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Realization and properties of MgB , metal-masked ion damage junctions
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lon beam damage combined with nanoscale focused-ion-beam direct milling was used to create
manufacturable superconductor—normal—superconductor t§MS Josephson junctions in
100-nm-thick MgB with T of 38 K. The junctions show nonhysteretic current—voltage
characteristics between 36 and 4.2 K. Experimental evidence for the dc and ac Josephson effects in
MgB, metal-masked ion damage junctions are presented. This technique is particularly useful for
prototyping devices due to its simplicity and flexibility of fabrication and has a great potential for
high-density integration. €002 American Institute of Physic§DOI: 10.1063/1.1519965

The recent discovery of superconductivity in Mg& 39  the Nb-based superconductors. This allows one to work
K is of both fundamental and practical importance due tosafely above 20 or even 30 K, which is comparatively easy
the material's attractive properties, including relatively iso-with standard cryocoolers.
tropic superconductivity, large coherence lengths, transpar- lon irradiation has the potential to be used as a means to
ency of grain boundaries to current flow, and the highesinodify superconducting properties as well as to create super-
transition temperatureT¢) found in a simple compound. conducting weak links. Bugoslavslet al® recently showed
Both for applications and basic studies, extensive effofts that the superconducting properties of Mg&n be strongly
to realize a viable junction fabrication technology have beerjffected by defects and structural disorder created by high
made worldwide. Unfortunately, however, the fabrication ofanergy jon irradiation. Fabrication of junctions without
Josephson junctions in thin MgBilms has turned out to be  jyierfaces, ie., weakened structures, by ion or electron
rather difficult because of the relatively poor fabrication con-j . adiatiort®! is particularly attractive due to its controlla-
trol and lack of suitable barrier materials for any multilayer bility.
type junctions, as well as the technical challenge of realizing

: ) L In this letter, we report the creation of superconductor—
high quality thin films.

normal—superconductdSNS type MgB, junctions by lo-

1 kAljfr;?as:\(/jeJ:nggvr\]/Zrtwll\t/lr:: guzggf]caf;nfgly ﬂﬂ?cnhd calized ion implantation. The junctions display nonhysteretic
- b 18& |-V characteristics between 36 and 4.2 K. Microwave-

is much larger than 1. As a result, the junctions have hyster- . L
. L C induced steps and an oscillatory magnetic field dependence
etic | -V characteristics, and for application in dc supercon-

ducting quantum interference devices and RSFQ logic gate%]c | c were observed. Junctions on the same chip show nearly

they must be externally shunted to decrease the effectiv'éjentical properties. The junction parameters were found to
value of Bc. Furthermore, maximum clock speed of a be highly controllable through carefin situ monitoring of

simple microprocessor that can be made using such Nb junégsistance change during ion irradiation and subsequent rapid
tions seems to be limited to less than 25 GHhis number ~ thermal annealingRTA) step. .
is barely competitive with the current-state-of-art comple-  1he films used were 20 nm Au/100 nm MgBilayer
mentary metal—oxide—semiconductor and SiGe heterojundhin films grown on(0001) sapphire substrates; details of the
tion bipolar transistor technologies for high-performancedrowth has been described elsewh€rg0-nm-thick Au was
digital signal processing and general-purpose computingleposited to protect the MgBilms from degradation during
even without the burdens of helium cooling for the opera-Storage before further processing steps. An additional 430
tion. However, MgB, has the potential to overcome these nm of Au wasex situdeposited by dc magnetron sputtering
limitations as the material is found to be able to carry muchon top of the 20 nm of Au for use as a hard mask during the
largerJc, and itsTc is about two times higher than that of ion irradiation step. Tracks &m wide and contacts were
then patterned by standard optical lithography and broad
dAlso with: IRC in Nanotechnology, University of Cambridge, Cambridge, beam Ar ion milling at 500 V and 10 mA current on a water-
CB3 OHE UK; electronic mail: djk1003@cam.ac.uk cooled rotating stage. Th&, of the tracks was measured
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FIG. 1. Resistance vs temperature measurements for the same track pfs

S . . 2. The temperature dependence gaindR, of a junction. Inseti -V
MgB, before(a) and after ion implantatioiib). b P ® n J

characteristics of a junction at 4.2 K.

before and after photolithography and was found to be un- .
changed at around 38 K. some excess current. In this case, we hiaye 6.5 mA (Jc

In order to prepare metal mask apertures, the patternezz'17 MA/cnf) and R,=0.1140) from which a product

. . . cR,=0.69 mV is obtained. This value is still small if com-
chip was transferred to the focused-ion-beé#fB) micro- d with th U8 ~R.— A /2= 3 59k ~/d—9 3 MV
scope (Philips Electron Optics/FEI Corporation 200 %P P2 with the valudcR,=mA/2=3.52rkgc/4=9.3 M
FIB workstation with a Ga source. The aperture was definedpremcmd by the BCS theory fofc=39 K. No significant
by writing a single pixel line cut écross Ft)he width of tracks change in the junction properties was observed over 2
u)s/i a 4g A30§I]<V ga iorbeam. The chip was wire bonded months and a number of thermal cycles.

g PA: . ' chip ) Figure 3 shows the magnetic modulation of theof a
to enablein situ monitoring of the resistance change during .

the FIB milling process to provide us with accurate cuttin junction at 34 K. Deviation from the ideal Fraunhofer dif-
depth? 9p P Yfraction at a higher magnetic field in the experimental data

implies th me inhomogeneiti xist in local ar f th
After the metal mask apertures were prepared, the plies that some inhomogeneities exist in local areas of the

A : . (Jjunction. However, the data clearly indicate that our barrier
sample was mounted on an ion implanter equipped with

custom cryogenic stage and shielded to allow ion implanta.—ShOWS a good Josephson junction behavior. The apparently

. . . . incomplete suppression of the is largely due to the fixed
itlnontr?;tQSrgsr\/eriitsT;Lcj;%asitzuT&afﬁrtgﬁégr:uznmeszge d voltage criterion used to assess e We found, however
toga 100 keV H ion beam with a norglinal dose of US o 1 that there is genuinely an excess critical current for all ap-

. . lied magnetic fields. The asymmetry and hysteresis of the
X 10'® jons/cnt at 20 K. This temperature was chosen toP g y y y

ensure that the intended maximum operating temperature IF modulation is probably a consequence of an asymmetrical
the li:ompleted (;evices i clc))(lseuto ﬂﬁpg of Ithge bullf afteur QUrrent distribution due to some unevenness in the cut made

. . in the mask, or flux trapped during the long measurement
subsequent RTA processing. RTA was carried out at 300 ° PP g 9

for 1 min followi £ 60 s. More detailed inf imes. The nodes in the critical current occur every 2 mT.
or L min Toflowing a ramp o s. ore detaried Informa- ,q \a1ye of London penetration depth,§ in our irradiated
tion on this ion damage technology has been publishe

elsewherd®15 unctions can be obtained from thg(B) curve by means of

S o i ioAB= +
Basic junction characterization was performed betweeny ', UX density expressiodB=o /(21 +1)w whered,

4.2 K andT. usina a dip probe includina maanetic field coils is the flux quantuml, is the length of junction barrier, ansl

' .- C 9 PP g mag ) is the width of the junction, assuming flux focusing effects
and microwave antennd—V characteristics were obtained
in a quasistatic current-biased measurement. Microwave

50 T T T T T T T

measurements were done in the range of 12—-18 GHz. o Forward| =
Figure 1 shows resistance versus temperature measure- O Reverse| _
ments for the same track befd@ and after ion implantation 40 E=s .
(b). It is clear from the figure that FIB processing has no
significant effect o . However, the sharp peak just before 30} e e netic Fiela (o)A
the transition region of the sample was observed after the <
chip was irradiated at 20 K. This feature can be ascribed to a j':’-l-, 20l & i
current redistribution along the bilayer voltage leads just be- —° &5
fore entering the superconducting phase. @%g o
Figure 2 shows the temperature dependence of critical 10F % T
current () and normal resistancé(,) of the junctions. The @
R, was nearly temperature independent between 36 and 4.2 0_4 3 2 1 (') 1 2 3 2
K and was about 0.112 at 4.2 K. This and the temperature
dependency of thé, give evidence for SNS nature of the Magnetic Field (mT)

Jun.CtI.OnS' The Ir.]set I.n Fig. 2is an examplelefv chgra_c- FIG. 3. Critical current vs magnetic field for a device measured at 34 K.
teristics of the junction at 4.2 K. The-V characteristics Inset shows critical current vs magnetic field measurement for a device that

shows resistively shunted junction model behavior withhas not gone through the RTA treatment.
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200 tions is small compared to the BCS value but critical currents
150 - up to 6.5 mA at 4.2 K were observed. Unlike the electron
—~ 100} beam damaged junctions that anneal at room temperature
<_5L over a period of days or weeks, the ion beam damaged junc-
= 50t tions show greater stability at room temperature over a long
S of period of time. This technique holds a promise for prototyp-
E sol ing devices due to its simplicity and flexibility of fabrication
o 100 and has a great potential for high-density integration.
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Voltage (mV) Technology under the National Research Laboratory project
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FIG. 4. Thel -V characteristics of MgBjunction and Shapiro steps under

microwave irradiation of a frequency 12 GHz at 34 K.
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