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Abstract: In this paper a set of constrictions in the micron and sub-micron range fabricated with the 

femtosecond laser on superconducting 𝑌𝐵𝑎 𝐶𝑢 𝑂  thin film are scanned with the Atomic Force 

Microscope (AFM). The AFM images of the resulting constrictions are depicted. The width of the 

constrictions fabricated range from 1.24 µm micron dimension to 812 nm in the sub-micron range. The 

laser ablation spot size or diameter is set at 15.8 µm for the femtosecond laser and the separation distance 

between the centers of the laser ablation spots is varied between (16 – 17) µm as a result generating the 

variable constriction widths for the different superconductive bridges. The images of the fabricated 

micron and sub-micron constrictions are shown as a catalogue in the paper. The AFM images also show 

the surface morphology of the fabricated constriction qubits. 
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1. Introduction 

In this paper the femtosecond laser [1-4] was used to fabricate micron and sub-micron sized constrictions 

on the superconducting Yttrium barium copper oxide (YBCO) [5-7] thin films. These superconducting 

constrictions can be used as Josephson Junctions [8-12]. Other lasers [13-15] have been utilized to 

fabricate superconductive constrictions and Josephson Junctions. The main aim of utilizing the 

femtosecond laser to fabricate superconductive cubits is because of its low pulse duration. This specific 

femtosecond laser has a pulse duration [16-18] of 130 ×  10  𝑠. The low pulse duration of the 

femtosecond laser helps to reduce the thermal heating [19] or localized heating [20] of the 

superconductive thin film by the femtosecond laser. This is very important because superconductive 

materials are sensitive to high temperatures which cause thermal degradation of the thin film and can 

lower the critical temperature (𝑇 ) of the superconductive thin film. The femtosecond laser system used 

to fabricate the constrictions consists of the translation stage feed-rate, the pulse repetition rate or 

frequency of the laser source and the natural pulse duration of the femtosecond laser. The resulting 

average pulse duration of the overall femtosecond laser system is higher than the pulse duration of the 

innate femtosecond laser itself. Hence some thermal heating of the thin film occurs. The catalogue of 

images for the micron and sub-micron constrictions fabricated is given as a list in this paper. This specific 

catalogue of constrictions has never been depicted before. This paper consists of section 1 which 

introduces the paper, section 2 which briefly describes the method used, section 3, which gives the results 

including the AFM images and discusses the paper and Section 4 which concludes the paper. 



2. Materials and Methods 

2.1. Femtosecond laser setup 

The Femtosecond laser that was used to machine the micron- and sub-micron- sized constrictions has a 

pulse duration of 130 × 10  𝑠 and a wavelength of 775 nm. The power output range of the 

femtosecond laser is (0-1000) mW, but to fabricate the constrictions, it was set at 2.1 mW. This power 

output level helps to make the laser ablation spot size smaller and hence achieve constrictions on the 

micron and sub-micron scale. The frequency or pulse repetition rate of the laser was set at 1 kHz. The 

feed rate of the translation stage which holds the YBCO thin film during machining of the sample was 

configured to 20 mm/min or 333 𝜇𝑚𝑠 . The achieved laser ablation spot size using these settings was 

15.8 𝜇𝑚. The separation distance between the centers of the laser ablation spots was varied in the range 

(16 – 17) µm using G-code software to control the movement of the translation stage. Thus, achieving 

constrictions whose widths range from 1.248 𝜇𝑚 in the micron range to 812.4 nm in the sub-micron 

range. The width of these constrictions is given by the formula in equation (1) sourced from [1,2]. 

 

𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑠𝑡𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝑠 (𝑤) =

𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑡ℎ𝑒 𝑐𝑒𝑛𝑡𝑟𝑒𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑙𝑎𝑠𝑒𝑟 𝑎𝑏𝑙𝑎𝑡𝑖𝑜𝑛𝑠 𝑠𝑝𝑜𝑡𝑠 (𝑆 ) −

𝑙𝑎𝑠𝑒𝑟 𝑎𝑏𝑙𝑎𝑡𝑖𝑜𝑛 𝑠𝑝𝑜𝑡 𝑠𝑖𝑧𝑒            (1) 

 

Where 𝑤 is the width of the constriction and 𝑆  is the separation distance between the centers of the 

laser ablation spots. The schematic depicting these parameters on the fabricated constrictions is shown 

in Figure 1 below. 

 

 

 

Figure 1. Schematic diagram of the shape of the fabricated constrictions and local heating [1] 
 

 2.2. YBCO Material used.  

The YBCO thin films used to fabricate the constrictions were purchased from Ceraco GmBH and have 

a dimension of (10 × 10 × 0.5) 𝑚𝑚. The YBCO thin films where fabricated using thermal reactive co-



evaporation method. The stoichiometric characteristics of the YBCO used are critical temperature 𝑇 =

86 𝐾, the critical current density is 𝑗 (77 𝐾) ≥ 2.0 𝑀𝐴/𝑐𝑚 . The thin films are polished with YBCO on 

a single side with the thickness of YBCO being 0.2 µ𝑚 the rest is substrate material with a thickness of 

499.8 µ𝑚. The substrates used where MgO and LAO. The constrictions space in Figure 1 above has a 

dimension of (1 × 5 × 0.5) 𝑚𝑚. This means that up to 12 such constrictions were fabricated in each 

YBCO thin film with the femtosecond laser, that is 6 on the lower row and 6 on the upper row of the thin 

film. 

 

2.3. Atomic Force Microscope (AFM) Model used. 

The Atomic Force Microscope (AFM) [22] model “Nanosurf Flex FM 2011”, shown in Figure 2 was 

used to scan the surface of the fabricated constrictions and derive the topographical images of the 

samples. 

 

 
Figure 2. Atomic Force Microscope (AFM) “Nanosurf FlexAFM” [21] 

The topographical images of the constrictions were created using the tapping mode of operation of the 

AFM in which the cantilever tip of the AFM is moved over the sample surface from left to right and back 

repeatedly. The cantilever tip scans transversely over the constriction space and across the laser ablation 

spots as can be seen in Figure 3, tapping the sample surface and generating the resultant image of the 

constrictions. The non-contact tapping mode is used because it does not damage the surface of the YBCO 

thin film. 

 



 

Figure 3. Cantilever tip of the AFM scanning the constriction space [21] 

  

 2.4. Overall Femtosecond Laser Setup for fabricating the constrictions. 

The overall femtosecond laser setup for fabricating the constrictions is made up of the laser source (pump 

laser diode), the beam collimation setup which blows up the laser beam and then collimates it, the 

reflective mirrors, the iris or manual aperture for reducing the laser ablation spots size, the 30 mm 

spherical convex lens and the translation stage which holds the YBCO thin film for machining the 

constrictions. This setup can be seen in Figure 4. The iris or manual aperture diameter is reduced to 

1500 𝜇𝑚 to enable just the centre core of the laser beam to continue to the focusing optics. The 30 mm 

spherical lens produces a laser ablation spot size of 15.8 𝜇𝑚. The translation stage is connected via a 

serial interface to a computer which runs the program for machining the constrictions. The program for 

machining the constrictions is written in the G-code programming language. The power level that is 

incident on the sample is approximately 2.1 𝑚𝑊. 

 



 

Figure 4. Overall block diagram depicting the Femtosecond Laser setup used to fabricate the 
constrictions [21] 

 3. Results 

Table 1 below gives the list of constrictions fabricated with the femtosecond laser and scanned with the 

AFM. The table gives the constrictions from Micron-YBCO I to SubMicron YBCO VI. The laser ablation 

spot size is set at 15.8 µ𝑚. The separation distance between the laser ablation spots (𝑆 ) is varied 

between (17 − 16) µm in G-code programming. The power is specifically set to 2.035 mW. As a result, 

the constrictions widths fabricated vary from 1.24 𝜇𝑚 (micron) to 812 𝑛𝑚 (sub-micron) dimension 

following the formula in equation (1) sourced from [1,2] which was applied in the G-code program to 

move the translation stage. 

 

 

 

 

 

 

 

 

 

 



Table 1. Catalogue of Constrictions fabricated on YBCO and their Specifications. 

Number Name of 
Constriction 

Separation distance between 
the centers of the laser 
ablation spots (𝑺𝑾) 

Laser Ablation 
Spot Size 

Width of 
Constriction  

Power 
Setting 

1 Micron-YBCO 
I 

17 µ𝑚 15.8 𝜇𝑚 1.24 µ𝑚 2.035 mW 

2 Micron-YBCO 
II 

17 µ𝑚 15.8 𝜇𝑚 1.19 µ𝑚 2.035 mW 

3 Micron-YBCO 
III 

17 µ𝑚 15.8 𝜇𝑚 1.07 µ𝑚 2.035 mW 

4 SubMicron-
YBCO IV 

16.5 𝜇𝑚 15.8 𝜇𝑚 879 𝑛𝑚 2.035 mW 

5 SubMicron-
YBCO V 

16.5 𝜇𝑚 15.8 𝜇𝑚 874 𝑛𝑚 2.035 mW 

6 SubMicron-
YBCO VI 

16 𝜇𝑚 15.8 𝜇𝑚 812 𝑛𝑚 2.035 mW 

 

3.1. AFM imaging of Micron-YBCO I 

Micron-YBCO I constriction fabricated with the femtosecond laser and scanned with the AFM can be 

seen in Figure 5 below. To fabricate the Micron-YBCO I constriction, the separation distance between 

the centers of the laser ablation spots was set a 17 𝜇𝑚, the laser ablation spot was 15.8 𝜇𝑚 and the power 

configured to 2.035 𝑚𝑊. Using the AFM to scan the constriction gives the topographical line fit in 

Figure 5(a) which shows the width of the constriction to be 1.24 𝜇𝑚. Figure 5(b) is an amplitude line fit 

which shows the surface morphology of the constriction. Figure 5(c) gives the 3-D image of the 

constriction. The topographical line fit in Figure 5(a) gives the width of the constriction by measuring 

the width of the amplitude over the zero axis at the narrowest point of the constriction, since this is a 

variable width constriction. Judging from the 3-D imaging and the topographical line fit one can see that 

there is some thermal heating or localized heating of the YBCO sample by the femtosecond laser. The 

localized heating is evidenced by the darker shades or tinges in the AFM images on the border of the 

laser ablation spot. This effect is also portrayed in Figure 1 above. To get the image of this constriction 

the scan area was set to (19 × 19) 𝜇𝑚.  

 



 
Figure 5. (a) Topography line fit of Micron-YBCO I shows the width of the Constriction to be 

1.24 𝜇𝑚 (b) Amplitude line fit of Micron-YBCO I showing outline (c) 3-D AFM plot of Micron-YBCO I   

  

 3.2 AFM imaging of Micron-YBCO II 

Micron-YBCO II constriction fabricated with the femtosecond laser and scanned with the AFM can be 

seen in Figure 6 below. The 𝑆  for the constriction was set at 17 𝜇𝑚, the laser ablation spot size is 

15.8 𝜇𝑚 and the power was set at 2.035 𝑚𝑊. The topographical line fit in Figure 6(a) shows the width 

of the constriction is 1.19 𝜇𝑚. Figure 6(b) is the amplitude line fit which shows the surface smoothness 

of the constriction, it can also be used to show the continuity of the constriction for conductive purposes. 

This constriction is continuous. Figure 6(c) gives the 3-D shape of the constriction. The topographical 

line fit in Figure 6(a) measures the width of the constriction by measuring the width of the amplitude 

over and above the zero axis at the narrowest point of the constriction. The scan area for this constriction 

was set at (20.5 × 20.5) 𝜇𝑚. 

 



 
Figure 6. (a) Topography line fit of Micron-YBCO II shows the width of the Constriction to 

be 1.19 𝜇𝑚 (b) Amplitude line fit of Micron-YBCO II showing outline (c) 3-D AFM plot of Micron-
YBCO II   

 

  3.3 AFM imaging of Micron-YBCO III 

During the fabrication of Micron-YBCO III Constriction the 𝑆  is set to 17 𝜇𝑚, the laser ablation spot 

size is 15.8 𝜇𝑚 and the laser power is configured to 2.035 mW. The topographical line fit in Figure 7(a) 

gives the width of the constriction as 1.07 𝜇𝑚. Figure 7(b) is the amplitude line fit of the constriction 

and Figure 7(c) the 3-D image of the constriction. The scan area for this constriction was set at 

(21.1 × 21.1) 𝜇𝑚 in the AFM. 

 



 

Figure 7. (a) Topography line fit of Micron-YBCO III shows the width of the Constriction to be 
1.07 𝜇𝑚 (b) Amplitude line fit of Micron-YBCO III showing outline (c) 3-D AFM plot of Micron-

YBCO III  

   

3.4 AFM imaging of SubMicron-YBCO IV 

For SubMicron-YBCO IV constriction the 𝑆  is 16.5 𝜇𝑚, the laser ablation spot size is also 15.8 𝜇𝑚 

and the laser power is 2.035 𝑚𝑊. The topographical line fit in Figure 8(a) indicates the width of the 

constriction is 879 𝑛𝑚. Figure 8(b) which shows the amplitude line fit indicates the constriction is 

continuous which is necessary for superconduction. Figure 8(c) gives the 3-D image of the constriction. 

The scan area used to derive the images was (17.6 × 17.6) 𝜇𝑚. 

 



 
Figure 8. (a) Topography line fit of SubMicron-YBCO IV shows the width of the 

Constriction to be 879 𝑛𝑚 (b) Amplitude line fit of SubMicron-YBCO IV showing outline (c) 
3-D AFM plot of SubMicron-YBCO IV     

  

 3.5 AFM imaging of SubMicron-YBCO V 

During the fabrication of SubMicron-YBCO V the 𝑆  is reduced to 16.5 𝜇𝑚 in the G-code. The laser 

ablation spot size is kept constant at 15.8 𝜇𝑚. The laser power is 2.035 𝑚𝑊. Following equation (1), 

source [1,2] the width of the constriction as given in the topographical line fit in Figure 9(a) reduces to 

874 𝑛𝑚. The amplitude line fit in Figure 9(b) shows the constriction is not continuous. This is because 

the diffraction limit of the femtosecond laser whose wavelength is 775 𝑛𝑚 is being approached. At this 

point it becomes quite difficult to make a continuous constriction without clipping the borders of the 

constriction with the laser. In order to achieve this specific optics such, as the planoconvex lens will be 

needed. The 3-D image in Figure 9(c) validates the constriction is not continuous. The scan area used to 

image the constriction is (19.6 × 19.6) 𝜇𝑚.  

 

 



 
Figure 9. (a) Topography line fit of SubMicron-YBCO V shows the width of the Constriction 

to be 874 𝑛𝑚 (b) Amplitude line fit of SubMicron-YBCO V showing outline (c) 3-D AFM 
plot of SubMicron-YBCO V 

 

 3.6 AFM imaging of SubMicron-YBCO VI 

The 𝑆  for SubMicron-YBCO VI Constriction is further reduced to 16 𝜇𝑚 in the G-code. The laser 

ablation spot size is kept at 15.8 𝜇𝑚. The laser power is 2.035 𝑚𝑊. As a result, the width of the 

constriction reduces to 812 𝑛𝑚 as indicated in the topographical line fit in Figure 10(a). Figure 10(b) 

shows the amplitude line fit which shows the constriction is continuous. The 3-D image of the 

constriction is given in Figure 10(c). The scan area of the constriction is set at (22.6 × 22.6) 𝜇𝑚. 

 



 
Figure 10. (a) Topography line fit of SubMicron-YBCO VI shows the width of the 
Constriction to be 812 𝑛𝑚 (b) Amplitude line fit of SubMicron-YBCO VI showing 

outline (c) 3-D AFM plot of SubMicron-YBCO VI 

 

 4. Discussion and Conclusion 

In this paper a catalogue of constrictions machined using the femtosecond laser on the superconducting 

YBCO thin film are depicted and portrayed using the Atomic Force Microscope (AFM). The 

femtosecond laser has a very low pulse duration and can reduce the localized heating on the resultant 

constrictions. Due to the fact that in the femtosecond laser setup other components exist such as the 

translation stage and the laser source with a specific pulse frequency, the average time the laser spends 

on the YBCO thin film is much longer than femtoseconds and some thermal degradation occurs. This is 

evidenced by the darker shades on the YBCO thin film next to the laser spot in the AFM images. When 

the constrictions are being fabricated the separation distance between the laser ablation spots is reduced 

in the G-code program while the laser ablation spots size is kept constant. As a result, the widths of the 

fabricated constrictions reduced in size towards the nanoscale, which is validated by equation (1) [1,2]. 

This gives an element of control when fabricating nanoscale structures. The unique catalogue of images 

created by the AFM can assist to determine the physical continuity of fabricated constrictions in the 

micron, submicron, and nano scale.  
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