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To improve the energy resolution (∆E) of Nb/Al superconducting tunnel junctions (STJs), an ozone (O3) oxidation
process has been developed to fabricate a thin defect-free tunnel barrier that simultaneously shows high critical current
JC > 1000 A/cm2 and high normalized dynamic resistance RDA > 100 MΩ ·µm2, where A is the size of the STJ. The
50-µm2 STJs produced by O3 exposure of 0.26 Pa·min with an indirect spray of O3 gas, which is a much lower level of
exposure than the O2 exposure used in a conventional O2 oxidation process, exhibit a maximum JC = 800 A/cm2 and a
high RDA = 372 MΩ ·µm2. The 100-pixel array of the 100-µm2 STJs produced using the same O3 oxidation conditions
exhibits a constant leak current Ileak = 14.9±3.2 nA at a bias point around ∆/e (where e is half the energy gap of an STJ),
and a high fabrication yield of 87%. Although the Ileak values are slightly larger than those of STJs produced using the
conventional O2 oxidation process, the STJ produced using O3 oxidation shows a ∆E = 10 eV for the C-Kα line, which is
the best value of our Nb/Al STJ x-ray detectors.
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1. Introduction
Fluorescence-yield x-ray absorption fine structure (FY-

XAFS) spectroscopy is useful to characterize trace elements
(dopants) in functional materials, such as next-generation
compound semiconductor materials. In conventional XAFS
measurements, semiconductor detectors are used to detect flu-
orescent x-rays. However, the energy-resolving power of
the semiconductor detectors is not sufficient to clearly dis-
tinguish the K lines of light trace elements (e.g., boron and
nitrogen) from the L lines of various elements, and the K
lines of light elements in matrices in the energy range below
about 3 keV. This insufficiency makes measurement of low-
concentration dopants difficult. Superconducting tunnel junc-
tion (STJ) detectors are promising for XAFS measurements
in the soft x-ray region, because of their high energy resolu-
tion and high sensitivity, both of which exceed those of semi-
conductor detectors.[1–3] In fact, our 100-pixel Nb/Al STJ ar-
ray detectors had a mean energy resolution ∆E = 12 eV for
C-Kα (277 eV) photons. At this high-energy resolution, the
XAFS spectra of 300 ppm nitrogen dopants in n-SiC samples
were successfully obtained using a superconducting XAFS
(SC-XAFS) apparatus.[4] With such high ∆E, it was possi-
ble to resolve the K lines of light trace elements, but it is
difficult to achieve clear separation of the L lines of transi-
tion elements and the K lines of light elements. Therefore,
further improvements in energy resolution are desirable. In
general, the high critical current density (JC) of STJs increases
the x-ray signal output, and the low normalized dynamic resis-

tance (RDA) of STJs increases the circuit (system) noise when
a charge preamplifier is used. Here, A is the size of the STJs.
In a previous article,[5] it was shown that one of the possible
ways to improve ∆E is to increase JC to over 1000 A/cm2,
while maintaining a high RDA of more than 100 MΩ · µm2

(or a low leak current (Ileak)) of the STJs. When Nb/Al STJs
produced using the conventional fabrication process (an O2

oxidation process) show high JC values, they tend to exhibit
low RDA values (i.e., they have a large Ileak).[6] Motivated by
these drawbacks, a new barrier formation process using ozone
(O3), which exhibits much stronger oxidation than O2 gas, was
introduced to fabricate a thin defect-free tunnel barrier. The
dependence of JC, Ileak, and RD on the O3 oxidation condi-
tion, which is represented by the product of the oxidant gas
pressure (P) and the oxidation time (t), has been evaluated.[5]

However, the STJs produced using the O3 oxidation process
exhibited extremely small JC and Ileak values, which indicated
a thick tunnel barrier. Even in the case of the lowest O3 expo-
sure of 0.72 Pa·min, which is a much lower level of exposure
than the O2 exposure applied in the conventional O2 oxida-
tion process (7.2 × 104 Pa·min), the JC values were as small
as 8 A/cm2 and the Ileak value was lower than 50 pA, which
was the lower limit of the measurement system. These results
showed that the O3 oxidation conditions must be optimized to
realize a thin defect-free tunnel barrier and high JC values of
more than 1000 A/cm2. In this study, the O3 oxidation pro-
cess was modified by changing the method of supplying the
O3 gas and the O3 exposure. The performance of Nb/Al STJs
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made using the modified O3 oxidation process was evaluated,
and the dependences of JC and RD on the O3 oxidation condi-
tions, the fabrication yields, and the ∆E for soft x-rays were
investigated.

2. Experiment
All STJs have an asymmetric layer structure. Here, this

structure was Nb (300 nm)/Al (70 nm)/AlOx/Al (70 nm)/Nb
(50 nm). Two different types of STJ arrays were fabricated.
The first was an 8-pixel array consisting of STJs with a size
of 50 × 50 µm2, which was used to measure the full current–
voltage (I–V ) curves. Because the critical current (IC) of the
superconducting Nb wirings (cross-section ∼ 1.2×10−7 cm2)
used in the STJs was less than 0.1 Å,[7] it was necessary to use
STJs with a size of 50 ×50 µm2 to prevent the current flow in
the Nb wirings from exceeding the IC values of the Nb wirings
when JC was measured. The second was a 100-pixel array of
STJs with a size of 100× 100 µm2, which was used to eval-
uate the x-ray detection performance. Figure 1 shows a top
view of a Nb/Al STJ with a size of 50× 50 µm2. The STJs
were fabricated using a conventional photolithographic tech-
nique, DC magnetron sputtering, a lift-off technique, reactive
ion etching, and wet etching processes. These processes are
described in detail in the literature.[8] The Nb/Al multilayer
deposition and the tunnel barrier formation were performed by
the same DC-sputtering apparatus, without breaking the vac-
uum, at room temperature. In the O3 oxidation process, we
reported in a previous article,[5] the oxidant gas was a mixture
of gases prepared by diluting the O3 (10%)/O2 (90%) gas sup-
plied by the O3 generator with Ar gas, and this mixture was
sprayed directly onto the surface of the bottom Al layer. How-
ever, the obtained relationship between JC and Pt (the product
of the oxidant gas pressure (P) and the oxidation time (t)) was
JC ∝ (Pt)−0.6, which was considered to be almost the same
as the relationship of the low-JC data described in Ref. [6] by
taking into account the measurement error of the JC values.
This means that in the previous experiments, the influence of
Al oxidation by O2 gas during the total oxidation process was
much larger than we first thought. Therefore, two alterations
were made to the O3 oxidation process. The first was that, to
reduce the influence of O2 gas as much as possible, one of the
source gases of the oxidant gas was changed from a mixture
of O3 (10%)/O2 (90%) to a mixture of O3 (1.1%)/Ar (98.9%),
which was supplied by the O3 gas cylinder.[9] The second was
that the oxidant gas was sprayed indirectly onto the surface of
the bottom Al layer to make the gas composition of the oxidant
gas more uniform and avoid the oxidation by dense clouds of
O3 gas. The properties of the junctions prepared using the
modified O3 oxidation process were compared with those of
junctions prepared using O2 oxidation. In the O2 process, O2

gas with 99.99% purity was used as the oxidant. The O2 expo-
sure was 7.2×104 Pa·min, which is the standard value used to
fabricate STJ detectors for the soft x-ray region. The oxidation
conditions used in the modified process are listed in Table 1.

50 mm

top
Nb wire

bottom

Nb wire

Fig. 1. Micrograph of an STJ used for the current–voltage (I–V ) mea-
surements.

Table 1. Summary of oxidation conditions.

Oxidant O2 O3 O3 O3 O3

Exposure/Pa·min 72000 264 26.4 2.64 0.264
Ratio to O2 exposure 1 4 × 10−3 4 × 10−4 4 × 10−5 4 × 10−6

To create appropriate O3 oxidation conditions, the O3 ex-
posure should be significantly lower than the exposure typi-
cally applied in O2 processes, because oxidation by O3 gas
is much stronger than that by O2 gas.[10] Measurement of the
junction properties was performed using a cryogen-free 3He
cryostat with a base temperature of 0.31 K. The I–V charac-
teristics were measured to evaluate JC, the normal resistance
(RN), and RD for all of the oxidation conditions. Note that JC

was measured in a zero field, and RD was obtained using a
linear approximation of the slope in the subgap region of the
I–V curve in a magnetic field (B) of about 10 mT, which was
applied along the diagonal direction of the STJs. The quality
factor (Q) was then calculated by RD/RN. The x-ray detection
performance (∆E and the rise time (τ r) of the x-ray signals)
of the 100-pixel array was evaluated using the fluorescence x-
rays generated by an x-ray tube. The x-ray tube consisted of
a coniferous carbon nanostructure (CCNS) cathode[11] and a
carbon compound target deposited on a pure Al plate. The flu-
orescent x-rays were generated by irradiating a carbon com-
pound target with low-energy electrons (energies < 1 keV).
The STJs were biased around ∆/e using constant bias currents.
The magnetic field conditions were the same as those used to
measure RD, Ileak is defined as the subgap current value around
∆/e. The x-ray signals from the STJ array were processed us-
ing 100-channel charge-sensitive amplifiers and 100-channel
FPGA-DSP based multi-channel analyzers.[12]
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3. Result and discussion
3.1. Relationship between JC, RDJC, RDJC, RD, and O3O3O3 exposure

Figure 2 shows the I–V curves of two STJs made us-
ing different oxidation conditions: O2 exposure of 7.2 ×
104 Pa·min and O3 exposure of 0.264 Pa·min. Figures 2(a) and
2(c) show that JC = 220 A/cm2 and RDA = 2300 MΩ ·µm2.
The Q value of 2.4 × 106 is large enough for x-ray detec-
tion. In Figs. 2(b) and 2(d), JC and RDA are 800 A/cm2 and
372 MΩ ·µm2, respectively. The Q value of 8.2×105 is large
enough for x-ray detection. These values of the STJ made
using the O3 oxidation process are satisfactory. This is partic-
ularly true for the JC value, which is approximately four times
larger than that measured for the STJ fabricated using the con-
ventional O2 oxidation process. The JC values are evaluated
using the current values at the points of inflection outside the
subgap regions of the I–V curves. It is assumed that the steep
slopes observed around zero voltage in Figs. 2(a) and 2(b) are
generated by the small resistances of about 0.01 Ω and 0.07 Ω,
respectively, produced by the Au bonding pad. In the case of

O3 oxidation at 0.264 Pa·min, it is difficult to accurately as-
certain the position of the inflection points outside the sub-
gap region of the I–V curves because the resistance of the Au
bonding pads is close to RN, which lead to uncertainty in the
JC value. However, the results obtained using an O3 exposure
of 0.264 Pa·min indicate that it is possible to realize a thin
tunnel barrier while maintaining a high RD value by using an
appropriate O3 exposure. For 264 Pa·min O3 oxidation, the
Ileak value is less than 50 pA, which is the lower limit of our
current measurement system. Therefore, all of the RDA values
of the STJs are larger than 20000 MΩ ·µm2. The properties of
all of the STJs are shown in Table 2.

The JC value measured for 0.264 Pa·min is the highest in
our evaluation but is not significantly different from that mea-
sured for 2.64 Pa·min because of the above-mentioned uncer-
tainty in the JC value measured at 0.264 Pa·min. However,
the overall relationship between JC and O3 exposure in the O3

process using the indirect spray of the gas was considered to
be valid, and the dependence of JC on O3 exposure (except for
the case of 0.264 Pa·min) was JC ∝ (Pt)−1.2, which is quite
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Fig. 2. I–V curves of two STJs made using different oxidation conditions: (a) and (c) O2 exposure of 7.2×104 Pa·min, and (b) and (d) O3
oxidation at 0.264 Pa·min. The JC and RD values were measured at B = 0 mT ((a) and (b)) and B = 10 mT ((c) and (d)), respectively.

Table 2. Summary of junction properties.

Oxidant O2 O3 O3 O3 O3

Exposure/Pa·min 72000 264 26.4 2.64 0.264
JC/A·cm−2 228 ± 9 2.5 ± 0.17 118 ± 3 720 ± 28 800 ± 28
RDA/MΩ ·µm2 2368 ± 118 > 20000 4470 ± 343 585 ± 91 372 ± 26
Q(RD/RN)/105 24 ± 1 > 0.27 27 ± 2 13 ± 2 8.5 ± 0.6
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different to that for the low-JC data described in Ref. [6]. This
indicates that the Al oxidation process by O3 gas is different
from that by O2 gas. The relationship between JC and O3 ex-
posure in the O3 process is plotted in Fig. 3 for the processes
performed using indirect and direct spray of the gas.[5]
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Fig. 3. Relationship between JC and O3 exposure in the O3 process for
indirect (solid circles) and direct (open circles) spray of the gas. The
solid and dashed lines are fit to the data for indirect and direct spray of
the gas, and indicate the dependencies JC ∝ (Pt)−1.2 and JC ∝ (Pt)−0.6,
respectively.

It was found that an indirect spray of O3 was very effec-
tive in reducing the tunnel barrier thickness, which led to the
increase in JC. The best O3 oxidation conditions in our evalu-
ation were an O3 exposure of 0.264 Pa·min using an indirect
spray of gas. Under these conditions, the highest JC value of
800±28 A/cm2 was achieved.

3.2. X-ray detection performance of STJs fabricated un-
der the best O333 oxidation conditions

The x-ray detection performance of the STJs fabricated
under the best O3 oxidation conditions was evaluated. The
size of these STJs was 100× 100 µm2. 87 out of 100 STJs
in the array detector exhibited Ileak < 30 nA, i.e., RDA >

100 MΩ · µm2, which means that the fabrication yield was
87%. These STJs were good enough to detect x-ray photons.
The average and standard deviations of the leakage current
were 14.9 nA and 3.2 nA, respectively. The excellent unifor-
mity of the leakage currents allowed each STJ in the array de-
tector to be operated at a uniform bias current. Figure 4 shows
an I–V curve of an STJ in the 100-pixel array at B = 10 mT.
The fluorescent x-rays from the x-ray tube were measured, and
a typical x-ray signal pulse is shown in Fig. 5.

The rise time (τ r) of the x-ray signal pulse was 21 µs,
which is approximately twice as long as that of conventional
STJs (∼ 12 µs). This increase in τ r occurred because the fre-
quency of the quasiparticle tunneling increased. This was the
result of the increased tunneling provability, which was itself
a result of the high JC.[13,14] A fluorescent x-ray spectrum is
shown in Fig. 6.
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Fig. 4. I–V curve for an STJ of the 100-pixel array made using an O3
exposure of 0.264 Pa·min at B = 10 mT.
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Fig. 5. Typical x-ray signal pulse obtained using an STJ in the array
made using an O3 exposure of 0.264 Pa·min.
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Fig. 6. X-ray spectrum of an STJ in the array for measuring fluorescent
x-rays from the x-ray tube. The C-Kα , O-Kα , and Fe-Lα x-rays in the
spectrum were emitted from a carbon compound target, oxide in the car-
bon compound target, and iron in the Al plate, respectively. The x-ray
signals from approximately 700–900 ch correspond to bremsstrahlung
x-ray photons generated in the Al plate of the target.

The energy resolution of C-Kα and the circuit noise were
10 and 2.8 eV (FWHM), respectively. The O-Kα and Fe-Lα

x-rays shown in Fig. 6 were emitted from oxide in the carbon
compound target and iron in the Al plate of the target, respec-
tively. The x-ray signals from approximately 700–900 ch in
Fig. 6 correspond to bremsstrahlung x-ray photons generated
in the Al plate of the target. The ∆E measured for the C-Kα
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line is the best ∆E value measured for our Nb/Al STJs to date.

This value is higher than that for silicon drift detectors, which

are the semiconductor detectors that currently give the best ∆E

value in the soft x-ray region.[15] We therefore succeeded in

realizing an STJ array detector with high JC and good energy

resolution using the O3 oxidation process.

4. Conclusion

To improve the ∆E of Nb/Al STJs, the O3 oxidation pro-

cess was modified to fabricate a thin defect-free tunnel bar-

rier that simultaneously showed a high critical current JC >

1000 A/cm2 and a high normalized dynamic resistance RDA >

100 MΩ ·µm2. The 50-µm2 STJs produced using O3 oxida-

tion of 0.26 Pa·min with the indirect spray of the gas, which is

a much lower level of exposure than the O2 exposure used in

the conventional O2 oxidation process, exhibited a maximum

JC = 800 A/cm2 and a high RDA = 372 MΩ ·µm2. The 100-

pixel array of 100-µm2 STJs made using the same O3 oxida-

tion conditions showed a constant Ileak = 14.9±3.2 nA at the

bias point, and a high fabrication yield of 87%. Although the

Ileak values were slightly larger than those of STJ arrays pro-

duced using the conventional O2 oxidation process, the STJ

produced using O3 oxidization showed a ∆E = 10 eV for the

C-Kα line, which is the best value yet shown for our Nb/Al

STJs.
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