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We have investigated dc superconducting quantum interference devices~SQUIDs! with loop areas
8 and 64mm2 made by direct electron beam writing in YBa2Cu3O72x films with thickness 25 and
50 nm. The SQUIDs have maximum peak-to-peak voltage modulation of about 20mV, which
corresponds to the transfer factordV/dF0;50–60 mV/F0 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 YBa2Cu3O72x thin films. © 1996 American Institute of Physics.
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Over the last few years significant progress has b
made in the improvement of the characteristics of HTS
sephson junctions and superconducting quantum interfere
devices~SQUIDs!, based on bicrystal, step edge, and SN
structures. A typical transfer factor of the HTS dc SQUIDs
of the order of 20–30mV/F0 (F0—magnetic flux quantum!
at 77 K, which is suitable for most applications, with a r
cently reported1 value of 100mV/ F0 for highly resistive
bicrystal junctions. The noise level of the best HTS SQUI
is approaching that of commercially available low-Tc
SQUIDs.1,2

Progress in the development of digital multijunctio
HTS circuits, however, has been far less impressive. T
large extent this is due to problems of reproducibility a
uniformity in the existing junction technologies. Another s
rious problem is related to the circuit design restrictions i
posed by most of these technologies, which require all
junctions to be placed along one line~e.g., grain boundary!
or several parallel lines. In practice, these restrictions m
lead to large inductances of the circuits that make it rat
difficult to use these junctions in the plane geometry
digital circuits, e.g., for RSFQ logic.

The direct e-beam writing~DEW! technique developed
at Stony Brook and Cambridge3–5 for HTS thin films has
certain advantages, such as simplicity and good reproduc
ity as well as flexibility in terms of circuit layout, which
makes it, perhaps, best suited for the investigation of mu
junction circuits. In our recent letter, we demonstrated a
junction HTS RS flip–flop operating atT;30 K, made by
direct e-beam writing.6 The heart of practically any RSFQ
circuit is a double-junction interferometer~dc SQUID!. The
constraints on the SQUID parameters, such as inducta
critical current, and normal resistance have been w
established7 and can be used for 77 K SQUID application
with some modifications.8 The SQUID in a RSFQ circuit
should ideally have two stable states~one with zero flux and
another with one flux quantum!,9 resulting in the condition
for bL5LI c /F051–3, whereL and I c are the inductance
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and critical current of the SQUID, respectively. Therefore
the relation betweenI c and L is quite similar to that for
magnetometric SQUID applications.7

In order to minimize the influence of thermal
fluctuations10 for analog SQUIDs,I c should be 5–6 times
larger than the thermal currentI th52pkBT/F0 , whereT is
the operating temperature. This requires critical currents n
less than approximately 8mA at 30 K and 20mA at 77 K.
The critical currentI c in the case of RSFQ circuits is re-
stricted from below by the thermally induced error rates
Rigorous analysis is more complicated in this case and d
pends on the actual circuit type. Some estimates will b
given elsewhere; we only note here that the requirements
I c are in general more stringent (I c should be several times
higher! for digital than analog applications.

The aim of this work is to describe the properties o
DEW-made SQUIDs with small loops on YBa2Cu3O72x

films, and also to obtain some insight into the properties o
DEW-made junctions that are still not completely under
stood. Because of the limitations onI c discussed above,
small loops are needed to reduce the inductance in RSF
circuits.9 The kinetic inductance of the filmLk may consti-
tute a large part of the total inductanceLT . Since in the film
thickness regiond<lL , the kinetic inductance is approxi-
mately inversely proportional to the film thicknessd, it is
also desirable to use thicker film.~The voltage modulation
and, therefore, the operating speed of the circuit, defined
the product ofI cRn , for d<lL is almost independent of the
film thickness.! The junction preparation was described in
some detail in Ref. 4. After a microbridge is made usin
standard optical lithography and wet etch, a focused electr
beam is scanned across the microbridge to produce a narr
line of damage, which serves as a weak link. The length
the damaged region in the direction of the transport curre
depends on the electron-beam broadening, which in turn
smaller for thinner films. For our electron-beam energy~120
keV!, the film thickness should be less than 100 nm to ensu
high quality junctions. Together with the requirements fo
the kinetic inductance, this defines the limitations on th
films’ thickness we can use; for higher energy electron irra
diation thicker films can be used.5 While we worked mostly85.
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with 25 and 50 nm thick YBa2Cu3O72x films grown by the
BaF2 process

11 on LaAlO3 , we obtained similar results on
laser ablated film up to 100 nm thick, and on different su
strates, in particular, on Si with a YSZ buffer layer. Figure
shows layouts for the two types of SQUIDs we descri
here: with loop area 8mm2 ~a!, and 64mm2 ~b!. The follow-
ing features of our junctions are important for the discuss
of the operation of the SQUIDs.

~1! The effective critical temperatureTc0 of the junction
~which is defined as the onset of the critical current of 1mA,
see below! can be varied from 87 K down to 4.2 K depend
ing on the irradiation dose.4 Critical temperatureTc of the
rest of the film remains unchanged.

~2! At Tc0,T,Tc resistance of the damaged region d
creases monotonically with temperature, which we attribu
to narrowing of the normal part of the damaged region as
temperature decreases. AtT5Tc0 , when the effective length
of the region reaches a few hundred angstroms, critical c
rent becomes observable~see inset in Fig. 2!.

Within a certain temperature rangeTc0* ,T,Tc0 the
junction is a Josephson weak link. TheI –V characteristics of
the junction are close to the RSJ shape at small currents
to parabolic shape at larger currents:V5A(T)I 21Rn* (T)I
1B(T), whereA(T), Rn* (T), andB(T) are some tempera
ture dependent coefficients. Normal resistance of the ju
tion Rn is then defined as a linear termRn* of the fitting
curve, whereas a quadratic term can be associated with
vortex motion andB(T) with the excess current.Rn* mono-
tonically decreases with temperature and reaches zer
Tc0* . Below this temperature, theI –V characteristics of the

FIG. 1. Layouts for the 8mm2 and~a! 64mm2 ~b! size loop interferometers.
Hand-drawn lines indicate locations of the Josephson junctions.

FIG. 2. Current–voltage characteristics of the 8mm2 loop SQUID with
Tc0534 K at different temperatures. Insets show the temperature de
dence ofRn* ~upper left! and I c ~lower right!.
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junction gradually transform from an RSJ-type to a flux
flow type withV;I 2. This may imply that atTc0* the dam-
aged region becomes superconducting.4 Typical I –V curves
at different temperatures for the SQUID withTc0534 K are
shown in Fig. 2, along with the temperature dependencies
I c andRn* .

Figure 3 demonstrates the critical current modulation f
an 8mm2 dc SQUID, shown in Fig. 1~a!, at different tem-
peratures. Because of the small size of the loop, the period
SQUID modulation is comparable to the period of the jun
tion modulation itself, which is seen in Fig. 3 for the bottom
curve. The mutual inductanceLm between the signal current
line @ I s in Fig. 1~a!# and the SQUID loop can be calculated
from the period of modulation ofI c vs I s using the formula
Lm5F0 /DI s . At T534 K it gives Lm;12 pH. The total
inductanceLT of the SQUID can be estimated from the
maximum modulation amplitudeDI c of the critical current
I c according to the formulaLT5F0 /DI c at LI c /F0@1,
whereDI c saturates.

7 The inset showsDI c as a function of
I c with a saturation value ofDI c;50 mA. This corresponds
to a total inductance of 40 pH. Numerical modeling usin
calculations of the inductance matrices for superconduct
film based on the exact solutions of the London equation12

with lL as a free parameter allows us to obtain bothLm and
LT , which are in good agreement with the experimental r
sults. From the same calculations we see that the geometr
inductance is only a small part ofLT (Lg55.5 pH).

Since we can change the effective temperature of t
junctionsTc0 by annealing them at relatively low tempera
ture (T5330 K! we can select the operating temperature
our SQUIDs within a wide temperature range. By measurin
the temperature dependenceLm(T);lL

2(T)/d for thin films,
we can study the temperature dependence oflL . Figure 4
shows the results of such measurements for the 64mm2 loop
SQUIDs @see Fig. 1~b!# made from 25 and 50 nm films. It
can be seen that for 25 and 50 nm films the inductance sca
nicely with the thickness of the film, which implies that the
kinetic inductance is inversely proportional to the film thick
ness with a very good accuracy in this thickness rang
Lm(T) can be fitted by the empirical Gorter–Casimir two
fluid model ~solid line! in a wide temperature range. Devia
tion of the inductance from the two fluid formula~which

pen-

FIG. 3. Modulation of the critical current of the 8mm2 loop SQUID vs
signal current; inset contains the dependence of the maximum amplitude
critical current modulation vs critical current.
2591Nadgorny et al.
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usually describes conventional~BCS! pairing rather well!
seen at low temperatures is often interpreted within
framework of ad-wave pairing mechanism,13 however, the
preliminary data reported in this letter does not allow us
draw definite conclusions. Extrapolation of this depende
to T50 and comparison with the numerically calculat
value giveslL(0);0.35 mm, which is not uncommon fo
thin films, particularly for those made by the BaF2 process
used in our experiment.14 As can be seen from Fig. 4, it i
preferable for the SQUIDs to operate at temperatureT
,0.6Tc ~below 55 K for YBa2Cu3O72x), so that the induc-
tance of the film is the smallest and almost temperature
dependent. Most of our small loop SQUIDs were fabrica
to obtainTco,50 K in order to be able to work at lowe
temperatures.

Finally, we present the results on SQUID voltage mo
lation. Figure 5~a! shows maximum peak-to-peak modulati
of the 8mm2 ~a! and 64mm2 ~b! loop SQUIDs. Figure 5~b!
gives the temperature dependence ofDVmax for 8 mm2

SQUID. The experimental data are compared with the e
mates obtained from the formula derived in Ref. 8, wh
takes into account the thermal noise,

DVmax~T!5
4

p

I c~T!Rn* ~T!

11bL~T!
~123.57AkBL~T!T/F0!,

whereI c(T) andRn* (T) are the experimental values. Agre
ment is quite good at small critical currents, where this f
mula is applicable. It can be seen that instead of satura
as in other types of SQUIDs,DVmax reaches its maximum a
some temperature and then starts to decrease. This dec
in DVmax is connected to the dominant decrease ofRn* (T) in
the expression forDVmax.

To conclude, we have made and studied double-junc
interferometers fabricated using the direct electron-be
writing technique. This simple technology allows us to ma
small-loop SQUIDs with adequate current and volta
modulation for use in digital circuits of the RSFQ family6

We have also studied the kinetic inductance and the Lon
penetration depth in YBa2Cu3O72x thin films.

FIG. 4. Reduced temperature dependence of the mutual inductanceLm for
the 64mm2 loop SQUID with the film thickness of 25 nm~data set 1! and 50
nm ~data set 2!. The solid line is a fit by the functionLm(T)5Lm(0)/
(12t4).
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