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Nb/Al-AlOx/Nb tunnel junctions with controllable critical current density Jc are fabricated using the standard

selective Nb etching process. Tunnel barriers are formed in different oxygen exposure conditions (oxygen pressure P

and oxidation time t), giving rise to Jc ranging from 100 A/cm2 to above 2000 A/cm2. Jc shows a familiar linear

dependence on P × t in logarithmic scales. We calculate the energy levels of the phase- and flux-type qubits using the

achievable junction parameters and show that the fabricated Nb/Al-AlOx/Nb tunnel junctions can be used conveniently

for quantum computation applications in the future.
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1. Introduction

Quantum computation based upon the quantum

states of spins, photons, atoms/ions, and supercon-

ducting circuits has received much attention in the

past years. Generally speaking, a quantum system

having two quantum states can be used to construct

a qubit. Due to their convenient device design and

well-developed fabrication technique such as mod-

ern lithographic patterning and etching, supercon-

ducting Josephson junctions have become attractive

candidates for solid-state qubits. The quantum be-

haviour of Josephson junctions has been extensively

studied, both experimentally and theoretically.[1,2]

Recently, many kinds of superconducting qubits

using Josephson junctions, including phase-,[3]

charge-,[4] and flux-type[5] qubits, have been experi-

mentally demonstrated.

Nb/Al-AlOx/Nb junctions have the advantage of

being stable against thermal cycling, which is crucial

for the actual applications, and have been considered

in many of the recent qubit studies. In our pre-

vious work, high-quality Nb/Al-AlOx/Nb junctions

with sizes down to submicron level have been success-

fully fabricated using the standard selective Nb etch-

ing process (SNEP) and electron beam lithography.[6]

In this work, we show that the junction key parame-

ters, namely the critical current density Jc, can be ad-

justed by controlling the oxygen pressure P and oxida-

tion time t during the formation of the tunnelling bar-

rier. We calculate the energy levels of the phase- and

flux-type qubits using the achievable junction param-

eters and show that the fabricated Nb/Al-AlOx/Nb

tunnel junctions can be used conveniently for quan-

tum computation applications in the future.

2. Experiment

Our Nb/Al-AlOx/Nb junctions were fabricated

using the standard SNEP technique. The basic tri-

layer structures were prepared by magnetron sput-

tering on clean oxidized silicon chips in an ultra-

high vacuum system having a background pressure of

1×10−6 Pa. The junction wirings were defined by pho-

tolithographic patterning and junction areas were de-

fined by electron beam lithographic patterning using

PMMA or ZEP520 resist. Reactive ion etching in SF6

and Ar ion milling were used to remove the unwanted

parts. Insulation was done by sputtering SiO2 layers

with a typical thickness of 100 nm.

The junction barrier AlOx was formed in the load-

lock chamber on Al in the trilayers by introducing pure
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oxygen into the chamber during the fabrication pro-

cess. Different barrier thicknesses were obtained by

varying the oxygen exposure. We adjusted the expo-

sure condition either by changing the oxygen pressure

P or by changing the oxidizing time t. For a given

oxygen exposure, the barrier’s thickness was found to

have a well defined value, as reflected in the critical

current density Jc of the junctions described below. In

Fig.1, we show an oscilloscope image of the I–V curve

of a Nb/Al-AlOx/Nb junction measured at 4.2 K. The

I–V curve displays a suppressed critical current be-

cause of thermal activation and environmental noise.

The actual critical current can be estimated from the

following formula:

Ic(T ) =
π∆(T )

eRN
tanh

∆(T )

2kT
, (1)

where ∆(T ) is the energy gap and RN is the junction’s

normal-state resistance, which can be obtained from

the gap voltage and high-bias resistance from the I–V

curves. For the sample in Fig. 1, the critical current

estimated from Eq.(1) is Ic = 6.8 µA, corresponding

to Jc of 170 A/cm2 if the junction area of 4 µm2 is

considered (we measure the area from the SEM photos

of the junctions).

Fig.1. I–V curve of a Nb/Al-AlOx/Nb junction with an

area of 4 µm2. The critical current estimated from Eq.(1)

is 6.8 µA, corresponding to Jc of 170 A/cm2.

In Fig.2, we show Jc versus oxygen exposure P×t

for four samples. The four samples were fabricated for

t = 20 min under different oxygen pressures P at room

temperature. From the logarithmic presentation, we

see that the relationship between Jc and oxygen ex-

posure is almost linear, which is a result of the self-

limited logarithmic dependence on the thermal oxida-

tion. The self-limited effect is caused by coverage of

the oxidized Al which prevents further oxygen contact

with the Al.[7] From this result, samples with differ-

ent Jc can be easily prepared using different oxygen

exposure, which is useful for their qubit applications.

Fig.2. Jc of four Nb/Al-AlOx/Nb junctions as a function

of oxygen exposure condition P×t. The four samples were

oxidized for t = 20 min under different oxygen pressures

P at room temperature.

3. Phase and flux qubits using

Nb/Al-AlOx/Nb junctions

Below we discuss the rf-SQUID type phase and

flux qubits which are composed of a superconduct-

ing loop interrupted by a Nb/Al-AlOx/Nb junc-

tion. Through numerical calculation we can know the

quantum states of this structure.[8] If we consider a

40 µm×40 µm superconducting loop with film width

and thickness of 2 µm and 200 nm respectively, its

inductance L will be about 118 pH. For the qubit to

have a double well potential, the βL=2πIcL/Φ0 pa-

rameter should satisfy βL >1. This requires the junc-

tion’s critical current Ic to be larger than 2.8 µA. On

the other hand, the junction’s capacitance C, which is

mainly determined by the junction area, plays a role

in energy level spacings considering that they roughly

scale with the plasma frequency ω0 = (2πIc/Φ0C)1/2.

Hence one needs to adjust the Jc value and junction

size (or capacitance) simultaneously in order to build

workable qubits with desirable parameters.[9]

We first consider the phase qubit. We computed

the energy levels for a superconducting loop con-

taining a Nb/Al-AlOx/Nb junction with an area of

2 × 2 µm2, Jc = 100 A/cm2, and C = 240 fF. The

results for a qubit bias of Φe/Φ0 = 0.522 are shown

in Fig.3. In Figs.3 and 4 ϕ is normalized total flux

enclosed in the SQUID loop. The calculated energy

level spacing E01 between the first and the second en-

ergy level is 19.5 GHz, which is quite convenient for

the experimental measurements. In the figure, we can

see the level spacing decreases for higher energy levels
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in the left well.[3]

Fig.3. Calculated energy levels of rf-SQUID type phase

qubit using Nb/Al-AlOx/Nb junctions with experimen-

tally achievable parameters.

In the case of a flux type qubit, we consider a loop

containing a Nb/Al-AlOx/Nb junction with an area of

1.4× 1.4 µm2, Jc = 170 A/cm2, and C = 110 fF. The

calculated energy levels at a qubit bias of Φe/Φ0 = 0.5

are shown in Fig.4. Due to the smaller Ic compared

to the case in Fig.3, we obtain a smaller βL = 1.075,

which leads to a smaller barrier size between the

two potential wells. For the given parameters, we can

see that there are only two splitting levels in the wells.

Fig.4. Calculated energy levels of rf-SQUID type flux

qubit using Nb/Al-AlOx/Nb junctions with experimen-

tally achievable parameters.

The level spacing between the first and second energy

states is E01 = 1.68 GHz and their separation to the

third level is 9.63 GHz. The two splitting levels are

well isolated from the higher energy levels, which is

advantageous for the flux qubit operations.

From the above discussion, we see that the phase

qubit needs a smaller Jc in order to have a large junc-

tion area, which can lead to a larger junction capac-

itance. In this case, the energy level spacing of the

qubit will have an appropriate size for the effective mi-

crowave transmission in the experiment. On the other

hand, the flux qubit needs a larger Jc compared with

the phase qubit. In this way, the junction’s capaci-

tance can be smaller and a larger energy level spac-

ing between the third and second quantum states will

result, which prevents the undesired activation. Al-

though there is a large spacing between the third and

the second energy levels, the value between the first

and second levels is small and is convenient for the

experimental measurements. These results are useful

for future studies of the rf-SQUID type phase and flux

qubits.

4. Conclusion

Nb/Al-AlOx/Nb tunnel junctions with control-

lable critical current densities were successfully fab-

ricated using the SNEP technique. Possible applica-

tions of these junctions as rf-SQUID type phase and

flux qubits were discussed by theoretical calculations

of the system’s energy level spacings.
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