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Bridge-free fabrication process for Al/AlOx/Al Josephson junctions∗
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We fabricate different-sized Al/AlOx/Al Josephson junctions by using a simple bridge-free technique, in which only
single-layer E-beam resist polymethyl methacrylate (PMMA) is exposed at low accelerate voltage (below 30 kV) and the
size of junction can be varied in a large range. Compared with the bridge technique, this fabrication process is very robust
because it can avoid collapsing the bridge during fabrication. This makes the bridge-free technique more popular to meet
different requirements for Josephson junction devices especially for superconducting quantum bits.
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1. Introduction
As a key element of a superconducting quantum device,

the Josephson junction has important applications in many
areas of superconducting electronics such as the supercon-
ducting quantum interference device (SQUID),[1] rapid single
flux quantum (RSFQ),[2] quantum bit (qubit),[3] and Joseph-
son parameter amplifier (JPA).[4] Recently, with the rapid
progress of superconducting quantum computing, aluminum
based Josephson junctions attracted more and more atten-
tion due to their long decoherence time and simple fabrica-
tion process.[5–13] It is found that qubits consisting of alu-
minum junctions usually have much longer decoherence time
than those made from other superconducting materials. There-
fore, aluminum based junctions are widely used in qubit and
JPAs[14,15] for realizing the quantum information process.

In order to obtain qubits with a long decoherence time,
people usually use a simple fabrication process called the
Dolan bridge technique,[16] which requires only one litho-
graphic patterning step. By using bilayer E-beam resist, differ-
ent exposure doses, and developing times, one can form a sus-
pended bridge of E-beam resist. Then two layers of aluminum
film are deposited with an electron beam evaporator from two
angles. In order to obtain an Al/AlOx/Al Josephson junction,
people use an in-situ oxidation procedure before depositing
the second aluminum layer to build a thin AlOx layer. Of
course, the yield of this fabrication process crucially depends
on the quality of suspended E-beam resist bridge. However,
the E-beam resist bridge is usually fragile. It has a substan-
tial probability of being damaged during the fabrication pro-
cedure. This limits the flexibility of the device design and fab-
rication process. Particularly, it is difficult to fabricate Joseph-
son junctions with a large size (over 1 micrometer) by using

this technique. Currently, large Josephson junctions are com-
monly used for making JPA which is an important device for
realizing quantum non-demolition measurement of supercon-
ducting qubits. To solve these problems, Lecocq et al.[17] have
developed a bridge-free technique by using a high accelerate
voltage e-beam writer. Nevertheless, large area suspension of
the upper layer E-beam resist still exists which is likely to col-
lapse in the argon-milling process.

In this work, according to a single-layer E-beam resist
technique for a sub-micron junction,[18] we develope a fab-
rication process for making aluminum junctions with various
sizes. In our fabrication process, we use the most used E-beam
resist polymethyl methacrylate (PMMA) and e-beam writer
with low accelerate voltage. No suspended part of the E-beam
resist is present and a single-layer resist on the line width con-
trol will be better than a double-layer resist. Therefore, we
can use strong argon plasma etching to get rid of residual re-
sist and native oxide layer in the fabrication process. Using
this process, we fabricate transmon[19–22] qubits with junction
sizes ranging from 0.04 µm2 to 10 µm2. The transmon qubits
show reasonable decoherence time.

2. Fabrication and results
We use a 30-keV e-beam writer which is modified from

a field emission scanning electron microscope (SEM) to per-
form e-beam lithography. The substrate for fabricating the de-
vice is a 0.5 mm-thick highresistivity silicon substrate. The
e-beam resist used in this paper is MicroChemPMMA 950A5.

2.1. Bridge-free technique

Figures 1 and 2 show the principle of our Josephson junc-
tion fabrication process. After the substrate is cleaned, we
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start the fabrication process by spinning one layer PMMA
on the substrate. The thickness of PMMA is controlled at
about 400 nm by adjusting the speed of the spinner. We bake
PMMA coated substrate at 180 ◦C for 2 min. The wafer is sub-
sequently exposed to e-beam with a dosage of 420 µC/cm2–
480 µC/cm2 at 20 kV–30 kVe beam voltage. The sample is
then developed in 1:3 MIBK/IMPA for 40 s and we obtain the
complete pattern as shown in Fig. 1. Two schematic drawings
(Figs. 1(a) and 1(b)) illustrate the shapes of PMMA pattern for
different junction sizes. There are two perpendicular grooves
which are able to form two leads of a junction after the film
has been evaporated. The crosses define the area of junc-
tion. There is no suspended PMMA in each of these patterns.
Therefore, we can use strong argon plasma etching to clean
residual PMMA in the developed area. Then we will enter into
the evaporation procedure. As shown in Fig. 1, we evaporate
aluminum film along the directions of grooves. However, the
evaporation angles with respect to the substrate plane, denoted
as θ1 and θ2 respectively, are carefully designed to control the
junction size and keep the leads single-layered as described
later. Here we design a square junction with the same lead
width. Therefore, we can simply use θ1 = θ2 = θ . Figure 2
illustrates how the deposition forms the tunnel junction and
leads. Figures 2(a)–2(d) show the film deposition in the junc-
tion area, corresponding to the cross section marked by the
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Fig. 1. (color online) Schematic diagrams of the PMMA pattern formed by our
single-layer e-beam lithography process. The Josephson junctions are formed
in the center of the cross after two-angle evaporation. (a) The pattern for the
micrometer size junction. (b) The pattern for the nanometer size junction.

green dashed line in Fig. 1(a).
After oxidization, we rotate the sample holder 90 degrees

and evaporate the second layer. The size of the junction is con-
trolled by θ . However, θ is also limited by the evaporation of
junction leads. Figures 2(e)–2(h) show the film depositions on
the lead area, corresponding to the cross section marked by the
red dash line in Fig. 1(b). It is obvious that θ has to be chosen
carefully so that there is no film overlap on the substrate be-
tween two evaporations. We will discuss this quantitatively in
the next section. Finally, we obtain the device after lifting off
the aluminum on the PMMA as shown in Figs. 2(d) and 2(h).

2.2. Josephson junction size control

In order to fabricate a junction using this technique, we
should follow the constrain t/ tanθ > l, where t is the layer
thickness and l is the width of the lead wires. When the above
condition is satisfied, the aluminum film of neither evapora-
tion 1 nor 2 can reach the bottom of the two perpendicular
grooves. Only one angle evaporation will be deposited onto
the substrate. Therefore, we are safe to keep the junction not
shorted by the leads. Both evaporation angles are equally cho-
sen to be 55◦, and the thickness values of the first and second
aluminum film are 30 nm and 80 nm respectively.

One of the crucial parameters of the Josephson junction
is the size of the junction. As shown in Fig. 1, the area of
the junction is mainly determined by the area of the intersec-
tion of the PMMA pattern. However, the thickness of PMMA
and the evaporation angle are also relevant issues for junction
size. For simplicity, we assume a square intersection with the
side length L part when we fabricate the micrometer size junc-
tion, which is shown in Fig. 2(a). Because of the shadow
effect of PMMA, the aluminum film will have small shifts
in different evaporation directions, which makes the junction
size smaller than the intersection part. The microscope im-
age clearly shows this in Fig. 3(a). It is easy to calculate that
the shift s ≈ t/ tanθ . Therefore, the actual junction size is
L− t/ tanθ , as shown in Fig. 2(d).

For a small junction with nanometer size, we usually pat-
tern the junction width the same as that of the lead wire. Since
two evaporations are along the lead directions, there is almost
no shadow effect of PMMA. However, the aluminum film
of the first evaporation will hang on one wall of the PMMA
groove, blocking a small part of the second evaporation. We
assume that the aluminum deposited on the wall of the PMMA
has a rectangular cross section as shown in Fig. 2(f). For this
geometry, we obtain the undercut W1 ≈ t1/ tanθ , where t1 is
the thickness of the first aluminum layer. Therefore, the ac-
tual width of lead W is about l − t1/ tanθ . Considering that
only one layer t will be blocked, we obtain that the area of
junction is about l(l − t1/ tanθ). In Fig. 3, we show the SEM
image, where the shadow effect can be clearly observed for
large junctions.
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Fig. 2. (color online) (a)–(d) Film evaporation in the junction area (the cross section marked with the blue dashed line in Fig. 1). (e)–(h) Film
evaporations at the lead area (the cross section marked with the red dashed line in Fig. 1). The oxidation process between two evaporations is
not shown. (a), (e) Before evaporation. The sizes of the groove are L and l, respectively. (b), (f) Evaporations of the junction bottom layer with
an angle θ with respect to the substrate plane. (c), (g) Evaporation of the top aluminum layer after rotating the sample holder 90 degrees with
an angle θ with respect to the substrate plane. (d), (h) Final view of our junction and lead.
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Fig. 3. Scanning electron microscope (SEM) image for (a) micrometer size
junctions, showing that the defined and (actual) areas of large junctions
from left to right are 800× 800 (680× 590), 1000× 1000 (890× 800) and
2000×2000 (1930×1820) nm2, and for (b) nanometer size junctions, show-
ing that the defined and (actual) areas of small junctions from left to right are
80×80 (96×72), 100×100 (104×75), 120×120 (160×80), and 200×200
(214×187) nm2.

2.3. Fabrication and calibration of superconducting qubits

By using this technique, we fabricate three-dimensional
(3D) transmon qubits[21] on silicon wafer. The size of junc-
tion is about 190× 170 nm2. Then we calibrate the quantum
dynamics of the 3D transmon qubits. The qubits are cooled
in a cryogenfree dilution refrigerator to a base temperature of
about 20 mK. We use the “high power readout”[22] scheme
to readout the transmon state. We measure Rabi oscillations
and the energy relaxation time of the qubits. The typical Rabi
oscillations and energy relaxation are shown in Fig. 4. The
qubit frequency is about 8.3877 GHz. The energy relaxation

time is about 2.1 µs, which is comparable to that of our qubits
fabricated with former procedures.
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Fig. 4. (color online) (a) Rabi oscillations, and (b) relaxation time of
3D transmon sample fabricated with the bridge-free technique.

078501-3



Chin. Phys. B Vol. 26, No. 7 (2017) 078501

3. Conclusions and perspectives
By using the one layer resist PMMA bridge-free tech-

nique, we fabricate Al/AlOx/Al Josephson junctions. This
technique can be used to fabricate junctions with diverse sizes
ranging from 0.04 µm2 to 10 µm2. The property of 3D trans-
mon qubit fabricated with this technique indicates that our
technique is valid, proving the potential of this simple process
in superconducting quantum computation.
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