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Sub-Micron Thin Film Intrinsic Josephson Junctions

P. A. Warburton, A. R. Kuzhakhmetov, C. Bell, G. Burnell, M. G. Blamire, H. Wu, C. R. M. Grovenor, and
H. Schneidewind

Abstract—We have fabricated sub-micron intrinsic Josephson
junctions in thin films of TI-Ba-Ca-Cu-O using two differing
techniques suited to different applications. By using lateral
focussed ion-beam milling we have created arrays of intrinsic
junctions in c-axis oriented films. Such arrays, with areas as low
as 0.25um?Z, display large hysteresis comparable to that observed
in single-crystal intrinsic junctions. By using normal focussed
ion-beam milling we have created arrays in mis-aligned films
grown on vicinal substrates. In arrays of area less than 0.44m?
we observe Josephson phase diffusion and a suppressed critical
current, showing that charging effects may be significant in these
junctions.

Index Terms—Focussed ion-beam milling, Josephson junctions,
nanofabrication.
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I. INTRODUCTION e

INCE the spacing of consecutive copper-oxide double // (010)
lanes in many cuprate superconductors is greater tha /

the coherence length in the-direction, such planes are \

Josephson coupled. Hence a cuprate superconductor which

structured in such a way that the current is forced to flow in

the c-direction acts as a series array of “intrinsic” Josephsor

junctions [1]. Such junctions show promise for a wide variety

of applications. For example, zero-crossing Shapiro steps ¢

frequencies up to 2.5 THz have recently been measured i

single crystal Bi-Sr-Ca-Cu-O intrinsic junctions [2], suggesting

that they are suitable for development as voltage standards and ©

sub-mm-wave oscillators. A variety of thin-film-based deviceig.1. (a) Schematic (notto scale) of device geometry utilisiagis oriented

geometries has also been proposed, with a view to furtﬁ#lp.The horizontal lines in the film represent the copper-oxide double planes. .
L. . . . .. e dotted line represents the transport current. Typical device dimensions are:

exploiting intrinsic Josephson effects in device applicationg; — .7 ym;y = 1 ym: > = 0.1 um. (b) Scanning-ion micrograph of

for a review of such devices see [3]. Here we report twedevice fabricated in e-axis oriented film. The angle between the ion-beam

techniques we have developed for fabrication of intrinsfd the substrate surface is setas5 as to show the side view of the device.

. . L C) Schematic (not to scale) of device geometry utilising a mis-aligned film. The
Josephson junctions based on thin films of the supercondudf@hting lines in the bridge represent the copper-oxide double planes. The dotted
Tl;Ba,CaCyOg (TBCCO). The two techniques, both of whichline represents the transport current.
make use of focussed ion-beam milling, allow us reliably
to fabricate arrays of intrinsic junctions with sub-microrn addition to the sub-mm-wave applications referred to above,
cross-sectional dimensions. It has been predicted [4], [5] thatr junctions may therefore be developed into single electron
the charging energy is enhanced by a fadtom capacitively device applications [6].
coupled arrays ofV junctions. Since intrinsic junctions are
strongly capacitively coupled, sub-micron intrinsic junctions Il. DEVICE FABRICATION

may show charging effects at temperatures of 4.2 K or highgr. c-Axis Devices
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Gross patterning of the TBCCO lines which contact to the de-
vices is done by using optical lithography and argon ion-milling.
Tracks of typical widthw = 0.7 um are then patterned in the
film using normally-incident focussed ion-beam milling with a
30 keV gallium ion-beam. The substrate is then rotated so that
the ion beam is almost parallel to it — in fact the angle between
the beam and the substrate is typicalty Bhis allows us to mill
laterally the slots which force the current to flow parallel to the
c-axis in the central part of the structure. Hence we have a stack
of intrinsic junctions of cross-sectional area and stack height 10
z, which is expected to contaiN = (z/1.7 nm) intrinsic junc-
tions. A scanning ion micrograph of the final structure is shown o : .
in Fig. 1(b). 0 500 1000 1500

voltage (mV)

@
Our device geometry which makes use of mis-aligned n=1 n=2 n=3 n=4 n=5
TBCCO films is shown in Fig. 1(c). The films, of typical 22 N A
thickness 250 nm are grown by the same process as for our . L; ' ’] i
c-axis films. Here, however, the substrate is vicinal lanthanum H
aluminate with its surface cut at an angle of 26 the(0 0 1)
axis. During the annealing process the TBCCO film recrys-
tallises epitaxially on the vicinal substrate with the result that
the copper-oxide double planes are mis-aligned by @&@h
respect to the substrate surface. This epitaxy is confirmed both
by four-circle x-ray diffraction and cross-sectional transmission 19 i
electron micrography [9]. P L L . . .
0 25 50 75 100 125

Ill. RESULTS voltage (mV)
A. Current — Voltage Characteristics (b)

The current — voltage characteristics were obtained Igyg. 2. (a) 4.2 K current-voltage characteristics of a device fabricated in a
mounting the devices on a copper block at the end of a pr axis film. (b) is the enlargement of the low-voltage low-current region of
hich . d in heli . d a), showing some of the first 11 quasiparticle branches. The arrows show the
W_ I(.: Wa_S immersed In helium vapor in a storage dew. honon resonances in the first quasiparticle branch (see text).
Mini-coaxial cables run along the length of the probe to
connect the sample, viaC filters with cut-off frequency 200 h it fthe f . henth . il
Hz, to room-temperature electronics. This consists of a curréht]- The splitting of the features intoon thenth quasiparticle

source which is swept quasistatically at between 1 Hz and BfRnch is clearly visible fon up to 11. To our knowledge such
Hz, and a low-noise voltage amplifier. clear resonances at largédnave not previously been observed in

All our devices show multi-branched current — voltage Chap_ther thin film intrinsic junction types, probably since they are
acteristics. A typical example, taken from a device in-axis damped out. This further confirms that our devices (at least in

oriented film, is shown in Fig. 2. There is a supercurrent bran&ieXis films) are lightly damped, as is the case for single crystal
at low (not always zero) voltage ard quasiparticle branches. |_ntr|nS|CJgnc_t|ons. We co_ncl_udetherefore that for mtrmsu_:Junc—
Here N = 94 + 2. This branched structure confirms the exision applications our-axis films are of comparable quality to
tence of a multitude of Josephson junctions in the array andSf§9l€ crystals of anisotropic superconductors.
consistent with the depth of the stack(see Fig. 1), and the o
copper-oxide double plane spatial periodicity of 1.7 nm. THe: Aréa Dependence of the Switching Current
nearly vertical part of the characteristics at a voltage of 2.44 V The dependence of the switching current density at 4.2 K
corresponds to alV junctions being at the gap voltage) /e.  on the device cross-sectional area is shown in Fig. 3. Here the
Hence we can estima\ = 26 meV, in good agreement with switching current is defined as the value of an increasing qua-
other tunnelling measurements of the gap voltage in TBCCSstatic current bias at which the jump from the supercurrent
[10]. The small value of the ratio of the retrapping current tbranch to the first quasiparticle branch occurs. For devices of
the critical current shows that the Stewart — McCumber param@rea greater than 0,8m> we measure a broad distribution of
eter,3., is large ¢ 3 10%). This in turn suggests that dissipatiorswitching currents over repeated measurements [12]; the data
is low and comparable with the level of dissipation in intrinsipoints here correspond to the peak switching current in the dis-
junctions based on single crystals. tribution. Note that the data for the two types of device geometry
Features in the quasiparticle branches labeled with an arrowerlap, confirming that theb-plane transport currents present
in Fig. 2 occur due to Josephson oscillations at the same fiethe mis-aligned devices have a negligible effect onctlagis
guency ag-axis optical phonon modes in the TBCCO structur@osephson coupling.
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Fig.3. Dependence of the switching current density (on a logarithmic scale)g. 4. Current — voltage characteristics of a mis-aligned device. Only the
atemperature of 4.2 K on the cross-sectional junction area. The inset showsgtiercurrent branch is shown. The points are experimental data. The lines are
dependence of the switching current at 4.2 K on area for our smallest devig@g prediction of the theory of Ingolet al. (see text) with the impedané&seen

In both graphs the squares are data from a single mis-aligned device whose gigfe junction as the only free parameter. From the fitss 10.2 K2, 10.5 K2
was sequentially reduced by normal focussed ion-beam milling. The diamo 11.5K at 4.2 K, 7.7 K, and 10 K respectively.

are data from a series ofaxis devices fabricated in two different TBCCO films.

ticle branches of these devices are, however, identical to those

For junctions of area greater tharuin? the switching cur- of larger junctions, and the characteristics remain strongly hys-
rent density is essentially constantat+0.4 10* Acm~2.Ifwe teretic. This dissipative branch is observed both in junctions
take this to be the critical current density of the intrinsic junowith E; > kT [16] andE; < kT. A typical example of the
tions we estimate a plasma frequency of 470 GHz. (This edadter is shown in Fig. 4. Note that this junction has an anoma-
mate is made by treating the intrinsic junctions as parallel pldtausly low switching current density~( 30 Acm 2 at 4.2 K),
capacitors with dielectric thickness 1.5 nm and relative permfirobably due to damage during ion milling. The form of the
tivity 10.) This is within a factor 2 of that measured by infra-redupercurrent branch is similar to that previously observed in
spectroscopy of TBCCO films [13]. small hysteretic lowr. junctions and attributed to phase diffu-

For junctions of area less than im? we observe a rapid sion [17]. The data fit very well to the theory of phase diffusion
suppression of the switching current density which can be dxy Ingoldet al.[18]. We use only one free parameter, this being
trapolated to zero at an area of Qu&h?. Similar reductions of the impedance seen by the junction, equal het® @+ 0.7 k.
the switching current density have been observed in sub-micrbhe fit to the data is excellent up to a temperature of 10 K, at
Bi-Sr-Ca-Cu-O single crystal intrinsic junctions [14], [15] andvhich point the hysteresis in the data vanishes, making compar-
may be attributable to part of the junction area being damagedn with the theory impossible.
during fabrication and/or a fundamental change in the deviceWhile phase diffusion, being a random process, is not advan-
physics at short lengthscales. Since this reduction in switchitaggeous for applications, study of the phase diffusion branch of
current density is also accompanied by (a) elimination of stromdtra-small junctions can reveal information on the charging en-
fluctuations for junctions of area less than @& and (b) the ergy in such junctions. Since this parameter is of fundamental
appearance of dissipation at currents less than the switchingportance for understanding the device physics and may be ex-
current for junctions of area less than Quih? (see below), it ploited in single electron device applications, further studies of
is likely that the physics which determine the junction tranghase diffusion in our junctions are ongoing.
port properties are modified for our small area junctions. On the
other hand, extrapolation from the critical current density of our IV. CONCLUSIONS

large area junctions suggests that the Josephson eiirgyt a We have developed two distinct techniques for fabricating

junctlon_of a_rgaO.ZLm 810k K, wherek is BoI_tzmann S CON o\ ib-micron intrinsic Josephson junctions. The observation of a
stant. It is difficult to understand how the device properties can

be so strongly modified at operating temperatdfes: F. /k phase diffusion branch at currents less than the switching cur-
J .

. ! . . rent and suppression of the critical current for small area junc-
We conclude, therefore, thlabthjunction damage during fabri- . . - ;
cation (most likely due to implantation of the edges of the sup {ions suggest that charging effects may be significant in these

conducting film by gallium ionsand unconventional junction “devices. In order to e>_<p|oit SUGh effects_ it Wi.” ue necessary to
physics play roles in modifying the transport properties of o ntrol the electrostatic potential of_the !uncnons k_)y ap_ply|_ng a
sub-micron intrinsic Josephson junctions \{oltage to a gate electrc_)de. Th_e m|s_—al|gned devices in V|§:|nal
' films are suited to experiments in which the gate electrode is on
_ top of the bridge. These devices are, however, not suited to ex-
C. Phase Diffusion periments in which precise control of the number of junctions
The supercurrent branch of junctions of area less than @s#4equired. We are currently investigating the possibility of this
um? is not at zero voltage — i.e., dissipation occurs for bias cusy monitoring the conductance of otsaxis devices during the

rents less than the switching current. The form of the quasipan-beam milling process.
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