrate, and the outer fringe represents the section where the laser only 

ablates the YBCO material. Another point that can be made is that in this case the 

laser ablation spots where separated by a distance of 60 µm in the G-code while 

the laser ablation spots at this power setting have an ablation width of about 90 µm 

exceeding the separation distance. Hence, the ablation spots overlap each by a 

dimension of 28.51 µm as can be seen in figure 76. 
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Figure 76 AFM image of a constriction showing the overlapping width to be 28.51 µm. 

 

2.18.3.4 CONSTRICTION FABRICATED WITH A LASER POWER SETTING OF 

11.65 mW AND A SEPARATION DISTANCE BETWEEN LASER 

ABLATION SPOTS OF 25 µm. 

 For this constriction, the laser power was set at 11.65 mW and the separation 

distance between the laser ablation spots was set at 25 µm in the G-code program. 

At this power setting the laser ablation spot size increases to 62.96 µm. This can be 

seen in between the black arrows in the topography line fit of figure 77. Since the 

separation distance between the laser ablation spots of 25 µm is less than the laser 

ablation spot size of 62.96 µm. Then the laser ablation spots overlap each other this 

can be seen in figure 78. The width of the overlapping area is 38.41 µm. 

 

Figure 77 AFM image showing the laser ablation spot size of the constriction is 62.96 µm. 
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Figure 78 AFM image showing the overlapping area of the constriction to be 38.41 µm. 

 

2.18.4 ANALYSIS OF THE RESULTS 

  

A power setting of 22.7 mW is way above the ablation threshold of the YBCO 

material therefore it ablates the material, creates a large ablation spot size and cuts 

into the substrate. For our purposes, this power setting is too large.  

A power setting of 11.65 mW is still above the required ablation threshold of the 

YBCO thin film and etches slightly into the substrate. This power setting also 

produces a very large laser ablation spot size of about 62.96 µm and when 

combined with a separation distance of 25 µm the laser ablation spots overlap each 

other.  

The power setting of 5 mW is only slightly above the ablation threshold of the YBCO 

thin film. The laser ablation spot size produced by this power is 34.05 µm. When 

combined with a laser spot separation distance of 60 µm the laser ablation spots do 

not overlap each other and a constriction is formed.  For the purposes of our 

experiments to fabricate constrictions this power setting can be used.  
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However we still have to take into consideration that as the laser beam travels to 

the sample for cutting it passes through optical components along its path and after 

each component especially the beam collimation set up there are power losses. 

From the analysis of these experiments and the AFM images of the constrictions 

made it can be concluded that; 

When the laser ablation spots overlap then: 

𝑇ℎ𝑒 𝑜𝑣𝑒𝑟𝑙𝑎𝑝𝑝𝑖𝑛𝑔 𝑤𝑖𝑑𝑡ℎ = 𝑙𝑎𝑠𝑒𝑟 𝑎𝑏𝑙𝑎𝑡𝑖𝑜𝑛 𝑠𝑝𝑜𝑡 𝑠𝑖𝑧𝑒 −

𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑡ℎ𝑒 𝑙𝑎𝑠𝑒𝑟 𝑠𝑝𝑜𝑡𝑠 𝑠𝑒𝑡 𝑖𝑛 𝑝𝑟𝑜𝑔𝑎𝑚 𝑐𝑜𝑑𝑒                       (8) 

As extracted from section 2.18.3.4;  

62.96 µm – 25 µm = 37.96 µm.  

The overlapping width achieved in figure 78 from that section is actually 38.41 µm 

hence it agrees with equation (8). 

In the case where there is no overlapping and a constriction is formed as in the 

equation below; 

𝑡ℎ𝑒 𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑠𝑡𝑟𝑖𝑐𝑡𝑖𝑜𝑛 =

𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑜𝑑𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑙𝑎𝑠𝑒𝑟 𝑠𝑝𝑜𝑡𝑠 − 𝑙𝑎𝑠𝑒𝑟 𝑎𝑏𝑙𝑎𝑡𝑖𝑜𝑛 𝑠𝑝𝑜𝑡 𝑠𝑖𝑧𝑒               

As extracted from section 2.18.3.2; 

60 µm – 34.05 µm = 25.95 µm 

The width of the constriction achieved in figure 74 from that section is actually 30.49 

µm, hence it agrees with the equation. 
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CHAPTER 3 

LITHOGRAPHY PROCESS DEVELOPED FOR THE FABRICATION 

OF THE NOVEL S-SHAPED CONSTRICTIONS ON 𝒀𝑩𝒂𝟐𝑪𝒖𝟑𝑶𝟕−𝒙 

THIN FILMS. 

3.1 INTRODUCTION 

The initial constrictions fabricated had a poorly shaped laser ablation spot. With a 

poorly shaped laser ablation spot the main problem that can be encountered is 

having difficulty in determining the constriction width of a junction. The laser ablation 

spot having a poor shape was caused by two major reasons. The first reason was 

due to spherical aberration caused by the cylindrical lenses used for the beam 

collimation process and the second reason was due to the laser beam having 

imperfections originating from the laser source itself that is the laser lamp. This 

chapter focuses on the method used to improve the shape of the laser ablation spot 

and the lithography process used in the design of the S-shaped constrictions. 

3.2 LASER OPTICAL EXPERIMENTAL SETUP USED TO 

IMPROVE THE LASER ABLATION SPOT SHAPE. 

The block diagram of the optical experimental set up used to improve the laser 

ablation spot shape and to fabricate the constrictions with the femtosecond laser 

can be seen in figure 79. This optical experimental set up consists of the laser 

source (pump laser diode), the beam collimation set up already described before, 

reflective mirrors, iris or a manually adjustable aperture set at a diameter of 5000 

µm (5 mm), and a spherical convex lens of 45 mm focal length. 

Figure 79 shows that the power released from the laser source or lamp is 4.15 mW 

in this specific setting but the power reaching the convex lens or the sample would 

be about 2.7 mW. This is because each component introduced in the optical set up 

contributes to a loss of power. 

The power at each stage of the set up can be measured with a laser power meter 

(measures laser power in Watts). The wattmeter has a spherical receiving aperture 

on which the laser light must be incident on and the power is then measured on the 

power meter’s digital screen. An example of a typical laser power meter can be seen 

in figure 80. This specific power meter is based on a thermal power sensor. It 
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basically has a thermal sensor which when the laser light is incident on, measures 

the heat generated and then converts this heat into a proportional electrical power 

read in Watts. 

 

Figure 79 Block diagram of the overall laser optical experimental set up used to cut the 
constriction. 

 

Figure 80 Image of a Laser optical power meter based on a thermal power sensor. 
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3.2.1 IRIS DIAPHRAGM (MANUALLY ADJUSTABLE APERTURE)  

 

 

In order to improve the shape of the laser spot after the beam collimation process 

we need to remove certain unwanted sections of the laser specifically in the outer 

periphery of the laser beam spot. This means that only the central core of the laser 

beam spot would be allowed to pass through to the focusing optics. To achieve this, 

we used an iris diaphragm. The iris diaphragm consists of a manually adjustable 

aperture mounted on a height adjustable stand. The manually adjustable aperture 

can be opened or fully closed to control the amount of laser that passes through to 

the sample. The image of the iris diaphragm can be seen in figure 81. The manually 

adjustable aperture has a diameter that ranges from (0 µm to 10000 µm). This 

aperture was opened to a diameter of 5000 µm (5 mm) by using a digital calliper to 

set the diameter of the opening. With the aperture set at a diameter of 5 mm, it was 

utilised to reduce the waist diameter of the laser spot from 9.85 mm to 5 mm before 

focusing the laser beam spot with a spherical convex lens as can be seen in figure 

79. The aperture of the iris diaphragm is centred and aligned to the reflective mirrors 

and the centre of the laser source such that it removes the outer periphery of the 

laser beam coming from the source. It takes only the even central core of the laser 

beam and eliminates any unnecessary laser fringes that can be repeated in the 

outermost periphery making sure that the laser ablation spot becomes better 

shaped. The beam collimation process blows up the beam while the iris diaphragm 

allows only the central core to pass through with the highest beam intensity of the 

laser source. 
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Figure 81 Iris diaphragm with a manually adjustable aperture. 

3.3 CONSTRICTION FABRICATED ON YBCO THIN FILM WITH 

THE IRIS APERTURE SET AT A DIAMETER OF 5 mm. 
 

The laser power was set at 6.5 mW and the separation distance between the laser 

ablation spots was set at 41 µm in the G-code. This constriction was fabricated on 

LAO substrate material. The power was set at 6.5 mW in this case to take into 

consideration the power losses or drops across the optical components placed for 

the optimisation of the laser beam. The separation distance was reduced to 41 µm 

because at this point we are not sure with the iris diaphragm reducing the beam 

diameter what the focused ablation spot size would be. However, take into 

consideration that we are gradually narrowing the margin towards the perfect 

optimization of the laser ablation spot and the best possibly shaped constriction that 

can be achieved. 
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With the power set at 6.5 mW and the separation distance between the laser 

ablation spots set at 41 µm the following AFM images show the constriction 

fabricated and results achieved. 

The overlapping length of the constriction as can be seen in figure 82 is about 30 

µm if you include the length of the unwanted extension. This overlapping length is 

achieved by setting the separation distance between the laser ablation spots along 

the width of the sample to 3 µm in the G-code. If the separation distance between 

the laser ablation spots along the width of the sample was set to 5.0 µm in the G-

code, then you would get an overlapping length of about 28 µm. An equation for the 

overlapping length of the constriction will be introduced in later sections and it 

depends on the separation distance between the laser ablation spots along the 

width of the sample and the laser ablation spot size. 

 

 

Figure 82 Overlapping length of constriction 30 µm. 
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3.3.1 REASON FOR THE LASER SPOT HAVING AN UNWANTED 

EXTENSION.  

 

The laser ablation spot seems to have an unwanted extension as can be seen in 

figure 82. This is related to the laser focusing process after beam collimation and 

then searching for the smallest hole drilled. The cylindrical lenses used for the 

collimation process are not very perfect that is the dimensions of the lenses is about 

10 mm X 10 mm meaning that the laser beam waist which is 9.85 mm is very close 

or similar to the dimension of the cylindrical lenses used. Due to this fact each little 

lens comprising the whole lens refracts and converges the beam and then produces 

several images of the laser beam spot encircling each other or what we call 

“spherical aberrations”. As a result of this it will be advisable to choose a well-

rounded hole, not two drilled holes encircling each other such as in figure 83. If this 

is not done then you will have a laser spot with extensions, when the laser drills in 

the forward direction it may leave the odd shape but when it drills in the reverse 

direction the odd shape will be absent. Closing the aperture diameter of the iris 

diaphragm to 2550 µm (2.55 mm) can also help to reduce the size of the unwanted 

projection if not eliminate it. 

 

Figure 83 Poorly shaped focused laser ablation spot consisting of two laser ablation spots 
intertwined caused by spherical aberration of the laser light. 

The laser ablation spot size is measured in between the black arrows in the 

topography line fit as shown in figure 84 to be 33.26 µm.  
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Figure 84 AFM image of the constriction showing the laser ablation spot size is 33.26 µm. 

 

The laser power is set at 6.5 mW and the separation distance between the laser 

ablation spots along the length of the sample is 41 µm. Since the laser ablation spot 

size achieved is 33.26 µm as can be seen in figure 84. The constriction width 

achieved in this case is 7.7 µm as can be seen in figure 85 between the black arrows 

in the profile distribution curve of the topography line fit.  

This confirms the theory that if you separate the laser ablation spots as in this case 

by 41 µm in the G-code, when the laser ablation spot size is 33.26 µm you will 

expect a constriction width of about 7.7 µm. 
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Figure 85 AFM image of the constriction showing the constriction width to be 7.7 µm. 

3.4 FUTURE WORK TO IMPROVE CONSTRICTION SHAPE. 
 

To improve the shape of the constriction and completely remove the unwanted 

extension on the laser ablation spot, it was decided that the aperture diameter of 

the iris will be reduced from 5000 µm (5 mm) to 2200 µm (2.2 mm). This will force 

only the central core of the laser beam waist to pass through and eliminate all the 

unwanted extensions, on the laser ablation spot shape. 

The power has to be increased from between 15 - 20 mW whilst using the reduced 

aperture diameter of 2200 µm (2.2 mm) and then see if this power settings and 

aperture diameter would enable one to get a clean spot. 

The reason for increasing the power emanating from the source is because when 

the aperture of the iris diaphragm is reduced in diameter then the laser power 

incident on the sample after all the optical components reduces. Hence, to maintain 

say a laser power of 6.5 mW incident on the sample one has to apply about 15 mW 

from the laser source for 6.5 mW to reach the sample. Since each optical 

component absorbs some, laser power and reduces the power reaching the thin 

film. 
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KEYNOTE: 

The more optical components that are placed in between the sample and the laser 

source the smaller the power that will reach the sample. 

Secondly, power measurements will be done and the energy per pulse calculated 

after the iris diaphragm but before the focusing spherical convex lens. Hence based 

on the laser ablation spot size achieved and based on the circular area of the laser 

ablation spot, the energy density or the fluence of the laser incident on the sample 

can be calculated. 

3.5 CONSTRICTION FABRICATED ON YBCO THIN FILM WITH 

THE IRIS APERTURE REDUCED TO A DIAMETER OF 2.55 mm.  
 

This constriction at this point in the design process was still fabricated on the LAO 

substrates of the YBCO thin films. The iris diaphragm as described in the previous 

section is used to reduce the diameter of the laser ablation spot that is used for 

drilling the constriction. 

The lenses used for the beam collimation process are not perfect and as a result, 

they produce spherical aberrations of the laser ablation spot, which becomes larger 

and uneven. 

In order to eliminate the problems associated with spherical aberration the diameter 

of the iris aperture was varied. Initially the iris aperture is set to a diameter of 5 mm 

to enable the laser beam be focused more easily. This is because it is easier to 

detect the focus point of the laser ablation spot when the laser ablation spot is larger 

in diameter, since it is more visible under the microscope. During the focusing 

process of the laser, the Z-position where the laser beam spot is focused is 

recorded. Subsequently when cutting the constriction in order to reduce the laser 

ablation spot size, the iris aperture is first reduced to a diameter of 2.55 mm and 

then to 1.5 mm. For this particular constriction being described in this section, the 

iris aperture was set to a diameter of 2.55 mm. 

In this experimental set up there is the laser source, a beam collimation set up, 

reflective mirrors, the iris with a diameter set at 2.55 mm and spherical convex lens 

of focal length of 45 mm. The iris aperture diameter is reduced to reduce the size of 
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the laser ablation spot. By reducing the laser ablation spot size it would be possible 

to fabricate smaller constrictions.  

As can be seen in figure 79 when an input power of 4.15 mW is applied from the 

laser source the power reaching the thin film sample is only 2.7 mW. However, at 

later stages it would be shown that the power level of 2.7 mW is still much higher 

than the ablation threshold of the YBCO thin film. Hence, 2.7 mW is still sufficient to 

completely remove or ablate 200 nm of the YBCO thin film from the substrate 

completely. In this experiment, we applied a power of 4.9 mW from the source to 

fabricate the constriction. The power reaching the sample in this case would be 

slightly more than 2.7 mW 

With these settings, we fabricated a constriction with a constriction width of 1.989 

µm, a laser ablation spot size of 17 µm and a separation distance between the laser 

ablation spots of 17.8 µm as can be seen in figure 86. The laser ablation spot 

achieved has a good well-rounded spherical shape without any extensions. This 

was quite a good result for the beginning because a micron-sized constriction had 

been achieved. 

 

Figure 86 AFM image showing a constriction fabricated with a laser power setting of 4.9 mW, iris 
aperture diameter 2.55 mm, constriction width of 1.989 µm, separation distance between the laser 

ablation spots of approx. 17.8 µm. 
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3.6 LITHOGRAPHY PROCESS AND G-CODE PROGRAM USED 

TO CONTROL THE MOVEMENT OF THE TRANSLATION 

STAGE IN THE DESIGN OF THE NOVEL S-SHAPED 

CONSTRICTIONS. 
 

A Simple G-code program was written to control the movement of the translation 

stage during the fabrication and design of the novel S-shaped constrictions. The 

translation stage moves in 3-dimensions holding the sample whilst the laser cuts 

the designed S-shaped constrictions. The S-shaped constriction just as the name 

implies is shaped like the letter “S” as can be seen in figure 87. In the S-shaped 

constriction design, we have the advantage of being able to control both the width 

and length of the constriction during fabrication. In the normal type of constriction 

seen in figure 88 only the width of the constriction can be controlled by bringing the 

ablation spots closer but the length of the constriction is restricted to the laser 

ablation spot size. 

 

Figure 87 Design of the S-shaped constriction, Laser movement, Short movement factor (S.M.F), 
Long movement factor (L.M.F), Length Factor (L.F), the ablation strip lines, Length cons 

(constriction) and Width cons (constriction). 
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Figure 88 Normal constriction type, Length cons (constriction) and Width cons (constriction). 

3.6.1  LITHOGRAPHY DESIGN OF THE S-SHAPED CONSTRICTION. 

 

In the S-shape constriction, by bringing the laser ablation spots closer along the 

length of the sample it’s possible to easily regulate the width of the bridge and by 

separating the laser spots along the width of the sample it’s possible to regulate the 

overlapping length of the bridge as shown in figure 87. 

 The G-code program consists of a section to etch out the ablation strip lines and a 

second section to fabricate the S-shaped constriction. The ablation strip lines are 

used to separate one constriction from another electrically.  

They are formed by moving the laser vertically up and down 5 mm along the length 

of the YBCO thin film as shown in figure 87. The horizontal spacing between the 

vertical lines is about 5 µm such that an ablation strip line width of 0.5 mm is formed 

to separate one constriction from another. The vertical up and down movement of 

the laser is repeated in a loop in the G-code.  
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The laser is then moved vertically down the length of the sample according to the 

short movement factor length (SMF). Horizontally into the sample at a 

predetermined position along the length and then moved out again. Then it is moved 

down along the length of the sample according to the long movement factor length 

(LMF), across the width of the sample (1 mm) to the other side. Then up to a 

predetermined position along the length of the sample again according to the (SMF), 

horizontally into the sample, back out and then back to the top along the length 

again according to the (LMF) to begin another strip line. The ablation strip lines can 

be seen in figure 89 beneath the cantilever head of the AFM (atomic force 

microscope). 

 

Figure 89 S-shaped constriction and ablation-strip lines captured beneath the cantilever tip of an 
AFM. 

To determine the initial position along the length at which point the laser is moved 

into the sample a certain factor is calculated. Division of the length (5 mm) of the 

sample by this factor will produce a short movement and the factor is called SMF. 

Division of the length (5 mm) by the second factor will produce a long movement 

and the factor is called the LMF. As can be seen in figure 87 both these factors 

determine the separation between the laser ablation spots and hence the width of 

the constriction. 
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The formula for the short movement factor (SMF) can be seen in equation (1): 

2 ∗
𝑙

𝑙−𝑆𝑤
                       (1) 

Where 𝑙, is the length of the square sample (5 mm), 𝑆𝑤 is the separation distance 

between the laser ablation spots along the length of the sample to determine the 

width of the bridge. The formula for the long movement factor (LMF) can be seen in 

equation (2): 

2 ∗
𝑙

𝑙+𝑆𝑤
             (2) 

Finally to determine the overlapping length of the laser spots and hence the length 

of the bridge a factor is calculated such that division of the width of the sample by 

this factor enables one to know how far to move the laser into the sample.  

The formula for calculating the Length factor (LF) can be seen in equation (3): 

    
2𝑤

𝑤−𝑆𝐿
             (3) 

Where 𝑤 is the width of the sample (1 mm) and 𝑆𝐿 is the separation distance 

between the laser ablation spots along the width of the sample to determine the 

length of the constriction. The short movement factor, long movement factor and 

the length factor can all be seen in figure 87. 

Theoretically, the width of a constriction should be given by equation (4) although 

there are many limitations to this; 

𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 𝑐𝑜𝑛𝑠𝑡𝑟𝑖𝑐𝑡𝑖𝑜𝑛 =  𝑆𝑊 − 𝑙𝑎𝑠𝑒𝑟 𝑎𝑏𝑙𝑎𝑡𝑖𝑜𝑛 𝑤𝑖𝑑𝑡ℎ           (4) 

The overlapping length of the constriction is given by equation (5);  

𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑐𝑜𝑛𝑠𝑡𝑟𝑖𝑐𝑡𝑖𝑜𝑛 =  |𝑆𝐿 − 𝑙𝑎𝑠𝑒𝑟 𝑎𝑏𝑙𝑎𝑡𝑖𝑜𝑛 𝑤𝑖𝑑𝑡ℎ|           (5) 

The laser feed rate is 20 mm/min or 333 µms-1.  The feed rate is essentially the 

speed with which the translation stage is moved. It can also be defined as how fast 

the laser is moved in and out of the sample. The feed-rate can be varied depending 

on the need, using the interface software to control the movement of the translation 

stage. Generally, the slower the feed rate the higher the ablation depth. 
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The feed rate chosen is essentially quite fast 333 µms-1 because it enables the laser 

to move in and out of the sample fast. However, this feed rate speed can still be 

increased via software to 30 mm/min or 500 µms-1. The reason for choosing such 

fast feed rates is to make it possible not to thermally alter the superconductive 

material during ablation by reducing the time the sample is exposed to the laser. Of 

course, with a fast feed rate the ablation depth will be reduced.  However, this can 

be supplemented by increasing the incident power on the sample. 

3.7 MOVEMENT OF THE TRANSLATION STAGE IN THE X,Y,Z 

CO- ORDINATES. 

The X, Y, Z directions are needed to facilitate the process of writing the G-code 

program when moving the translation stage to cut the constriction. The reason for 

this is because most of the commands in the G-code are commands that give 

direction to the translation stage to move to a certain geometric position and by so 

doing cut a certain geometric pattern. Therefore, the geometric axis of the X, Y, Z 

co-ordinates must be very well known. The movements in the G-code for the 

positive and negative directions of each axis can be seen in figure 90. 

 

Figure 90 X, Y, Z directions for the movement of the translation stage and hence the relative 
movement of the laser. 

If one looks at the ellipse shape above as the laser ablation spot or the directions in 

which the translation stage moves. Then to the right of the ellipse will be the –Y 

direction, to the left positive Y direction, on the XY plane moving up will be +X 

direction, moving down will be –X and also moving +Z will mean going up in the Z 

plane and moving down will –Z direction. These directions where very helpful in 

writing the program code in the G-code to cut (fabricate) the thin film. 
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3.8  G-CODE PROGRAMMING LANGUAGE USED TO MOVE THE 

TRANSLATION STAGE WHILST CUTTING THE CONSTRICTIONS 

G-code (also known as RS-274), which has many variants, is the common name for 

the most widely used numerical control (NC) programming language. It is used 

mainly in computer-aided manufacturing for controlling automated machine tools. 

G-code is sometimes called G programming language. 

In fundamental terms, G-code is a language in which people tell computerized 

machine tools how to make something. The how is defined by instructions on where 

to move, how fast to move, and through what path to move. The most common 

situation is that, within a machine tool, a cutting tool is moved according to these 

instructions through a toolpath, cutting away excess material to leave only the 

finished work piece. The same concept also extends to noncutting tools such as 

forming or burnishing tools, photo plotting, additive methods, and measuring 

instruments. 

In the case of this PhD work, the translation stage that holds the sample, operates 

with a control interface or was sold with a control interface that can be manually 

used to move the translation stage and at the same time can be used to operate the 

translation stage through code written in the G-programming language. 

The G-programming language was used to move the translation stage during the 

laser cutting process of the fabrication of the constrictions. The G-code program 

syntax was written in NOTEPAD document and saved to be uploaded into the 

computer interface and then used to “RUN” the translation stage to fabricate the 

constrictions. Below is the G-code programming language used to cut the 

constrictions. The translation stage moves and the laser is held in a fixed position 

over the sample that is held on the moving translation stage. 

3.8.1 ACTUAL G-CODE PROGRAM FOR CUTTING THE S-SHAPED 

CONSTRICTIONS. 

 

The actual G-code program for cutting the S-shaped constrictions can be found in 

in the section called: Appendix  

http://en.wikipedia.org/wiki/Numerical_control
http://en.wikipedia.org/wiki/Programming_language
http://en.wikipedia.org/wiki/Computer-aided_manufacturing
http://en.wikipedia.org/wiki/Machine_tool
http://en.wikipedia.org/wiki/Machine_tool
http://en.wikipedia.org/wiki/Cutting_tool_(machining)
http://en.wikipedia.org/wiki/Gerber_format
http://en.wikipedia.org/wiki/3D_printing
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3.9 EXPLAINING THE G-CODE PROGRAM USED AND THE 

ALGORTIHM FOR THE DESIGN OF THE NOVEL S-SHAPED 

CONSTRICTIONS. 

 Data variables are defined such as the initial X, Y, Z co-ordinates, the Z-

focus, feed rate, length of the sample film, width of the sample, the number 

of times the repetition loop for ablation of the strip lines is done (nrepsablation 

= 10), and the number of times the repetition loop for cutting the constriction 

is set (nrepsconstriction = 6). 

 In addition, the METRIC units are set to be in mm. 

 The thin film sample is 10 X 10 mm, the ablation strip line on the right side of 

a constriction is programmed such that it is 0.5 mm wide, 5 mm long and the 

constriction itself is 1 mm wide, and 5 mm long. 

 The ablation strip line (0.5 mm wide) plus the constriction (1 mm wide) is 

repeated 6 times in a loop thus occupying a space 9 mm wide and 5 mm long 

and creating 6 constrictions (nrepsconstriction = 6) on the lower half of the 

thin film. 

 The laser then moves to the top of the sample and repeats the process 

creating another 6 constrictions on top of the sample. 

 In fabricating the ablation strip line on the right side of the constriction, the 

laser is moved up and down vertically 5 mm and horizontally 1 mm/200 giving 

5 µm sized horizontal movements.  

 During ablation, the horizontal movements are 5 µm wide and there are 10 

such statements making 50 µm wide horizontal movements. Then the 

statements are in an ablation loop that is repeated 10 times (nrepsablation) 

giving 500 µm or 0.5 mm wide ablation strip line. 

 The ablation loop is in another loop for creating the constriction 

(nrepsconstriction) and this is repeated 6 times. So overall this will create 6 

constrictions with 6 ablation strips lines. 

 Before moving to the top of the sample to create another 6 constrictions. 

 During the creation of a constriction, there is a short movement along the 

length of the sample (5 mm), this short movement is obtained or calculated 

by dividing the length (5 mm) by the short movement factor (S.M.F); 
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The short movement factor is equal to 2 ∗
𝑙

𝑙−𝑆𝑤
  

Where 𝑙 is the length of the sample, and 𝑆𝑤 is the separation distance 

between the laser ablation spots along the length to determine the 

width of the bridge. 

 After the short movement the laser is moved in and out of the sample along 

the width (1mm) and this movement amount, in and out is calculated by 

dividing the width of the constriction (1mm) by the Length factor (L.F.); 

The length factor is equal to 
2𝑤

𝑤−𝑆𝐿
  

Where 𝑤 is the width of the sample and equal to 1 mm and 𝑆𝐿 is the 

separation distance between the laser ablation spots along the width 

of the sample and will determine the overlapping length of the 

constriction. 

 Subsequently the laser is moved down along the length of the sample (5 mm) 

by a long movement calculated by dividing the length (5 mm) by the long 

movement factor (L.M.F); 

The long movement factor equal to 2 ∗
𝑙

𝑙+𝑆𝑤
. 

Where 𝑙 is length of the sample (5 mm) and 𝑆𝑤 is the separation 

distance between the laser ablation spots along the length of the 

sample that determines the width of the bridge. 

 The laser is then moved across the width of the sample (1 mm).  

 It is then moved up the sample by an amount equal to the short movement 

factor.  

 Again, the laser is moved in and out of the sample by an amount equal to the 

length factor and then back up to the top to complete the constriction by an 

amount equal to the long movement factor. 

 All references all definitions made in this section can be viewed in figure 87 

above. 
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3.10 ENERGY DENSITY OF THE LASER AND DETERMINING 

THE PEAK LASER FLUENCE ABLATION THRESHOLD FOR 

YBCO THIN FILM. 
 

Every material has an ablation threshold and a melting threshold. The ablation 

threshold is the minimum amount of power, energy density or the minimum fluence 

of the laser that needs to be applied to that specific material for you to just begin 

removing or cutting the material or taking the material away (ablating). Below that 

minimum laser fluence, ablation does not begin. Therefore, that minimum fluence 

required to begin taking the material away is called the laser fluence ablation 

threshold. For a specific material in this case YBCO the laser fluence ablation 

threshold should always be the same irrespective of the laser used. So in this 

particular case we are using the femtosecond laser but we want to find out the 

minimum amount of power or energy density of the femtosecond laser we need to 

apply to the YBCO to just begin cutting the material (ablation). This is done such 

that anyone who wants to cut or ablate YBCO with the femtosecond laser will know 

the minimum amount of power effluent from the femtosecond laser they would need 

to apply to just start ablating the sample (YBCO). First, the material melts and then 

it is taken away. Therefore, the melting threshold is below the ablation threshold. All 

the equations below show the systematic method for deriving the formula for the 

peak laser fluence. Having derived the formula for the peak laser fluence another 

method observed from the paper in [1] is used to determine the peak laser fluence 

ablation threshold for the YBCO thin film.   

The formula for energy density is given in equation (6); 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝐸𝑛𝑒𝑟𝑔𝑦

𝐴𝑟𝑒𝑎
=  

𝐽

𝑐𝑚2
              (6) 

The formula for the area of a circle is given in equation (7); 

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑎 𝑐𝑖𝑟𝑐𝑙𝑒 = 𝐴 =  
(𝜋)𝑑2

4
            (7) 

Where 𝑑 is the diameter of a circle assuming that the perfect Gaussian laser ablation 

spot is circular in shape. 
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The formula for the energy per pulse of the laser is given in equation (8); 

𝐸𝑝𝑢𝑙𝑠𝑒  =  
𝑝𝑜𝑤𝑒𝑟

𝑓𝑟𝑒𝑞
=  

𝑃

𝑓𝑟𝑒𝑞
               (8) 

Where 𝐸𝑝𝑢𝑙𝑠𝑒 is the energy per pulse of the laser, 𝑃 is the laser power and 𝑓𝑟𝑒𝑞. is 

the frequency of the laser or the pulse repetition rate, these can both be set on the 

laser console interface. 

The energy density formula is obtained by substituting equation (7) and (8) into 

Equation (6). Following this you get equation (9) as can be seen below; 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑠𝑛𝑖𝑡𝑦 (𝑢𝑠𝑖𝑛𝑔 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑎𝑏𝑙𝑎𝑡𝑖𝑜𝑛 𝑠𝑝𝑜𝑡) =
4𝑃

𝑓𝑟𝑒𝑞∗(𝜋)∗𝑑2         (9) 

The diameter of a circle 𝑑 = 2𝑟 is given in Equation (10); 

𝑑2 = 4𝑟2            (10) 

Substituting equation (10) into equation (9) gives you equation (11) below which 

represents the average energy density formula; 

The average energy density formula (using the ablation spot radius) is given by 

equation (11); 

𝑃

𝑓𝑟𝑒𝑞∗𝜋∗𝑟2
            (11) 

The peak energy density or the peak laser fluence is then given by the formula in 

equation (12); 

                𝑇ℎ𝑒 𝑝𝑒𝑎𝑘 𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = 𝑝𝑒𝑎𝑘 𝑙𝑎𝑠𝑒𝑟 𝑓𝑙𝑢𝑒𝑛𝑐𝑒 =  
2∗𝑃

𝑓𝑟𝑒𝑞∗𝜋∗𝑟2        (12) 

The energy density of a laser is also referred to as the laser fluence. 
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3.10.1  FINDING THE PEAK LASER FLUENCE ABLATION THRESHOLD OF 

THE YBCO THIN FILM. 

3.10.1.1 USING THE DIAMETER OF THE LASER ABLATION SPOT METHOD. 

  

The incident peak laser fluence in front of the sample which is the peak energy 

density of the laser incident on the sample is calculated by using the following 

formula in equation (13) [1]; 

𝐹0 =
2𝑃𝐴𝑉𝐺

𝑟𝑒𝑝.𝑟𝑎𝑡𝑒∗𝜋∗𝑤0
2                        (13) 

Where 𝑃𝐴𝑉𝐺 is the average power effluent from the laser source that eventually 

reaches the sample after all the optical laser beam shaping components, 𝑟𝑒𝑝. 𝑟𝑎𝑡𝑒 

is the frequency of the laser pulse or the pulse repetition rate, and 𝑤0 is the radius 

of the measured laser ablation spot used to cut the constriction on the YBCO thin 

film. 

The diameter of the ablation spots as seen in figure 91 was measured by scanning 

using the cantilever tip of the Atomic Force Microscope (AFM). The scanning was 

done at 90° to the laser ablation spots, such that the transverse line fit on the 

topography plot gives you the diameter of the laser ablation spot, which is about 

28.51 µm (28.51 x 10−4𝑐𝑚) in this case. 

 

Figure 91 AFM image scan of a laser ablation tunnel created during the fabrication of a 
constriction, laser power 2.7 mW, and laser ablation spot diameter 28.51 µm, constriction width 

2.376 µm, length approx. 9 µm. 
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Equation (13) above was then used to calculate the peak laser fluence for each 

power setting applied to the sample by substituting the measured ablation beam 

waist radius 𝑤0 for each case tunnel in centimeters into equation (13). Table 2 was 

extracted by repeating the exercise for several cuts. 

Table 2 Finding the Peak laser fluence ablation threshld of YBCO thin film (𝑭𝒕𝒉, 𝒅𝒊𝒂) using the 

laser ablation spot diameter method. 

 

Assuming a spatially gaussian shape of the laser beam profile, the peak laser 

fluence ablation threshold 𝐹𝑡ℎ is obtained by plotting the associated square of the 

laser beam ablation diameter (𝐷2) versus the peak laser fluence  𝐹0 in figure 92. 

In Matlab software, the curve is extrapolated to intersect the X-axis. The peak laser 

fluence ablation threshold 𝐹𝑡ℎ  value for YBCO of 0.824J/𝑐𝑚2 is obtained  as the 

squared diameter of the laser ablation spot tends to zero (𝐷2 ≫ 0) 



138 
© University of South Africa October 2017 

 

Figure 92 A semi-logarithmic plot of the squared ablation diameter 𝐃𝟐 versus the peak laser 

fluence 𝐅𝟎 for YBCO on LAO substrate (red line is for the spline interpolation technique of curve 
fitting and the blue squares represents data points from Table 2, the peak laser fluence ablation 

threshold from the graph is approximately 0.824J/cm2 with (𝐅𝐭𝐡, 𝐝𝐢𝐚) method. 

3.10.1.2 CRATER TOPOGRAPHY METHOD TO FIND THE PEAK LASER 

FLUENCE ABLATION THRESHOLD FOR VERIFICATION OF THE 

THRESHOLD VALUE. 

 

To verify the results obtained above for the peak laser fluence ablation threshold of 

YBCO, the crater topography method is used. During ablation, a crater is formed 

with a certain depth profile that can be observed using the (AFM). 

The topography line fit obtained with the AFM shows the maximum crater depth to 

be 146.2 nm in figure 93 for an incident power of 4.22 mW. This method is repeated 

for a series of laser cut craters with varying laser power. The AFM is used to scan 

the craters to determine the crater depths and extract table 3. 
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Figure 93 AFM image of a laser ablation spot tunnel created during the fabrication of a constriction, 
incident power 4.22 mW and maximum crater depth 146.2 nm. 

 

Table 3 Finding the Peak laser fluence ablation threshld of YBCO thin film (𝑭𝒕𝒉, 𝒅𝒊𝒂) using the 

laser ablation spot diameter method. 
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The maximum laser ablation crater depth (𝑑𝑚𝑎𝑥) is then plotted versus the peak laser 

fluence as can be seen in figure 94. The curve is extrapolated in Matlab such that it 

intersects with the X-axis. The peak laser fluence ablation threshold for YBCO is then 

obtained at the point where the maximum crater depth tends to zero (𝑑𝑚𝑎𝑥»0). 

 

Figure 94 A semi-logarithmic plot of maximum depth of the ablation craters 𝐝𝐦𝐚𝐱 versus the incident peak 

laser fluence 𝐅𝟎 for YBCO (red line for the spline fit and blue squares for the values from the Table 3, 

peak laser ablation threshold at x-intercept approximately 0.74 J/cm2 with (𝐅𝐭𝐡, 𝐝𝐞𝐩) method. 

The value for the peak laser fluence ablation threshold obtained from the crater depths 

method ( 𝐹𝑡ℎ.𝑑𝑒𝑝) is in close approximation with the value obtained from the diameters of 

the laser ablation spot method (𝐹𝑡ℎ,𝑑𝑖𝑎) namely (0.74J/𝑐𝑚2, 0.824J/𝑐𝑚2) respectively. 

There is however, a slight difference, which could be attributed to the fact that the number 

of points used for extrapolation should actually be more to get a precise measurement. 
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By using Table 3-1 above it is possible to plot the squared laser ablation diameter versus 

the incident power applied unto the sample. We then extrapolate the graph to the point 

where ( 𝐷2»0 ). This is done by using the spline extrapolation technique in matlab. At the 

X-intercept on the graph, one can see that the power ablation threshold for the YBCO thin 

film is about 0.6 mW. This means that below this incident power (0.6 mW) there will be 

no ablation on YBCO thin film with the laser as can be seen in figure 95. 

 

 

Figure 95 Squared laser ablation diameter Vs Laser power (Laser power Threshold of YBCO thin film). 
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3.11 IMPROVEMENTS IN THE OPTICAL EXPERIMENTAL SET UP AND 

CONSTRICTIONS MADE WITH NEW SET UP. 

3.11.1 THE NEW OPTICAL EXPERIMENTAL SET UP. 

 

A new optical experimental set up was introduced to attempt in making further reductions 

in the diameter of the laser ablation spot size used for drilling. The reason for the 

continuous need to optimize or reduce the laser ablation spot size to a minimum is 

because the smaller the laser ablation spot size the smaller the width and length of the 

constriction that can be fabricated. In order to further reduce the laser ablation spot size, 

the following additions were made to the optical set up;  

1. The spherical convex lens of focal length 45 mm that was used at the end of the optical 

set up as the focusing optics was changed to an objective Plano convex lens with a 

numerical aperture of NA 0.25 and X 10 magnification as seen in figure 96 and table 

4. The objective Plano convex lens is the same as that in a microscope. It has a much 

higher focusing power than a conventional spherical convex lens. Hence, it 

immediately reduces the laser ablation spot size even further. 

2. The second major addition is that the cylindrical lenses used for beam collimation were 

changed from ones with an aperture diameter of (10 mm X 10 mm) and focal lengths 

of (-12.5 mm and 25 mm respectively) to ones with an aperture diameter of (25 mm X 

25 mm) and focal lengths of (-50 mm and 100 mm respectively). 

The change in the aperture diameter of the cylindrical lenses used for beam collimation 

helps to reduce spherical aberration and hence reduce the diameter of the laser ablation 

spot even further. The spherical aberration occurs because the laser beam waist is 9.85 

mm. This is very close to the edges of the initial cylindrical lenses used, whose aperture 

diameter is 10 mm X 10 mm. Therefore, in the smaller aperture cylindrical lenses, each 

small lens refracts and converges the laser beam producing many small spherical spots 

or images of the laser spot that overlap each other, forming one big focused laser spot. 

On the other hand, with the larger aperture cylindrical lenses of 25 mm X 25 mm, the 

laser beam waist which is 9.85 mm is far off from the edges of the cylindrical lenses.  
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Hence it’s only a few of the lenses in the central part of the overall cylindrical lens that 

refract and converge the laser beam, thereby, producing only a few images of the laser 

beam spot that overlap each other, hence forming a smaller laser ablation spot. Some 

minor changes made in the optical set up include; 

1. The first iris diaphragm in the new set up is placed just after the beam collimation 

lenses. The aperture diameter is  adjusted to 9.85 mm as can be seen in figure 96. 

This aperture diameter is close to the diameter of the laser beam waist that is 

immediately eminent from the laser source. This iris diaphragm removes the uneven 

and unwanted parts of the laser beam in the outer periphery.  

2. A second iris diaphragm is introduced after a set of reflection mirrors placed after the 

first iris diaphragm as can be seen in figure 96. The aperture diameter of the second 

iris diaphragm is reduced from 2.55 mm to 1.5 mm to allow only the central core of the 

laser beam to pass through. This also reduces the laser ablation spot size after 

focusing the laser beam and totally excludes any unwanted extensions in the laser 

ablation spot. 

At this point after all the improvements in the optical set up where completed the 

constrictions where now fabricated on the YBCO thin films based on the MgO substrates. 

 

Figure 96 Overall optical experimental set up used to optimize the laser ablation spot. 
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Table 4 Objective Plano convex lenses with different parameters or specifications. 

 

3.11.2 KEYNOTE AREA: 

Because of the optical components between the laser source and the YBCO thin film 

being machined, power is lost as the laser beam passes through these optical 

components. Optical components such as the beam collimation set up, the reflective 

mirrors, the first iris diaphragm and the second iris diaphragm. When the second iris is 

set to an aperture diameter of 1.5 mm, then for the incident laser beam reaching the 

sample to have a power of 1.876 mW, then the power effluent from the laser source has 

to be set to approximately 25.27 mW. As the laser beam passes through the optical 

components it loses some of its power and eventually the power reaching the sample with 

this set up is only about 1.876 mW. This power level of 1.876 mW is just optimum to 

remove the top 200 nm layer of YBCO thin film in areas applied and leave behind the 

substrate only. 

Again, the laser power is measured with a laser power wattmeter at each point along the 

optical set up. However, the laser power wattmeter is positioned just before the objective 

plano convex lens and after the second iris diaphragm when measuring the laser power 

that is incident on the sample. It cannot be placed after the focusing optical lens because 

the focus point can damage the laser power wattmeter because of the focusing power of 

the objective lens and the small size of the focused spot (AREA). In order to measure the 

laser power emanating from the laser source the laser power wattmeter is placed just 

before the beam collimation set up. 
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3.11.3 AFM IMAGES OF THE CONSTRICTIONS FABRICATED WITH THE NEW 

AND IMPROVED OPTICAL SETUP. 

 

The first constriction was fabricated using the following equipment in the optical set up 

namely; the objective Plano convex lens, the first iris diaphragm was set to an aperture 

diameter of 9.85 mm, the second iris diaphragm was set to an aperture diameter of 1.5 

mm, and cylindrical lenses with an aperture diameter of 10 mm X 10 mm.  

By using the objective Plano convex lens the laser ablation spot size reduced from 17.0 

µm to 10.47 µm this can be seen in figure 97. The focus position for the objective Plano 

convex lens is much closer to the lens itself along the Z-axis as compared to the other 

conventional spherical convex lenses; this is because the objective lens has a much 

higher focusing power. The constriction shown in figure 97 was fabricated and imaged 

with the following settings; laser power level 1.728 mW, objective Plano convex lens of 

numerical aperture 0.25, second iris diaphragm set at an aperture diameter of 1.5 mm, 

separation distance between the laser ablation spots (𝑆𝑊) is 13.8 µm and the AFM image 

scan area is 40 µm X 40 µm. The result of the fabrication is that the laser ablation diameter 

seen in figure 97 is 10.47 µm, measured between the black arrows in the topography line 

fit. 

 

Figure 97 AFM image of constriction showing the laser ablation spot size is 10.47 µm. 
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The constriction width is determined by using the amplitude line fit of the AFM image in 

figure 98. The constriction width measured between the black arrows in figure 98 is 

determined to be 2.59 µm, which is a micron-sized constriction. 

 

Figure 98 AFM image of the constriction made showing the constriction width achieved is 2.59 µm. 

3.11.3.1 PROBLEM ENCOUNTERED 

The main problem that occurred in this set up was that the objective Plano convex lens 

was damaged in the centre by the power of the laser beam during the process of finding 

the focus point of the lens before cutting. When finding the focus point of the lens the 

laser ablation spots have to be large enough to be easily seen during the focusing 

process. Therefore, you need to begin by using a laser power setting of about 150 mW. 

However, with this laser power setting the objective lens can be easily burnt in the centre 

during the focusing process. This is because of the objective lens high propensity to 

converge the laser beam. Therefore, one has to work with a laser power less than 150 

mW during the focusing process with these lenses and later on reduce the power during 

fabrication to the desired level. With a power level of 150 mW the lens got burnt and 

subsequently “smoked” the sample during fabrication. Hence, further constrictions 

fabricated with these lenses would look blurred or show noise in the AFM image. 
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3.11.3.2 CYLINDRICAL BEAM COLLIMATION LENSES CHANGED TO 

APERTURE DIAMETER 25 mm X 25 mm. 

 

The constrictions fabricated from this point onwards where made by using the cylindrical 

lenses with an aperture diameter of 25 mm X 25 mm and focal lengths of - 50 and + 100 

mm respectively. The cylindrical lenses where aligned as seen in figure 99 and 100 in 

order to collimate the laser beam. 

 

Figure 99 Cylindrical concave lenses of focal length of (-50 mm ) and Cylindrical convex lens with a focal 
length of (100 mm) aligned to collimate the laser beam. 
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Figure 100 3-D view of the cylindrical diverging lenses of focal length (-50 mm) and the cylindrical convex 
lenses of focal length (100 mm). 

The cylindrical convex lens of focal length 25 mm and the cylindrical concave lens of -

12.5 mm where replaced by a cylindrical convex lens of 100 mm and cylindrical diverging 

lens of - 50 mm. These lenses have a larger aperture diameter 25 mm X 25 mm, a bit 

slimmer and better made. The larger aperture diameter (25 mm X 25 mm) helps prevent 

spherical aberration and reduces the size of the laser ablation spot produced even further. 

3.11.4 RESULTS OF USING THE COMBINATION OF THE LARGER APERTURE 

DIAMETER CYLINDRICAL LENSES AND THE OBJECTIVE LENS. 

3.11.4.1 AFM IMAGES OF THE CONSTRICTIONS MADE WITH THE LARGER 

APERTURE CYLINDRICAL LENSES. 

 

The constrictions fabricated with the larger aperture diameter cylindrical lenses where cut 

with the following laser settings. Laser power 2.104 mW, with an objective lens whose 

numerical aperture is 0.25, the second iris diaphragm is set to an aperture of 1.5 mm, 

AFM scan area 40 µm X 40 µm and the separation distance between the laser ablation 

spots is 8.0 µm.  
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Increasing the apertures of the cylindrical lenses used for beam collimation and 

combining these lenses with the objective Plano convex lens reduced the diameter of the 

laser ablation spot even further. The laser ablation diameter reduced from 10.47 µm to 

7.344 µm seen in figure 101. The measurement is taken between the black arrows in the 

topography line fit. Because of the reduced laser ablation spot diameter the separation 

distance between the laser ablation spots (𝑆𝑊) is also reduced to 8.0 µm. 

 

Figure 101 AFM image of the resulting constriction showing the laser ablation spot diameter of 7.344 µm. 

The AFM image in figure 102 shows the width of the constriction is 1.8 µm in the micron 

range. The width is measured between the black arrows in the amplitude line fit. The 

images look a little blurred or like they have noise in them. The reason for this is that the 

objective Plano convex lens used to fabricate the constriction was burnt by the laser 

power of (150 - 200 mW) during focusing of the laser beam. As a result, the sample is 

smoked during fabrication; hence, the cutting is not very clear or defined. 
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Figure 102 AFM image of the constriction showing the constriction width is 1.82 µm. 

The AFM image in figure 103 shows that the constriction length is 6.89 µm. This was 

achieved by separating the laser ablation spots along the width of the sample by a 

separation distance of 5 µm. Hence, just as the laser ablation diameter reduces in size 

with the objective Plano convex lens so also the overlapping length of the constriction 

reduces. 

 

Figure 103 AFM image showing the length of the constriction is 6.89 µm. 
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The laser ablation diameter of the constriction in figure 101 is 7.344 µm. With a separation 

distance between the laser ablation spots (𝑆𝑊) of 8 µm one was supposed to achieve a 

constriction with of about 0.7 µm (sub-micron) but instead in practice this is not achieved 

and we achieved a constriction width of 1.8 µm. 

The objective Plano convex lens enabled the laser beam to be focused to a smaller laser 

ablation spot size of 7.344 µm. However, the sample was “smoked” because the lens was 

initially burnt or damaged by a high power laser application (150 - 200 mW) and as a 

result, the lens could no longer be used to fabricate smaller sub-micron and Nano sized 

junctions.  
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CHAPTER 4 

MICRON, SUB-MICRON AND NANO SIZED CONSTRICTIONS  
 

4.1 INTRODUCTION 

 A series of constrictions where fabricated utilizing all the optical technology, optimization 

techniques and programming tools described in previous chapters and using all the 

specifications and settings described in previous chapters. In order to measure the 

dimensions of the constrictions fabricated the AFM (Atomic force microscope) was utilised 

to get the exact measurements of the dimensions of these constrictions. The AFM scans 

where initially done using the prototype cantilever tips on the AFM in the tapping mode. 

Later when better images where required and the process of imaging was established 

then the AFM Scans where done with a type DT-NCHR diamond cantilever tips. 

4.2 REPLACING THE OBJECTIVE PLANO CONVEX LENS (NA 0.25) 

WITH A SPHERICAL CONVEX LENS OF FOCAL LENGTH (30 mm).  
 

It became necessary to replace the objective Plano convex lens because the objective 

Plano convex lens of NA 0.25 was “burnt” or damaged in the centre and could no longer 

produce clear cut constrictions. The way in which the objective lens was damaged is 

described in the previous section. By changing from the objective Plano, convex lens to 

a spherical convex lens of focal length 30 mm the laser ablation diameter increased in 

size. The reason for this is that the objective lens focuses the laser beam more and 

produces a much smaller laser ablation spot diameter. The spherical convex lens 30 mm 

focal length produces a laser ablation spot size diameter smaller than that of the spherical 

convex lens 45mm focal length but it produces a bigger laser ablation spot size than that 

of the objective Plano convex lens (NA 0.25). 

To be precise with an objective lens numerical aperture 0.25, X10 magnification, the laser 

ablation spot size diameter achieved with a power of 2.1 mW was about 7.3 µm. The 

spherical convex lens of focal length 45 mm with a power setting of 4.9 mW produced a 

laser ablation diameter of about 17 µm. Finally, with the spherical convex lens of 30 mm 
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focal length and a power setting of 2.1 mW, a laser ablation spot size diameter of about 

15.8 µm was achieved. Of course, the smaller the laser ablation spot achieved the easier 

it would be to fabricate a NANO sized constriction as indicated in the objectives of the 

thesis. 

4.3 MICRON-SIZED CONSTRICTION ACHIEVED ON YBCO THIN FILM 

4.3.1 SEPARATION DISTANCE BETWEEN LASER ABLATION SPOTS (𝑺𝑾) OF 18 

µm in G-CODE. 

As described earlier in chapter 3 the G-code instructs the movement of the translation 

stage such that 6 constrictions are cut on the bottom lower side of the rectangular thin 

film and 6 constrictions are cut on the top end of the thin film. The micron-sized 

constriction being discussed in this section is the 1st constriction on the lower side of the 

thin film for the separation distance between the laser ablation spots of 18 µm set in G-

code. To fabricate this constriction the laser power was set at 2.035 mW incident on the 

sample, a spherical convex lens of 30 mm focal length was used, and an AFM scan area 

of 75 µm X 75 µm was set in the AFM software.  

Figure 104 shows the AFM image of the micron-sized constriction fabricated. In the 

topography line fit of the AFM image the width of the constriction was determined to be 

1.6 µm in between the black arrows seen in the image. 

 

Figure 104 AFM image of micron-sized constriction with (𝑺𝑾 = 𝟏𝟖 µ𝒎) and an AFM scan area of 75 µm X 
75 µm, showing a constriction width of 1.6 µm. 
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From the topography line fit of the AFM image in figure 105 the width of the same 

constriction as above was determined to be 1.76 µm. The constriction in figure 105 is the 

same as that in figure 104 however the determined widths are not exactly the same 

although they are close. In figure 105, a slightly different method is used to measure the 

width of the constriction. This is done by capturing an image at each point as the cantilever 

tip scans transversely at 90 degrees perpendicularly to the laser ablation spot. Several 

images are taken during this process one of which is shown on the topography line fit in 

figure 105. The image shows the scan right at the narrowest point on the constriction. By 

using the topography line fit the width of the constriction is represented as an amplitude 

above the zero axis. The width of this amplitude above the zero axis in between the black 

arrows is the width of the constriction. There are troughs on both sides of the width 

representing the laser ablation spots themselves. Although it is the same constriction, the 

widths are not the same but they are close, the reason for this is that in determining such 

small dimensions using the free hand slight errors can occur. The second reason is that 

the constrictions fabricated have a variable width along the length of the constriction so it 

is possible that the point at which the width is measured in figure 104 is not exactly the 

same point at which the width is measured in figure 105. 

 

Figure 105 AFM image of micron-sized constriction with (𝑺𝑾 = 𝟏𝟖 µ𝒎) and an AFM scan area of 75 µm X 

75 µm, showing a constriction width of 1.76 µm. 
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In figure 106, we focus on a very small scan area on the sample that is 20.5 µm X 20.5 

µm and by doing so we zoom in on the sample. It should now be easier to measure a 

more precise value for the constriction width by zooming in. In this case, the constriction 

width is determined to be 1.68 µm in between the black arrows. The constriction is still 

the same as in the previous section but we are getting a more precise measurement of it. 

 

Figure 106 AFM image of the micron-sized constriction with (𝑺𝑾 = 𝟏𝟖 µ𝒎) and AFM scan area of 20.5 µm 

X 20.5 µm, showing a constriction width of 1.68 µm. 

 

By using the same scan, area of 20.5 µm X 20.5 µm the constriction length is determined 

to be 12.79 µm. This can be seen in the topography line fit image in figure 107. The 

measurement is done in between the black arrows in the image. 
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Figure 107 AFM image of the micron-sized constriction with (𝑺𝑾 = 18 µm) and AFM scan area of 20.5 µm 
X 20.5 µm, showing the constriction length is 12.79 µm. 

4.4  MICRON-SIZED CONSTRICTION ACHIEVED ON THE YBCO THIN 

FILM.  

4.4.1 SEPARATION DISTANCE BETWEEN THE LASER ABLATION SPOTS (𝑺𝑾) 

OF 17.5 µm IN G-CODE. 

 

As in the previous section, this is the 1st constriction on the sample. In this case the 

separation distance between the laser ablation spots (𝑺𝑾) is reduced to 17.5 µm and a 

new constriction is fabricated. The resulting AFM images can be seen in figures below. 

The constriction in figure 108 was fabricated and imaged with the following laser and AFM 

settings. The laser power was set at 2.035 mW, the AFM scan area is 75 µm X 75 µm, 

spherical convex lens of 30 mm focal length was used and the constriction width achieved 

is 1.58 µm as seen in the topography line fit between the black arrows. 
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Figure 108 AFM image of the micron-sized constriction fabricated with (𝑺𝑾 = 𝟏𝟕. 𝟓 µ𝒎) and AFM scan 

area of 75 µm X 75 µm showing a constriction width of 1.58 µm. 

 

Figure 109 shows the same constriction with a laser separation distance of 17.5 µm. A 

snap shot is taken in the AFM software at a specific point on the cross section as can be 

seen on the topography line fit image. On the profile distribution image below it, an 

amplitude of the constriction rises above the zero axis and a line is drawn across the 

amplitude to determine the width of the constriction as 1.47 µm. 
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Figure 109 AFM image of the micron-sized constriction fabricated with (𝑺𝑾 = 𝟏𝟕. 𝟓 µ𝒎) and AFM scan 
area of 75 µm X 75 µm showing a constriction width of 1.47 µm. 

The constriction depicted in figures 108 and 109 is the same constriction. However the 

constriction widths are different. This is because although aiming for the narrowest point 

on the constriction the two measurements are taken at slightly different points along the 

width. The approximate narrowest width of the constriction is determined to be in the 

range (1.47 µm – 1.58 µm). 

When the scan area is reduced to 20.5 µm X 20.5 µm in the AFM software, then the 

image in figure 110 is achieved. With these reduced scan area it’s easier to find the 

narrowest point on the constriction and then determine the more precise width of the 

constriction as 1.39 µm. 
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Figure 110 AFM image of the micron-sized constriction fabricated with (𝑺𝑾 = 𝟏𝟕. 𝟓 µ𝒎) and AFM scan 

area of 20.5 µm X 20.5 µm showing a constriction width of 1.39 µm. 

The length of this constriction can be seen in figure 111 and is approximately 12.26 µm. 

 

Figure 111 AFM image of the micron-sized constriction fabricated with (𝑺𝑾 = 𝟏𝟕. 𝟓 µ𝒎) and AFM scan 

area of 20.5 µm X 20.5 µm showing a constriction length of 12.26 µm. 
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A cross section was cut across the narrowest point on the constriction by zooming into a 

scan area of 20.5 µm X 20.5 µm. This is done to get a more precise measurement of the 

constriction and to validate that the constriction width is indeed 1.39 µm as can be seen 

in figure 112. 

 

 

Figure 112 Cross section taken of the constriction showing a constriction width of 1.39 µm. 

4.5  MICRON-SIZED CONSTRICTION ACHIEVED ON YBCO THIN FILM  

4.5.1 SEPARATION DISTANCE BETWEEN THE LASER ABLATION SPOTS (𝑺𝑾) 

OF 17 µm in G-CODE. 

 

In this case, this is the 2nd constriction or qubit on the thin film. The separation distance 

between the laser ablation spots (𝑆𝑊) is reduced to 17 µm in the G-code. This constriction 

was fabricated and imaged with the following settings. The laser power is set to 2.035 

mW, the AFM scan area is set to 20.8 µm X 20.8 µm and a spherical convex lens of 30 

mm focal length is used. The width of the constriction fabricated is 1.63 µm as seen in 

figure 113. 
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As stated in previous chapters according to equation (1) the; 

𝑊𝑖𝑑𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑠𝑡𝑟𝑖𝑐𝑡𝑖𝑜𝑛 = separation distance betwen the laser ablation spots (𝑆𝑊) −

𝑙𝑎𝑠𝑒𝑟 𝑎𝑏𝑙𝑎𝑡𝑖𝑜𝑛 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟                     (1) 

By gradually reducing (𝑆𝑊), we should be achieving smaller widths for the constrictions 

fabricated if the laser ablation spot remains the same. Initially the constriction widths 

fabricated reduced in size then in this last scenario slightly increased in size. However, 

this is a temporary setback. 

 

Figure 113 AFM image of the micron-sized constriction fabricated with (𝑺𝑾 = 𝟏𝟕 µ𝒎) and AFM scan area 

of 20.8 µm X 20.8 µm showing the constriction width is 1.63 µm. 

4.6  SUB-MICRON - SIZED CONSTRICTION ACHIEVED ON YBCO 

THIN FILM. 

4.6.1 SEPARATION DISTANCE BETWEEN THE LASER ABLATION SPOTS (𝑺𝑾) 

OF 16.5 µm. 

 

This is the 2nd constriction on the sample. The separation distance between the laser 

ablation spots (𝑆𝑤) was reduced to 16.5 µm.  
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The constriction was fabricated with a laser power setting of 2.035 mW, using spherical 

convex lenses of 30 mm focal length, and an AFM scan area of 75 µm X 75 µm. The 

complete diagram of the resulting constriction can be seen in figure 114.The constriction 

width from the figure is 1.06 µm. 

 

 

Figure 114 AFM image of the sub micron-sized constriction fabricated with (𝑺𝑾 = 𝟏𝟔. 𝟓 µ𝒎) and AFM 
scan area of 75 µm X 75 µm showing the constriction width is 1.06 µm. 

 

To make a precise measurement of the width of the constriction on the sample, the scan 

area is reduced to 14.6 µm X 14.6 µm as can be seen in figure 115. With this scan area, 

a line is drawn across the narrowest point on the topography line fit and the width of the 

constriction is determined to be 895.6 nm. This is a sub-micron sized constriction. 
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Figure 115 AFM image of the sub micron-sized constriction fabricated with (𝑺𝑾 = 𝟏𝟔. 𝟓 µ𝒎) and AFM 

scan area of 14.6 µm X 14.6 µm showing the constriction width is 895.6 nm 

Figure 116 in which the width is determined to be 858.3 nm shows the same sample as 

figure 115; the only difference is that this time a snap shot is taken at the point when the 

AFM is scanning perpendicularly to the laser ablation spots at the narrowest point on the 

constriction. The profile of the constriction can be seen in the topography line fit. The 

width of the constriction is determined to be 858.3 nm in between the black arrows from 

the topography line plot. 

 

Figure 116 AFM image of the sub micron-sized constriction fabricated with (𝑺𝑾 = 𝟏𝟔. 𝟓 µ𝒎) and AFM 

scan area of 14.6 µm X 14.6 µm showing the constriction width is 858.3 nm. 
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Finally figure 117 shows the length of the constriction to be 9.66 µm. 

 

Figure 117 AFM image of the sub micron-sized constriction fabricated with (𝑺𝑾 = 𝟏𝟔. 𝟓 µ𝒎) and AFM 

scan area of 14.6 µm X 14.6 µm showing the constriction length is 9.66 µm. 

 

4.7  MICRON-SIZED CONSTRICTION FABRICATED ON YBCO THIN 

FILM. 

4.7.1 SEPARATION DISTANCE BETWEEN THE LASER ABLATION SPOTS (𝑺𝑾) 

OF 16.5 µm. 

 

This is the 5th constriction on the sample. In this constriction, the laser ablation spot size 

is 15.82 µm as seen in figure 118. Since, the separation distance between the laser 

ablation spots (𝑆𝑊) is 16.5 µm then the constriction width should be 700 nm but this is 

not the case in figure 119. 
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Figure 118 AFM image of the sub micron-sized constriction fabricated with (𝑺𝑾 = 𝟏𝟔. 𝟓 µ𝒎) and AFM 

scan area of 75 µm X 75 µm showing the laser ablation spot size is 15.82 µm. 

 

In order to determine the exact constriction width of this sample the scan area was 

reduced to 16.7 µm X 16.7 µm in the AFM software. Using this scan area the constriction 

width was determined to be 1.231 µm as seen in figure 119. 

 

Figure 119 AFM image of the sub micron-sized constriction fabricated with (𝑺𝑾 = 𝟏𝟔. 𝟓 µ𝒎) and AFM 

scan area of 16.7 µm X 16.7 µm showing the constriction width is 1.231 µm. 
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4.8  SUB-MICRON - SIZED CONSTRICTION FABRICATED ON YBCO 

THIN FILM 

4.8.1 SEPARATION DISTANCE BETWEEN THE LASER ABLATION SPOTS (𝑺𝑾) 

OF 16 µm. 

 

This is the 2nd constriction on the sample. The separation distance between the laser 

ablation spots was reduced to (𝑆𝑊) of 16 µm and as a result a constriction width of 576.7 

nm was achieved.  This is a sub-micron sized constriction. The image in figure 120 is the 

overall image of the constriction. 

 

Figure 120 AFM image of the sub micron-sized constriction fabricated with (𝑺𝑾 = 𝟏𝟔 µ𝒎) and AFM scan 
area of 75 µm X 75 µm showing the overall constriction shape. 

 

Figure 121 shows a snap shot image taken of the sub-micron sample, the image is 

captured at the narrowest point on the constriction. Using the profile distribution of the 

constriction shown in the topography line fit and stretching the scan area to 49.2 µm X 

49.2 µm the width was determined by drawing a line across the amplitude above the zero 

axis and is determined to be indeed 576.7 nm. 
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Figure 121 AFM image of the sub micron-sized constriction fabricated with (𝑺𝑾 = 𝟏𝟔. 𝟓 µ𝒎) and AFM 

scan area of 16.7 µm X 16.7 µm showing the constriction width is 576.7 nm. 

In order to determine the exact width of the constriction, the scan area was reduced in 

the AFM software to 18.8 µm X 18.8 µm. The precise constriction width achieved is 732.4 

nm as seen in figure 121. 

 

Figure 122 AFM image of the sub-micron-sized constriction fabricated with (𝑺𝑾 = 𝟏𝟔 µ𝒎) and AFM scan 

area of 18.8 µm X 18.8 µm showing the constriction width is 732.4 nm. 
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4.9 SUMMARY OF CONSTRICTIONS FABRICATED, SCANNED 

USING AFM AND LABELLED ON THE YBCO THIN FILM. 
 

Table 5 Summarizing the constrictions fabricated so far, their widths measured in AFM, position on the 
thin films sample and the separation distances between the laser ablation spots (𝑺𝑾) is given in the table. 

 

 

4.10 METHOD USED FOR CLEANING THE THIN FILM SAMPLES 

AFTER LASER FABRICATION. 
 

After the laser cutting process is complete, the thin film samples normally have the ablated 

material piling up unto the surface of the bridge or the constriction making the dimensions 

of the constriction, namely the width incorrect. 

To clean the extra pile up, this can be done by using a chemical liquid such as acetone 

or ethanol. 

In this case, the thin film measuring 10 mm X 10 mm was dipped in the acetone placed 

in a plastic holder or test tube and subsequently placed in equipment called the sonicator. 

The model used is power sonic 405. The sonicator is filled with water. This is a micro 

process controlled bench ultrasonic cleaner. 



169 
© University of South Africa October 2017 

The sonicator works by sending out ultrasonic waves through the water surrounding the 

sample in a plastic container. The ultrasonic waves vibrate the sample and at the same 

time produce a magnetic field that pulls the loose ablated particles away. The magnetic 

field is able to attract the ablated particles because they have metallic properties.       

Figure 123 shows the sample placed in a sonicator during the cleaning process. After the 

cleaning process, it becomes much easier to scan the sample in AFM, determine the 

width of the constriction and get a clean image. 

 

Figure 123 Thin film being cleaned in a sonicator 

 

As can be seen in figure 123, the thin film is placed in acetone in a beaker, which is placed 

in the sonicator containing water. There is a ripple effect produced by the ultrasonic waves 

and the magnetic field pulls the loose particles off. Figure 124 shows the resulting cleaned 

thin film samples placed back into the packaging and labelled according to the separation 

distance between the laser ablation spots (𝑺𝑾), that is 16.0 µm, 17.0 µm, 17.5 µm etc. 
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Figure 124 Cleaned thin films in packaging 

 

4.11 AFM IMAGES OF OTHER USEFUL CONSTRICTIONS 

FABRICATED. 
 

1. SUB-MICRON CONSTRICTION 

 

Figure 125 AFM image of a sub-micron constriction of width 879.3 nm fabricated with laser power 2.035 
mW, spherical convex lens (30mm focal length), scan area 17.6 µm X 17.6 µm, separation distance 

between laser ablation spots (𝑺𝑾) 16.5 µm, 5th constriction on sample. 
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2. SUB-MICRON CONSTRICTION 

 
Figure 126 AFM image of a sub-micron constriction of width 874.2 nm fabricated with laser power 2.035 

mW, spherical convex lens (30mm focal length), scan area 19.6 µm X 19.6 µm, separation distance 

between laser ablation spots (𝑺𝑾) 16.5 µm, 3rd constriction on sample. 

3. SUB-MICRON CONSTRICTION 

 
 

Figure 127 AFM image of a sub-micron constriction of width 813.1 nm fabricated with laser power 2.035 
mW, spherical convex lens (30mm focal length), scan area 17.3 µm X 17.3 µm, separation distance 

between laser ablation spots (𝑺𝑾) 16.5 µm, 4th constriction on sample. 
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4. MICRON CONSTRICTION 

 

Figure 128 AFM image of a micron constriction of width 1.191 µm fabricated with laser power 2.035 mW, 
spherical convex lens (30mm focal length), scan area 20.5 µm X 20.5 µm, separation distance between 

laser ablation spots (𝑺𝑾) 17 µm, 5th constriction on sample. 

5. MICRON CONSTRICTION 

 
Figure 129 AFM image of a micron constriction of width 1.248 µm fabricated with laser power 2.035 mW, 
spherical convex lens (30mm focal length), scan area 19.9 µm X 19.9 µm, separation distance between 

laser ablation spots (𝑺𝑾) 17 µm, 4th constriction on sample. 
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6. MICRON CONSTRICTION 

 

Figure 130 AFM image of a micron constriction of width 1.074 µm fabricated with laser power 2.035 mW, 
spherical convex lens (30mm focal length), scan area 21.1 µm X 21.1 µm, separation distance between 

laser ablation spots (𝑺𝑾) 17 µm, 2nd constriction on sample. 

7. SUB-MICRON CONSTRICTION 

 
Figure 131 AFM image of a sub-micron constriction of width 812.4 nm fabricated with laser power 2.035 

mW, spherical convex lens (30mm focal length), scan area 22.4 µm X 22.4 µm, separation distance 

between laser ablation spots (𝑺𝑾) 16 µm, 3rd  constriction on sample. 
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4.12 SUMMARY OF THE ABOVE CONSTRICTIONS SCANNED IN AFM 

AND LABELLED ON THE THIN FILM 
 

Table 6 Summarizing other useful constrictions fabricated, scanned in AFM showing the widths, position 
on the thin film, and the separation distance between the laser ablation spots (𝑺𝑾). 

 

 

4.13 GEOMETRIC ANALYSIS OF CONSTRICTIONS FABRICATION. 

4.13.1 SPECIFICATIONS OF CONSTRICTIONS FABRICATED 

 

There are a series of constrictions fabricated with widths in the micron, sub-micron and 

Nano range as described in the preceding sections and the in the sections that follow. 

The thickness of these constrictions ranged from about 160 nm -190 nm as defined by 

the depth profile on the 3-D AFM images. The length of these constrictions ranged from 

about 7.2 µm to 8.2 µm. The length of these constrictions depends on the laser ablation 

spots size used for cutting and the separation distance between the laser ablation spots 

along the width (𝑆𝐿) of the sample. 
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4.13.2 EXPERIMENTAL DETAILS 

 

The femtosecond laser used has a wavelength of 775 nm and a pulse duration time of 

130 fs. The laser ablation width achieved using a spherical convex lens of 30 mm focal 

length was on average 15.53 µm. When the separation distance between the laser 

ablation spots (𝑆𝑊) is 16.5 µm this setting produced the sub-micron-sized constrictions. 

With a separation distance between the laser ablation spots (𝑆𝑊) of 16.0 µm we achieved 

the nano-sized constriction. Lastly, with a separation distance of 17.0 µm we achieve 

micron-sized constrictions, this theory can be derived from equation (1) in section 4.5. 

The constrictions fabricated where shaped like the letter “S”. With this shape, it is possible 

to regulate both the width and the length of the constriction, as described elsewhere [1]. 

The width is controlled by bringing the laser ablation spots closer along the length of the 

thin film sample. While the length can be controlled by separating the laser ablation spots 

along the width of the thin film sample. As the laser ablation spots are brought closer 

together along the length of the sample the constriction width tends to become smaller, 

until in some instances the constrictions fabricated would collapse. 

4.13.3 FACTORS THAT LIMIT THE FABRICATION OF NANO CONSTRICTIONS. 

 

When Nano-structuring a material using the femtosecond laser, the width of the 

constriction or the diameter of the smallest structure that can be fabricated is determined 

by equation (2); 

𝑑 = 𝑘𝜆/𝑁𝐴𝑞1/2            (2) 

Where 𝑑, the diameter of the constriction made or the width, 𝛌 is the wavelength of the 

femtosecond laser, 𝑁𝐴 the numerical aperture of an objective lens or the focusing optics, 

𝑞 the energy band gap of the material sample being used for nano structuring. This 

equation is obtained from [2]. 
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The main factors that limit the fabrication of Nano bridges is discussed as follows; 

1. One of the main limiting factors for the fabrication of nano bridges is in the 

specification of the lens being used for optimizing the size of the laser ablation spot 

during focusing the laser spot. The laser ablation spot has to be as small as 

possible before cutting the sample, the conventional spherical convex lenses such 

as those with a relative focal length place a limit on the size of the laser ablation 

spot they can produce because of their focusing power. The smaller the laser 

ablation spot size then the smaller the constriction that can be fabricated. This is 

because if a constriction of Nano range has to be made then the spot size has to 

be in the 1 µm – 5 µm range, so that the laser ablation spots can be approached 

to one another without clipping the constriction bridge. The objective Plano convex 

lenses with a high numerical aperture such as NA (0.25, 0.40, 0.65) are more 

suitable to produce smaller laser ablation spot size and hence smaller constrictions 

because they are able to converge the laser beam much more and achieve smaller 

ablations spots. 

2. The Energy band gap of the material being used for Nano-structuring in this case 

the YBCO thin film also plays a role. The materials with a higher energy band gap 

tend to have the possibility of producing smaller constriction sizes, for example, 

YBCO thin film has an energy band gap of as low as 5 meV [3], which allows it to 

produce Nano structures somewhere in the limit of 400 nm. Therefore, when the 

constriction of Nano size (394.8 nm) was produced, the walls of the constriction 

had a tendency to collapse after fabrication. Other factors that can contribute to 

the collapsing of the constriction walls include how close the laser ablation spots 

are brought to each other, vibration and the temperature in the clean room while 

cutting.  

3. The last limiting factor is the radiation wavelength of the laser used. The 

femtosecond laser used for this experiment has a radiation wavelength 𝛌 of 775 

nm. Essentially this places a diffraction limit on the light that is incident on the 

sample from the laser when cutting. This limit could also reduce the chances of 
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constrictions fabricated whose diameter is less than 775 nm without the walls of 

the constriction collapsing. 

4.13.4  CONSTRICTIONS FABRICATED  

4.13.4.1 SUB-MICRON SIZED CONSTRICTION (500 – 1000 nm) 

 

To fabricate this constriction the following laser settings were applied, laser power 2.035 

mW, separation distance between the laser ablation spots (𝑆𝑊) 16 µm. This was the 2nd 

constriction on the sample. The scan area is 75 µm X 75 µm set using the AFM software 

[4]. The laser ablation diameter seen in figure 132 is 15.82 µm.  

 

Figure 132 AFM image of a sub-micron constriction with a laser ablation spot diameter of 15.82 µm, 
fabricated with laser power 2.035 mW, spherical convex lens (30mm focal length), scan area 75 µm X 75 

µm, separation distance between laser ablation spots (𝑺𝑾) 16 µm. 

The AFM scan area is reduced to 23.4 µm X 23.4 µm in figure 133. We then measure a 

point on the constriction to determine the width of the constriction as 549.3 nm. 
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Figure 133 AFM image of a sub-micron constriction with a constriction width of 549.3 nm, fabricated with 
laser power of 2.035 mW, spherical convex lens (30mm focal length), scan area 23.4 µm X 23.4 µm, 

separation distance between laser ablation spots (𝑺𝑾) 16 µm. 

From figure 134, the length is determined to be 8.17 µm. It seems as though the 

constriction is clipped. However to confirm this, other tests such as I-V characterization 

needs to be done. In an (I-V’ c) test, a high resistance would indicate a clipped constriction 

or an open constriction.  

 

Figure 134 AFM image of a sub-micron constriction with a constriction length of 8.17 µm, fabricated with 
laser power of 2.035 mW, spherical convex lens (30mm focal length), scan area 23.4 µm X 23.4 µm, 

separation distance between laser ablation spots (𝑺𝑾) 16 µm. 



179 
© University of South Africa October 2017 

4.13.4.2 NANO CONSTRICTION (0 – 500 nm) 

The Laser settings applied for the fabrication of this constriction in figure 135 include; 

separation distance between the laser ablation spots (𝑆𝑊) is 16 µm, this is the 3rd qubit 

on the sample, laser power is 2.035 mW, a spherical convex lens of 30 mm focal length 

was used and the AFM scan area was 75 µm X 75 µm. 

 

Figure 135 AFM image of a nano constriction with a laser ablation spot size is 15.53 µm, fabricated with 
laser power of 2.035 mW, spherical convex lens (30mm focal length), scan area 75 µm X 75 µm, 

separation distance between the laser ablation spots (𝑺𝑾) 16 µm. 

We reduce the scan area in the AFM software to 20.2 µm X 20.2 µm in figure 136. We 

then measure a more precise width of the constriction at a point and determine the width 

to be 394.8 nm. 

 

Figure 136 AFM image of a nano constriction with a constriction width of 394.8 nm, fabricated with laser 
power of 2.035 mW, spherical convex lens (30mm focal length), scan area 20.2 µm X 20.2 µm, 

separation distance between the laser ablation spots (𝑺𝑾) 16 µm, 3rd qubit. 
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The length of the constriction is determined to be 7.53 µm, this can be seen in figure 137. 

 

Figure 137 AFM image of a nano constriction with a constriction length of 7.53 µm, fabricated with laser 
power of 2.035 mW, spherical convex lens (30mm focal length), scan area 20.2 µm X 20.2 µm, 

separation distance between the laser ablation spots (𝑺𝑾) 16 µm, 3rd qubit. 

4.13.4.3 SUB-MICRON SIZED CONSTRICTION (500 – 1000 nm) 

 

The laser settings include; separation distance between laser ablation spots (𝑆𝑊) is 16.5 

µm. This is the 2nd constriction on sample. The laser power settings 2.035 mW. The laser 

ablation spot for this constriction is 15.82 µm as can be seen in figure 138 while the 

separation distance is (𝑆𝑊) is 16.5 µm. 

 

Figure 138 AFM image of a sub-micron constriction with a laser ablation spot size of 15.82 µm, fabricated 
with laser power of 2.035 mW, spherical convex lens (30mm focal length), scan area 75 µm X 75 µm, 

separation distance between the laser ablation spots (𝑺𝑾) 16.5 µm, 2nd qubit. 
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The scan area was reduced to 20.5 µm X 20.5 µm as can be seen in figure 139. Hence, 

the constriction width was precisely determined to be 881.2 nm. 

 

Figure 139 AFM image of a sub-micron constriction with a constriction width of 881.2 nm, fabricated with 
laser power of 2.035 mW, spherical convex lens (30mm focal length), scan area 20.5 µm X 20.5 µm, 

separation distance between the laser ablation spots (𝑺𝑾) 16.5 µm, 2nd qubit. 

The constriction length is 7.24 µm as can be seen in figure 140.  

 

Figure 140 AFM image of a sub-micron constriction with a constriction length of 7.24 µm, fabricated with 
laser power of 2.035 mW, spherical convex lens (30mm focal length), scan area 20.5 µm X 20.5 µm, 

separation distance between the laser ablation spots (𝑺𝑾) 16.5 µm, 2nd qubit. 
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4.13.4.4 MICRON-SIZED CONSTRICTION (ABOVE 1000 nm) 

 

In this case, we fabricated a micron-sized constriction with the following laser settings, 

separation distance between the laser ablation spots (𝑆𝑊) is 17 µm, this is the 4th 

constriction on the sample. The laser power settings is 2.035 mW. The laser ablation spot 

is 15.23 µm as seen in figure 141. 

 

Figure 141 AFM image of a micron constriction with a laser ablation spot size of 15.23 µm, fabricated with 
laser power of 2.035 mW, spherical convex lens (30mm focal length), scan area 75 µm X 75 µm, 

separation distance between the laser ablation spots (𝑺𝑾) 17 µm, 4th qubit. 

 

Due to the fact that the laser ablation spot is slightly smaller in this constriction (15.23 

µm) than in the previous constriction while the separation distance between the laser 

ablation spots (𝑺𝑾) is increased to 17.0 µm, hence the constriction width increases to 

micron size in figure 142. 

By reducing the scan area to 21.4 µm X 21.4 µm as can be seen in figure 142 we obtain 

a precise measurement of the width of the constriction which is 1.086 µm. 
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Figure 142 AFM image of a micron constriction with a constriction width of 1.086 µm, fabricated with laser 
power of 2.035 mW, spherical convex lens (30mm focal length), scan area 21.4 µm X 21.4 µm, 

separation distance between the laser ablation spots (𝑺𝑾) 17 µm, 4th qubit. 

The length of the constriction is 7.21 µm, which can be seen in figure 143. 

 

Figure 143 AFM image of a micron constriction with a constriction length of 7.211 µm, fabricated with 
laser power of 2.035 mW, spherical convex lens (30mm focal length), scan area 21.4 µm X 21.4 µm, 

separation distance between the laser ablation spots (𝑺𝑾) 17 µm, 4th qubit. 
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4.13.5 SUMMARY OF THE CONSTRICTIONS FABRICATED. 

 

Table 7 Summary of constrictions fabricated in this sub-section with all specifications. 
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CHAPTER 5 

OBSERVATION OF THE JOSEPHSON-LIKE EFFECT IN THE VERY 

LONG SUPERCONDUCTING CONSTRICTIONS ON YBCO THIN FILMS  
 

All the experiments in this chapter and subsequent chapters were conducted at CSIRO, 

Lindfield, Australia. In this technique, a 775 nm wavelength femtosecond laser was used 

together with a programmable 3-D movement translation stage to laser-machine and 

fabricate micron sized and sub-micron sized constrictions that show the Josephson-like 

effect on YBa2Cu3O7-x thin films successfully. A simple program using G-code 

programming language was written to control the movement of the translation stage in 

etching what is called S-shaped constrictions, which show the Josephson-like Effect. Two 

constrictions, which showed the Josephson-like effect where successfully fabricated and 

isolated from the rest of the samples, discussed in previous chapters. Their widths where 

measured at the narrowest point along the constrictions using both the atomic force 

microscope (AFM) and the scanning electron microscope (SEM). One constriction had a 

micron-sized width of 2.1 µm and the second had a sub-micron sized width of 816 nm. 

These widths where measured after cleaning the samples in acetone and wire bonding. 

To prove that the Josephson-like effect is observed, I-V characteristics and Shapiro steps 

are shown and analysed for the two constrictions. The wide micron-size constriction 

shows a linear relationship for the measured critical current dependence on temperature, 

which is consistent with the behaviour of the constriction type junction. In the case of the 

sub-micron, sized constriction the measured critical current dependence on temperature 

shows an exponential decay function, which is consistent with the behaviour of the S-N-

S type junction. The wide micron-sized constriction, experiences partial heating from the 

laser forming an S-s’-S type constriction. While in the case of the sub-micron sized 

constriction most of the constriction width is heated and changes from the 

superconductive phase to a normal one forming an S-N-S type constriction. 
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5.1 JOSEPHSON JUNCTION APPLICATIONS AND USING THE 

FEMTOSECOND LASER TO FABRICATE THE JOSEPHSON 

JUNCTIONS. 
 

Josephson junctions (JJs) can be used in many fields of application such as 

superconducting electronics, magnetic sensors, mining and metrology. Many methods 

have been used in the past for the fabrication of Josephson junctions such as focused 

ion beam [1-4], e-beam lithography [5-8], off-axis epitaxial fabrication [9-10], laser-etching 

methods [11], and atomic force microscopy scribing [12]. These methods work towards 

the miniaturization of JJs to the micron, sub-micron and Nano scale for application in qubit 

technology and SQUIDS [13-19]. The femtosecond laser technique was used to attempt 

in making sub-micron and nano sized Josephson junctions and to introduce a new 

method that could possibly reduce the effects of thermal heating. Although micron and 

sub-micron sized Josephson junctions were successfully made the thermal heating of the 

constriction was not eliminated with this method and remains present even with the low 

pulse duration of 130 fs for the femtosecond laser. This can be seen in figure 144 in the 

optical microscope (OM) image where there is an outer fringe surrounding the laser 

ablation spot representing the local heating. 

 

Figure 144 Optical microscope (OM) image of a constriction made showing the heating fringe. 
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In this method, the laser beam was processed before being used to etch the constrictions 

as has been described in the previous chapters.  

5.2 EXPERIMENTAL DETAILS  
 

The YBa2Cu3O7 thin films were commercially purchased from ceraco ceramic coating 

company in Germany (GmBH). The thin films were 9 x 9 mm YBCO film, single sided 200 

nm thick, on 10 x 10 x 0.5 mm MgO and LAO substrates. The 𝑇𝐶 temperature is 87 K. 

The surface roughness is the S-type smooth matrix.  

The fabricated constrictions on the YBCO thin film were washed in an ultrasonic bath of 

acetone, deposited 4-point Gold (Au) contacts and wire bonded to the nitrogen immersion 

probe in a clean room as will be described in detail in the following sections. The gold 

contacts are used to facilitate I-V characterization.  

5.2.1 PHOTOLITHOGRAPHY PROCESS AND PLACING GOLD (AU) CONTACT 

PADS ON THE YBCO TRACKS TO FACILITATE I-V MEASUREMENTS. 

After all the previously listed constrictions where fabricated at the National laser centre 

(NLC) at the CSIR, Pretoria using the femtosecond laser. A photograph combined with a 

sketch of the dimensions of the YBCO tracks as can be seen in figure 145 was sent to a 

research facility CSIRO in Lindfield Australia. The sketch of the dimensions was used to 

produce a soft mask of the YBCO tracks at CSIRO Australia. The soft mask shown in 

figure 146 is used to produce a hard mask. The hard mask is then used to facilitate the 

photolithography process to place gold (Au) contact pads on the superconductive YBCO 

thin film. The gold (Au) contact pads on the YBCO tracks enable the measurement of 

current – voltage (I-V) characteristics of the constrictions fabricated. The soft mask shows 

a 4-point probe measuring system. There are two gold contacts above the constriction 

and two below the constriction. Two of these gold contacts are used for passing current 

through the constriction with a d.c current source and the other two gold contacts are 

used to measure the resulting voltage across the constriction using a d.c voltmeter. The 

resulting d.c current and d.c voltage are plotted against each other to produce an I-V 

curve with the “SQUID” national instruments software.  
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Figure 145 A sketch of the dimensions of the YBCO tracks containing the constrictions etched in the 
middle with the ablation strip lines on the sides. The dimensions where done to create a soft mask to 

facilitate the photolithography process to place Gold (Au) contact pads on the YBCO tracks. 

 

Figure 146 Soft mask: gold (au) contact pads, one grid is 0.5 mm 
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In order to place the gold contacts onto the thin film a number of photolithography steps 

were followed. I will outline the steps followed to place the gold contacts onto the YBCO 

tracks in the following sub-sections. 

5.2.1.1  CLEANING THE SAMPLES. 

 

The sample is cleaned in a beaker containing acetone, which is placed in an ultrasonic 

bath containing water. Subsequently the sample is blown with a dryer. This process can 

be seen in the previous figure of a sonicator. 

5.2.1.2 APPLYING PHOTORESISTOR 

 

A layer of photo resist material is applied on the surface of the YBCO thin film as seen in 

figure 147. The photoresist liquid is applied by using a pipette to place a drop on the thin 

film. It is then spun at 30 revolutions per minute (RPM) on the spinner for 60 secs, which 

deposits a thin film of photoresist evenly on the surface. Then it is baked at 105 degrees 

Celsius for 60 secs timed with a stopwatch. All the equipment used can be seen in figure 

147 that is the spinner, pipette, photoresist liquid and the baker. 

 

Figure 147 photoresistor application. 
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The result of the application of the photoresistor can be seen in a 2-D profile sketch in 

figure 148. There is the first layer of the YBCO thin film and a second layer of photoresistor 

liquid on top. 

 

Figure 148 2-D profile showing the YBCO thin film and the photoresistor layer. 

5.2.1.3 MASK ALIGNMENT 

The soft mask is used to produce a hard metallic mask shown in figure 149, which is used 

in the photo-aligning tool or in the mask aligner shown in the next figure in 150. The mask 

alignment tool is used to align the hard mask with the YBCO superconductive tracks. The 

hard mask has holes or material translucent to the (UV) rays in the sections where the 

gold (au) pads are going to be deposited. The holes enable the photoresistor to be 

exposed to the ultraviolet (UV) rays. 

 

Figure 149 Hard mask used in the mask aligner tool. 
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The hard mask prevents the UV light from the mask alignment tool from coming in contact 

with the photo resist material except in places where there are holes in the hard mask. 

The mask aligner can be seen in figure 150. 

According to the hard mask the UV light will fall on the photo resist material and the thin 

film only in the place where the gold contacts must be placed. 

 

Figure 150 Mask alignment tool. 

Once the photo resist is exposed in these places, the next step is to wash the YBCO thin 

film in the photo developer liquid. This liquid will essentially take out the photo resist 

material that has been exposed to UV light leaving behind only the photo resist material 

that has not been exposed by the hard mask in the mask aligner. The following 2-D 

images show the process and how the resulting photo resist and YBCO material look like 

after the mask alignment and washing process. 
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Figure 151 shows the UV light being applied to the photo resist materials in the section 

where the gold (au) pads are to be placed. 

 

Figure 151 UV rays applied from the mask alignment tool after alignment with the hard mask 

 

After the YBCO thin film is washed in the developer liquid and the UV exposed photo 

resistor material is dissolved away. The 2-D profile image in figure 152 shows what the 

structure looks like. 

 

Figure 152 The photo resist material removed in the sections where the gold (Au) pads will be applied. 
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5.2.1.4 OXYGEN PLASMA 

The oxygen plasma system shown in figure 153 is used to clean the sections on the 

YBCO tracks where the photo resistor material has been taken out. The oxygen plasma 

is pumped onto the sample and it digs slightly into the YBCO thin film itself in the sections, 

which are exposed of photo resistor material. The cleaning of the sections where the gold 

contacts are to be placed is done to make sure that the gold contacts stick properly to the 

YBCO surface in these sections once deposited. It is an abrasive action that makes the 

contact point between the YBCO tracks and the gold contacts strong. 

 

Figure 153 Oxygen plasma 

The oxygen plasma system is used mainly to clean the section where the photoresist has 

been taken out where the gold contacts will be placed to make sure the gold contacts 

stick to the YBCO surface. 

It works by first pumping out the nitrogen gas through the taps shown in figure 153 and 

then filling up the space with the oxygen plasma around the sample. The oxygen gas 

cleans the sample in the grooves where the gold will be deposited. 
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After the application of the oxygen plasma unto the surface of the YBCO thin film, the 2-

D profile image of the photo resistor and the YBCO tracks looks like that in figure 154. 

 

Figure 154 Oxygen plasma applied to clean the grooves where the gold (Au) contact pads are 
to be placed. 

5.2.1.5 GOLD DEPOSITION 

The gold (Au) is deposited onto the thin film using the pump system shown in figure 155. 

There is a small chamber where the thin film is placed just next to the black rotator handle 

in figure 155. The handle is used to close the chamber before gold deposition begins. 

 

Figure 155 Ion beam and gold deposition chamber. 
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The gold deposition equipment has a control system shown in figure 156 that is used to 

control the deposition of gold onto the YBCO surface. 

 

Figure 156 Control system for Gold deposition 

The surface where the gold contacts are to be deposited is bombarded with an ion beam 

in order to slightly etch the YBCO thin film to make for good gold contact pads. This is 

done for about 60 s such that a depth is created of about 10 nm below the YBCO thin 

films thickness of 200 nm. Then the sample is rotated under the gold deposition beam 

and bombarded with gold. The gold deposition takes about 30 min to complete. After the 

gold deposition process is completed, the 2-D profile image of the YBCO thin film can be 

seen in figure 157.  
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Figure 157 2-D profile image after the gold deposition process. 

The sample is taken out of the gold deposition chamber and cleaned again in acetone in 

the ultrasonic cleaner. What happens then is that the photo resistor sections are dissolved 

in the acetone and as a result, all the gold deposits above the photo resistor are displaced 

or taken away together with the photo resistor. Leaving behind only the gold contacts as 

seen in figure 158. 

 

Figure 158 Photo resistor removed after cleaning in acetone leaving behind only the Gold (Au) contacts. 

After the gold deposition is complete, the sample looks as the one in figure 159 in the 

test tube showing the 4-point gold contacts. 
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Figure 159 The sample after gold deposition with a separation distance between the laser ablation spots 

(𝑺𝑾) 18.7 µm – 18.3 µm sample with 4-point gold contacts deposited. 

5.2.1.6 WIRE BONDING TO THE PCB HOLDER 

 

The YBCO thin film with gold contacts is placed in a suitable PCB holder, which can be 

seen in figure 160. The PCB holder has a square holding place and two arrays of contact 

points going around spherically but connected underneath the PCB holder to each other. 

 

Figure 160 PCB holder with the YBCO thin film sample having gold contact points. 
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The gold contact points on the YBCO thin film are wire bonded to the gold contacts on 

the PCB holder. The wire bonding is done using the wire-bonding machine, which can be 

seen in figure 161. During the wire-bonding process, each gold contact on the YBCO thin 

film is wire bonded “twice” to each gold contact on the PCB holder. The reason for doing 

this is to make sure that if one wire cuts the second wire will hold the contact, this can be 

seen on the YBCO thin film sample in figure 162 (a). In addition, the PCB holder has gold 

contacts arranged spherically around the PCB and these contacts are labelled 1-24 anti-

clockwise. Therefore, during the wire bonding process a “NOTE” is taken of the 

connections made with the gold contacts (pin numbers) on the PCB holder to the 4-probes 

on the thin film. That is for each constriction the 4 connections made to the gold contacts 

on the PCB holder are recorded in a log-book with the pin numbers for the connections. 

The wire-bonding machine works in a sort of drag-and drop motion. That is a contact is 

made on the gold pad on the thin film and then the contact is dragged in the form of a 

wire to a gold contact on the PCB holder and the process repeated. 

 

Figure 161 Wire bonding machine 
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5.2.1.7 SOLDERING THE PCB WITH THE SAMPLE TO THE NITROGEN 

IMMERSION PROBE AND I-V CHARACTERIZATION. 

 

The nitrogen immersion probe has connections on both sides. On the top side of the 

nitrogen immersion probe the red (𝑋1) connection is wired to the yellow wire (to be 

immersed) which is soldered onto a gold contact pin number on the PCB holder according 

to the wire bonding specifications. On the top side again of the nitrogen immersion probe 

the black ( 𝑋1) connection is wired to the blue wire (to be immersed) which is soldered 

onto a gold contact on the PCB holder again according to the wire bonding specifications. 

The wire bonding, soldering process and the nitrogen immersion probe can be seen in 

figure 162 (a) and 162 (b) respectively. 

 

Figure 162 (a) YBCO sample with 4-point gold contacts, wire bonded to the PCB holder, 162 (b) PCB 
holder mounted onto a nitrogen immersion probe. 

Finally, the nitrogen immersion probe is lowered with the PCB end, first into a cylinder 

containing liquid nitrogen to take the sample to a cryogenic temperature of 77 K. At this 

temperature I-V characteristic measurements can be done. 
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 The current is passed into the sample between probes red (𝑋1) and black (𝑋1) as can be 

seen in figure 163 (a) using the d.c field current source in figure 163 (b). Then the resulting 

voltage is measured between probes red (𝑌1) and black (𝑌1) as can be seen in figure 163 

(a) using the d.c voltmeter in figure 163 (b). The resulting current – voltage characteristics 

are plotted against each other using the “SQUID” software from national instruments seen 

in figure 164. 

 

Figure 163 (a) The probe with sample immersed in liquid nitrogen, 163 (b) DC current source and DC 
voltmeter. 
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Figure 164 “SQUID” software from national instruments for plotting I-V characteristics of a constriction. 

In order to make a quick test on the constriction to see if at all it is still superconductive. 

The d.c voltmeter probes are connected between the red (𝑋1) connection and the black 

(𝑋1) connection. In the same way the d.c current source probes are connected between 

the red (𝑌1) connection and the black (𝑌1) connection. Then the “SQUID” software for 

measurement is initialized. A small current is passed across the constriction and the 

resulting voltage is measured. If the circuit shorts at 77 K then the device is still 

operational (superconductive). Which you will know by a shorting “beeping” sound you 

hear. However if no sound comes and a huge voltage is observed the device is highly 

resistive or “open” or “clipped”. An example of these pin connections made on the 

constriction sample can be observed in figure 165. 
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Figure 165 Image showing how each constriction is wire bonded to the PCB holder and then soldered to 
the nitrogen immersion probe. (Wire connections). 
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5.2.2 LASER CUTTING SETTINGS AND SPECIFICATIONS OF THE JUNCTIONS 

THAT SHOWED THE JOSEPHSON EFFECT. 

The cleaned junction’s widths were measured with an AFM and validated with an SEM. 

As specified earlier in the introduction to this chapter, there are two constrictions that 

showed the Josephson-like effect. The laser cutting settings  and specifications for the 

sub-micron sized constriction are as follows; the separation distance between the laser 

ablation spots is 18.7 µm, laser power 4.9 mW, peak laser fluence ablation threshold 

0.824 J cm-2, the laser ablation spot size is 18.05 µm, laser pulse repetition frequency 1 

kHz and the laser beam feed rate 333 µm s-1. For the second micron-sized constriction, 

the separation distance between the laser ablation spots is set at 19.1 µm, laser power 

4.6 mW, peak laser fluence ablation threshold 0.824 J cm-2, laser ablation spot size 17.8 

µm, laser pulse repetition rate 1 kHz and the laser beam feed rate 333 µm s-1. These 

settings are summarized in table 8.   Both samples that showed the Josephson Effect 

consisted of the superconductive YBCO thin film that was based on an LAO substrate. 

Table 8 Constrictions that showed the Josephson-like effect – dimensions, and their laser etching 

parameters. 
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5.2.3 RF CONNECTIONS FOR MEASUREMENT OF SHAPIRO STEPS 

 

I-V characteristics and the Shapiro steps are measured on each constriction, using the 

experimental set-up shown in figure 166. The RF signal is coupled to the junction onto 

one of the 4-point gold contacts. It shares the contact with either the current or the voltage 

connection as seen practically in figure 167. 

 

Figure 166 Schematic of the sample I-V and RF measurement set-up. The sample is a YBCO thin film 
containing the laser etched constrictions. 

 

Figure 167 RF connection coupled onto the one of the 4-point gold probes on the sample. 
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5.3 DISCUSSION 

5.3.1 DIMENSIONS OF THE FABRICATED JUNCTIONS THAT SHOWED THE 

JOSEPHSON-LIKE EFFECT. 

 

Figures 168 (a), 168 (b) and 169 show the AFM images of the sub-micron sized 

constriction created using the femtosecond laser. Figure 168 (a) is the AFM topography 

line plot of the sub-micron constriction, which shows the width of the sub-micron 

constriction as 816 nm. Figure 168 (b) is the AFM 3-D image and figure 169 is the profile 

distribution of the sub-micron constriction which confirms the width of the sub-micron 

constriction as 816 nm.  

The length of the constriction is approximately 10 µm, the thickness is 200 nm derived 

from the 3-D AFM image and the width is approximately 816 nm measured between the 

black arrows from the profile distribution in figure 169.  

Figure 170 shows the SEM image of the sub-micron constriction taken after cleaning and 

wire bonding the sample. It shows the width of the constriction to be 816 nm validating 

the AFM determined width of the constriction.  

 

Figure 168(a) AFM image of the sub-micron constriction  168(b) 3-D AFM image of the sub-micron constriction.   
whose width is defined between the (black) arrows as 816 nm. 
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Figure 169 AFM Profile distribution of the sub-micron constriction, the width can be measured between 
the (black) arrows, and is 816 nm. 

 

Figure 170 SEM image of the sub-micron constriction shows the width to be 816 nm between the red 
cursors, courtesy of CSIRO Australia Laboratory.
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Figures 171 (a), 171 (b) and 172 show the AFM images of the micron-sized constriction 

fabricated using the femtosecond laser. Figure 171 (a) is the AFM topography line plot of 

the constriction that shows the width of the micron-sized constriction as 2.1 µm. Figure 

171 (b) is the AFM 3-D image and figure 172 is the profile distribution of the constriction, 

which confirms the width of the micron-sized constriction as 2.1 µm. The length of the 

constriction is approximately 9.5 µm; the thickness derived from the 3-D plot is 200 nm 

and the width is approximately 2.1 µm. 

Figure 172 shows the SEM image of the micron-sized constriction, which again validates 

the width to be 2.1 µm.  

 

Figure 171 (a) AFM image of the micron constriction                       171 (b) 3-D AFM image of the micron constriction    
whose width is measured between the black arrows is 2.1 µm 

 

Figure 172 AFM profile distribution of the micron constriction, the width measured between the (black) 
arrows, is 2.1 µm. 
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During the measurement of Shapiro steps on the micron-sized constriction. The d.c 

current source was passed through the sample without a slight a.c frequency signal (8-

10 Hz) being added. Hence, the shapiro step measurement was done with an RF 

frequency signal of 19.5 GHz directly coupled to the sample without a slight a.c 

component (8-10 Hz) being added to the d.c current source. This led to the RF signal 

applying electronic friction to the sample and hence the sample melts from the frictional 

heat as can be seen in figure 173. Although the junction melted, all the necessary data 

had already been extracted from the sample, before this occurred. 

 

Figure 173 SEM image of micron-sized constriction showing the width to be 2.1 µm. 

5.3.2 CURRENT – VOLTAGE CHARACTERISTICS (IVC’s) OF THE 

CONSTRICTIONS 

The I-V characteristic for the sub-micron sized junction is shown in figure 174. The I-V 

characteristic for this junction was measured at a temperature of 8.5 K. The reason for 

using this low cryogenic temperature is that these constrictions showed a very small (𝐼𝐶) 

critical current at 77 K. They thus needed to be cooled down to low cryogenic 
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temperatures with helium gas to show a significant critical current. For example for the 

sub-micron constriction, the critical current at 8.5 K is 102 µA. 

The I-V Characteristic shows a bit of bending at the knee of the graph [11]. This is in 

contrast to the sharp edge at the knees, which is observed in step-edge junctions [20]. 

The bending at the knees can be attributed to the localized heating of the constriction by 

the femtosecond laser, which changes the constriction from the superconductive phase 

to a normal phase producing an S-N-S type junction. The critical current was measured 

at a voltage offset of about 40 µV on the X-axis.  

 

Figure 174 I-V characteristic for the sub-micron constriction measured at T = 8.5 K 

The I-V characteristic for the micron-sized constriction is shown in figure 175. The I-V 

characteristic shown for this sample was measured at a temperature of 10 K. The 𝐼𝐶 

critical current for this sample at 10 K is about 720 µA. This is ~7 times the value of the 

critical current for the sub-micron junction, which is not consistent to the difference of the 

sample width if assuming the critical current density is uniform across the width of the 

constriction. The reason could be attributed to the fact that the micron constriction is 
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considerably wider than the sub-micron constriction and hence the heating fringe from 

the laser does not normalize the whole superconductive phase of the constriction width 

in this case. The micron sized constriction is therefore, more of an S-s’-S type junction. 

The “s’” in the material stands for a superconductive phase whose geometric size is 

reduced by the local heating from the laser and whose critical temperature is lower than 

the value of “S”. The critical current was measured at a voltage offset of 20 µV in this case 

on the X-axis. 

 

Figure 175 I-V characteristic for the micron size constriction measured at Temperature T=10 K. 

As can be seen in figure 175 there is still rounding or bending on the knee of the curve 

representing the localized heating from the femtosecond laser on the constriction. 

5.3.3  SHAPIRO STEPS 

For the sub-micron sized constriction, we applied an RF signal with a power of - 30 dBm 

(0.001mW) and a frequency of 19.5 GHz via a coaxial cable terminated on one of the 4-

point contacts at a temperature of 8.5 K. At this RF signal settings Shapiro-like steps 

where observed as can be seen in figure 176. The fact that the constriction responded to 

microwave radiations proves the presence of the Josephson-like effect on the sample. 
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Figure 176 Shapiro-like steps for the sub-micron sized constriction, which was exposed to an RF signal of 
frequency of 19.5 GHz, power strength -30 dBm and sample temperature of 8.5 K. 

Further measurements were done using the picosope data logging system on the shapiro 

steps for the sub-micron sized constriction. The step voltage was determined to be 

approximately 42.6 µV while the step current was measured to be 23.1 µA. According to 

theory the Josephson step voltage [21] is given by the formula in equation (1); 

𝑉0 = 𝑛(
Φ0

2𝜋
)𝜔𝑠                     (1) 

Which is equivalent to equation (2): 

𝑉0 = 𝑛 (
ℎ𝜔𝑠

4𝜋𝑒
) = 𝑛(

ℎ𝑓𝑠

2𝑒
)         (2) 

 Where Φ0 = ℎ/2𝑒, in equation (1), 𝑛 is the Shapiro step number taken to be 1 for the first 

step seen in figure 176, ℎ is Planck’s constant, 𝑓𝑠 is the signal frequency and 𝑒 the electron 

charge in equation (2). When we substitute the signal frequency used in this experiment 

of 19.5 GHz into equation (2) we get a step voltage of 40.3 µV according to theory. This 

is in very close approximation to the measured value of 42.6 µV taken from the graph 

derived with the picoscope software thus confirming the Josephson-like effect in the 

sample. 
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For the micron sized constriction an RF source of frequency 19.6 GHz was applied to the 

sample with a signal power of -12 dBm (0.0631 mW) at a temperature of 25 K. At these 

settings, Shapiro-like steps are achieved. The Shapiro-like steps can be seen in figure 

177 for the micron-sized constriction. The fact that the sample responded to microwave 

radiation proves the presence of the Josephson-like effect. 

 

Figure 177 Shapiro-like steps of the micron-size constriction exposed to an RF frequency of 19.573GHz, 
signal power -12dBm and sample temperature of 25K. 

Theoretically using equation (2) for the step voltage and substituting the frequency of 19.6 

GHz we get a calculated theoretical value of 40.46 µV for the step voltage. From 

measurements taken from the Pico scope readings of the Shapiro-like steps for the 

sample, we get a step voltage value of 39.9 µV. This is very close to the theoretical value 

for the sample proving once again the presence of the Josephson-like effect in the 

constriction. For the micron sized constriction the critical step current is measured to be 

58.9 µA. This is higher than that for the sub-micron constriction. This is because the 

micron junction is wider and for a similar current density, the step current should be 

higher. When we compare the Shapiro-like steps for the two junctions, we see that the 

micron constriction shows less bending or rounding of the knees on the graph with 

sharper steps indicating less damage to the constriction due to localized heating from the 



213 
© University of South Africa October 2017 

laser. Thus the micron constriction behaves like an S-s’-S type junction and the sub-

micron constriction behaves like an S-N-S type junction. 

5.3.4 THE DEPENDENCE OF 𝑰𝑪 ON RF POWER  

As specified earlier the sub-micron constriction responds positively to the presence of a 

microwave signal again proving the Josephson-like effect. The microwave signal power 

is gradually increased from -40 dBm to -14 dBm at a fixed temperature of 8.5 K while the 

critical current 𝐼𝐶  gets suppressed in a way similar to that in [22] from a value of 102 µA 

to 4.79 µA. This can be seen in figure 178, which shows the I-V curves at 8.5 K for different 

levels of the RF signal power. Shapiro like steps are resolved at an RF signal power of -

30 dBm but are not visible on this graph due to the high d.c sweep voltage (from -2 mV 

to 2 mV). The Shapiro step voltage is only 40 µV hence cannot be seen in this sweep. 

Normally to see the Shapiro steps, the sweep voltage has to be reduced (say from -200 

µV to 200 µV) and focus on the smaller Shapiro step voltage in this case of only about 40 

µV. 

 

Figure 178 I-V curves at different levels of RF signal power at a temperature of 8.5 K and a frequency of 
19.5 GHz for the sub-micron constriction. 
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The I-V curves at different levels of RF (radio frequency) power for the micron-sized 

constriction can be observed in figure 179. A similar result is achieved for the micron-

sized constriction with a very similar graph as compared to the sub-micron constriction. 

The only difference is that the RF signal power is increased from -40 dBm to +5 dBm at 

a fixed temperature of 6 K in this case. The critical current then suppresses from 720 µA 

to 19 µA. For the micron-sized constriction, the RF signal power is increased to a higher 

power level of +5 dBm as compared to -14 dBm for the sub-micron constriction. The 

reason being that the micron constriction has a higher d.c critical current (720 µA) to 

suppress than for the sub-micron constriction (102 µA) at these cryogenic temperatures 

(6 K - 8.5 K). No Shapiro-like steps are observed in this range of signal power and at this 

temperature of 6 K due to the high critical current at this temperature, which requires more 

critical current suppression. Again, the voltage step produced according to equation (2) 

is too small to observe Shapiro-like steps in this voltage sweep. 

 

Figure 179 I-V curves at varying levels of RF signal power, temperature of 6 K, RF signal frequency of 
19.5 GHz for the micron sized constriction. 
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5.3.5 CURRENT – VOLTAGE CHARACTERISTICS (IVC’s) AT VARYING 

TEMPERATURES AND THE CRITICAL CURRENT - TEMPERATURE 

DEPENDENCE CURVES. 

Figure 180 shows the I-V curves  for the sub-micron  constriction at different temperatures 

with  the RF power not applied in this case. As the temperature increases the critical 

current for each (I-V) curve decreases.

 

Figure 180 I-V curves for the sub-micron sized constriction at different temperatures. 

For the micron sized junction there is a very similar trend as the temperature increases 

the 𝐼𝐶 decreases. This can be seen in figure 181. The 𝐼𝐶 of the micron constriction is 

approximately ~ 7 times the 𝐼𝐶 of the sub-micron sized constriction at similar 

temperatures. For the submicron constriction, the critical current is 114 µA at 4.2 K and 

drops to 1.5 µA at 46 while for the micron constriction the critical current is 752 µA at 6 K 

and drops to 3.7 µA at 56 K. The critical current is measured on each I-V curve by using 

a voltage criterion of using a minimal voltage offset of approximately 40 µV. 

 

Figure 181 I-V curves for micron sized constriction at different temperatures. 
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In the plot of IC versus T/TCN for the sub-micron sized constriction shown in figure 182 we get an 

exponential decay function. This is expected, for a constriction of smaller width. Here TCN stands 

for the critical temperature of the YBCO thin film = 87 K which is used to normalize the temperature 

T in the plot of the curve. The femtosecond laser ablation tends to heat the constriction, which 

then changes from the superconductive phase to a normal phase producing the S-N-S type 

junction, and hence you get an exponential decay fit on the graph. The smaller width junctions 

tend to show the convex shape on the IC versus T/TCN graph. In the long junction limit the 

temperature dependence of the critical current is: 

𝐼𝐶 ∝ 𝑇
3

2 exp (−
𝐿

𝐿𝑇
)           (3) 

As expressed in [11] and within a limited temperature range, this expression is 

numerically similar to:  

 

𝐼𝐶 ∝ exp (−
𝐿

𝐿𝑇
)                       (4) 

 

With 𝐿𝑇 ∝ 1/𝑇, where T is the temperature of the thin film sample and 𝐿𝑇 the junction 

length, which is expected in the ballistic limit [23, 24]. This leads to an exponential decay 

function of the type:  

𝐼𝐶 ∝ exp (−
𝑇

𝑇0
).            (5) 

Where 𝑇0 is a decay constant. Hence the 𝐼𝐶 versus 𝑇/𝑇𝐶𝑁 graph in figure 182 for the 816 

nm wide sub-micron constriction is an exponential decay function. This function 

corresponds well with the exponential decay function expected for the S-N-S type 

junctions [11] in the long ballistic limit. Since this 𝐼𝐶 versus 𝑇/𝑇𝐶𝑁 curve is numerically 

close to an exponential decay fit then we can say the junction is possibly a diffusive S-N-

S type junction in the long junction regime. 
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A junction is defined as long when L≫10𝜉 [11] where 𝜉 is the superconducting coherence 

length (2 nm) for YBCO and small when L≪ 𝜉. Because the length of the sub-micron 

junction is 10 µm, the constriction shows concavity and an exponential decay in the plot 

of  𝐼𝐶 versus 𝑇/𝑇𝐶𝑁. Therefore the junction can be said to be in the long junction ballistic 

limit. 

 

Figure 182 𝑰𝑪 versus 𝑻/𝑻𝑪𝑵 plot for the sub-micron constriction. The solid red line is an exponential decay 

fit to the experimental data (solid squares) obtained for the 816 nm constriction. 

For the micron sized constriction the 𝑰𝑪 versus 𝑻/𝑻𝑪𝑵 plot in figure 183 shows a linear fit 

that is consistent with the behaviour of the constriction type junction [11, 25, 26]. This 

constriction is 2.1 µm wide and not all of the superconductive phase is heated and 

changed to a normal phase. Some of it remains in the superconductive phase forming 

more of an S-s’-S type junction.  

 

Figure 183 𝑰𝑪 versus 𝑻/𝑻𝑪𝑵 plot for the micron sized constriction, the solid line is a linear fit to the 

experimental data (solid squares) obtained for the 2.1 µm constriction. 
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5.3.6  NORMAL RESISTANCE (𝑹𝑵) Vs TEMPERATURE FOR THE JOSEPHSON 

JUNCTIONS. 

Some results were obtained for the normal resistance of each sample. For the sub-

micron, sized constriction the normal resistance shows a more metallic-like resistive 

behaviour as seen in [21]. The normal resistance increasing exponentially from the lower 

temperatures to the higher temperatures. At low temperatures its 7 Ω at 4.2 K and then 

increases to 42 Ω at higher temperatures (77 K). At this point, the critical current is very 

low. This points to the fact that, as the material suffers from local heating it normalizes 

and becomes more resistive forming an S-N-S type constriction. An exponential fit is used 

to fit the normal resistance to temperature as can be seen in figure 184. The 𝐼𝐶𝑅𝑁 product 

for this junction is 1.98 mV at 8.5 K.  

 

Figure 184 Normal Resistance 𝑹𝒏 Versus temperature for the sub-micron 816 nm constriction. 

The micron size constriction shows a slightly different result. Here the normal resistance 

remains the same with a value of 17 Ω at the lower temperature range from 6 K to 36 K 

and then increases exponentially at a higher temperature. This is similar to what is 

observed in [20], which is a step-edge junction. The micron sized constriction behaves 

like an S-s’-S type constriction because the resistance remains constant in the lower 

temperature range and then increases exponentially at a higher temperature. The graph 
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in figure 185 shows close similarity to the data sheet curve of a superconductive material, 

hence the S-s’-S nature. The 𝐼𝐶𝑅𝑁 product for the micron junction is 13.1 mV at a 

temperature of 6 K. 

 

Figure 185 Normal Resistance 𝑹𝒏 Versus Temperature for the micron 2.1 µm constriction. 

 

5.3.7  𝑰𝑪𝑹𝑵 PRODUCT Vs TEMPERATURE FOR THE JOSEPHSON 

JUNCTIONS. 

Having considered the Normal resistance 𝑅𝑁 Vs temperature for each Josephson junction 

it becomes necessary to look at the 𝐼𝐶𝑅𝑁 product trend against temperature for each 

junction. For the micron sized junction 2.1 µm the 𝐼𝐶𝑅𝑁 product starts at 13.1 mV at a 

temperature of 6 K and then drops to as low as 0.22 mV at a temperature of 56 K. The 

reason for this is that even though the normal resistance for the junction increases from 

low to high temperature, the critical current 𝐼𝐶 is decreasing very fast linearly. Therefore, 

the 𝐼𝐶𝑅𝑁 product decreases following the trajectory of the critical current. This trend can 

be observed in figure 186. 
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Figure 186 The 𝑰𝑪𝑹𝑵 product curve for the micron 2.1 µm Josephson junction. 

For the sub-micron sized junction 816 nm the 𝐼𝐶𝑅𝑁 product begins at 1.983 mV at a temperature 

of 8.5 K and drops to 0.128 mV at a temperature of 77 K. Again, although the normal resistance 

𝑅𝑁 for the sub-micron junction increases exponentially as in the previous section, the critical 

current 𝐼𝐶 decreases exponentially. Hence, the 𝐼𝐶𝑅𝑁 product decreases with temperature 

following the trend of the critical current 𝐼𝐶. This can be observed in figure 187. 

 

Figure 187  𝑰𝑪𝑹𝑵 product curve for the micron 2.1 µm Josephson junction. 
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5.4  CONCLUSION 
 

We fabricated sub-micron and micron sized constrictions that show a Josephson-like 

effect on YBCO thin films by using the femtosecond laser etching technique. The 

constriction widths were determined by using the AFM and then verified with the SEM 

microscope. The fabricated constrictions where tested for the Josephson-like Effect by 

showing the d.c (I-V) characteristics and the a.c Shapiro-like steps. The Shapiro-like steps 

observed confirmed the presence of the Josephson-like effect in these samples. The 

critical current dependence on temperature for the two samples was quite different. The 

micron-sized constriction showed a linear dependence of critical current versus 

temperature which points to the constriction type junction. The sub-micron sized 

constriction shows an exponential decay type behaviour which points to localized heating 

from the laser which changes the material from the superconductive phase to a normal 

phase producing the S-N-S type constriction in the long junction ballistic limit as seen in 

[23, 24]. The normal resistance versus temperature characteristic was shown for both 

samples and some similarities where observed. For both the sub-micron and micron sized 

constrictions the normal resistance is low at low temperatures and then increases at 

higher temperatures. This is because of the damage to the material from local laser 

heating. This makes the materials more resistive at higher temperatures and reduces the 

critical current at higher temperatures close to the critical temperature. However, for the 

micron-sized constriction at lower temperatures the normal resistance remains constant 

for a certain temperature range proving S-s’-S type behaviour while the sub-micron sized 

constriction shows a sharp exponential increase in the normal resistance from low 

temperature to high temperature proving metallic normalized material behaviour (S-N-S). 

Finally, the 𝐼𝐶𝑅𝑁 product trend against temperature is shown for both the micron and sub-

micron sized junctions. 
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CHAPTER 6 

THE EFFECT OF RF RADIATION ON THE CRITICAL CURRENT OF 

CONSTRICTIONS FABRICATED USING THE FEMTOSECOND LASER 

TECHNIQUE. 
 

In this chapter we discuss the influence of an RF signal of frequency 19.5 GHz on the 

critical current of a micron sized Josephson junction of width 2.1 µm and a sub-micron 

sized Josephson junction of width 816 nm. Both junctions showed the presence of 

Shapiro-like steps as observed in the previous chapter and critical current suppression 

due to an increase in the RF Power.  The micron sized junction showed Shapiro steps at 

the following specifications, RF frequency 19.5 GHz, RF power level at -12 dBm and 

temperature at 25 K. The sub-micron sized junction showed Shapiro steps with the RF 

frequency at 19.5 GHz, the RF power level at -30 dBm and temperature at 8.5 K. When 

the critical current 𝐼𝐶 is plotted versus RF power then the critical current shows a gradual 

decrease as the RF power is increased following the Bessel function behaviour, which 

proves the a.c Josephson effect in these samples. Critical current suppression occurs 

due to the varying magnetic field produced by the RF signal power. This varying magnetic 

field couples with the junction inducing an a.c current into it and reducing the value of the 

d.c critical current flowing through it, which causes critical current suppression [1]. In my 

case, for the micron sized junction the unsuppressed critical current when the RF power 

is off is 779.85 µA at a temperature of 6 K, while for the sub-micron sized junction the 

unsuppressed critical current when the RF power is off is 102.1 µA at a temperature of 

8.5 K. In the power dependence plot of the normalized critical current 𝐼𝐶𝑁 (𝐼𝑐/𝐼𝑐𝑜𝑓𝑓) at the 

first Shapiro step n = 0, the narrower sub-micron junction reaches the first minima before 

the wider micron junction validating the Josephson Effect [2]. Finally, the narrow junction 

shows sharp cusps in the first minima proving the presence of the diffusive S-N-S type 

Josephson junction as stated in [3] while the wide junction shows smooth minima which 

proves the presence of the S-s’-S or constriction type Josephson junction. 
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6.1 EXPERIMENTAL 

  

The Josephson junctions on which the RF tests were done were fabricated using the 

femtosecond laser technique. The femtosecond laser was used as a lithography tool to 

cut “S”-shaped constrictions on the YBCO superconducting thin films based on LAO or 

MgO substrates. The resulting constrictions were patterned with 4-point gold contacts to 

facilitate I-V measurements. This has all been described in previous chapters. The RF 

power signal of frequency of 19.5 GHz was introduced on one of the 4-point gold contacts 

as previously shown in figure 166 from chapter 5. For I-V measurements, d.c current is 

passed through the sample across two of the gold point contacts, with a slight frequency 

of 8–10 Hz added to the signal (that is an almost d.c signal with a slight a.c signal 

superimposed). Then the resulting d.c voltage is measured across the sample from the 

other two of the gold point contacts as shown in figure 166. This is done at same time as 

the RF signal is superimposed on the sample. The result being a plot of the I-V curve with 

the RF power superimposed on the sample at the same time. The reason for 

superimposing a low frequency signal of (8-10 Hz) on the d.c current passed through the 

sample is because, this low frequency signal facilitates the RF signal of high frequency 

to pass through the sample without melting the sample. The sample could melt due to the 

electronic friction imposed by the high frequency (19.5 GHz) RF signal.  

 

6.2 RESULTS 

6.2.1 THE CRITICAL CURRENT VS RF POWER CURVE FOR THE MICRON SIZED 

JOSEPHSON JUNCTION. 

 

For the micron sized Josephson junction, I-VC’s curves where plotted at different RF 

power levels as previously shown in figure 179 from chapter 5. The RF power level was 

varied on the I-VC’s at a fixed temperature of 6 K. The RF power was increased from -40 

dBm (0.0001 mW) to +5 dBm (3.16 mW) while the critical current reduced from 774.2 µA 

to 2.26 µA. The critical current is measured at a voltage offset of 70.7 µV for each I-VC’s 
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curve. This graph proves that a Josephson junction was produced because the critical 

current responds to the presence of an RF signal by getting suppressed [1].  

At each specific power, level of the RF signal the critical current was measured then 

normalized. The normalized critical current 𝐼𝐶𝑁 is obtained by dividing the critical current 

𝐼𝐶 at a specific RF power level by the critical current 𝐼𝐶(𝑜𝑓𝑓), that is the critical current value 

when the RF power is switched (off) or when the critical current is unsuppressed. The 

value of 𝐼𝐶(𝑜𝑓𝑓) in this case is 779.9 µA. Subsequently a plot of the normalized critical 

current 𝐼𝐶𝑁 Vs the RF power was derived as shown in figure 188. For the sake of the 

completion of the plot in figure 188, it is estimated that the RF power is switched (off) 

when the power setting is about -50 dBm or more. The graph shows that when the power 

level of the RF signal is increased the critical current measured decreases at a specific 

temperature. 

 

Figure 188 Power dependence of the normalized critical current 𝑰𝑪𝑵 at the first shapiro step n= 0, for the 

Josephson junction 2.1 µm wide, temperature 6 K and signal frequency 19.5 GHz. 
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6.2.2 THE CRITICAL CURRENT VS RF POWER CURVE FOR THE SUB-MICRON 

SIZED JOSEPHSON JUNCTION. 

 

The sub-micron sized Josephson junction showed the I-VC’s curves seen in figure 178 

from chapter 5 when the RF signal was applied to the sample with varying RF power 

levels. The RF power was varied on the I-VC’s of the sub-micron junction at a fixed 

temperature of 8.5 K. The RF power was increased from -40 dBm (0.0001 mW) to -14 

dBm (0.0398 mW) while the critical current suppressed from 86.96 µA to 2.26 µA. The 

critical current was measured at a voltage offset of 54.2 µV for each I-VC’s curve in figure 

178. The fact that the sample responds to the presence of an RF signal, with the critical 

current being suppressed [1], when the RF power is increased proves that a Josephson 

junction is formed.  

For the sub-micron junction at each specific power level of the RF signal the critical 

current is measured then normalized. The normalized critical current is referred to as 𝐼𝐶𝑁 

and is obtained by dividing the critical current 𝐼𝐶 at a specific RF power level by the critical 

current 𝐼𝐶(𝑜𝑓𝑓). This is the critical current value when the RF power is switched (off) or 

when the critical current is unsuppressed. The value of 𝐼𝐶(𝑜𝑓𝑓) in this case is 102.1 µA. A 

plot of the normalized critical current 𝐼𝐶𝑁 Vs the RF power is obtained for the sub-micron 

junction as seen in figure 189. For the sake of the completion of the plot in figure 189, it 

is estimated that the RF power is switched (off) when the power setting is about -50 dBm 

or more. The graph shows that when the power level of the RF signal is increased the 

critical current measured decreases at a specific temperature. 
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Figure 189 RF power dependence of the normalized critical current 𝑰𝑪𝑵 at the first shapiro step n=0, for 

the Josephson junction 816 nm wide, temperature 8.5 K and signal frequency 19.5 GHz. 

 

6.2.3 PROOF OF THE A.C JOSEPHSON EFFECT IN THESE SAMPLES USING 

THE RF RADIATION. 

 

The RF power dependence of the normalized critical current 𝐼𝐶𝑁 for the two samples are 

plotted in Fig.190. The normalized critical current 𝐼𝐶𝑁 is obtained by dividing the critical 𝐼𝐶 

at a specific RF power level by the critical current value when the RF power is switched 

off at a specific temperature 𝐼𝐶(𝑜𝑓𝑓). The critical current 𝐼𝐶 is measured from the 𝐼 − 𝑉𝐶′𝑠 

(Current – Voltage characteristic curves) at each specific RF power level at a voltage 

offset of approximately 50 µV. Subsequently the nomralized critical current is plotted 

against the RF power levels, and this process is repeated for the two junctions. The RF 
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power dependence curve in contrast to the fraunhofer pattern follows the Bessel function 

behaviour [2, 4]. Normalized critical current along with Bessel function fits are shown in 

figure 190 for the 816 nm and 2.1 µm wide constrictions. According to [2,4] when the RF 

power dependence curves for the two junctions are superimposed on the same graph 

then the narrower junction, in this case the submicron sized junction which is 816 nm wide 

will reach its first minimum before the wider micron 2.1 µm sized junction as can be seen 

in figure 190. This is an alternate proof of the Josephon Effect. The effect of microwaves 

on Josephson Currents in Superconducting Tunneling has been well described by 

Shapiro et al [4] in terms of Bessel function, 𝐽𝑛(
2𝑒𝑣

ℎ𝑓
) where 𝑣 is the amplitude of RF voltage 

generated across the tunnelling sample. However 𝑣 now depends on the junction 

dimensions length and width. For a smaller width junction, the decay of the supercurrent 

is more faster as expected. 

 

Figure 190 Power dependence of the normalized Critical Current 𝑰𝑪𝑵 for the first shapiro step n = 0, for 

the two Josephson junctions 816 nm and 2.1 µm at a temperature of 7 K and signal frequency 19.5 GHz. 
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With further analysis of the curves in figure 190, we notice that the narrow 816 nm sub-

micron junction has sharp cusps [4] in the minima trajectory which indicates the presence 

of a diffusive S-N-S type junction while the wide 2.1 µm micron junction has a smooth 

transiting minimum which indicates the presence of a S-s’-S constriction type junction. 

  

6.3 CONCLUSION 
 

In conclusion two Josephson junctions where successfully fabricated, the first a micron 

sized junction and the second a sub-micron sized junction using the femtosecond laser 

technique. Both junctions responded to the presence of an RF power signal showing 

Shapiro steps and critical current suppression when the RF power level is increased 

which proves the a.c Josephson effect. When the normalized critical current is plotted 

against RF power for both junctions on the same axis, the curves fit the expected Bessel 

function. These curves shows two minima with the narrow junction arriving at the first 

minimum before the wide junction, which again confirms the a.c Josephson Effect. The 

normalized critical current Vs RF power for the narrow junction has sharp (cusps) 

transitions in the minima proving the presence of the diffusive S-N-S type Josephson 

junction [3] while the normalized critical current Vs RF power graph for the wider junction 

shows smooth transiting minima proving an S-s’-S constriction type Josephson junction.  
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CHAPTER 7 

SUPERCONDUCTIVE BRIDGES THAT DID NOT SHOW THE 

JOSEPHSON EFFECT; LIMITATIONS. 
                                    

In this chapter, we discuss the constrictions fabricated with the femtosecond laser 

technique that show a measurable superconductive critical current flowing through them 

but do not show the a.c Josephson-like effect. I-V characteristics were used to determine 

the critical current 𝐼𝐶 of the constrictions at 77 K. The width of the constrictions was 

determined at the narrowest point using SEM (Scanning electron microscope). Three 

micron sized constrictions were tested in this chapter with the following widths; 2.88 µm, 

1.72 µm, and 1.69 µm and lengths of approximately 5 µm.  Based on the width and length 

of these constrictions in relation to the coherent length (𝜉) of the YBCO it was determined 

that these constrictions should geometrically conduct supercurrent by Abrikosov vortices 

and hence show the Josephson-like effect. The SEM images of these samples show that 

the femtosecond laser heats the samples beyond the geometric boundary [1], damaging 

the superconductive phase of the YBCO constrictions partially. The partial heat damage 

causes inhomogeneities on the constriction material, leading to the pinning of the 

coherent motion of the Abrikosov vortices. This prevents the a.c Josephson-like effect 

from being observed on the samples. However, there is still “superconductive patches” 

inside the constriction which give rise to a measurable critical current probably produced 

by one-dimensional de-pairing effects since these junction are quiet long. Before delving 

into superconductive bridges that do not show the Josephson effect, i first described what 

the I-V characteristics of a superconductive, resistive and an open constriction would look 

like, using a (659.5 nm) sub-micron, (1.49 µm) micron and a (1.36 µm) micron sample 

respectively in the following sections.   
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7.1  CURRENT – VOLTAGE CHARACTERISTICS OF 

ELECTRONICALLY SUPERCONDUCTIVE, RESISTIVE AND 

OPEN CONSTRICTIONS. 
 

The current-voltage characteristics are used to determine the electronic nature of the 

constriction. From analysis of the I-V characteristics of a constriction, it can be 

categorised as either superconductive, resistive or open. A constriction that is 

superconductive but does not show the Josephson Effect is referred to as a bridge and a 

constriction, which is both superconductive and shows the Josephson Effect, is referred 

to as a junction. A constriction, which is having a high resistance, is referred to as resistive 

and one that is clipped can be said to be open.  

7.1.1 SUPERCONDUCTIVE CONSTRICTION 

7.1.1.1 SUB-MICRON BRIDGE (659.5 nm) 

 

The I-V curve in figure 191 shows the I-V characteristics of a superconductive 

constriction. In the centre of the curve where the voltage offset is approximately null, the 

constriction is superconductive. Slightly offset from the null voltage centre the constriction 

is no longer superconductive but becomes normal and has a resistance along each point 

on the curve. The normal resistance of the constriction can be measured at the end of the 

voltage sweep when the normal resistance has stabilized and remains constant for the 

specific temperature of 77 K at which the measurement was made. 

The sub-micron bridge fabricated has a width of 659.5 nm, which is determined from the 

SEM image of the constriction in figure 192. The I-V curve in figure 191 shows the critical 

current of the constriction to be 9.26 mA. For a constriction of sub-micron, size such as 

695 nm this current is quiet high. This leads us to believe that the localized heating effects 

of the laser did not damage most of the crystalline nature of the constriction. That is the 

geometric width of the constriction and the superconductive phase are the same and most 

of the superconductive phase conducts this current.  
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Figure 191 I-V characteristic of the superconductive sub-micron bridge (659 nm). 

 

Figure 192 SEM image of the 659 nm sub-micron bridge. 
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7.1.2 RESISTIVE CONSTRICTION 

7.1.2.1 MICRON CONSTRICTION (1.49 µm) 

 

The I-V curve in figure 193 shows a straight line, which indicates the micron constriction, 

in this case is resistive. During the fabrication of this constriction, the local heat from the 

femtosecond laser changed the superconductive state of the YBCO thin film to a normal 

resistive material. The constriction is purely resistive and its normal resistance 𝑅𝑁 is 21.6 

kΩ, which can be obtained from the gradient of the curve. The SEM image shown in figure 

194, is that of the resistive constriction. The damage to the YBCO material in this case 

could also have been caused by poor storage conditions and delay in analysing the 

structures after fabrication. The YBCO thin films have a limited lifetime. That is after 

fabrication of constrictions using the laser they should not be stored for longer than 3 

months before analysis of the constrictions. 

 

Figure 193 I-V curve for the resistive micron constriction 1.49 µm showing a straight line. 
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Figure 194 SEM image of the resistive micron constriction 1.49 µm. 

The appropriate way of storing fabricated Josephson junctions and SQUID devices can 

be seen in figure 195. This involves using an enclosure such as a glass cabinet and 

circulating nitrogen gas through the cabinet. The cabinet would have an inlet and outlet 

for the nitrogen gas to pass through. The nitrogen gas is inert and slows down the natural 

degradation of YBCO crystalline thin films because of the absorption of moisture from air.  

 

Figure 195 Appropriate method of Storing fabricated Josephson junctions and SQUID devices. 
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7.1.3  ELECTRONICALY OPEN CONSTRICTION 

7.1.3.1 MICRON CONSTRICTION (1.36 µm) 

 

The I-V curve in figure 196 shows a hysteresis loop, which indicates the micron sized 

constriction 1.36 µm, is electrically open. In this case, the localized heating from the laser 

badly damages the superconductive state of the YBCO thin film. As a result, the 

constriction becomes highly resistive or electrically open. Although the constriction seems 

to be geometrically continuous, as can be seen in the SEM image in figure 197. 

Electrically the resistance is extremely high, thus one can say it is an open constriction. 

Calculation of the normal resistance in this case from the gradient of the hysteresis loop 

gives a value of 10.71 MΩ, which proves the constriction is open. 

 

Figure 196 I-V curve for the open micron constriction 1.36 µm showing a hysteresis loop. 
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Figure 197 SEM image of the electrically open micron constriction 1.36 µm. 

The lens that was used to focus the laser in this case caused the excessive heating on 

the sample. An objective Plano convex lens of numerical aperture 0.25 was used to focus 

the laser beam. The burnt objective lens was used to fabricate this constriction. As a 

result, the laser beam was not well focused but slightly dispersed. The constriction was 

heated by the dispersed laser beam, therefore making it electrically open. 

In this sub-section, we have shown the current-voltage characteristics (I-VC’s) of the 

superconductive, resistive and electrically open constrictions fabricated on the YBCO thin 

film. The SEM images of these constrictions were also illustrated.  

7.2 CLASSIFICATION OF THE SUPERCONDUCTIVE BRIDGES  

Superconducting micron sized bridges are very useful for applications such as 

Bolometers [2-6], Fault current limiters [7] and microwave mixing [8] etc. In fact, YBCO, 

based bolometers can reach a theoretically predicted phonon noise-limited noise 

equivalent power (NEP) of 3pW/Hz0.5 [9]. Micron sized constrictions on YBCO thin films 

were fabricated using a novel femtosecond laser technique shown in the previous 
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chapters in micro patterning of YBCO HTS films, since this laser has never been used 

before for this purpose.  

Superconducting bridges can show similar a.c like behaviour as Josephson junctions, 

depending on their geometric dimension and hence can be classified according to their 

geometric dimensions. Following Likharev et al [10], we have that in the limit of a short 

and one dimensional bridge (𝑤,
𝑙

𝜉(77𝐾)
< 3.49) [10] where 𝑤 is the width of the bridge, 𝑙 is 

the length of the bridge and 𝜉 is the coherent length of the YBCO thin film. In the condition 

above the bridge behaves similarly to a tunnel Josephson Junction as can be seen in 

figure 198. When the bridge length is increased with the same  𝑇 (temperature) and the 

same width such that (𝑤,
𝑙

𝜉(77𝐾)
> 3.49) [10]. Then one-dimensional depairing effects 

characterizes the current flowing through the bridge. Finally, when increasing the bridge 

width to values (𝑙,
𝑤

𝜉(77𝐾)
) > 4.44) [10] keeping the length the same, the maximum critical 

current density is now not given by depairing effects but by Abrikosov vortices (this is 

valid in the homogenous limit). That is in the case where the YBCO crystal remain 

homogenous (undamaged) at the constriction. According to [11] the coherent length (𝜉) 

of YBCO nanostructures is 2 nm in the limit of zero temperature. Using equation 1 and 

values from [12] the calculated coherent length (𝜉) for YBCO is 7 nm at a temperature of 

4.2 K. 

𝜉 =
ℏ𝑉𝑓

𝜋𝐸𝑔
                  (1) 

Where, ℏ is Plancks constant, 𝑉𝑓 is the fermi velocity and 𝐸𝑔 is the Energy band gap of 

the YBCO thin film.  

 Using the value of 7 nm in our case for the coherent length of YBCO as an approximation 

at a temperature of 77 K. The widths of our constrictions range from (1.6 µm to 3 µm) and 

the length is approximately 5 µm. Then our bridges fabricated by the femtosecond laser 

technique should fall into the category, where the maximum current density is produced 

by Abrikosov vortices according to the diagram in figure 198. 
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Figure 198 Variety of possible sizes of dirty weak links and causes of the flow of supercurrent through 
them [10]. 

However, for the coherent motion of the Abrikosov vortices to develop the constrictions 

fabricated must be absent of any inhomogeneities.  If there are no inhomogeneities of 

any form on the YBCO constrictions, then synchronization of the coherent motion of the 

Abrikosov vortices to the external microwave field will occur by phase locking and 

Shapiro-like steps [13] should have been observed in these samples, showing an a.c 

Josephson-like behaviour. However, in these micron structures this did not occur due to 

the local heating from the laser, which partially damages the superconductive phase on 

the YBCO constrictions. The partial heat damage produces inhomogeneities on the 

YBCO constriction, pinning the coherent motion of the Abrikosov vortices and hence the 

Josephson-like a.c effects are not observed in these samples. Although there is laser 

heat damage and inhomogeneities are produced, there are superconductive patches 

inside the constriction where the superconductive phase survives giving rise to a 

measurable critical current. This critical current could not be modulated by the microwave 

radiation due to the defects on the constriction. In addition, the large value of the critical 

current measured in (mA) in relation to the low microwave radiation frequency (GHz) may 

have prevented Shapiro steps from being observed. Due to the inhomogeneities 

produced by heat damage, the current densities in these samples do not occur by virtue 

of Abrikosov vortices but probably due to the one-dimensional depairing mechanism. 
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7.3 I-V  CHARACTERIZATION OF THE CONSTRICTIONS 
 

The three constrictions discussed in this chapter did not show the a.c Josephson Effect, 

namely; 2.88 µm, 1.72 µm, and 1.69 µm wide constrictions. Table 9 summarizes all the 

laser parameters related to the fabrication of these constrictions. 

Table 9 Laser cutting parameters for each bridge. 

 

The method used to perform the I-V measurements and hence determine the critical 

current of each sample is summarized in the block diagram shown in figure 199. The 

software used to plot the I-V curves is called “SQUID” from national instruments. 

 

Figure 199 Set up for I-V measurement on the micron bridge samples using the circuit analysis software 
“SQUIDS” from national instruments. 
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As previously described 4-point gold contacts are placed on, the sample and then wire 

bonded to the PCB holder. The PCB holder together with the sample is mounted onto a 

probe. The probe is then immersed into a liquid nitrogen tank in order to take the sample 

to a temperature of 77 K. A d.c current source is used to pass current through the sample 

via two of the point contacts and the voltage produced is measured across the second 

two of the point contacts using the d.c voltmeter. The d.c ammeter, which gets a reference 

signal from the current source and the d.c voltmeter, are connected to the computer via 

a parallel interface, which with the aid of the “SQUID” software interface plots the I-V 

curves.  

7.4 RESULTS: BRIDGES THAT DO NOT SHOW THE A.C 

JOSEPHSON-LIKE EFFECT. 

Micron constrictions with different widths and lengths were fabricated using the 

femtosecond laser [14-15] as discussed in previous chapters. A few of these constrictions 

that did not show the Josephson-like effect were chosen and listed in table 10. The reason 

why they did not show the Josephson Effect was explained in the later sections. The 

widths of the constrictions were measured using the SEM at the narrowest points. 

Table 10 Constrictions sizes and their corresponding critical current. 

 

 

7.4.1  MICRON (a) CONSTRICTION 

The micron size (a) constriction shown in the SEM image in figure 200 is 2.88 µm wide, 

measured at the narrowest point of the constriction.  Figure 201 shows its I-V 

characteristic curve with a critical current 𝐼𝐶 of 4.81 mA. The critical current was measured 

by taking a value of current at a voltage offset of 20 µV, which is tending to the zero limit 

of voltage. 
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Figure 200 SEM image of 2.88 µm micron bridge. 

As can be seen from figure 200, which is an SEM image of the sample. There is local 

heating from the femtosecond laser, which produces some re-deposited particles on the 

geometric edge of the constriction. A shadow is formed around the edge of the micron 

constriction. The shadow is the damaged superconductive material that changes to non-

superconductive form. Hence, the real superconductive phase of the sample is smaller 

than the geometric size. There is a section in the constriction that conducts the measured 

critical current. However, this current on the sample does not conduct by the coherent 

motion of Abrikosov vortices due to the inhomogeneities produced by the heat damage. 

If the current was produced by Abrikosov vortices, then an a.c Josephson-like effect 

(Shapiro steps) could have been observed on this sample. The damage prevents 

response to microwave radiation and Shapiro steps are not observed.  
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Figure 201 I-V characteristic for the 2.88µm constriction (a) showing critical current to be 4.81 mA. 

The average height of the re-deposited particles after ablation was measured using an 

AFM profilometer for the specific sample and determined to be approximately 173 nm 

from the 3-D image in figure 202. It is believed that the re-deposited particles are 

insulating due to the laser heat damage and do not contribute to the measured critical 

current. 

 

Figure 202 AFM profile of the 2.88 µm constriction (a) showing the approximate height of the re-deposited 
particles to be 173 nm. 
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7.4.2  MICRON (b) CONSTRICTION 

The width of constriction (b) was determined using SEM to be 1.72 µm wide as can be 

seen in figure 203. The critical current can be seen in figure 204 to be 1.77 mA. Again, 

the constriction is heated beyond the geometric boundary and some of the 

superconductive phase is damaged. Due to the heat, damage from the laser the 

crystalline structure of the YBCO constriction is not homogenous, for the coherent motion 

of Abrikosov vortices to develop and hence show the a.c Josephson-like effect.  

 

Figure 203 SEM image of constriction (b) showing the width to be 1.72 µm. 

 

Figure 204 I-V characteristic for the 1.72 µm wide constriction (b) showing the critical current to be 1.77 
mA at a temperature of 77 K. 
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The AFM 3-D profile of the 1.72 µm wide constriction (b) can be seen in figure 205. The 

height of the re-deposited particles is 151 nm. The shadowed area of the constriction 

represents the heating damage from the laser. It is believed that the re-deposited particles 

are heat damaged and hence do not contribute to the measured current. 

 

Figure 205 AFM profile of 1.72 µm wide constriction (b) re-deposited particles height is 151 nm. 

7.4.3  MICRON (c) CONSTRICTION 

 

The width of constriction (c) is 1.69 µm as can be seen in the SEM image of the sample 

in figure 206. The I-V curve in figure 207 shows that the sample has a critical current of 

15.2 mA. This critical current is very large compared to the small geometric size of 

constriction (c), since both constriction, (b) and (c) are of similar geometric dimensions. 

The reason for this can be explained using the SEM image in figure 206. From this image, 

it can be seen that there is not much heat damage to the YBCO thin film on the 

constriction. The crystalline nature is largely untouched beyond the geometric boundary. 

The reason for this is that an objective lens was used at the terminal point in the shaping 

or focusing of the laser beam in this case. The objective lens has a numerical aperture of 

NA 0.25 and a X10 magnification. Therefore, it has a very high focusing power that 

enables the laser beam spot to be reduced to a very small laser ablation spot as seen in 

table 7-1 (10.5 µm). This laser ablation spot cuts right on the edges of the constriction 

without passing the geometric boundary of the constriction into the superconductive 

phase of the YBCO sample. The measured critical current is therefore quite large 

because most of the superconductive phase within the geometric boundary still conducts 
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the current. If you compare sample (b) and (c) with respect to their similar dimensions 

they should produce a similar critical current. However, in sample (b) the superconductive 

phase is highly damaged by the heat of the laser. This is due to the fact that in sample 

(b) a conventional spherical convex lens is used of focal length 45 mm to focus the laser 

beam before cutting. This lens can produce a poorly shaped ablation spot that damages 

the sample beyond the geometric boundary into the superconductive phase, hence the 

small critical current produced. Sample (c) on the other hand has a large measured critical 

current because by using the objective Plano convex lens the superconductive phase is 

not damaged beyond the geometric boundary. 

 

Figure 206 SEM image of the 1.69 µm wide constriction (c). 

 

Figure 207 I-V curve of the 1.69 µm constriction (c), showing the critical current to be 15.2 mA at a 
temperature of 77 K. 
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Sample (c) does not have any inhomogeneities on the constriction such that the 

crystalline structure of the YBCO is still intact and therefore the coherent motion of the 

Abrikosov vortices are able to develop. However, the critical current measured is very 

high 15.2 mA. The microwave radiation source used in our experiments with a 

frequency of 20 GHz will produce (µA) size step currents, as calculated from equations 

in [13]. This (µA) steps would not be visible in a (mA) current sweep. A terahertz 

frequency source could enable the shapiro steps produced in this case to be seen in 

the large current sweep of 20 mA. 

7.5 LIMITATIONS OF THE FEMTOSECOND LASER METHOD AND 

POSSIBLE IMPROVEMENTS 
 

The main limitation or drawback in using the femtosecond laser technique is in the 

rigorous process of shaping the laser beam spot to the optimum size for micro-

patterning processes. The laser spot size coming from the source is approximately 9 

mm wide. To achieve micro patterning the laser ablation spot has to be reduced to at 

least 10 µm. This requires mirrors, apertures, beam collimation (cylindrical lenses), 

which introduce spherical aberration and focusing lenses. All these have to be aligned 

and well-focused for the set up to work at optimum. Any change in alignment and 

focusing will change the size of the laser ablation spot. Hence the difficulty in 

reproducing the same results. When the laser beam is not well-focused due to 

spherical aberration, it transgresses the geometric boundary planned for cutting and 

damages the superconductive phase of the sample producing defects. This is the 

reason for the shadow around the geometric boundary. In addition, overlapping of the 

laser ablation spots occurs, clipping the constriction during the fabrication of very small 

structures and nanowires. For example, to easily fabricate a constriction of sub-micron 

width of 600 nm, the laser ablation spot size has to be of a relative size of at least 1 

µm to avoid clipping the constriction. One possible solution or recommendation is to 

make use of the objective lens with a high numerical aperture (NA) at the terminal 

point of focusing. This can help reduce the laser ablation spot to a relatively small 

dimension. In addition, the high focusing power of this lens will prevent the laser beam 

from straying beyond the geometric boundary of the constriction in the form of 

shadows. 
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7.6 CONCLUSION 

In this chapter, we discussed three micron-sized superconductive constrictions of 

width 2.88 µm, 1.72 µm, and 1.69 µm that did not show the Josephson Effect. The 

reason these constrictions did not show the Josephson-like Effect was explained. 

According to the condition (𝑙, (
𝑤

𝜉(77𝐾)
) > 4.44), which is met in these samples, the 

current density should be due to the coherent motion of Abrikosov vortices. Localized 

heating effects from the laser create inhomogeneities on the constrictions that prevent 

Abrikosov vortices from developing and a.c Josephson-like effect from being 

observed. Constriction (c) could possibly show the a.c Josephson-like effect but due 

to the low frequency of the microwave radiation used (20 GHz) and the high measured 

value of the critical current, synchronization does not occur between the current and 

the microwave radiation source. Shapiro steps cannot be made visible on a current 

sweep of 20 mA using a gigahertz frequency source. A terahertz frequency source 

would be deemed necessary. 
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CHAPTER 8 

CONCLUSION  
 

In order to conclude all the work done in the preceding chapters the problem 

statements made in chapter one will be answered. 

1. A novel femtosecond laser technique was utilised to fabricate Josephson Junctions 

in two categories based on their width namely; the Josephson Junctions in the near 

nano size category (500 – 800 nm) and the Josephson Junctions in the micron size 

category (1 – 2 µm). These Josephson junctions where all fabricated on high 𝑇𝐶 

superconducting 𝑌𝐵𝑎2𝐶𝑢3𝑂7−𝑥 thin films based on the LAO substrate. The 

Josephson Effect in these junctions was proven by the use of D.C I-V 

characteristics, A.C Shapiro steps and the microwave radiation effect on the critical 

current 𝐼𝐶 of the junctions. 

 

2. Initially it was assumed that due the low pulse duration of the femtosecond laser 

130 fs, the junctions fabricated by this method would not experience thermal 

degradation from the laser. However, from all the experimental work conducted, 

namely: I-V characterization, microscope scans, it is concluded that the 

femtosecond laser does heat the samples and thermal degradation occurs to some 

extent. The reason for this can be explained as follows; the femtosecond laser has 

a low pulse duration of 130 fs intrinsically, due to its own nature. However, during 

the fabrication process other factors combine to change how long the constriction 

is exposed to the laser heat. These factors include the laser frequency or pulse 

repetition rate which is 1 kHz (1000 µs) and the laser feed rate in this case (333 

µms-1). The laser feed refers to how fast the translation stage is moved during the 

fabrication of the constriction. With these factors combined the sample would still 

be exposed to the laser heat for a much longer period than femtoseconds, and 

hence thermal degradation would occur to some extent. Therefore, the sub-micron 

sized 816 nm wide Josephson junction showed S-N-S type junction behaviour due 

to heating effects on the narrow constriction while the micron sized Josephson 

junction showed more of the S-s’-S type junction behaviour because of its wider 
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dimension. This tells us that the heating effects from the laser vary depending on 

how close the laser ablation spots are brought to each other during fabrication. It 

is recommended that in order to reduce the localized heating effects of the laser 

beyond the geometric boundary of the constriction, it is better to utilize the objective 

Plano convex lenses of numerical apertures (0.25, 0.40, and 0.65) to focus the 

laser beam rather than the conventional spherical lenses of relative focal lengths. 

As the former will produce sharper well define edged constrictions. 

 

3. Several nanoscale constrictions that could act as superconductive bridges where 

achieved as seen in the previous chapters. 

 

4. Novel S-shaped constrictions were designed by using the G-code program to move 

the translation stage during the fabrication of the constrictions. The S-shaped 

constriction is novel in that its shaped like the letter “S” and compared to standard 

constriction shapes, with the S-shaped constriction it is possible to regulate both 

the length and width of the constriction at the same time. The complete “S” shaped 

design was developed using a novel algorithm written in the G-code programming 

language for control systems. This algorithm is described in chapter 3 and the G-

code program can be found in the appendix. 

 

5. Lastly, a laser beam shaping and collimation process was developed in order to 

optimize the laser beam spot for the machining process of the junctions. The laser 

beam shaping process involved blowing up (expanding) the laser beam spot and 

then collimating it by using cylindrical lenses. This was done to convert the elliptical 

spot shape to a spherical spot shape by expanding the X-direction of the spot. The 

beam collimation was done to expand the laser beam spot before converging it to 

the smallest spot possible, by using either the conventional spherical lenses or the 

objective lens. 

  



254 
© University of South Africa October 2017 

 

8.1 FUTURE WORK AND RECOMMENDATION 
 

1. After all the work done in this PhD, including optimising the laser beam shape, 

designing the S-shaped constrictions, determining the laser ablation threshold of 

YBCO thin film, fabricating constrictions, analysing the I-V curves, analysing 

Shapiro steps, etc. The main action that can be taken in the future to fabricate 

Nano Josephson junctions using the femtosecond laser without heating the 

constriction would be to optimize the laser beam shape using beam collimation 

processes and to use the objective plano convex lenses of high numerical aperture 

such as (NA 0.25, 0.40, and 0.65) to focus the beam. This lens would focus the 

laser ablation spot to the smallest ablation spot possible that can facilitate the 

fabrication of Nano Josephson Junctions. The objective lens would also prevent 

the laser beam from overlapping the geometric edge designed and hence the laser 

would not heat the superconductive phase of the constriction. This is only possible 

if the objective plano convex lens is not damaged and in good working order.  

 

2. Another factor that can facilitate reducing the thermal heating of the constriction by 

the laser would be to increase the translation stage feed rate from (20 mm/min) 

333 µms-1 to (30 mm/min) 500 µms-1. This would reduce the exposure time of the 

sample to the laser heating effects. 

 

3. A recommendation to improve the yield rate when fabricating Josephson Junctions 

would be to store the samples made, using inert nitrogen gas. The samples should 

be stored in in cylinders with inert nitrogen gas freely flowing across the samples. 

This can help to improve the life span of the junctions made. 

 

4. Standard laser patterning techniques, applied to a multielement, highly anisotropic 

and chemically reactive YBCO often result in structures with fuzzy edges as seen 

in some AFM images in the previous chapters. In addition it produces degraded 

(oxygen –deficient) chemical composition, lowering the performance of fabricated 

devices such as Josephson Junctions. A laser patterning technique described in 

[1, 2] involves protecting the YBCO thin films by fabricating bilayer structures 

consisting of YBCO thin films with in-situ deposited insulating 𝑆𝑟𝑇𝑖𝑂3 (STO) 

coating. This bilayer structures can be used to fabricate planar constrictions 
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consisting of well defined, uniform superconducting YBCO regions free of surface 

contamination and edge degradation. The STO layer is used to protect the YBCO 

thin film during the laser patterning of the film. The laser-induced, non-invasive 

diffusion of oxygen atoms through the STO top layer, does not damage or degrade 

the YBCO layer by creating an oxygen deficient YBCO. 

 

5. Based on the critical current temperature dependence graphs in chapter 5 for the 

micron and sub-micron sized Josephson Junctions. I determined the critical current 

density for the micron-sized Junction to be 9.5 Amps/cm2 at 77 K and the sub-

micron sized Junction to be 36.8 Amps/cm2 at 77 K. These values are small at 77 

K for fabricated Josephson Junctions. This occurs because of the thermal heating 

effects from the laser. However, these devices at lower cryogenic temperatures 

such as 8 K tend to have improved performance, becoming more superconductive 

at lower temperatures. This again indicates that their reduced performance is 

caused by thermal degradation from the laser. Hence, if the recommendations 

listed above are applied, then it would be possible to achieve reduced thermal 

degradation from the femtosecond laser and improved performance from the 

Junctions. 

 

6. The femtosecond laser and the G-code algorithm designed for the fabrication of 

Josephson Junctions can be used in the future with a few alterations to the 

algorithm to fabricate RF micro strip lines, antennas and antenna patches that can 

be used in the field of RF electronics. 
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APPENDIX  
 

G-CODE PROGRAM TO FABRICATE THE S-SHAPED 

CONSTRICTIONS. 

 

;CUTS CONSTRICTIONS THAT YOU CAN CONTROL THE WIDTH AND THE 

LENGTH 

 

DVAR $xzero   ;initial xvalue at beginning of EACH pad 

DVAR $xval    ;next x value 

DVAR $yzero    ;initial yvalue   

DVAR $yval     ;next yvalue      

DVAR $zval   ;initial z value - kept constant    

DVAR $zoutfocus  ;an initial value for z out of the laser beam focus  

DVAR $iter      ;iterator                                          

DVAR $ll       ;Length of rectangle                      

DVAR $width    ;width of rectangle     

DVAR $nrepsablation  ;number of times to cut around rectangle ablation 

DVAR $nrepsconstriction ;number of times to make constriction       

 

DVAR $ax 

DVAR $bx      

DVAR $cx   

DVAR $ay     

DVAR $by 

DVAR $cy 
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BoundAxesMask = BoundAxesMask BOR 0x7     ; This task now takes control of the 

X axis  

G90            ;Absolute mode                                                                       

G71            ;METRIC MODE 

G75            ;UNIT/MIN  

G84 X Y        ;ROTATION OFF FOR  X Y  

ENABLE X Y Z 

            

RapidFeedRate.X=20  ;SET FEEDRATE FOR G0 COMMANDS 

RapidFeedRate.Y=20 

 

F100    ; Set feedrate              

$zval=-1.0     ; focal point 

$zoutfocus=5    

 

$ll=5 

$width=1 

$nrepsablation=10 

$nrepsconstriction=6 

      

G82  

;HOME X Y Z   

 

$xzero=1     

$yzero=5.5 
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G92 X$xzero Y$yzero   ; Set these coordinates as the origin 

 

; BLOCK BEAM!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!   

 

;DWELL 10 

 

G1   X0 Y0 Z$zoutfocus            ;go to starting point 

         

;DWELL 5        

 

G1  X0 Y0 Z$zval      ;bring into focus   

       

 

; OPEN BEAM!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 

DWELL 10 

 

; ---------------------- 

; cut rectangle 

; ---------------------- 

      

; lower left corner of rectangle    

 

$xval=-$ll  

$yval=-$width/200 

 

G1   X$xval Y0 Z$zval             ;go to lower left bottom of rectangle    1   ;lower half 

G1   X$xval Y$yval Z$zval        ;go to lower left corner of rectangle     
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REPEAT $nrepsconstriction  

REPEAT $nrepsablation    

 

$xval=$xval+$ll                      ;calculate new x position       2 

G1   X$xval Y$yval Z$zval        ;shift to new x position  

 

$yval=$yval-$width/200         

G1   X$xval Y$yval Z$zval        ;cut along x direction  

 

 $xval=$xval-$ll                      ;calculate new x position   3  

G1   X$xval Y$yval Z$zval        ;shift to new x position  

 

$yval=$yval-$width/200         

G1   X$xval Y$yval Z$zval        ;cut along x direction  

  

$xval=$xval+$ll                      ;calculate new x position       4 

G1   X$xval Y$yval Z$zval        ;shift to new x position  

 

$yval=$yval-$width/200         

G1   X$xval Y$yval Z$zval        ;cut along x direction   

 

$xval=$xval-$ll                      ;calculate new x position    5  

G1   X$xval Y$yval Z$zval        ;shift to new x position  

 

$yval=$yval-$width/200         

G1   X$xval Y$yval Z$zval        ;cut along x direction       
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$xval=$xval+$ll                      ;calculate new x position       6 

G1   X$xval Y$yval Z$zval        ;shift to new x position  

 

$yval=$yval-$width/200         

G1   X$xval Y$yval Z$zval        ;cut along x direction    

 

$xval=$xval-$ll                      ;calculate new x position    7 

G1   X$xval Y$yval Z$zval        ;shift to new x position  

 

$yval=$yval-$width/200         

G1   X$xval Y$yval Z$zval        ;cut along x direction  

 

$xval=$xval+$ll                      ;calculate new x position       8 

G1   X$xval Y$yval Z$zval        ;shift to new x position  

 

$yval=$yval-$width/200         

G1   X$xval Y$yval Z$zval        ;cut along x direction  

 

$xval=$xval-$ll                      ;calculate new x position    9 

G1   X$xval Y$yval Z$zval        ;shift to new x position  

 

$yval=$yval-$width/200         

G1   X$xval Y$yval Z$zval        ;cut along x direction   

 

$xval=$xval+$ll                      ;calculate new x position       10    
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G1   X$xval Y$yval Z$zval        ;shift to new x position  

 

$yval=$yval-$width/200         

G1   X$xval Y$yval Z$zval        ;cut along x direction    

 

$xval=$xval-$ll                      ;calculate new x position       11    

 

G1   X$xval Y$yval Z$zval        ;shift to new x position  

 

$yval=$yval-$width/200         

G1   X$xval Y$yval Z$zval        ;cut along x direction  

 

ENDRPT     

 

$xval=$xval+$ll                      ; extra to remove block    

 

G1   X$xval Y$yval Z$zval       

 

$yval=$yval-$width/200         

G1   X$xval Y$yval Z$zval        ;cut along x direction  

         

$xval=$xval-$ll                      ;extra TO REMOVE BLOCK 

 

G1   X$xval Y$yval Z$zval 

 

$xval=$xval+$ll/2.003004507       ;calculate new x position     halfway point 

G1   X$xval Y$yval Z$zval        ;shift to new x position    
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$yval=$yval-$width/2.010050251     

G1   X$xval Y$yval Z$zval        ;cut along x direction  enter y width constriction 20um 

 

$yval=$yval+$width/2.010050251                  

G1   X$xval Y$yval Z$zval        ;cut along x direction  enter y go BACK   

 

$xval=$xval+$ll/1.997004493         ; full way  

G1   X$xval Y$yval Z$zval        ;shift to new x position    

 

$yval=$yval-$width         

G1   X$xval Y$yval Z$zval        ;cut along x direction  enter Y ACROSS 

 

$xval=$xval-$ll/2.003004507                                            ;calculate new x position     

HALF WAY DOWN  

G1   X$xval Y$yval Z$zval        ;shift to new x position    

 

$yval=$yval+$width/2.010050251                   

G1   X$xval Y$yval Z$zval        ;cut along x direction  enter y WIDTH 

CONSTRICTION 

 

$yval=$yval-$width/2.010050251                    

G1   X$xval Y$yval Z$zval        ;cut along x direction  enter y OUT WIDTH 

CONSTRICTION   

 

$xval=$xval-$ll/1.997004493                                    ;calculate new x position     FULL 

DOWN WAY DOWN  

G1   X$xval Y$yval Z$zval        ;shift to new x position    
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ENDRPT      

 

 

$xval=$xval-$ll                      ;move to the top          ;upper half 

G1   X$xval Y$yval Z$zval         

 

$yval=$yval+9                

G1   X$xval Y$yval Z$zval        ;move across 9mm    

 

$xval=$xval+$ll  

G1   X$xval Y$yval Z$zval        ;go down 

 

$yval=-$width/200            

 

G1   X$xval Y$yval Z$zval      ;start going across 

 

REPEAT $nrepsconstriction 

REPEAT $nrepsablation    

 

$xval=$xval-$ll                      ;calculate new x position       2 

G1   X$xval Y$yval Z$zval        ;shift to new x position  

 

$yval=$yval-$width/200         

G1   X$xval Y$yval Z$zval        ;cut along x direction  
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$xval=$xval+$ll                      ;calculate new x position   3  

G1   X$xval Y$yval Z$zval        ;shift to new x position  

 

$yval=$yval-$width/200         

G1   X$xval Y$yval Z$zval        ;cut along x direction  

  

$xval=$xval-$ll                      ;calculate new x position       4 

G1   X$xval Y$yval Z$zval        ;shift to new x position  

 

$yval=$yval-$width/200         

G1   X$xval Y$yval Z$zval        ;cut along x direction   

 

$xval=$xval+$ll                      ;calculate new x position   5  

G1   X$xval Y$yval Z$zval        ;shift to new x position  

 

$yval=$yval-$width/200         

G1   X$xval Y$yval Z$zval        ;cut along x direction       

 

$xval=$xval-$ll                      ;calculate new x position       6 

G1   X$xval Y$yval Z$zval        ;shift to new x position  

 

$yval=$yval-$width/200         

G1   X$xval Y$yval Z$zval        ;cut along x direction    

 

$xval=$xval+$ll                      ;calculate new x position    7 

G1   X$xval Y$yval Z$zval        ;shift to new x position  
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$yval=$yval-$width/200         

G1   X$xval Y$yval Z$zval        ;cut along x direction  

 

$xval=$xval-$ll                      ;calculate new x position       8 

G1   X$xval Y$yval Z$zval        ;shift to new x position  

 

$yval=$yval-$width/200         

G1   X$xval Y$yval Z$zval        ;cut along x direction  

 

$xval=$xval+$ll                      ;calculate new x position   9 

G1   X$xval Y$yval Z$zval        ;shift to new x position  

 

$yval=$yval-$width/200         

G1   X$xval Y$yval Z$zval        ;cut along x direction   

 

$xval=$xval-$ll                      ;calculate new x position       10    

 

G1   X$xval Y$yval Z$zval        ;shift to new x position  

 

$yval=$yval-$width/200         

G1   X$xval Y$yval Z$zval        ;cut along x direction    

 

$xval=$xval+$ll                      ;calculate new x position       11    

 

G1   X$xval Y$yval Z$zval        ;shift to new x position  

 

$yval=$yval-$width/200         
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G1   X$xval Y$yval Z$zval        ;cut along x direction  

 

ENDRPT   

 

$xval=$xval-$ll                      ; extra to remove block    

 

G1   X$xval Y$yval Z$zval  

 

$yval=$yval-$width/200         

G1   X$xval Y$yval Z$zval        ;cut along x direction          

 

$xval=$xval+$ll                      ;extra TO REMOVE BLOCK 

 

G1   X$xval Y$yval Z$zval 

                    

$xval=$xval-$ll/2.003004507                                    ;calculate new x position half way 

G1   X$xval Y$yval Z$zval        ;shift to new x position    

 

$yval=$yval-$width/2.010050251     

G1   X$xval Y$yval Z$zval        ;cut along x direction  enter y width constriction 20um 

 

 

$yval=$yval+$width/2.010050251                   

G1   X$xval Y$yval Z$zval        ;cut along x direction  enter y go BACK   

 

$xval=$xval-$ll/1.997004493             ;calculate new x position half way point 

G1   X$xval Y$yval Z$zval        ;shift to new x position    



267 
© University of South Africa October 2017 

 

 

$yval=$yval-$width         

G1   X$xval Y$yval Z$zval        ;cut along x direction  enter Y ACROSS 

 

$xval=$xval+$ll/2.003004507                                             ;calculate new x position     

HALF WAY DOWN  

G1   X$xval Y$yval Z$zval        ;shift to new x position    

 

$yval=$yval+$width/2.010050251                  

G1   X$xval Y$yval Z$zval        ;cut along x direction  enter y WIDTH 

CONSTRICTION 

                    

$yval=$yval-$width/2.010050251                 

G1   X$xval Y$yval Z$zval        ;cut along x direction  enter y OUT WIDTH 

CONSTRICTION   

 

$xval=$xval+$ll/1.997004493                                ;calculate new x position     FULL 

DWON WAY DOWN  

G1   X$xval Y$yval Z$zval        ;shift to new x position    

 

ENDRPT      

 

 

 

THIS IS THE END OF THE PHD WORK!!! 


