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Planar magnesium diboride Josephson junctions are fabricated using focused helium

ion beam irradiation. A single track of ion irradiation with a 30 kV He+ beam

with nominal beam diameter < 0.5 nm is used to create a normal-metal barrier

on a MgB2 film deposited by hybrid physical-chemical vapor deposition. Joseph-

son coupling is observed below the critical temperature of the electrodes for a He+

doses between 8x1015/cm2 to 4x1016/cm2. Analysis of the temperature dependence

of the normal resistance and critical voltage of the junctions shows highly uni-

form barriers with nearly ideal resistively-shunted junction behavior for higher-dose

junctions, while nonequilibrium effects dominate the properties of lower-dose junc-

tions over most of the temperature range. These results demonstrate that focused

helium ion beam irradiation can produce high-quality proximity-coupled MgB2

Josephson junctions with tailorable properties, promising for use in superconduct-

ing devices and circuits. © 2018 Author(s). All article content, except where oth-

erwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5030751

Josephson junctions are crucial elements in a wide range of superconducting devices and cir-

cuits.1 The demand for higher clock speeds in digital circuits has driven impressive advances, in

particular in the rapid single flux quantum (RSFQ) technology. RSFQ requires a junction fabrica-

tion process that reliably produces circuits with many Josephson junctions and a minimal spread in

junction parameters such as critical current density and normal resistance.2 Niobium has been the

material of choice for the majority of junction applications for decades, and the fabrication process for

high quality Nb/AlOx/Nb trilayer junctions is well established.3,4 Other superconducting materials

with appealing properties for Josephson junctions have also been investigated. Magnesium diboride

(MgB2), whose superconducting properties were discovered in 2001,5 has properties attractive for use

in superconducting digital devices. It has a high critical temperature (T c) of 40 K, the highest among

all conventional superconductors. Nb, with a T c of approximately 9 K, has a practical device operat-

ing temperature of 4-5 K, requiring expensive cryogenic cooling with large power consumption. On

the other hand, MgB2 junctions have been shown to operate at as high as 20 K which significantly

reduces cooling costs.6,7 MgB2 has two energy gaps (∆π∼ 2.2 meV and ∆σ ∼ 7 meV) both of which

are larger than that of Nb (∆ ∼ 1.5 meV). This is important for the RSFQ technology as the maximum

operating frequency increases with the gap energy. MBE-grown MgB2/MgO/MgB2 trilayer junctions

have demonstrated Josephson junctions with excellent properties8,9 but no information on parameter

spreads and reproducibility was given. Similar MgB2/MgO/MgB2 trilayer junctions grown by hybrid

physical-chemical vapor deposition (HPCVD) have also been reported, but the on-chip spread in
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critical current density (54%) is too high for practical applications.10 This could be caused by the

growth of the top electrode at high temperature that may degrade the junction barrier. This problem

may be alleviated by adopting a planar MgB2 Josephson junction technology that requires growth of

only a single layer of MgB2.

High energy ion irradiation using neon, oxygen, and other heavy ions (atomic number Z ≥ 18) at

energies >100 keV have been used to produce ion-damaged Josephson junctions in high temperature

superconductor YBCO11,12 and MgB2 films.13–15 A superconductor film is irradiated through an

opening in a mask fabricated by electron-beam lithography, typically ∼10 nm, which defines the

barrier thickness in a planar geometry. The barrier thickness thus produced is several times larger

than the in-plane coherence length of ∼ 4–6 nm in MgB2
16 and 2-3 nm in YBCO,17 severely limiting

the values for IcRn. Decreasing the barrier thickness can increase IcRn through the exponential

dependence of Ic on thickness. This has led to the use of focused ion beams to restrict the damaged

region. For a given substrate and beam diameter, impinging ions with larger atomic number will have

larger lateral straggle due to more frequent large-angle scattering events from collisions, resulting in

a wider lateral damage region. This suggests the narrowest damaged region will be obtained with low

atomic number ion beams such as He+ available in a commercial Helium Ion Microscope (HIM). The

use of a He+ beam to produce Josephson junctions in YBCO has recently been demonstrated.12 In this

paper, we report the properties of high-quality MgB2 superconductor-normal-superconductor planar

junctions with highly uniform barriers made by focused helium ion beam irradiation. 30 nm-thick

MgB2 films are grown on a SiC(0001) substrate by HPCVD; the details of the deposition process have

been reported previously.18 The films are subsequently coated with a bilayer of Cr/Au (5 nm/20 nm)

by DC magnetron sputtering to protect the MgB2 during processing. Standard UV lithography and

Ar ion milling are used to pattern an MgB2 bridge with widths ranging from 2–5 µm. Subsequently,

a 300 nm-thick Au film is sputter-coated on the contact pads and the Cr/Au on top of the bridge is

removed by Ar ion milling. The sample is then passivated with an 8 nm-thick RF-magnetron sputtered

SiO2 layer.

A Zeiss Orion Plus helium ion microscope is used for irradiation. A single line exposure at room

temperature with a 30 kV He+ beam (nominal beam diameter < 0.5 nm, pitch = 2 nm) was chosen to

form planar SNS Josephson junctions. The range of the 30 kV He+ ions in the MgB2/SiC structure

from computer simulations using the TRIM software19 shown in Fig. 1(a) is greater than ∼ 150 nm,

FIG. 1. (a) TRIM simulation showing irradiation of 30 keV He+ ions in our film/substrate geometry. Layers (from left to

right): 8 nm SiO2 passivation layer on 30 nm MgB2 film on SiC substrate. The deduced He+ range >150 nm insures that most

of the He+ ions stop well into the SiC substrate. (b) Schematic of He+ beam creating the Josephson junction on a MgB2 film.

SiO2 layer is not depicted. (c) SEM image of 4x10 µm2 bridge. The Helium beam was scanned along the red line.
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approximately 4 times the film thickness (30+8 nm). This ensures a minimal lateral straggle of the

ions traveling through the MgB2 film and therefore a more uniform localized damage in the barrier

region is obtained. Figure 1(b) shows a diagram of the bridge with the irradiated region indicated

in red. The dependence of T c and normal state resistivity on the He+ ion dose have been studied

previously on large areas for doses between 1013 – 1018/cm2,20 revealing a critical dose of ∼8 x

1015/cm2 for a complete T c suppression. This dose was taken as the lower limit for the single-track

irradiations to produce a barrier for Josephson coupling across the damaged region. Figure 2 shows

results for two planar MgB2 Josephson junctions created with a high dose of 2×1016/cm2 and a low

dose of 9×1015/cm2, respectively. Figure 2(a) and (b) show their I–V curves at different temperatures.

The Josephson effect is observed in both cases, whereas the critical current density was lower for the

high-dose junction (∼1×106A/cm2 at 4 K) than that of the low-dose junction (∼107A/cm2 at 4 K).

The extremely high Jc of the low-dose junction at low temperature is indicative of a high transparency

barrier, as described in the Blonder-Tinkham-Klapwick model.21

The I–V curves of the high-dose junction can be fit well by the resistively-shunted junction

(RSJ) model for a short junction (w < 4λJ , where λJ =

√

Φ0/2πµ0d ′Jc is the Josephson penetration

depth,Φ0 is the magnetic flux quantum, d ′ = d + 2λ and w is the bridge width) for most temperatures

measured, as discussed below. The results are free of hysteresis down to 2.8 K. The low-dose junction

displays long-junction behavior (w > 4λJ ) for T < 24 K and the I–V curve becomes hysteretic below

8 K. The I-V curves of planar Josephson junctions are known to deviate from the RSJ model in the

long-junction regime due to nonuniform current distribution across the junction,22 consistent with the

behavior seen here. Both junctions were exposed to RF radiation at 14.9 GHz in the short-junction

regime, i.e. at sufficiently high temperatures. Figures 2(c) and 2(d) show the I–V curves with and

without RF radiation at 12 K and 26 K for the high-dose and low-dose junctions, respectively. Shapiro

steps are seen in both samples with current steps at voltages cooresponding to nhf /2e, where n is

an integer and f is the frequency of the RF radiation. The Shapiro step height as a function of the

RF power is shown for different orders for the high-dose junction in Fig 2(e) and low-dose junction

in Fig 2(f). Oscillations expected for the RF Josephson effect was observed in both cases. For the

high-dose junction, the steps are seen at all temperatures below T c, while for the low-dose junction

the steps disappear below 8 K, coinciding with the onset of hysteresis in the I–V curve.

Figure 2(g) and (h) show the magnetic field dependence of the junction critical current for

the high-dose and the low-dose junctions, respectively. The high-dose junction shows a nearly-

ideal Fraunhofer modulation of the critical current with field, however even at the highest measured

temperature (14 K) at which the junction should be in the short–junction limit by both criteria

FIG. 2. Magnetotransport measurements for SNS Josephson junctions (JJs) fabricated with high dose (2×1016/cm2, top row)

and low dose (9×1015/cm2, bottom row). Current-voltage characteristics at different temperatures for (a) high-dose and (b)

low-dose JJs. Shapiro steps for (c) high-dose JJ at T = 12 K, and (d) low-dose JJ at T = 26 K. Microwaves are applied with a

frequency of f = 14.9 GHz, and height dependence of the zeroth (= Ic), 1st, 2nd and 3rd Shapiro steps on applied microwave

power are shown (e) for the high-dose JJ at T = 12 K, and (f) for the low-dose JJ at T = 26 K. Modulation of the critical current

as a function of magnetic field at different temperatures are shown in (g) for the high-dose JJ, and (h) for the low-dose JJ.
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(w < 4λJ and close fit of the I–V curve to the RSJ model, as mentioned above) the lack of complete

suppression of critical current and the small deviation from the expected sin(x)/x shape suggests the

barrier is not perfectly uniform. At the lowest temperatures (4–6 K) the pattern evolves toward the

characteristic long-junction behavior seen in the lower-dose junction below ∼24 K, where a linear

Ic-vs-field dependence of the primary lobe is seen. This linear dependence is well understood and is

due to nucleation of vortices at the junction edge and subsequent flux-flow motion instead of field

penetration across the entire junction width as occurs in short junctions.23 From the critical current

density of the junctions and the estimated distance between the two electrodes, λJ given above can

be calculated for the two junctions using the penetration depth of MgB2.5 The resulting λJ for the

low-dose junction varies from 190 nm at 12 K to 450 nm at 26 K and, for the high-dose junction,

from 450 nm at 3 K to 1.1 µm at 12 K. Compared to the junction length of 4 µm, this would place

the low-dose junction in the long junction regime for the entire temperature range measured (and

the high-dose junction in the long junction regime below ∼12 K), in contradiction with the above-

mentioned short-junction RSJ behavior of the low-dose junction seen at 26 K. This contradiction can

be explained by considering flux–focusing effects that occur when applying perpendicular magnetic

field to a planar thin film.24 Due to the Meissner effect, the electrodes at both ends of the junction

barrier push the magnetic field lines into the junction barrier area and therefore the penetration depth

of the superconductor thin film calculated by the first Ic minimum (∆B in the Fraunhofer pattern) is

larger than that of the bulk value. Based on the analysis of Rosenthal et al. for film thickness smaller

than the magnetic penetration depth, the period of modulation in the Fraunhofer pattern is decreased

and scales inversely with the square of the junction width.25 ∆B for a 4-µm junction is predicted to

be 2.3 G. As seen in Fig. 2(g) and (h), the first Ic minimum occurs at 2.2 G for the high-dose junction

(at 14 K) and 1.7 G for the low-dose junction (at 24 K), in good agreement with the prediction.

Introducing a flux-focusing factor C into the sinc dependence, sin(Cx)/x with x = πΦ/Φ0 andΦ is the

applied flux, and fitting the Fraunhofer pattern of the high-dose junction at 14 K, yields a value of

C = 32, corresponding to an effective junction area of 12.8 µm2 compared to the actual area of

0.4 µm2.

Further information about the barrier properties produced by He+ irradiation can be obtained by

analyzing the temperature dependence of the junction normal resistance Rn, critical current Ic, and

critical voltage IcRn for both junctions (Figure 3). Both Ic and Rn were taken from fits of the I–V

curves to the RSJ model (with and without excess current, see below). The temperature independence

of Rn indicates that the irradiated barrier is fully normal down to 2.8 K for both low- and high-dose

junctions and its resistance increases with dose. Taking the normal resistance at 10 K from the large-

area irradiation data20 and using the resistivity equation R = ρL/A, we can estimate the barrier length

as <10 nm for both junctions. This is somewhat larger than expected for the sub-nm He+ beam used

and the lateral straggle taken from the TRIM simulations, and can be considered an upper limit. The

critical current increases with decreasing temperature for both junctions. According to Likharev’s

theory for proximity-coupled junctions,26 for a normal barrier in the dirty limit the temperature

variation of the IcRn product follows the expression:

IcRn ∝
(

1 − t4
) L
√

t

ξn(Tc)
exp[−

L
√

t

ξn(Tc)
]

Here t = T/T c is the reduced temperature, L is the barrier length (the electrode separation, referred

to earlier as the barrier thickness), and ξn(T c) is the coherence length of the normal metal at the

electrode T c (39 K). (In the clean limit,
√

t should be replaced by t in this expression.) Fits of IcRn

versus temperature (Fig. 3) yield values of L/ξn(T c) ≈ 6.2 for the high-dose and 4.8 for the low-dose

junction. This permits an estimate of ξn(T c) ≈ 1.6 nm for the high-dose and ≈ 2 nm for the low-dose

junction. Fitting IcRn with the above expression in the clean limit gives similar values.

At high enough critical current (<15 K for high-dose and <25 K for low-dose) both junctions

show an “excess” critical current, i.e. a nonzero intercept when extrapolating the ohmic portion of

the I-V curve (at voltages greater than ∼5IcRn). This excess critical current is important for practical

operation since it is not completely modulated under applied magnetic field and thus can impact

device performance; excess currents can also reveal more fundamental information about nonequi-

librium transport in the junction that alters the current-phase relationship. Theoretical treatment of
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FIG. 3. Temperature dependence of the junction normal resistance (black squares), critical current (blue circles) and critical

voltage (red diamonds) for both low- and high-dose junctions. Fits of the IcRn to the proximity–coupled expression in the

dirty limit described in the text is shown in dashed lines.

nonequilibrium effects in proximity-coupled Josephson junctions is based on the time-dependent

Usadel equations26 at high Jc (i.e. low temperature) in which nonequilibrium conditions lead to both

excess current, that saturates at ∼ 75% of Ic (in qualitative agreement with the data in Fig. 3 for both

junctions at low temperatures), and eventually hysteresis, as seen in the low-dose junction. Strong

nonequilibrium effects are expected for high-transparency normal barriers. Excess current and hys-

teresis can also result from heating (the “hot spot” model27) but these have a power dependence that

cannot explain the data in Fig. 3.

In summary, we have fabricated high quality planar MgB2 SNS Josephson junctions using He+

focused ion beam damage to create a normal metal barrier. The two doses studied here, 9x1015/cm2

and 2x1016/cm2, both show Josephson coupling characteristic of a highly uniform barrier. While the

high-dose junction exhibits both AC and DC Josephson effects for all the temperatures measured,

the AC Josephson effect disappears below 8 K for the lower dose junction, the onset temperature

of hysteresis in the I-V curve. The magnetic-field dependence of junction Ic indicates flux focusing

effects in the planar thin film limit are important. The high-dose junction shows nearly ideal RSJ

behavior in the temperature window between 15 and 25 K, while the high-transparency barrier in

the low-dose junction leads to transport properties dominated by nonequilibrium effects over most
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of the measured temperature range. These results show that the junction properties such as Rn, Ic and

IcRn at a desired temperature can be tailored by dose over a range that is useful in a wide variety

of superconducting electronic applications. Since writing times are of order milliseconds at these

doses in micron-wide bridges, our results suggest that the He+ ion damage technique may be useful

to prototype e.g. RSFQ circuits requiring hundreds or thousands of junctions with narrow parameter

spreads in MgB2 films operating at or above 20 K.
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