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We have investigated dc superconducting quantum interference dé8iQeiD9 with loop areas

8 and 64um? made by direct electron beam writing in YE2u,0;_, films with thickness 25 and

50 nm. The SQUIDs have maximum peak-to-peak voltage modulation of abopt/2@vhich
corresponds to the transfer factby/d®,~50-60 pV/d, at 30—40 K. By measuring the mutual
inductance of the SQUID signal line as a function of temperature and comparing the data with the
numerical calculations and the two-fluid model, we extracted the values of the London penetration
depth for YBaCuO,;_, thin films. © 1996 American Institute of Physics.
[S0003-695(96)03443-2

Over the last few years significant progress has beeand critical current of the SQUID, respectively. Therefore,
made in the improvement of the characteristics of HTS Jothe relation betweern, and L is quite similar to that for
sephson junctions and superconducting quantum interferenceagnetometric SQUID applications.
devices(SQUIDs9, based on bicrystal, step edge, and SNS In order to minimize the influence of thermal
structures. A typical transfer factor of the HTS dc SQUIDs isfluctuationd® for analog SQUIDs) . should be 5-6 times
of the order of 20—-3Q.V/®, (P ,—magnetic flux quantupn  larger than the thermal curreh,=27kgT/®y, whereT is
at 77 K, which is suitable for most applications, with a re-the operating temperature. This requires critical currents no
cently reported value of 100uV/ ®, for highly resistive less than approximately 8A at 30 K and 20uA at 77 K.
bicrystal junctions. The noise level of the best HTS SQUIDsThe critical currentl; in the case of RSFQ circuits is re-
is approaching that of commercially available Idw- stricted from below by the thermally induced error rates.
SQUIDs!? Rigorous analysis is more complicated in this case and de-

Progress in the development of digital multijunction pends on the actual circuit type. Some estimates will be
HTS circuits, however, has been far less impressive. To given elsewhere; we only note here that the requirements for
large extent this is due to problems of reproducibility andi, are in general more stringent.(should be several times
uniformity in the existing junction technologies. Another se- highey for digital than analog applications.
rious problem is related to the circuit design restrictions im- ~ The aim of this work is to describe the properties of
posed by most of these technologies, which require all th®©EW-made SQUIDs with small loops on YBauO,_,
junctions to be placed along one lite.g., grain boundajy films, and also to obtain some insight into the properties of
or several parallel lines. In practice, these restrictions mappEW-made junctions that are still not completely under-
lead to large inductances of the circuits that make it rathegtood. Because of the limitations dn discussed above,
difficult to use these junctions in the plane geometry forsmall loops are needed to reduce the inductance in RSFQ
digital circuits, e.g., for RSFQ logic. circuits® The kinetic inductance of the filh, may consti-

The direct e-beam writingDEW) technique developed tute a large part of the total inductance. Since in the film
at Stony Brook and Cambridde for HTS thin films has thickness regiord<\,, the kinetic inductance is approxi-
certain advantages, such as simplicity and good reproducibimately inversely proportional to the film thickneds it is
ity as well as flexibility in terms of circuit layout, which also desirable to use thicker filniThe voltage modulation
makes it, perhaps, best suited for the investigation of multiand, therefore, the operating speed of the circuit, defined by
junction circuits. In our recent letter, we demonstrated a 14the product of R, for d<\ is almost independent of the
junction HTS RS flip—flop operating at~30 K, made by film thickness) The junction preparation was described in
direct e-beam writing. The heart of practically any RSFQ some detail in Ref. 4. After a microbridge is made using
circuit is a double-junction interferometédc SQUID. The  standard optical lithography and wet etch, a focused electron
constraints on the SQUID parameters, such as inductanceeam is scanned across the microbridge to produce a narrow
critical current, and normal resistance have been welline of damage, which serves as a weak link. The length of
establishetiand can be used for 77 K SQUID applications the damaged region in the direction of the transport current
with some modificationd. The SQUID in a RSFQ circuit depends on the electron-beam broadening, which in turn is
should ideally have two stable stat@me with zero flux and  smaller for thinner films. For our electron-beam eneftg0
another with one flux quantu resulting in the condition keV), the film thickness should be less than 100 nm to ensure
for B =LI./®y=1-3, whereL and | are the inductance high quality junctions. Together with the requirements for
the kinetic inductance, this defines the limitations on the

dpresent address: Naval Research Laboratory, Washington, DC 20375. fiI.m.s’ thic'kness'we can use; for higher energy electron irra-
bpresent address: Sandia National Laboratories, Albuquerque, NM 87185diation thicker films can be us€dwhile we worked mostly
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FIG. 1. Layouts for the §m? and(a) 64 um? (b) size loop interferometers. 80- i 20K
Hand-drawn lines indicate locations of the Josephson junctions.
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with 25 and 50 nm thick YB#Cu;O,_, films grown by the N
BaF, proces$' on LaAlO;, we obtained similar results on AP YT T AN N s
laser ablated film up to 100 nm thick, and on different sub- ~ ° 3z B : J 3
strates, in particular, on Si with a YSZ buffer layer. Figure 1

shows layouts for the two types of SQUIDs we describeFIG 3. Modulation of the critical current of the Bm? loop SQUID vs
,here: with lOOp are?‘ &m.z (a‘)' and_ 64'U“m2 (b)‘ The f0.||OW— . sign.al ;:urrent; inset contains the dependence of the maxiFr)num amplitude of
ing features of our junctions are important for the diScussiORitical current modulation vs critical current.

of the operation of the SQUIDs.

(1) The effective critical temperaturk, of the junction  jynction gradually transform from an RSJ-type to a flux—
(which is defined as the onset of the critical current qfA, flow type with V~12. This may imply that aff%, the dam-
see below can be varied from 87 K down to 4.2 K depend- 5464 region becomes superconductifiypical |-V curves
ing on the irradiation dos®Critical temperaturel; of the at different temperatures for the SQUID with,=34 K are

rest of the film remains unchanged. _ shown in Fig. 2, along with the temperature dependencies of
(2) At T,o<T<T, resistance of the damaged region de—|C andR* .

creases monotonically with temperature, which we attributed Figure 3 demonstrates the critical current modulation for
to narrowing of the normal part of the damaged region as thg, 8 um? dc SQUID, shown in Fig. @), at different tem-
temperature decreases. A& T, when the effective length  heratures. Because of the small size of the loop, the period of
of the region reaches a few 'hundr.ed gngstroms, critical CUISQUID modulation is comparable to the period of the junc-
rent becomes observablsee inset in Fig. 2 tion modulation itself, which is seen in Fig. 3 for the bottom

Within a certain temperature rangE;<T<T the  cyrve. The mutual inductande, between the signal current
junction is a Josephson weak link. TheV characteristics of  |;,e [15in Fig. 1a)] and the SQUID loop can be calculated
the junction are close to the RSJ shape at small currents agghm the period of modulation of, vs I using the formula
to parabolic shape at larger currenté=A(T)I2+ R (T)! L,=®o/Al,. At T=34 K it givesL,,~12 pH. The total
+B(T), whereA(T), Ry(T), andB(T) are some tempera- inqyctanceL; of the SQUID can be estimated from the
ture dependent coefficients. Normal resistance of the juncymaximum modulation amplituda |, of the critical current
tion R, is then defined as a linear terR: of the fitting l. according to the formuldt=®y/Al, at Ll./dy>1,
curve, whereas a quadratic term can be associated with t%ereMc saturated. The inset showa\l . as a function of
vortex motion and3(T) with the excess currenRy mono- | ith a saturation value okl ~50 uA. This corresponds
tonically decreases with temperature and reaches zero @ 3 total inductance of 40 pH. Numerical modeling using
T . Below this temperature, the-V characteristics of the calculations of the inductance matrices for superconductive
film based on the exact solutions of the London equatfons
with \| as a free parameter allows us to obtain boghand
L+, which are in good agreement with the experimental re-
sults. From the same calculations we see that the geometrical
inductance is only a small part &f; (Ly=5.5 pH).

Since we can change the effective temperature of the
junctions T, by annealing them at relatively low tempera-
ture (T=330 K) we can select the operating temperature of
our SQUIDs within a wide temperature range. By measuring
the temperature dependericg(T)~A?(T)/d for thin films,
we can study the temperature dependencea af Figure 4

e shows the results of such measurements for the®4 loop
% 1 SQUIDs[see Fig. 1b)] made from 25 and 50 nm films. It
200 _ T can be seen that for 25 and 50 nm films the inductance scales
300 -200 100 0 100 200 300 nicely with the thickness of the film, which implies that the

Current (uA) kinetic inductance is inversely proportional to the film thick-
ness with a very good accuracy in this thickness range.
FIG. 2. Current-voltage characteristics of thgr8? loop SQUID with Lm(T) can be fitted by the empirical Gorter—Casimir two-

T.,=34 K at different temperatures. Insets show the temperature deperflUid model(solid line) in a wide temperature range. Devia-
dence ofR* (upper lefy and| (lower righy. tion of the inductance from the two fluid formul@vhich
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FIG. 4. Reduced temperature dependence of the mutual indudtgnte 104 . . B
the 64um? loop SQUID with the film thickness of 25 nfdata set 1and 50 5 + theory
nm (data set 2 The solid line is a fit by the functioh ,(T)=L,(0)/ E . 5] + experiment
(1—t%. a
>
usually describes convention&BCS) pairing rather well 1“4 16 18 20 2 24
seen at low temperatures is often interpreted within the Temperature (K) (b)

framework of ad-wave pairing mechanistt, however, the . . . .
preliminary data reported in this letter does not allow us to['G: 5 Maximum peak-to-peak voltage modulation at different operating
e . . . temperatures for the 8m* (curves 1-3and 64um* (curves 4—Bsize loop
draw definite ConCIUS!OnS- E?(trapdat'on Of. this dependencgqyps, (b) experimental and theoreticéRef. 8 temperature dependence
to T=0 and comparison with the numerically calculated of the maximum peak-to-peak voltage modulation.
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