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Presentation Notes
This presentation is about Nb nanoSQUIDs made of SNS (S..superconductor, N..normal metal) Josephson junctions (JJs). The work resulted from a successful collaboration between University of Tübingen and PTB in the field of nanoSQUID sensors and is supported by DFG (Deutsche Forschungsgemeinschaft).
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Upper left: three axis magnetometer fabricated in the clean room of  PTB Braunschweig in collaboration with university of Tübingen. 
Bottom left: a gradiometer type SQUID current sensor developed in the clean room of PTB Braunschweig in collaboration with PTB Berlin.
Upper right and bottom right: nanoSQUIDs designed and fabricated at PTB Braunschweig in framework of the DFG project “Ultrasensitive nanoSQUIDs for the detection of small spin systems”. Shown are nanoSQUIDs at the end of the second fabrication stage. Two bigger structures on the bottom right picture are on-chip modulation wires placed separately from the SQUID.
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Motivation

Why we use SNS instead of SIS?
• critical current densities about 1000 times higher (up to about 1 MA/cm2)

• no need for external shunt resistor enables downscaling of the SQUID

sensor to sub-µm size

• very small junction capacitance keeps the βC < 1 (non-hysteretic IV)

C. Granata and A. Vettoliere, “Nano Superconducting Quantum Interference device: 
A powerful tool for nanoscale investigations,” Phys. Rep., vol. 614, pp. 1–69, 2016.
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The reference is a comprehensive overview over the recent most interesting investigations and achievements on the field of development of nanoSQUID sensors.
There are several main reasons for the choice of the normal metal barrier JJs. With SNS junctions one gets impressively high critical current densities. Then, there is no need for an external shunt resistor, because the junction will be shunted intrinsically, already. And, as the result of a very small junction area, the capacitance is also decreased and the Steward-McCumber parameter βC can easily be made smaller than 1, which is important for non-hysteretic current voltage (IV-) characteristics.
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Motivation: Our NanoSQUID

SQUID´s lateral dimensions <1μm

• High spatial resolution for localization of MNP

• High stability to external magnetic fields 

• Better coupling to the field of the magnetic particle

Josephson junctions

100..150 nm> 80 nm

NanoSQUID loop 
out-of-plane

> 30 nm
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The main motivation for this work is the development of nanoSQUID sensors for investigations of small spin systems, e.g. magnetic nanoparticles (MNP). In this context, very small sub-µm loops give us the advantage of high spatial resolution. Also, the sensitivity to external magnetic fields is decreased due to small sensor size. At the same time, the size of all components is reduced, thus, the sufficient amount of dipole field quickly weakening with the distance from its origin can reach the sensor´s sensitive area.  On the picture is the sketch of the nanoSQUID made in strip line architecture. The SQUID loop is highlighted with black rectangle and has the out-of-plane orientation. The smallest nanoSQUID measures only about 30 nm in length and about 100 nm to 150 nm in height.  
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Motivation: Our NanoSQUID

SQUID´s lateral dimensions <1μm

• High spatial resolution for localization of MNP

• High stability to external magnetic fields 

• Better coupling to the field of the magnetic particle

B
External magnetic field 

applied to flip the magnetization 
of the particle > 50mT

µ
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One needs strong external magnetic field to flip the magnetization direction of an MNP. Mostly more than 50 mT up to several hundreds of mT. To be able to investigate the magnetic properties of MNPs our sensors should be robust to high external magnetic fields applied to manipulate magnetic state of the particle. That’s why the out-of-plane architecture of the sensor is more favorable. In this case MNP is positioned over the top electrode and will be magnetized with an external magnetic field parallel to the SQUID loop. Then, only the stray field is coupling into the SQUID loop and the JJs stay widely unaffected by the strong external magnetic field. Additionally, a reduction of the line width would make it energetically unfavorable for Abrikosov vortices to appear and would make the sensor more robust to such magnetic fields. 
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Technology: SNS with HfTi Barrier

 designs with high complexity and high yield are feasible
 in-plane and out-of-plane loop orientations in one device
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The fabrication process is based on the both key technologies: electron beam lithography and chemical-mechanical polishing. Electron beam lithography allows high precision in the alignment of the structures from different layers. Chemical-mechanical polishing enables flat surfaces and to interconnect single layers.
The fabrication process in total consists of three phases. First, the JJ trilayer including the bottom Nb electrode will be patterned. In the second, an insulator layer of SiO2 will be deposited and polished. In the last phase we define the connections between the JJs using Nb wiring.
The big advantages of our fabrication technology is the possibility to create very complex designs with a huge number of JJs and SQUIDs. Also, it is possible to combine in-plane and out-of-plane architecture of the SQUID sensor in one device.




Seite 7 von 24AG 2.43, Viacheslav Morosh nanoSQUIDs

Advanced Technology
 Layer structure is extended by an additional Nb layer for 

auxiliary components (coils, transformers)
 It offers more free space and more freedom in designing of 

superconductive devices
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We also developed an advanced technology, where an additional Nb layer has been added to offer more space for supporting components like coils, transformers, filters.
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Results Related to our Technology
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Appl. Phys. Lett. 102 (2013) 192601 (4 pp). 
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• S. Bechstein, F. Ruede, D. Drung, J.-H. Storm, O. F. Kieler, J. Kohlmann, T. Weimann, and T. Schurig, „HfTi-nanoSQUID
gradiometers with high linearity”, Appl. Phys. Lett. 106 (2015) 072601 (4 pp)

• J. Beyer, M. Klemm, J. H. Storm, O. Kieler, T. Weimann, V. Morosh, „Noise of dc-SQUIDs with planar sub-micrometer 
Nb/HfTi/Nb junctions”, Superc. Sci. Technol. 28 (2015), 085011.
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Layer Structure

The Trilayer:
Nb (Top):  200 nm (superconductor)
HfTi:          20…30 nm (normal metal)
Nb (Base): 160 nm (superconductor)

30 nm Al2O3 etching stop

300nmSi substrate with 300 nm thermal 
oxidized SiO2

Kieler, O.F.; Iuzzolino, R. & Kohlmann, J. (2009). Sub-μm SNS Josephson junction arrays for the Josephson 
arbitrary waveform synthesizer, IEEE Transactions on Applied Superconductivity, Vol.19, No.3, (June 2009) pp. 230-233.

IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), April 2017. 
 Oral presentation at KRYO 2016.  No manuscript was submitted for hardcopy journal publication. 



Seite 10 von 24AG 2.43, Viacheslav Morosh nanoSQUIDs

Critical Parameters on Demand

• Parameters of the Josephson junctions can be adjusted

• High reproducibility of the parameters
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The junction critical parameters can be adjusted through setting of an appropriate barrier thickness.
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Results: NanoSQUID Type A 

JJ area = 
90 nm x 90 nm

JJ spacing = 
100 nm

d(HfTi) = 20,5 nm

AG 2.43, Viacheslav Morosh nanoSQUIDs

Nb top wiring

Nb bottom 
wiring (base)

modulation 
coil

Josephson 
junctions
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Next, two types of nanoSQUIDs will be presented and their stability in high external magnetic fields demonstrated. The both types differ in JJ size, line widths and loop dimensions. The barrier thickness is for both equal.
Type A nanoSQUID comprises JJs with nominal lateral size of 90 nm with a distance of ca. 100 nm between the JJs. The width of the current lines is about 100 nm.
Left: scanning electron microscopy picture of a nanoSQUID of type A. Right: JJs after the etching of the Nb top electrode and of the barrier.




Seite 12 von 24

Results: NanoSQUID Type A 
Current-Voltage Characteristics V-Φ- Characteristics

Ic Modulations
38 mT/Φ0

1/Mf = ca. 20 mA/Φ0

Fraunhofer-Like Pattern

βL = IcL / Φ0 = 0.2

L = 11 pH

Γ = 2πkBT/I0Ф0=

10 x 10-3

ASQUID,eff = 0.05 µm2

jc homogeneous

AG 2.43, Viacheslav Morosh nanoSQUIDs

All measurements 
were made at 4.2 K

VΦ = 300 µV/Φ0
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From the period of the Ic modulations induced by an external magnetic field the effective SQUID area of about 0.05 µm² has been estimated. Uniformity and symmetry of the Fraunhofer-like pattern indicates homogeneity of the critical current density. Single jumps of the critical current appearing in the plot at random external field values (-0.26 T, 0.18 T, and 0.3 T) can be attributed to the instability of the flux penetrating the SQUID loop presumably caused by Abrikosov vortex entrance or/and it´s movement. The very slight shift of the pattern to the negative field values originates from the residual magnetization of the excitation coil.
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Results: NanoSQUID Type B 

JJ area = 
150 nm x 150 nm

JJ spacing = 
60 nm

top wiring

bottom wiring (base)

d(HfTi) = 20.5 nm

AG 2.43, Viacheslav Morosh nanoSQUIDs

Josephson
junctions

IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), April 2017. 
 Oral presentation at KRYO 2016.  No manuscript was submitted for hardcopy journal publication. 

Presenter
Presentation Notes
Type B nanoSQUID comprises JJs with nominal lateral size of 150 nm with a nominal distance of ca. 60 nm between them. The width of the current lines is about 180 nm. Compared to previous type it has bigger junctions, wider line width but smaller SQUID loop. The SQUID loop has the out-of-plane orientation like for all nanoSQUIDs presented here (see slide 4). The left picture shows the top view of a finished device. The position of the JJs is indicated with arrows. Right is a snapshot during the first fabrication phase (see slide 6).
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Results: NanoSQUID Type B 

Ic = 150 µA
jc = 333 kA/cm2

RN = 0.6 Ω
Vc = 90 µV

50 mT/Φ0

1/Mf ≈ 35 mA/Φ0

βL = IcL / Φ0 = 0.25

L = 2.7 pH

Γ = 2πkBT/I0Ф0=

2.3 x 10-3

ASQUID,eff = 0.04 µm2

jc homogeneous

AG 2.43, Viacheslav Morosh nanoSQUIDs

Current-Voltage Characteristics V-Imod- Curve

Fraunhofer-Like Pattern

All measurements 
were made at 4.2 K

Ic Modulations

Mf ≈ 59 fH
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Also here a homogeneous critical current density can be concluded. Similar to the previous case (see slide 12) the critical current shows some jumps (0.07 T, 0.1 T) and even as the field reaches a value around 0.1 T it experiences a breakdown to values of about 15 % of the maximum value. Also here we conclude a vortex entrance.
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Results: NanoSQUID Type A, Type B 
Stability in External Magnetic Field

AG 2.43, Viacheslav Morosh nanoSQUIDs

-160 mT 160 mT

BextBext

Type B

Type A

Line width 180 nm

Line width 100 nm
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The nanoSQUID with wider current lines shows a stability of the critical current up to 160 mT for both field orientations.
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Results: NanoSQUID Type A, Type B 

AG 2.43, Viacheslav Morosh nanoSQUIDs

Stability in External Magnetic Field

-290 mT 250 mT

-160 mT 160 mT

Type A

BextBext

Type B

Line width 100 nm

Line width 180 nm
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NanoSQUID with narrow current lines has wider operating range between -290 mT and 250 mT. Type A is more stable than type B due to narrow line width. The difference between the positive and the negative maximum field values could in part be caused by residual magnetization of the field magnet.
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Results: Type C
Flux Noise

working point data:

Ib = 280 µA

Φ = 0,25 Φ0

VΦ = 300 µV/Φ0
JJ area: 150 nm x 150 nm

SQUID loop: 1µm x 100nm

Gap (input coil-SQUID): 100 nm

Ic = 200 µA
RN = 0.5 Ω

Vc = 100 µV

jc = 444 kA/cm2

1/Mf = 6.4 mA/Φ0

βL = IcL / Φ0 = 0.4 

L = 4.2 pH

ASQUID = 0.1 µm2

AG 2.43, Viacheslav Morosh nanoSQUIDs

169 nΦ0 /Hz1/2 white noise

Very high critical current densities! 10 µB /Hz1/2

NanoSQUID Sensor Data

2-stage measurement configuration
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To study the flux noise properties we use the type C nanoSQUID. It has an on-chip modulation coil physically separated from the SQUID loop consisting of four parts of Nb lines each pair laying in two different layers. The measured flux noise is about 50 % higher than the value calculated using the theoretical expression for externally shunted SIS JJs. We speculate, that this discrepancy originates from measurement setup or/and from Joule heat in the JJs itself while being operated in voltage state. Despite this fact the resulting spin sensitivity is a very good value of about 10 µB/Hz1/2 .
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Voltage Noise of Single JJs

AG 2.43, Viacheslav Morosh nanoSQUIDs

Johnson-Nyquist Noise:
SV

1/2 = (4kBTRN)1/2

Bath temperature: 
T = 4.2 K

measurement

theory

̴ 60 % deviation
̴ 50 % deviation

Effective JJ Temperature:
TJJ eff. ≈ 9 K

Similar self-heating effect in Nb/HfTi/Nb SQUID devices was reported in:
 J. Beyer, M. Klemm, J. H. Storm, O. Kieler, T. Weimann, V. Morosh, „Noise of dc-SQUIDs with planar sub-micrometer

Nb/HfTi/Nb junctions”, Superc. Sci. Technol. 28 (2015), 085011.
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To investigate the noise deviation demonstrated on the previous slide in more details, the voltage noise of single junctions with different cross section area at bias currents Ib >> Ic has been measured and also calculated using the Johnson-Nyquist formula. The result is: the voltage noise increases with decreasing cross section area due to increasing normal resistance of the barrier. But the deviation of the measured and the theoretical values is found to be about 50 % to 60 %. Calculation of the noise temperature with the Johnson-Nyquist formula using the measured voltage noise values reveals an elevated effective temperature as the bath temperature.
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Temperature Behavior of a Single JJ

AG 2.43, Viacheslav Morosh nanoSQUIDs

JJ: 80 nm x 80 nm

d(HfTi) = 20.5 nm

RN = 6.2 Ω = const

Large Hysteresis Small Hysteresis

No Hysteresis

SQUIDs nonhysteretic:
1.4 K....4.2 K !

IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), April 2017. 
 Oral presentation at KRYO 2016.  No manuscript was submitted for hardcopy journal publication. 



Seite 20 von 24

High Critical Current Density jc

AG 2.43, Viacheslav Morosh nanoSQUIDs

βL = IcL / Φ0 ≈ 0.3

L ≈ 5 pH

JJ: 80 nm x 80 nm
Ic = 127 µA
RN = 1 Ω
jc ≈ 1 MA/cm2

Comparison of the Gamma parameter
Γ = 2πkBT/I0Ф0 

Type A  
(jc = 213 kA/cm2)

This nanoSQUID
(jc = 1 MA/cm2) 

10 x 10-3 2,7 x 10-3

• still non-hysteretic!
• sharper Ic corner 50 % more output voltage

All measurements are made at T = 4.2 K
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We reduced the barrier thickness to 17 nm to increase the output voltage of nanoSQUIDs with very small JJs (80 nm x 80 nm). The result is shown in comparison with type A nanoSQUID. The noise parameter gamma has also been improved leading to sharper critical current corner than we observed in IV characteristic of type A nanoSQUID (see slide 12).
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Our Smallest NanoSQUID

JJs : 80 nm x 80 nm
JJ spacing: ca. 31 nm

Line width: 92 nm

All measurements are made at T = 4.2 K
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Our Smallest NanoSQUID

Optimal working point:
VΦ = 308 µV/Φ0 at 
Φ = -0,22 Φ0, Ib = -50 µAβL ≈ 0,1 L ≈ 5,1 pH

JJs : 80 nm x 80 nm
JJ spacing: ca. 31 nm

Line width: 92 nm

All measurements are made at T = 4.2 K
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Summary and Outlook
 effective area down to                   , JJ spacing down to 

 Josephson junctions down to

 narrow line width

 stability in high magnetic fields up to

 low level of white noise

 spin sensitivity:                          towards single spin sensitivity

 noise properties in applied magnetic fields and at different temperatures

 simulation of the optimum parameters using experimental data

0,03 µm2

92 nm

290 mT

80 x 80 nm2

10 µB /Hz1/2

130 nΦ0 /Hz1/2

31 nm
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