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EXECUTIVE SUMMARY 

This technical report demonstrates the capabilities to measure Niobium-based Josephson junction 
arrays at liquid helium temperatures at less than 50 mV. We find current switching with voltage 
consistent with the transition from Cooper-pair to quasiparticle tunneling. The results agree with the 
industrial manufacturers specifications. We use a recently created empirical model applicable to 
Josephson junction devices and arrays and obtain excellent fits to the characteristics and extract the 
non-ideality. These capabilities and calibration results will assist in the characterization of advanced 
superconductor-ionic quantum memory and computation devices. 
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1. INTRODUCTION 

Josephson junctions have many applications within quantum-mechanical circuits. Their use in 
superconducting quantum computing is especially prevalent and relevant to this experiment. A 
Josephson junction is a device composed of two superconductor materials separated by a thin layer of 
insulation. This junction operates under the quantum tunneling effect where electrons flow through 
an insulating barrier. What makes the Josephson junction unique is its ability to conduct a 
supercurrent. While operating at cryogenic temperatures, pairs of electrons—Cooper pairs—tunnel 
from one side of the insulator to the other with little to no dissipation. This capability allows the 
devices to be operated on the millivolt scale with extremely low power consumption. 

A Josephson junction has multiple parameters that characterize how it operates. It has a 
capacitance that is similar to that of a parallel plate capacitor. The capacitance depends on the area of 
the junction (A), the thickness of the insulation (d), the relative permittivity of the insulator (εr), and 
the permittivity of free space (εo): 

 
. (1) 

Josephson junctions also have a conductance G that depends on the applied voltage. Each junction 
has a critical current (IC) where a voltage step occurs as well. This critical current marks the point 
where a junction switches from superconducting Cooper pairs to normal quasiparticle conduction. 
The temperature, area, and properties of the superconductors and insulators determine this critical 
current. The final parameter is the gauge-invariant phase difference between the two superconductors 
(γ). Lumping these all together, we get a comprehensive, dynamical equation for the current flowing 
through the junction: 

 
. (2) 

In this experiment specifically, a Nb/Al-AlOx/Nb Josephson junction array manufactured by 
HYPRES, Inc. is immersed in liquid helium for cryogenic measurements. The critical currents, 
conductance, resistance, voltage steps, and I-V curves are all observed and collected and agree with 
the manufacturers specifications. Accurately capturing the Josephson effect makes these 
measurements useful for characterization and calibration of superconducting quantum memory and 
computational devices.  
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2. EXPERIMENT 

2.1 EXPERIMENTAL SET UP 
As seen in Figure 1, liquid helium acquired by Defense Logistics Agency is transferred from a 

cryogenic dewar into a cryogenic chamber through the positive pressure applied by a compressed 
helium cylinder. A chip composed of an array of Josephson junctions is connected to the base of the 
HYPRES, Inc. probe and then lowered into the cryogenic chamber (see Figure 2). The shield room is 
used to protect the chip from any external electromagnetic radiation. A Keithley™ Instruments 4200-
SCS Semiconductor System is connected to the probe to measure the I-V characteristics of the chip. 

 
Figure 1. Schematic of experimental setup.  

     

Figure 2. Schematic of electrical configuration with probe and device analyzer and the experimental 
arrangement in the laboratory. 
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The liquid helium cools the chip to below 8 °K. This experiment was performed under different 
temperatures to observe how this affects the superconductivity of the chip. The Keithley™ 
Instruments system performs a series of a current sweeps from 0 to 600 μA to obtain the I-V 
characteristics, as well as the resistance. Notable Josephson effects were recorded at roughly 4.2 °K, 
purely resistive results were recorded at higher temperatures, and a hybrid of the two effects were 
observed at near cryogenic temperatures. 

2.2 MEASUREMENTS and DATA ANALYSIS 

The first experiment was performed in the early stage of the cooling process, before the chip 
reached superconducting cryogenic temperatures. At this temperature, the I-V curve is linear. This 
linearity occurs because when the Josephson junctions are not in their superconducting state, they 
appear as resistors. A purely resistive system will have a linear response (see Figure 3). The blue line 
represents the voltage as a function of current, while the orange plot represents the resistance.  

Another test run of this experiment was performed closer to the desired cryogenic temperature  
(7 to 8 °K) as the transition temperature is ~9.2 °K for niobium. See Figure 4 for the I-V curve. We 
speculate that only select junctions are in their superconducting state, leading to gradually 
transitioning increases of current. The resistance is approximately 0.58 Ω in voltage, which 
corresponds to many spikes in resistance as well. 

 
Figure 3. Measurements of the array in the resistive state with temperature greater 
than the critical temperature 
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Figure 4. Measurements of the array in the cryogenic conditions near the critical temperature  
(i.e., 7 to 8 °K). 

Once the cooling process is complete, and the chip is at liquid helium temperature (~4.2 K), the 
Josephson junctions’ superconducting characteristics can be observed. The I-V response is no longer 
purely resistive. The nonlinear response can be seen in Figure 5. 

 
Figure 5: Measurements of the array at liquid helium ~4.2 °K with pronounced steps in current  
in agreement with the manufacturer’s specifications. 
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Initially, the voltage is near zero, translating to a near zero resistance, which is important because 
zero resistance is needed for the preservation of quantum coherence. The location of the first jump in 
voltage is representative of the critical current of the first group of junctions with specific area. Once 
the current sweep reaches this value, a voltage drop occurs and there is a spike in resistance that 
correlates with the junctions subgap voltage. View Figure 6 to see this initial low-voltage spike in 
resistance. This group of junctions is now conducting current with a small resistance and voltage 
drop, which means that the quantum tunneling across these junctions now has a measurable 
dissipation. As the current continues to sweep, it reaches the critical currents of different Josephson 
junctions with larger area. Each junction's critical current leads to a voltage drop that contributes to 
the overall resistance. At the end of the sweep, there are no junctions superconducting, so every 
junction contributes a resistance. The final resistance in the normal state is approximately 0.56 Ω, 
which is close to the 0.58 Ω observed in the non-cryogenic case.  

 
Figure 6. Close-up of the low-voltage, less than 50-mV region in the I-V characteristics  
for the Josephson junction array. 

2.3 MODELING AND PARAMETER EXTRACTION 

We recently developed an empirical formula to describe the low-voltage regime of the current 
switching in Josephson junctions and demonstrated the model was applicable to a wide range of 
junctions constructed by various superconductor electrodes and barrier materials. The expression 
is 

 𝑉𝑉
𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠

= 1 −  1

1+𝑒𝑒
�𝐼𝐼−𝐼𝐼𝐶𝐶�
𝛼𝛼𝛼𝛼𝛼𝛼

. (3) 

The measured steady-state I-V curve with non-idealities can be fitted by tuning the current density 
𝐽𝐽𝐶𝐶, the fitting parameter 𝛼𝛼, the subgap voltage 𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠 and kT, the Boltzmann constant, and the 
temperature product, See Figure 7 for a fitting of two different HYPRES Inc. arrays).  
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Figure 7. Excellent fitting of the Josephson junction array in the low-voltage regime less than 50 mV 
with our recently demonstrated empirical model.  

3. SUMMARY 

In summary, we demonstrated the capability to characterize and analyze Josephson junction arrays 
at liquid helium temperature in a shield-room and validate our recently developed empirical model 
for Josephson junctions. The capability will be useful for characterization and analysis of 
superconductor-based quantum memory and computational devices.  
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