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The capacitance of 24°f001g tilt calcium doped Y1−xCaxBa2Cu3O7−d grain boundaries has been measured
for thin films with x in the range 0.0–0.3. The capacitance was determined from the hysteresis in theI-V
characteristic. By measuring the capacitance as a function of the voltage across the junctions it was possible to
observe the contribution of both parasitic substrate capacitance and heating to the hysteresis. These effects
enable the determination of the intrinsic capacitance of the grain boundaries. The effect of thermal noise on the
measurement is also assessed, and found to be much less than the observed changes in the capacitance. The
capacitance is found to increase as the calcium doping increases: from 0.2 Fm−2 for x=0.0 to a maximum of
1.2 Fm−2 for x=0.3. The changes in the capacitance per unit area are observed to be inversely proportional to
the corresponding changes in the resistance area product.
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I. INTRODUCTION

Shortly after the discovery of high temperature supercon-
ductors, grain boundaries were identified as the limiting fac-
tor determining the critical current in bulk samples.1 Since
then there has been a major effort to increase the grain
boundary critical currents in these materials.2 Recently it has
been demonstrated that improvement in the critical currents
attainable in the technologically promising superconductor
YBa2Cu3O7−d can be achieved by doping the grain bound-
aries with calcium.3–5 If grain boundary critical currents are
to be further increased, a better understanding of the mecha-
nisms by which calcium alters the grain boundary properties
is needed. Presently it is thought that the calcium alters the
carrier density and the amount of trapped charge at the
boundary, changing the form of the potential barrier.6 There
is increasing evidence from transmission electron micros-
copy that the width and voltage of the potential barrier at the
grain boundary are reduced by calcium doping.7 By measur-
ing the capacitance of the grain boundary it is possible to
obtain information on the width of the barrier that is inde-
pendent of the barrier voltage.

In previous experiments the capacitance of high angle,
Josephson coupled, grain boundaries has been measured by
considering the hysteresis in current-voltage curves and by
measuring the voltages of Fiske resonances present in the
junction.8–16 In this work we measure the capacitance of a
series of thin film Y1−xCaxBa2Cu3O7−d grain boundaries. Ca-
pacitance as a function of doping was determined from hys-
teresis in the current-voltage characteristics of Josephson
junctions fabricated from the thin films. Particular care has
been taken to eliminate possible sources of systematic error
from the measurement. It is necessary to ensure that the ca-
pacitance measured is that of the grain boundary alone, and
that there is not a large parasitic contribution from the
SrTiO3 substrate.16 It is important to show that the measured
hysteresis is neither significantly increased by heating

effects17 (heating can induce hysteresis in junctions that have
no capacitance) nor reduced by the effect of the thermal
noise18 (which leads to premature switching into and out of
the superconducting state).

In addition to the capacitances, the normal resistances and
the critical currents of the boundaries were measured. The
capacitance values were compared with these transport prop-
erties and with the structural features of the boundary, in
order to gain insight into the nature of calcium doping.

II. METHODS

Epitaxial thin films were deposited by pulsed laser depo-
sition from polycrystalline Y1−xCaxBa2Cu3O7−d targets onto
24°f001g tilt SrTiO3 bicrystal substrates. Five films were
grown: one for each of the dopingsx=0.0, x=0.1, x=0.2,
and two with dopingx=0.3. Film thicknesses were measured
by AFM on wet etched steps and were in the range
120–180 nm. Microbridges across the grain boundaries were
patterned by standard photolithography and argon ion mill-
ing. The widths of the bridges were between 2mm and
6 mm, as measured by optical microscopy. Current biased
current-voltage characteristics were measured by the stan-
dard four point technique, with the sample immersed in liq-
uid helium or in helium vapor, at atmospheric pressure. Fig-
ure 1 shows a series of current density-voltage characteristics
for the 3mm junctions, as well as the detail of the hysteresis
for the 30% calcium doped 3mm junction. The critical cur-
rent criterion adopted was a significant increase above the
noise level(typically 1 mV). The same criterion was used to
define the return currents. Normal resistances were obtained
from current-voltage characteristics with large applied bias,
such as those shown in Fig. 1(a).

III. DETERMINING THE INTRINSIC CAPACITANCE
OF THE GRAIN BOUNDARIES

The capacitance of the grain boundaries can be measured
by taking advantage of the Josephson coupling that occurs
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across them. Josephson junction capacitances can be deter-
mined from values of the return current and the critical cur-
rent extracted from current-voltage characteristics such as
those shown in Fig. 1(b). Within the resistively and capaci-
tively shunted junction(RCSJ) model it is possible to deter-
mine the McCumber parameter,bc, from the ratio of the
critical current,Ic, to the return current,Ir, using the numeri-
cal result of McCumber.19 bc is in turn related to the capaci-
tance by the following equation:

bc =
2eIcRn

2C

"
, s1d

wheree is the electronic charge," is Planck’s constant di-
vided by 2p, Rn is the normal resistance of the junction, and
C is its capacitance.

This equation predicts a linear relationship betweenbc
and Ic given that all the other parameters are constant. It is
possible to suppress the critical current of a junction by ap-
plying a dc magnetic field in the junction plane so the rela-
tionship betweenbc and Ic can be measured experimentally.
Figure 2 shows such a relationship for one of the grain
boundary junctions measured in this study. It is clear that the
relationship between these two quantities is not linear for this
device at either 4.2 K or 15 K. As expected, the normal re-
sistance is found to be independent of the applied magnetic

field and therefore the capacitance must be increasing at
lower critical currents or the hysteresis must be due to some
other effect.

The reduction of the critical current by the application of
a magnetic field results in a reduction of the return voltage at
which the junction switches back into the superconducting
state. In the finite voltage state the current flowing through
the junction resistance and capacitance oscillates at a fre-
quency proportional to the time averaged dc voltage. So re-
ducing the critical current also has the effect of reducing the
frequency of the Josephson oscillations at the return current
(which is also reduced). The dielectric properties of the
SrTiO3 substrate are frequency dependent and at lower fre-
quencies the relative dielectric constant can be extremely
large. It is therefore possible that a parasitic capacitance is
added to the system at lower voltages as electric field is
diverted into the high dielectric constant substrate. This situ-
ation is illustrated in Fig. 3(a). As shown in Fig. 3(b), the
dielectric constant of SrTiO3 is a function of both frequency
and temperature.20 The Josephson voltages equivalent to the
frequencies are shown as an alternativex-axis in Fig. 3(b). It
is clear that in the 0–1 mV voltage range the parasitic ca-
pacitance is likely to increase at lower voltages(and hence
reduced critical currents).

A second possible explanation for the nonlinear curves
observed in Fig. 2 is that the hysteresis observed is domi-
nated by heating.17 Self-heating of the junction can cause a
reduction in the measured return current and can lead to hys-
teresis even in the absence of capacitance. To understand this
effect consider traversing a single hysteresis loop in theI-V
curve. As the current is initially increased the sample is in
the superconducting state and there is no dissipation or heat-
ing. Once the sample switches into the normal state there is a
voltage across the junction and power is dissipated as heat.
The junction temperature rises. Provided this rise in tempera-
ture is significant there will be a corresponding decrease in
the critical current. The junction will switch back at the re-
duced critical current, appropriate for its increased tempera-

FIG. 1. (a) Current density-voltage characteristics for 3mm
wide junctions of each of the 3 dopings, measured at 4.2 K with the
sample immersed in liquid helium.(b) Detail of the hysteresis for
the 30% doped 2mm wide junction. Ten consecutive measurements
are shown to give an indication of the noise level.

FIG. 2. Plot of the McCumber parameter,bc, against the critical
current,Ic for the 30% calcium doped 2mm junction at two differ-
ent temperatures. Equation(1) predicts a linear relationship be-
tweenbc and Ic for a constant capacitance. Lines of constant ca-
pacitance per unit area, spaced at intervals of 0.1 Fm−2 are also
shown.
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ture. For junctions that are already hysteretic heating effects
will increase the amount of hysteresis.

Finally there is the possibility that the hysteresis is sup-
pressed by thermal noise in the junction, which leads to
switching out of the superconducting state at a reduced cur-
rent and switching back at an increased current. While this
cannot explain the results of Fig. 2 it is nonetheless impor-
tant to assess its effect on the measurement as it is likely to
be a major source of error.

The effects of both the substrate and heating must be
ruled out in any measurement of the grain boundary capaci-
tance and the error due to thermal noise should be estimated.
In the remainder of this section the experiments performed to
ensure that the measured capacitance is that intrinsic to the
grain boundary and to assess the effect of thermal noise are
described.

A. Eliminating substrate effects from the capacitance
measurement

To rule out substrate effects it is necessary to demonstrate
that the junction properties are measured at a sufficiently
large frequency that the dielectric constant of the substrate is
low. The detailed behavior of the dielectric constant of
SrTiO3 is shown schematically in Fig. 3(b). At 4.2 K and at
low frequencies the relative dielectric constants«rd is very
high (approximately 20 000). «r remains high until the soft

optic phonon frequency,nso, is reached. At this point there is
a rapid drop in«r with increasing frequency and at high
frequencies«r <10. As the temperature is increased the zero
frequency value of«r is reduced, whilstnso increases, but
similar behavior is observed. The location of the sharp drop
in the dielectric constant is also dependent on the domain
structure in the SrTiO3, which forms as the sample is cooled
below 110 K,21 so the diagram is necessarily a schematic
representation of the behavior of the substrate.

If the substrate does cause the variations in capacitance
shown in Fig. 2, then it should be possible to observe voltage
(effectively frequency) and temperature dependencies of the
capacitance that reflect the behavior of the dielectric con-
stant. Figure 4 shows the data from Fig. 2 plotted in an
alternative manner, as capacitance versus return voltage. The
return voltage is the appropriate voltage for the retrapping
process and so reflects the frequency at which the capaci-
tance is measured, shown as an alternativex-axis. In addition
to the data from the 30% calcium doped, 2mm junction,
results from other devices on the same sample are also
shown. A sharp increase in the capacitance at low frequen-
cies is apparent for all the junctions and in addition occurs at
the same frequency as the sharp rise in the dielectric constant
of SrTiO3 (see Fig. 3). At larger voltages and hence frequen-
cies the capacitance of both the 2 and 3mm junctions levels
out to a constant value, indicative of a negligible substrate
contribution. The same behavior was observed from an ad-
ditional 5 mm junction on the same sample. The capacitance
of the 4mm junction varies continuously over the measur-
able range so there is always some substrate capacitance. It is
therefore not possible to measure the grain boundary capaci-
tance of this junction by this technique. The high frequency
capacitance of the 2mm junction measured at 15 K is the

FIG. 3. (a) Diagram illustrating the effect of a large substrate
capacitance on the electric field distribution in the vicinity of the
grain boundary. The substrate contributes parasitically to the overall
capacitance.(b) Schematic temperature and frequency dependence
of the dielectric constant of single domain SrTiO3. The equivalent
Josephson voltage for a given frequency is shown as an alternative
x-axis (based on Neville, Hoeneisen, and Mead, Ref.[20]).

FIG. 4. Measured capacitance per unit area,C/A, shown against
the return voltage. At 4.2 K the sample is immersed in liquid he-
lium, at 15 K it is held in helium vapor. The Josephson frequency is
shown as an alternativex-axis and is effectively the frequency at
which the capacitance is measured. The sharp rise in the capaci-
tance at low frequencies is due to parasitic components from the
substrate. At higher frequencies the capacitance is constant and tem-
perature independent.
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same as the 4.2 K value, in very different thermal conditions.
The onset of the increase in the capacitance due to parasitic
substrate contributions occurs at a higher frequency at 15 K
than at 4.2 K. The magnitude of the parasitic contributions is
also reduced, as expected from Fig. 3(b). The data in Fig. 4
are therefore convincing evidence that the substrate effect on
the measurement can be both observed and eliminated.

This consistency of the results in Fig. 4 with the behavior
of the substrate shown in Fig. 3(b) enables us to be confident
that we observe the effects of the substrate on the measure-
ment. Other authors have observed similar, enhanced grain
boundary capacitances in hysteresis11 and Fiske resonance9,11

measurements of YBa2Cu3O7−d (on SrTiO3) grain boundary
capacitance at low frequencies. Nakajima, Yokota, Myoren,
Chen, and Yamashita confirmed that this effect was due to
the substrate capacitance by demonstrating a large electric
field effect.11 Tarte et al. have observed a transition in the
capacitance of YBa2Cu3O7−d grain boundaries on SrTiO3 at a
voltage of 0.25 mV(equivalent to a frequency of 130 GHz),
by observations of the Fiske resonance dispersion relation.15

Their results are discussed in more detail below. The para-
sitic substrate contribution to the capacitance can be elimi-
nated by measuring the capacitance in the high frequency
region. Notice that the measured capacitance of the 2mm
junction at the highest return voltages is slightly increased.
This increase is not observed in the same junction at 15 K
and may result from the onset of heating effects. The effect
of heating on the measurement is assessed in more detail
below.

Fiske resonances have been frequently used to determine
the capacitance of YBa2Cu3O7−d grain boundaries.8–11,16The
voltagesVnd at which annth order Fiske resonance occurs is
given by

Vn =
nF0

2lÎL8C8
, s2d

whereF0 is the flux quantum,l is the width of the junction,
and L8 and C8 are the inductance and capacitance, per unit
length of the junction. Annth order Fiske resonance corre-
sponds to a cavity resonance in whichn/2 wavelengths fit
into the junction cavity.

Using Eq.(2), the inductance per unit length of the junc-
tion can be determined from the Fiske resonance voltage. If
the inductance of the junction is dominated by the supercon-
ducting electrodes, then the value of the inductance can be
simply related to the London penetration depth.16 By plotting
the Fiske resonance voltage against the inverse junction
width (effectively a dispersion relation for the junction cav-
ity) the junction inductance can be determined from the gra-
dient if the capacitance is known from the hysteresis. Figure
5 shows a plot of data from several undoped junctions from
the literature, together with the data obtained from the 30%
doped junction. It is clear that the dispersion relation for the
undoped data has two linear regimes—one at low voltages
(below 0.3 mV) and one at high voltages(above 0.3 mV).
Analysis of the data in the high voltage regime produces a
reasonable penetration depth of 180 nm for the junction
region.16 The lower voltage regime, however, has an in-

creased gradient and does not produce a consistent penetra-
tion depth. This is because the dielectric constant of the sub-
strate is extremely large at these reduced voltages(and hence
reduced Josephson frequencies) and substrate effects alter
the current distribution in the superconducting electrodes in-
creasing both the inductance and capacitance per unit length
of the junction[see Fig. 3(b)].

It is clear that the data obtained for the 30% doped sample
are all in this low frequency, substrate dominated, region.
Although this implies that a quantitative analysis of the Fiske
resonances is not possible, qualitative observations can be
made. The gradient of the curve for the 30% doped sample is
approximately 5 times greater than that previously observed
for an undoped sample in the same low frequency regime.
This is consistent with a significant increase of the junction
capacitance. The fact that the resonances occur at such low
voltages is a further indication of an increased capacitance
and is consistent with the observations from the hysteresis
measurements.

In addition to measuring the frequency dependence of the
capacitance by suppressing the critical current with a mag-
netic field, the temperature dependence of the zero field ca-
pacitance was measured. The data from this experiment are
shown in Fig. 6. The variation of the return voltage with
temperature is also shown. In general the return voltage de-
creases as the temperature increases, since at higher tempera-
tures the critical current is reduced. It is clear that in most
cases the capacitance is approximately temperature-
independent over the measurable range. At 4.2 K the return
voltages of all the samples, with the exception of the 3mm
30% doped junction, are out of the substrate dominated
regime—determined from Fig. 4. The effect of the substrate
for this junction is to cause a rise in the capacitance, since as
the temperature is increased the location of the drop in the
substrate dielectric constant moves up in frequency and the
return voltage drops further into the substrate dominated re-
gime. The decreasing capacitance of the 2mm junction may
be associated with heating effects at low temperatures caus-

FIG. 5. Fiske resonance dispersion relations for undoped junc-
tions from Tarteet al. (Ref. 15) and for the 30% doped junctions
from this study.
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ing an artificially inflated low temperature capacitance value.
The temperature independence of the 2mm undoped junc-
tion capacitance provides further evidence that the technique
is consistent—a temperature independent capacitance would
not be observed up to 40 K if the measured capacitance were
dominated by the substrate or if the hysteresis were caused
by heating. The effect of heating is assessed in more detail in
the next part of this section.

B. Eliminating heating effects

The previous discussion highlighted the possibility that
heating may contribute significantly to the measured hyster-
esis. In order to investigate this possibility we have devel-
oped a detailed model for heating in the high-Tc grain bound-
ary. This model is described in full in the Appendix. By
adapting the model of Skocpol, Beasley, and Tinkham17 to
the geometry of bicrystal grain boundaries we are able to
calculate the temperature rise expected at any point in the
I-V curve.

Table I shows the temperature increases for all the hyster-
etic junctions measured in this study, calculated for key
points on theI-V curve. The power dissipated in these junc-
tions typically leads to temperature increases of the order of
1 K at the return current. For the junctions measured in this
study the critical current is found to be temperature indepen-
dent at low temperatures, so small variations in temperature
are unlikely to make a significant difference to the hysteresis.

The expected hysteresissa= I ret/ Icd due to a small tem-
perature rise at the junction isa=1+sDT/ Icd3dIc/dT. A
typical value for 1/Ic3dIc/dT is −3310−3 K−1 for an opti-
mally doped 24°f001g tilt YBa2Cu3O7−d grain boundary.2

For temperature rises of order 1 K this leads toa=0.997,
which should be compared to the measured values in this
study, in the range 0.95–0.995. The temperature increases
associated with heating in the 2mm 30% calcium doped
junction are the largest. This was the junction in which heat-
ing effects were expected from the rise in the capacitance
observed at high return voltages in Fig. 4 and the tempera-
ture dependence of the capacitance in Fig. 6. The observation
of the onset of heating effects in this junction gives us con-
fidence that such effects do not occur in the other junctions,
in which less power is dissipated at the return current. In the
case of this junction the capacitance could be extracted from
measurements at 15 K, where the heating is significantly re-
duced. In addition most of the junctions measured in this
study had a temperature independent capacitance, as shown
in Fig. 6. The observation of a temperature independent ca-
pacitance suggests that heating effects are negligible—it is
clear from the data in Table I that the effects of heating are
strongly reduced at higher temperatures.

Heating effects can therefore be eliminated by careful
consideration of the temperature and magnetic field depen-
dence of the critical current. A self-consistent picture

FIG. 6. (a) Temperature dependence of the zero field capaci-
tance of a number of junctions in the study. The capacitance is
determined from the hysteresis in theI-V curve with the sample in
helium vapor, or immersed in liquid helium at 4.2 K. In most cases
the capacitance is independent of temperature to within the error
associated with the measurement(approximately 10% if the system-
atic errors are ignored). (b) Return voltage of these junctions as a
function of temperature. With the exception of the 3mm 30% cal-
cium doped junction the return voltages are all above the substrate
dominated regime at 4.2 K.

TABLE I. Temperature rise associated with heating of the junc-
tion in the normal state at the return current,DTret, and at the critical
current, DTcrit. Values are calculated for different values ofx in
Y1−xCaxBa2Cu3O7−d, different junction widthsw and different tem-
peratures,T. The return voltage,Vret, is also shown for easy com-
parison with Fig. 4. The calculations were performed using the
model outlined in the Appendix. Note that the predicted temperature
increase is approximately the same for all the junctions in the study
and that it is strongly reduced as the temperature is increased.

x w smmd T sKd Vret smVd DTcrit sKd DTret sKd

0 4 4.2 0.6 1.0 0.9

0 3 4.2 0.5 1.0 0.7

0 2 4.2 0.7 1.7 1.0

10 4 4.2 0.3 0.9 0.7

10 3 4.2 0.6 1.9 1.3

10 2 4.2 0.4 0.9 0.8

30 5 4.2 0.2 0.6 0.5

30 4 4.2 0.1 0.5 0.4

30 3 4.2 0.2 0.7 0.6

30 2 4.2 0.6 2.3 1.6

30 2 15.0 0.5 0.3 0.2

CAPACITANCE MEASUREMENTS ON GRAIN… PHYSICAL REVIEW B 70, 104502(2004)

104502-5



emerges from these measurements and indicates that it is
possible to measure the grain boundary capacitance using the
junction hysteresis. Further evidence for the consistency of
the technique comes from the scaling of the measured ca-
pacitance with junction width, shown in Fig. 7. Having dem-
onstrated that the capacitance measured is due to the grain
boundary itself, the next section assesses the systematic ef-
fect of thermal noise on the measured hysteresis.

C. The effect of thermal noise on the measured capacitance

Thermal or other noise sources cause a reduction in the
measured critical current and an increase in the return cur-
rent, producing a systematic underestimate of the capaci-
tance. The washboard analogue for the resistively and ca-
pacitively shunted Josephson junction provides a simple
explanation for this effect.22 In the presence of a noise source
the superconducting state becomes metastable at currents just
below the critical current, when the size of the washboard
potential well becomes comparable tokT (wherek is Boltz-
mann’s constant andT is the noise temperature). The junc-
tion switches into the normal state prematurely as a result of
noise excitation out of the potential well. Similarly the return
process can occur at currents greater than the return current,
with the noise source leading to premature retrapping into
the washboard potential well. As a consequence of the noise
the junction does not switch out at a fixed current, but rather
the observed critical currents are distributed across a finite
range of currents. By measuring the distribution of the ob-
served critical currents it is possible to determine the lifetime
of the states corresponding to the observed currents.18

Kramers23 showed that in the intermediately damped(or
the transition state) regime the lifetime,t, of the state corre-
sponding to a current just below the critical current is given
by

t−1 =
v

2p
expS−

E

kT
D , s3d

where v /2p is the frequency of escape attempts from the
potential well,E is the energy of the washboard potential

barrier,k is Boltzmann’s constant, andT is the temperature.
For a Josephson junction tilted washboard the values ofE
andv are

E =
Icf0

p
SÎ1 −S I

Ic
D2

−
I

Ic
arccosS I

Ic
DD , s4d

v = S2pIc

f0C
D1/2S1 −S I

Ic
D2D1/4

, s5d

where I is the current of the metastable state,Ic is the true
(zero noise) critical current,C is the junction capacitance and
F0 is the flux quantum. The assumptions implicit in the
above analysis are thatvt@1 and thatE/kT.RCv.0.8.
The junctions in this work satisfy these requirements.

To calculate the inverse lifetime of a given current state,
the critical current data are reduced to the form of a histo-
gram with N current bins. The lifetime of the state corre-
sponding to each current bin,t−1sKd (whereK=1, . . . ,N) can
then be determined. We denoteK=1 as the current bin with
largest critical current andK=N as that with the smallest.
Fulton and Dunkleberger showed thatt−1sKd is given by18

t−1sKd =
dI

dt

1

DI
lnS o j=1

K Ps jd
oi=1

K−1Psid
D , s6d

wheredI /dt is the current sweep rate at theKth current bin,
DI is the width of the current bin andPsid is the number of
switching events that occur within theith current bin. In

deriving this equation it is assumed thatİ / Ic!v ,t−1 and that
the current applied can be approximated as increasing lin-
early with time over the period corresponding to a single
current interval. Again these approximations are valid for our
experimental conditions.

Having calculatedt−1 for a number of current intervals it
is possible to produce a plot of lns2pt−1/vd versusE/k,
provided a value for the true(zero noise) critical current,Ic,
is assumed. Initially this is fixed at the value of the largest
critical current observed. From Eq.(3) it is clear that such a
graph should have an intercept of zero and a gradient of 1/T,
whereT is the noise temperature. The value ofIc is increased
until the condition of zero intercept for the graph is satisfied.
In this way the true critical current is determined and the
noise temperature can also be extracted from the gradient of
the graph.

Figure 8(a) shows the distribution of critical currents ob-
tained for the 2mm 30% Ca doped junction, together with
the theoretical distribution obtained from the above analysis.
Figure 8(b) shows the plot of lns2pt−1/vd versusE/k that
was used to calculate the true critical current and the noise
temperature. For these data the noise temperature is 54 K,
significantly above the measurement temperature of 4.2 K.
The most likely cause of the excess noise is Johnson noise
transmitted down the wires in the measurement probe to the
device. Indeed in previous experiments to measure critical
current distributions special precautions had to be adopted to
prevent this.18,24 The bandwidth of this measurement(effec-
tively the inverse total measurement time to the attempt fre-
quencyv) is sufficiently large that the contribution of 1/f

FIG. 7. Junction capacitance at 4.2 K shown against width of
the device for the different samples measured. The straight lines
serve as a guide to the eye.
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noise to the switching distribution is expected to be negli-
gible in comparison to the white noise. The fact that Fig. 8(b)
is linear indicates that the noise is frequency independent, so
the above analysis is applicable. The value of the true critical
current was found to be 3.67 mA, so the value measured is
approximately 4% lower than the true value. The effect of
this systematic underestimate is discussed below.

The return currents can also be treated by a similar analy-
sis to estimate the effect of the noise.25,26 Generally the re-
turn currents are less susceptible to thermal noise than the
critical currents,22 so it is more difficult to measure their
distribution. The 2mm 30% Ca doped junction was found to
have a nonthermal current distribution. A possible cause of
this problem is that shot noise makes a significant contribu-
tion to the noise across the junction. Likharev identifies the
limit at which shot noise becomes important as voltages
above 0.5 mV at 4.2 K.22 This is comparable to the return
voltage across the junction when it switches back(0.48 mV
in zero field).

If we assume that the effect of the noise on the return
current is comparable to its effect on the critical current(i.e.,

the measured return current is 4% above the true return cur-
rent) we can estimate the systematic error in the capacitance.
This assumption will overestimate the effect of noise on the
measurement, since the critical current distribution is gener-
ally broader than the return current distribution for a given
noise temperature. The 4% errors in both the critical and
return current translate to a 25% systematic underestimate of
the capacitance. While this is significant, it is much less than
the 500% increases in the capacitance we observe as the
calcium doping is increased from 0% to 30%(see Fig. 9).
The error is also consistent, because the capacitance of the
junctions scales well with the track width(see Fig. 7) and is
approximately temperature independent(see Fig. 6). This
consistency occurs because the noise temperature is larger
than the measurement temperature in all cases and indicates
that the noise is fundamental to our measurement apparatus.

Thermal noise therefore produces a significant, but con-
sistent underestimate of the capacitance. The measured ca-
pacitance is likely to be approximately 75% of the true value
in the absence of thermal noise. This is significantly less than
the 500% increase in the capacitance observed as the Ca
doping is changed.

In summary, measurements of the junction capacitance
from the current-voltage hysteresis demonstrate that the ca-
pacitance is dominated by the substrate at low frequencies.
By measuring the capacitance at higher frequencies the in-
trinsic grain boundary capacitance can be determined. Figure
4 demonstrates the absence of substrate effects at higher re-
turn voltages(equivalently at higher measurement frequen-
cies). The results obtained from hysteresis measurements on
the 30% calcium doped junctions are in qualitative agree-
ment with the data from Fiske resonances, although the reso-
nances themselves all occur in the low frequency, substrate
dominated regime and so cannot be used to extract the ca-
pacitance. The temperature dependence of the capacitance
was measured for all the junctions in this study. For the
undoped 2mm wide junction the capacitance was measured
up to 40 K and was found to be temperature independent,
this is further evidence that the technique is viable. There
was some indication that heating may be significant, particu-
larly in the case of the 30% calcium doped 2mm junction
which had the highest critical current density of all the junc-
tions measured in this study. Calculations of the temperature
rises associated with heating of the junctions revealed that
this junction had the largest heating effect. A self-consistent
picture emerges from these measurements and indicates that
it is possible to measure the grain boundary capacitance us-
ing the junction hysteresis. The major error associated with
this technique is due to suppression of the junction hysteresis
by thermal noise. The effect of thermal noise can be esti-
mated by measuring the distribution of critical currents ob-
tained from sequential measurements. Such a measurement
demonstrates that thermal noise produces a systematic under-
estimate of the capacitance of approximately 25%, which is
much less than the 500% increase in the capacitance ob-
served in the next section. Figure 4 shows that the effect of
thermal noise is temperature independent. It also demon-
strates that at large return voltages the substrate effect is
negligible and that heating is not a significant problem, ex-
cept at the largest return voltages.

FIG. 8. (a) Distribution of critical currents for the 30% doped
2 mm junction at 4.2 K. The continuous line shows a fit corre-
sponding to a noise temperature of 54 K.(b) lns1/vtd versusE/k
[see Eq.(3)]. The gradient of this graph is used to extract the noise
temperature of the measurement and the condition of zero intercept
can be used to extract the zero noise critical current. The linear
relationship indicates a thermal distribution.
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IV. CAPACITANCE AS A FUNCTION OF DOPING

Figure 9 shows the transport and normal state properties
of the films measured at 4.2 K, together with the capaci-
tance, as measured by the junction hysteresis. The previous
discussion has demonstrated that both heating and parasitic
substrate capacitances do not effect the results. The effect of
thermal noise is that the measured capacitances are approxi-
mately 25% less than the true values, and this should be

considered when interpreting the results. Note also that there
are further systematic errors associated with the accuracy of
measuring the size of the tracks and the film thickness. To-
gether with the random errors associated with determining
the return current and the critical current, these errors amount
to approximately 15% of the measured capacitance values.

There is a clear trend of increasing capacitance per unit
area, decreasing resistance-area product and increasing criti-
cal current density as the calcium doping in the films is in-
creased. The results, including the scatter in the data, are
consistent with the previous work by Schneideret al.4 The
capacitance of the junctions increases from 0.2 Fm−2 for the
undoped sample to a maximum value of 1.2 Fm−2 for the
30% doped sample. Note that there are no capacitance mea-
surements for the 20% doped sample since none of the junc-
tions on this sample were hysteretic.

V. DISCUSSION

The measured values of the grain boundary capacitance
for doped and undoped samples can now be compared with
the other properties of the boundaries—to gain further in-
sight into their nature.

The undoped boundaries had a capacitance of 0.2 Fm−2,
similar to the value of 0.1 Fm−2 predicted by Mannhart and
Hilgenkamp using the band bending model.6 We use a simi-
lar approach to consider the results from the undoped film.
The capacitance per unit area,C/A, is related to the barrier
thickness,t, by the simple relation:C/A=s«r«0d / t, where«r

is the relative dielectric constant, and«0 is the permittivity of
free space. The barrier thickness,t, is made up of two deple-
tion regions, widthld, and the structural width of the bound-
ary, dst=2ld+dd. d has been measured by TEM and was
found to be a few atomic spacings.27,28 We taked<0.2 nm
and assume«r <20, a value well within the range of values
for the dielectric constant in the literature.6 The capacitance
per unit area measured in this study for undoped boundaries
is 0.2 Fm−2. Assuming a uniform barrier, it is possible to
calculate the width of the depletion region:ld=0.3 nm. The
built in voltage, Vbi, is related to ld by Vbi= ld

2en/2«0«r,
wheree is the electronic charge andn is the carrier density
(4.531027 m−3 for YBa2Cu3O7−d). Using this relation we
calculate a value ofVbi=0.2 V. The built in voltage and the
measured capacitance enable us to calculate the charge on
the boundary, which in turn enables an estimate of the num-
ber of charge trapping sites per unit area of the boundary,
SGB. In this caseSGB=331017 m−2 (using SGB=CV/eA).
This value is within an order of magnitude of that predicted
by Browning on the basis of the structural unit model.28

A uniform boundary with a capacitance per unit area of
1.0 Fm2 (the capacitance of the 30% doped boundaries) has a
total width, t, of 0.2 nm, if «r is 20. However it is not pos-
sible to conclude that the Ca doping has completely elimi-
nated the charge on the boundary(leaving just the structural
width of the boundary), since the observed decrease in resis-
tance is too small. A fourfold decrease in the width of the
barrier would produce an extremely large decrease in the
barrier resistance, which is exponentially dependent on the
barrier width. The relationship between the resistance and

FIG. 9. Dependence of(a) the normal resistance area product,
(b) the capacitance per unit area,(c) the critical current density, and
(d) the critical temperature, on the amount of calcium doping.(a)–
(c) were measured with the samples immersed in liquid helium at
atmospheric pressure. The different symbols correspond to junc-
tions of different widths. Experimental errors are approximately
15% of the measured value in(a) and(c) and 1 K in(d). The errors
in (b) are discussed in more detail in Secs. III and IV.
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the capacitance as the doping is varied is shown in Fig. 10.
This relationship is well approximated by the following
equation:

C/A ~
1

RnA
. s7d

Such a relationship is inconsistent with a simple model of
the grain boundary in which the tunnel barrier is homog-
enous across the width of the junction. The change in the
capacitance is much too large for the observed changes in the
normal state resistance. The data do not, however, rule out a
tunneling model because of the extremely inhomogeneous
nature of grain boundaries in YBa2Cu3O7−d. The microstruc-
ture of grain boundaries in thin film samples is typically very
complex,29,30 with structures that include nanoscale
faceting27,31 and microscale meandering32 of the grain
boundary. The capacitance per unit area of the grain bound-
ary scales as the inverse of the boundary thicknesssC/A
=s«r«0d / td whilst the resistance area product will probably
scale approximately asRnA~e−Bstdt, whereBstd is a tunneling
parameter. The resistance area product will therefore be
dominated by contributions from the narrowest regions of
the barrier.33 With inhomogeneities on many length scales it
is difficult to predict the expected relationship between the
normal resistance area product and the capacitance per unit
area, but it is clear that the capacitance will decrease less
rapidly with increasing resistance area product than a simple
one-dimensional model would predict. The relationship be-
tween capacitance per unit area and resistance area product
given in Eq.(7) has been observed by a number of authors
with various grain boundary geometries.16,34Such a relation-
ship is consistent with changes in the effective area of the
boundary. This may imply that the narrowest regions of the
boundary dominate both the capacitance and the normal re-
sistance and that the proportion of these regions is increasing
as calcium is added. Such a conclusion is necessarily tenta-
tive. A further complication in the interpretation of the data is
that it is not clear how the addition of calcium alters the
dielectric constant of the barrier region. However, it is clear

that calcium doping produces a definite increase in the ca-
pacitance of the boundary.

VI. CONCLUSIONS

We have measured the capacitances of
Y1−xCaxBa2Cu3O7−d grain boundaries on SrTiO3 substrates,
with x between 0.0 and 0.3. By measuring the capacitance as
a function of the return voltage we observed the effects of
both parasitic substrate contributions and heating on the ca-
pacitance measurements. At 4.2 K, the substrate contributes
to the capacitance at return voltages below approximately
0.25 mV. Heating can increase the measured capacitance at
high bias voltages and heating effects were observed in one
of the junctions measured. However, since the effects of
heating and the substrate could be observed in the measure-
ment it was possible to eliminate them by using values of the
measured capacitance in the regime where they had no ef-
fect. The effect of thermal noise on the measurement was
assessed and is an order of magnitude less than the observed
changes in capacitance. The grain boundary capacitance in-
creased from 0.2 Fm−2 for x=0 to a maximum value of
1.2 Fm−2 for x=0.3. Due to the complex structure of the
boundaries and in the absence of knowledge of how doping
effects the dielectric constant, it is difficult to make definite
conclusions about how these capacitance changes relate to
changes in the boundary’s electrical structure. However, the
inverse relationship between capacitance per unit area and
resistance area product is consistent with changes in the ef-
fective area of the boundary occurring as calcium is added.
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APPENDIX: A MODEL FOR HEATING IN HIGH Tc THIN
FILM GRAIN BOUNDARY JUNCTIONS

A simple model for predicting the heating of a grain
boundary junction is presented. It is assumed that the
YBa2Cu3O7−d track across the grain boundary can be mod-
eled as a one-dimensional system, and that heat loss occurs
by flow of heat away from the grain boundary and into the
substrate, which is treated as a heat bath at the same tem-
perature as the surroundings. Heat flow from the track di-
rectly into the liquid helium can be neglected.17 The system
is assumed to be in thermal equilibrium on the time scale of
the measurement.

Consider an element of the track at a distancex from the
grain boundary. The temperatureTsxd is related to the heat
current per unit area of the track by the equation

FIG. 10. Capacitance per unit area shown against resistance area
product at 4.2 K for all the junctions measured in this study. The
solid line shows the relationC/A~1/RnA.
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Tsx + dxd = Tsxd −
1

k
Jsxddx, sA1d

wherek is thermal conductivity of the track. The heat losses
to the substrate, at temperatureTb, are governed by the equa-
tion

Jsx + dxd = Jsxd −
asT − Tbd

h
dx, sA2d

wherea is the heat transfer coefficient per unit area of the
substrate /film boundary andh is the film thickness.

By eliminating Jsxd the following second order differen-
tial equation can be derived:

d2T

dx2 =
a

kh
sT − Tbd. sA3d

If it is assumed thatk anda are temperature independent,
this equation can be solved with the boundary conditionsT
→Tb asx→` andJs0d= IV / s2hwd, giving the solution

T = Tb +Î 1

ahk

IV

2w
expS−Î a

kh
xD , sA4d

where I is the current flowing through the track,V is the
voltage dropped across the junction, andw is the width of the
track.

However botha andk are strong functions of temperature
for YBa2Cu3O7−d on SrTiO3, so this solution is only appli-
cable if the temperature rises predicted are small compared
to Tb. a is determined by the acoustic mismatch model at
temperatures significantly less than the Debye temperature.35

Becausea will be affected by the microstructure of the film-

substrate interface, it cannot be calculated precisely. Follow-
ing Cheeke, Ettinger, and Hebral35 we estimatea=T3/B. B
can be calculated from the properties of the materials on
either side of the boundary,35 for YBa2Cu3O7−d on SrTiO3
B=9.63104 m2 K4 W−1. Between 0 K and 10 K the thermal
conductivity of YBa2Cu3O7−d can be reasonably approxi-
mated by the empirical expressionk=k0T

2, where k0
<0.17 W m−1 K−3.36 Using these approximations we derive
a second differential equation

d2T

dx2 =
1

k0Bh
TsT − Tbd. sA5d

This equation can be solved(with the integrating factor
dT/dx), to give

T =
Tb

2
S3 coth2SD +

x

2
Î Tb

k0Bh
− 1DD , sA6d

where the boundary conditionT→Tb as x→` is satisfied
and the integration constantD can be eliminated using the
additional boundary conditionJs0d= IV / s2hwd.

Equation(A4) was used to calculate the temperature rises
at 15 K in Table I, whilst Eq.(A6) was used to calculate the
temperature rises at 4.2 K. In the latter case the constantD
was determined by numerical solution of the equation result-
ing from the boundary condition onJs0d. The assumption of
thermal equilibrium can be tested by calculating the time it
would take to heat up a length of track comparable to the
decay length, given the power inputIV. In this case the time
is of order 1 ns, in good agreement with experiment.37 This
is much less than the measurement time(of order 1 s) so
thermal equilibrium is a valid assumption.
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