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The capacitance of 24001] tilt calcium doped ¥_,CaBa,Cu;0;_s grain boundaries has been measured
for thin films with x in the range 0.0—-0.3. The capacitance was determined from the hysteresislilV the
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 T-2dfFm=0.0 to a maximum of
1.2 Fn? 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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[. INTRODUCTION effects” (heating can induce hysteresis in junctions that have
Shortly after the discovery of high temperature superconf®. capacitangenor reduced by the effect of the thermal
ductors, grain boundaries were identified as the limiting facN0iS€° (Which leads to premature switching into and out of
tor determining the critical current in bulk sampleSince € superconducting state .
then there has been a major effort to increase the grair‘h In gddltlon to the capacitances, the normal resistances and
boundary critical currents in these materiaRecently it has the critical currents of the boundaries were measured. The
been demonstrated that improvement in the critical current§@Pacitance values were compared with these transport prop-
attainable in the technologically promising superconductof™l€S and with the structural features of the boundary, in
YBa,C,O,_, can be achieved by doping the grain bound_order to gain insight into the nature of calcium doping.
aries with calciun®® If grain boundary critical currents are II. METHODS
to be further increased, a better understanding of the mecha-
nisms by which calcium alters the grain boundary propertiesSiti
is needed. Presently it is thought that the calcium alters th%4
carrier density and the amount of trapped charge at th
.bogndary,.chang.ing the form of the potgntial baﬁi§her¢ and two with doping«=0.3. Film thicknesses were measured
is increasing e_vldence from transmission electron MICTOSKy AFM on wet etched steps and were in the range
copy that the width and voltage of the potential barrier at the;20_180 nm. Microbridges across the grain boundaries were
grain boundary are reduced by calcium dopfriBy measur-  patterned by standard photolithography and argon ion mill-
ing the capacitance of the grain boundary it is possible tgng. The widths of the bridges were betweenu@ and
obtain information on the width of the barrier that is inde- 6 um, as measured by 0ptica| microscopy_ Current biased
pendent of the barrier voltage. current-voltage characteristics were measured by the stan-
In previous experiments the capacitance of high angledard four point technique, with the sample immersed in lig-
Josephson coupled, grain boundaries has been measureddigl helium or in helium vapor, at atmospheric pressure. Fig-
considering the hysteresis in current-voltage curves and byre 1 shows a series of current density-voltage characteristics
measuring the voltages of Fiske resonances present in tlier the 3 um junctions, as well as the detail of the hysteresis
junction8-16 In this work we measure the capacitance of afor the 30% calcium doped Am junction. The critical cur-
series of thin film Y,_,CaBa,Cu;O,_; grain boundaries. Ca- rent criterion adopted was a significant increase above the
pacitance as a function of doping was determined from hysnoise level(typically 1 xV). The same criterion was used to
teresis in the current-voltage characteristics of Josephsaottefine the return currents. Normal resistances were obtained
junctions fabricated from the thin films. Particular care hasfrom current-voltage characteristics with large applied bias,
been taken to eliminate possible sources of systematic errstich as those shown in Figal
from the measurement. It is necessary to ensure that the ca-
pacitance measured is that of the grain boundary alone, and lll. DETERMINING THE INTRINSIC CAPACITANCE
that there is not a large parasitic contribution from the OF THE GRAIN BOUNDARIES
SITiO; substraté? It is important to show that the measured  The capacitance of the grain boundaries can be measured
hysteresis is neither significantly increased by heatindyy taking advantage of the Josephson coupling that occurs

Epitaxial thin films were deposited by pulsed laser depo-
on from polycrystalline Y_,CaBa,Cu;O,_s targets onto
°[001] tilt SrTiO5 bicrystal substrates. Five films were
8rown: one for each of the dopings=0.0, x=0.1, x=0.2,
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5 [ ] field and therefore the capacitance must be increasing at
152x10"° [ -] lower critical currents or the hysteresis must be due to some
- (b) 1 other effect.
1soxoe b b b b b e The reduction of the critical current by the application of
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a magnetic field results in a reduction of the return voltage at

which the junction switches back into the superconducting
FIG. 1. (@) Current density-voltage characteristics foruf statg. In 'the finit.e voltage state thg current flpwing through

wide junctions of each of the 3 dopings, measured at 4.2 K with thdh€ junction resistance and capacitance oscillates at a fre-

Voltage (mV)

sample immersed in liquid heliungb) Detail of the hysteresis for

quency proportional to the time averaged dc voltage. So re-

the 30% doped %m wide junction. Ten consecutive measurementsducing the critical current also has the effect of reducing the

are shown to give an indication of the noise level.

across them. Josephson junction capacitances can be de
mined from values of the return current and the critical cur

rent extracted from current-voltage characteristics such
those shown in Fig. (b). Within the resistively and capaci-
tively shunted junctiofRCSJ model it is possible to deter-

frequency of the Josephson oscillations at the return current
(which is also reduced The dielectric properties of the
ta§F.Ti03 substrate are frequency dependent and at lower fre-
_quencies the relative dielectric constant can be extremely
aIétrge. 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. @&). As shown in Fig. &), the

mine the McCumber paramete8., from the ratio of the
critical current,l, to the return current,, using the numeri-
cal result of McCumbe¥? 3. is in turn related to the capaci-
tance by the following equation:

_ 2elReC
c— ﬁ 1

dielectric constant of SrTiQis a function of both frequency
and temperaturé. The Josephson voltages equivalent to the
frequencies are shown as an alternakvexis in Fig. 3b). It
is clear that in the 0—1 mV voltage range the parasitic ca-
pacitance is likely to increase at lower voltagesd hence
reduced critical currenfs

A second possible explanation for the nonlinear curves
wheree is the electronic chargé, is Planck’s constant di- observed in Fig. 2 is that the hysteresis observed is domi-
vided by 2r, R, is the normal resistance of the junction, and nated by heating’ Self-heating of the junction can cause a
C is its capacitance. reduction in the measured return current and can lead to hys-

This equation predicts a linear relationship betwg&n teresis even in the absence of capacitance. To understand this
andl. given that all the other parameters are constant. It i&ffect consider traversing a single hysteresis loop inltke
possible to suppress the critical current of a junction by apeurve. As the current is initially increased the sample is in
plying a dc magnetic field in the junction plane so the rela-the superconducting state and there is no dissipation or heat-
tionship betweerB, andl, can be measured experimentally. ing. Once the sample switches into the normal state there is a
Figure 2 shows such a relationship for one of the grainvoltage across the junction and power is dissipated as heat.
boundary junctions measured in this study. It is clear that th&he junction temperature rises. Provided this rise in tempera-
relationship between these two quantities is not linear for thisure is significant there will be a corresponding decrease in
device at either 4.2 K or 15 K. As expected, the normal rethe critical current. The junction will switch back at the re-
sistance is found to be independent of the applied magnetiduced critical current, appropriate for its increased tempera-

()
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tance at low frequencies is due to parasitic components from the
FIG. 3. (@) Diagram illustrating the effect of a large substrate substrate. At higher frequencies the capacitance is constant and tem-
capacitance on the electric field distribution in the vicinity of the perature independent.

grain boundary. The substrate contributes parasitically to the overagptic phonon frequency;,, is reached. At this point there is
capacitance(b) Schematic temperature and frequency dependencg rapid drop ine, with increasing frequency and at high

of the dielectric constant of single domain Srgid’he equivalent frequencies:, ~ 10. As the temperature is increased the zero
Josephson voltage fqr a given frequency is shown as an alternati\ﬁaequency value of, is reduced, whilstr, increases, but
x-axis (based on Neville, Hoeneisen, and Mead, Red)). similar behavior is observed. The location of the sharp drop
in the dielectric constant is also dependent on the domain
ture. For junctions that are already hysteretic heating effectstructure in the SrTig which forms as the sample is cooled
will increase the amount of hysteresis. below 110 K2! so the diagram is necessarily a schematic
Finally there is the possibility that the hysteresis is suprepresentation of the behavior of the substrate.
pressed by thermal noise in the junction, which leads to |f the substrate does cause the variations in capacitance
switching out of the superconducting state at a reduced cukhown in Fig. 2, then it should be possible to observe voltage
rent and switching back at an increased current. While thigeffectively frequencyand temperature dependencies of the
cannot explain the results of Fig. 2 it is nonetheless imporcapacitance that reflect the behavior of the dielectric con-
tant to assess its effect on the measurement as it is likely tetant. Figure 4 shows the data from Fig. 2 plotted in an
be a major source of error. alternative manner, as capacitance versus return voltage. The
The effects of both the substrate and heating must beeturn voltage is the appropriate voltage for the retrapping
ruled out in any measurement of the grain boundary capaciprocess and so reflects the frequency at which the capaci-
tance and the error due to thermal noise should be estimategince is measured, shown as an alternatiagis. In addition
In the remainder of this section the experiments performed tgo the data from the 30% calcium dopedufn junction,
ensure that the measured capacitance is that intrinsic to thesults from other devices on the same sample are also
grain boundary and to assess the effect of thermal noise aghown. A sharp increase in the capacitance at low frequen-
described. cies is apparent for all the junctions and in addition occurs at
the same frequency as the sharp rise in the dielectric constant
of SrTiO; (see Fig. 3 At larger voltages and hence frequen-
cies the capacitance of both the 2 ang® junctions levels
out to a constant value, indicative of a negligible substrate
To rule out substrate effects it is necessary to demonstraigontribution. The same behavior was observed from an ad-
that the junction properties are measured at a sufficientlyitional 5 wm junction on the same sample. The capacitance
large frequency that the dielectric constant of the substrate isf the 4 um junction varies continuously over the measur-
low. The detailed behavior of the dielectric constant ofable range so there is always some substrate capacitance. It is
SITiG; is shown schematically in Fig.(B). At 4.2 K and at  therefore not possible to measure the grain boundary capaci-
low frequencies the relative dielectric constaat) is very  tance of this junction by this technique. The high frequency
high (approximately 20 000 &, remains high until the soft capacitance of the Zzm junction measured at 15 K is the

A. Eliminating substrate effects from the capacitance
measurement
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same as the 4.2 K value, in very different thermal conditions. Frequency V /@ (GHz)

The onset of the increase in the capacitance due to parasitic 0__100 200 300 400 500 600 700
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 Figb)3 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(l§ 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 hysterésand Fiske resonanté
measurements of YB&u;O,_s (on SrTiQ;) grain boundary
capacitance at low frequencies. Nakajima, Yokota, Myoren, L
Chen, and Yamashita confirmed that this effect was due to 0 0 02 04 06 08 1 12 1.4 1.6
the substrate capacitance by demonstrating a large electric
field effect!! Tarte et al. have observed a transition in the
capacitance of YB&u;0,_s grain boundaries on SrTiat a
voltage of 0.25 mM(equivalent to a frequency of 130 Gz PP
by observations of the Fiske resonance dispersion rel&tion. ions from Tarteet al. (Ref. 15 and for the 30% doped junctions
Their results are discussed in more detail below. The para{fom this study.

sitic substrate contribution to the capacitance can be elimizregsed gradient and does not produce a consistent penetra-
nated by measuring the capacitance in the high frequencysn gepth. This is because the dielectric constant of the sub-
region. Notice that the measured capacitance of them2  gyate is extremely large at these reduced voltéges hence
Junctlpn at the_hlghest return vloltages is sll'ghtly'mcreasedreduced Josephson frequengiemd substrate effects alter
This increase is not observed in the same junction at 15 Kne cyrrent distribution in the superconducting electrodes in-
and may result from the onset of heating effects. The effect aasing both the inductance and capacitance per unit length
of heating on the measurement is assessed in more detgj e junction[see Fig. 8)].
beloyv. __ltis clear that the data obtained for the 30% doped sample
Fiske resonances have been frequently used toedetermné@e all in this low frequency, substrate dominated, region.
the capacitance of YB&U,O;-; grain boundarie&****The Although this implies that a quantitative analysis of the Fiske
voltage(Vy) at which annth order Fiske resonance occurs is resonances is not possible, qualitative observations can be

® Reference [16] f >fso
0.5 O Reference [16] f <fso
W Reference [14]
0.4 * 30%Ca

0.3 o

n/(Junction width) (/W) (um™)

Fiske resonance voltage Vn (mV)

FIG. 5. Fiske resonance dispersion relations for undoped junc-

given by made. The gradient of the curve for the 30% doped sample is
approximately 5 times greater than that previously observed

- L"L 2) for an undoped sample in the same low frequency regime.

R Nl This is consistent with a significant increase of the junction

capacitance. The fact that the resonances occur at such low

where®, is the flux quantuml is the width of the junction, voltages is a further indication of an increased capacitance
andL’ andC’ are the inductance and capacitance, per unitind is consistent with the observations from the hysteresis
length of the junction. Amth order Fiske resonance corre- measurements.
sponds to a cavity resonance in whioh2 wavelengths fit In addition to measuring the frequency dependence of the
into the junction cavity. capacitance by suppressing the critical current with a mag-

Using Eq.(2), the inductance per unit length of the junc- netic field, the temperature dependence of the zero field ca-
tion can be determined from the Fiske resonance voltage. lfacitance was measured. The data from this experiment are
the inductance of the junction is dominated by the superconshown in Fig. 6. The variation of the return voltage with
ducting electrodes, then the value of the inductance can b@mperature is also shown. In general the return voltage de-
simply related to the London penetration defftBy plotting  creases as the temperature increases, since at higher tempera-
the Fiske resonance voltage against the inverse junctiotures the critical current is reduced. It is clear that in most
width (effectively a dispersion relation for the junction cav- cases the capacitance is approximately temperature-
ity) the junction inductance can be determined from the graindependent over the measurable range. At 4.2 K the return
dient if the capacitance is known from the hysteresis. Figureoltages of all the samples, with the exception of thar8
5 shows a plot of data from several undoped junctions fron80% doped junction, are out of the substrate dominated
the literature, together with the data obtained from the 30%egime—determined from Fig. 4. The effect of the substrate
doped junction. It is clear that the dispersion relation for thefor this junction is to cause a rise in the capacitance, since as
undoped data has two linear regimes—one at low voltagethe temperature is increased the location of the drop in the
(below 0.3 m\j and one at high voltage@bove 0.3 mV. substrate dielectric constant moves up in frequency and the
Analysis of the data in the high voltage regime produces aeturn voltage drops further into the substrate dominated re-
reasonable penetration depth of 180 nm for the junctiorgime. The decreasing capacitance of therf junction may
region!® The lower voltage regime, however, has an in-be associated with heating effects at low temperatures caus-
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Temperature (K) TABLE |. Temperature rise associated with heating of the junc-
0 10 20 30 40 tion in the normal state at the return currei,, and at the critical
TLELELELE BLELELELE DLELILILE UL L current, AT, Values are calculated for different values fin
o - (a) 2y 3um| 4| Y 1-,CaBa,Cus0;_g, different junction widthsv and different tem-
E 12 F ol o [o]v ] peraturesT. The return voltageV,e, is also shown for easy com-
Y TE* e b wel+ e | v |3 parison with Fig. 4. The calculations were performed using the
] — o MRS ET D - model outlined in the Appendix. Note that the predicted temperature
3= C 3 increase is approximately the same for all the junctions in the study
g 0.8 3 E and that it is strongly reduced as the temperature is increased.
=9 - -
o C ]
P R 3 X wm)  T(K) Ve (MV)  ATeq (K) AT (K)
é 3 7Y v Ty .. - 0 4 4.2 0.6 1.0 0.9
o - . 0 3 4.2 0.5 1.0 0.7
O BHHHHHHHHHHHHHHH 0 2 4.2 0.7 17 1.0
s ® 1 400 10 4 4.2 0.3 0.9 0.7
s F7 ° o 3 e 10 3 4.2 0.6 1.9 13
E L o 300 £ 10 2 4.2 0.4 0.9 0.8
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T ] = 30 2 4.2 0.6 2.3 1.6
g C o o ¢ v v 7100 g 30 2 15.0 0.5 0.3 0.2
I~ B ° Substrate  Substrate N
effects effects -
B at15K at4.2K =
) PN N NS W i A Table | shows the temperature increases for all the hyster-
0 10 20 30 40 etic junctions measured in this study, calculated for key
Temperature (K) points on thd-V curve. The power dissipated in these junc-

tions typically leads to temperature increases of the order of
FIG. 6. (a) Temperature dependence of the zero field capacil K at the return current. For the junctions measured in this
tance of a number of junctions in the study. The capacitance istudy the critical current is found to be temperature indepen-
determined from the hysteresis in th&/ curve with the sample in  dent at low temperatures, so small variations in temperature
helium vapor, or immersed in liquid helium at 4.2 K. In most casesgre unlikely to make a significant difference to the hysteresis.
the capacitance is independent of temperature to within the error The expected hysteresia=1,/1.) due to a small tem-
associated with the measureméagpproximately 10% if the system- perature rise at the junction is=1+(AT/Iy)xdl/dT. A
atic errors are ignored(b) Return voltage of these junctions as a typical value for 11.xdl./dTis —3X 1073 K™ for an opti-

function of temperature. With the exception of the.81 30% cal- . .
cium doped junction the return voltages are all above the substra%];lIi/eg%pe?gtfrifgggs tl(l)tf Zsja:rcﬁg 7&%5'{:; dsbcgggdgegg'
dominated regime at 4.2 K. . AT

9 which should be compared to the measured values in this
study, in the range 0.95-0.995. The temperature increases

ing an artificially inflated low temperature capacitance value joqociated with heating in the @m 30% calcium doped

The temperature independence of the® undoped junc-  jnetion are the largest. This was the junction in which heat-
tion capacitance provides further evidence that the techniq fig effects were expected from the rise in the capacitance
is consistent—a temperature independent capacit_ance woulfcerved at high return voltages in Fig. 4 and the tempera-
not be observed up to 40 K if the measured capacitance Welg e qependence of the capacitance in Fig. 6. The observation
dominated by the substrate or if the hysteresis were causegt ihe onset of heating effects in this junction gives us con-
by heating. The effect of heating is assessed in more detail ifyence that such effects do not occur in the other junctions,
the next part of this section. 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-
The previous discussion highlighted the possibility thatduced. In addition most of the junctions measured in this
heating may contribute significantly to the measured hysterstudy had a temperature independent capacitance, as shown
esis. In order to investigate this possibility we have develin Fig. 6. The observation of a temperature independent ca-
oped a detailed model for heating in the highgrain bound-  pacitance suggests that heating effects are negligible—it is
ary. This model is described in full in the Appendix. By clear from the data in Table | that the effects of heating are
adapting the model of Skocpol, Beasley, and Tinkkama  strongly reduced at higher temperatures.
the geometry of bicrystal grain boundaries we are able to Heating effects can therefore be eliminated by careful
calculate the temperature rise expected at any point in theonsideration of the temperature and magnetic field depen-
[-V curve. dence of the critical current. A self-consistent picture

B. Eliminating heating effects

104502-5



RANSLEY et al. PHYSICAL REVIEW B 70, 104502(2004)

0.8:IlIIIIIIIIIIIIIIIIIIIIIIIIIII

barrier,k is Boltzmann’s constant, antlis the temperature.
For a Josephson junction tilted washboard the valuek of
andw are

E:M)< 1—<I—)Z—I—arcco<l—>), (4)
- ) 1. le
2’7T|C 1/2 [ 2\ 1/4

w_<¢0C> (1_<E)) ! ®

wherel is the current of the metastable statgjs the true
(zero noisgcritical current,C is the junction capacitance and
®, is the flux quantum. The assumptions implicit in the
0 2 4 6 above analysis are thair>1 and thatE/kT>RCw>0.8.
Track width (m) The junctions in this work satisfy these requirements.

FIG. 7. Junction capacitance at 4.2 K shown against width of To .C.alcmate the inverse lifetime of a given current st.ate,
the device for the different samples measured. The straight Iineg1e Crltlgal current dat‘?‘ are redqce,d to the form of a histo-
serve as a guide to the eye. gram ywth N current bins. _T_he lifetime of the state corre-

sponding to each current bin;(K) (whereK=1, ... N) can

emerges from these measurements and indicates that it then be determined. We dendfe=1 as the current bin with
9 Y indi : I'z?rgest critical current anék=N as that with the smallest.

possible to measure the grain boundary capacitance using ”ll—%lton and Dunkleberger showed that(K) is given by
junction hysteresis. Further evidence for the consistency of

0.7
0.6

0.5
04
03

Capacitance (pF)

0.2
0.1

the technique comes from the scaling of the measured ca- di 1 [ s%,P()
pacitance with junction width, shown in Fig. 7. Having dem- 7HK) = aiarm m ; (6)
i=1

onstrated that the capacitance measured is due to the grain

boundary itself, the next section assesses the systematic gfheredi/dt is the current sweep rate at the¢h current bin,
fect of thermal noise on the measured hysteresis. Al is the width of the current bin anB(i) is the number of
switching events that occur within thigh current bin. In

) .. deriving this equation it is assumed tﬁatc< o, 7 ! and that
Thermal or other noise sources cause a reduction in th§e cyrrent applied can be approximated as increasing lin-
measured critical current and an increase in the return cu%—aﬂy with time over the period corresponding to a single

rent, producing a systematic underestimate of the capackyrent interval. Again these approximations are valid for our
tance. The washboard analogue for the resistively and Cayxperimental conditions.

pacitively shunted Josephson junction provides a simple y5ying calculated™ for a number of current intervals it
explanation for this effec® In the presence of a noise source is possible to produce a plot of @m7/w) versusE/k
the superconducting state becomes metastable at currentsjt\f '

C. The effect of thermal noise on the measured capacitance

$bvided a value for the trugero noisg critical current,l,
below the critical current, when the size of the washboar e 8 N

. . s assumed. Initially this is fixed at the value of the largest
potential well becomes comparablek® (wherek is Boltz- ¢ jtica) current observed. From E¢B) it is clear that such a
manns const{:\nt andl is the noise temperatureThe junc- raph should have an intercept of zero and a gradient®f 1/
tion switches into the normal state prematurely as a result QfpareT is the noise temperature. The valuel gis increased
noise excitation out of the potential well. Similarly the return . the condition of zero intercept for the graph is satisfied.
process can occur at currents greater than the return curreny, ihis way the true critical current is determined and the

with the noise source leading to premature retrapping intq,qise temperature can also be extracted from the gradient of
the washboard potential well. As a consequence of the Noisg o graph.

the junction does not switch out at a fixed current, but rather Figure 8a) shows the distribution of critical currents ob-

the observed critical currents are distributed across a ﬁnit?ained for the 2um 30% Ca doped junction, together with

range of currents. By measuring the d|str|but_|on of t_he _Ob'the theoretical distribution obtained from the above analysis.

served critical currents it is possible to determine the I|fet|me,:igure 8b) shows the plot of 12771/ w) versusE/k that

of t?e statgg crc])rresgc;ﬂdltn.g ttcr)] the tobser&/_ettd furdﬁénts.m was used to calculate the true critical current and the noise
ramers™ showed that in the intermediately dampg temperature. For these data the noise temperature is 54 K,

the tra_nsition staperegir_ne the lifetime, .O.f the state corre- significantly above the measurement temperature of 4.2 K.
sponding to a current just below the critical current is givenrie most likely cause of the excess noise is Johnson noise

by transmitted down the wires in the measurement probe to the
L w E device. Indeed in previous experiments to measure critical
T ZEX k) (3 current distributions special precautions had to be adopted to

prevent this'®24 The bandwidth of this measuremepeffec-
where w/27 is the frequency of escape attempts from thetively the inverse total measurement time to the attempt fre-
potential well, E is the energy of the washboard potential quencyw) is sufficiently large that the contribution of ./
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1x10° the measured return current is 4% above the true return cur-
renf) 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%ee Fig. 9.
The error is also consistent, because the capacitance of the
junctions scales well with the track widtsee Fig. 7 and is
approximately temperature independésee Fig. §. This
S S " ” consistency occurs because the noise temperature is larger
3.504 107 3.512x107 3.52x10™ 3.528x10 than the measurement temperature in all cases and indicates
(@) Current (A) that the noise is fundamental to our measurement apparatus.
-19 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
21 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-
23 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-
25 [}S turn voltages(equivalently at higher measurement frequen-
1500 1600 1700 1800 1900 cies. The results obtained from hysteresis measurements on
(b) E/k (K™ the 30% calcium doped junctions are in qualitative agree-
ment with the data from Fiske resonances, although the reso-
FIG. 8. (a) Distribution of critical currents for the 30% doped nances themselves all occur in the low frequency, substrate
2 um junction at 4.2 K. The continuous line shows a fit corre- dominated regime and so cannot be used to extract the ca-
sponding to a noise temperature of 54(K) In(1/w7) versusE/k  pacitance. The temperature dependence of the capacitance
[see Eq(3)]. The gradient of this graph is used to extract the noisewas measured for all the junctions in this study. For the
temperature of the measurement and the condition of zero intercepindoped 2um wide junction the capacitance was measured
can be used to extract the zero noise critical current. The |Ineaﬂp to 40 K and was found to be temperature independent,
relationship indicates a thermal distribution. this is further evidence that the technique is viable. There
was some indication that heating may be significant, particu-

noise to the switching distribution is expected to be negli- : . . .
gible in comparison to the white noise. The fact that Figyg |2y in the case of the 30% calcium dopedutn junction

is linear indicates that the noise is frequency independent, sghich had the highest critical current density of all the junc-
the above analysis is applicable. The value of the true criticallons measured in this study. Calculations of the temperature
current was found to be 3.67 mA, so the value measured igSes associated with heating of the junctions revealed that
approximately 4% lower than the true value. The effect ofthis junction had the largest heating effect. A self-consistent
this systematic underestimate is discussed below. picture emerges from these measurements and indicates that

The return currents can also be treated by a similar analyit is possible to measure the grain boundary capacitance us-
sis to estimate the effect of the noSe&® Generally the re- ing the junction hysteresis. The major error associated with
turn currents are less susceptible to thermal noise than thais technique is due to suppression of the junction hysteresis
critical currents? so it is more difficult to measure their by thermal noise. The effect of thermal noise can be esti-
distribution. The 2um 30% Ca doped junction was found to mated by measuring the distribution of critical currents ob-
have a nonthermal current distribution. A possible cause ofained from sequential measurements. Such a measurement
this problem is that shot noise makes a significant contribudemonstrates that thermal noise produces a systematic under-
tion to the noise across the junction. Likharev identifies theestimate of the capacitance of approximately 25%, which is
limit at which shot noise becomes important as voltagesnuch less than the 500% increase in the capacitance ob-
above 0.5 mV at 4.2 R? This is comparable to the return served in the next section. Figure 4 shows that the effect of
voltage across the junction when it switches b&k8 mV  thermal noise is temperature independent. It also demon-
in zero field. strates that at large return voltages the substrate effect is

If we assume that the effect of the noise on the returmegligible and that heating is not a significant problem, ex-
current is comparable to its effect on the critical currget,  cept at the largest return voltages.

In(1/(z ®))
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1 mrrerrrrr ey 30 considered when interpreting the results. Note also that there
o 0 B o ction widihs: P are further systematic errors associated with the accuracy of
& 6x10™ E- . . 3 m measuring the size of the tracks and the film thickness. To-
B 5x10BF & ° Sﬁm gether with the random errors associated with determining
2 410 3 v 4um f the return current and the critical current, these errors amount
g oE ¢ " 5um j to approximately 15% of the measured capacitance values.
§ 3x10 3 s = 6pm § There is a clear trend of increasing capacitance per unit
§ 2x103 B area, decreasing resistance-area product and increasing criti-
2 1x10" 3 ) * cal current density as the calcium doping in the films is in-
K E (a) E creased. The results, including the scatter in the data, are
0 j::::::::::::::::::::::::::::}::::}:::: consistent with the previous work by Schneidgral®* The
dg L4 F E capacitance of the junctions increases from 0.2 %or the
& 12F . 3 undoped sample to a maximum value of 1.27Frfor the
g 1E — 30% doped sample. Note that there are no capacitance mea-
*g 08 _ ¢ _ surements for the 20% doped sample since none of the junc-
B 06 3 3 tions on this sample were hysteretic.
g o4f H 3
.g o2E E V. DISCUSSION
§' 0 :T.(:J.)l....l....l....|....|....|....l...T: The measured values of the grain boundary capacitance
Y LA LA AR AR LA A R R for doped and undoped samples can now be compared with
”51'6"10 » o 7 the other properties of the boundaries—to gain further in-
S oF ) v ] sight into their nature.
%‘1-2"10 n E The undoped boundaries had a capacitance of 0.2,Fm
R3] o F . L] m similar to the value of 0.1 Fm predicted by Mannhart and
g 8x10° = E Hilgenkamp using the band bending mofi&le use a simi-
% o F s ] lar approach to consider the results from the undoped film.
S 4x10" = - The capacitance per unit are@jA, is related to the barrier
B C (c) ] thicknesst, by the simple relationC/A=(e,gq)/t, wheree,
© 0 _T: :::::”:”:: ::::::::“:: :::::“::““__ is the relative dielect_ric constant, _aa@lis the permittivity of
os E E free space. Th(_—:- barrier thicknessis made.up of two deple-
_ F 4 ] tion regions, widthy, and the structural width of the bound-
2 00 = ary, d(t=2l4+d). d has been measured by TEM and was
g F E found to be a few atomic spacings?® We taked=0.2 nm
§ s F . 3 and assume, = 20, a value well within the range of values
g 3 N for the dielectric constant in the literatt@he capacitance
% 80 F P per unit area measured in this study for undoped boundaries
;% C 4 3 is 0.2 Fm?2 Assuming a uniform barrier, it is possible to
S 45 F@ 3 calculate the width of the depletion regidg=0.3 nm. The
PN YT TTITE YT FEAT1 RATIATETI AT o . e
0 10 20 30 built in voltage, Vy,;, is related toly by Vy=lgen/2eqer,
Percent calcium substituted for yttrium wheree is the electronic charge amdis the carrier density

(4.5x 107" m™3 for YBa,Cu;0,_5). Using this relation we

FIG. 9. Dependence af) the normal resistance area product, calculate a value 0¥,;=0.2 V. The built in voltage and the
(b) the capacitance per unit arée) the critical current density, and measured capacitance enable us to calculate the charge on
(d) the critical temperature, on the amount of calcium dopiag=  the boundary, which in turn enables an estimate of the num-
(c) were measured with the samples immersed in liquid helium aber of charge trapping sites per unit area of the boundary,
atmospheric pressure. The different symbols correspond to junchB_ In this caseSgp=3% 10" m™2 (using Ssg=CV/eA).
tions of different widths. Experimental errors are approximatelyThis value is within an order of magnitude of that predicted
15% of the measured value {8 and(c) and 1 Kiin(d). The errors v Browning on the basis of the structural unit mogfel.
in (b) are discussed in more detail in Secs. Ill and IV. A uniform boundary with a capacitance per unit area of
1.0 Fn? (the capacitance of the 30% doped boundaties a
total width, t, of 0.2 nm, ife, is 20. However it is not pos-

Figure 9 shows the transport and normal state propertiesible to conclude that the Ca doping has completely elimi-
of the films measured at 4.2 K, together with the capacihated the charge on the bound#gaving just the structural
tance, as measured by the junction hysteresis. The previowgdth of the boundary since the observed decrease in resis-
discussion has demonstrated that both heating and parasitence is too small. A fourfold decrease in the width of the
substrate capacitances do not effect the results. The effect barrier would produce an extremely large decrease in the
thermal noise is that the measured capacitances are approRiarrier resistance, which is exponentially dependent on the
mately 25% less than the true values, and this should bkarrier width. The relationship between the resistance and

IV. CAPACITANCE AS A FUNCTION OF DOPING
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that calcium doping produces a definite increase in the ca-
pacitance of the boundary.

—_
™rT

VI. CONCLUSIONS

We have measured the capacitances of
Y 1CaBaCu;0;_s grain boundaries on SrTiOsubstrates,
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
3x103  5x107° 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
FIG. 10. Capacitance per unit area shown against resistance arh the junctions measured. However, since the effects of
product at 4.2 K for all the junctions measured in this study. Theheating and the substrate could be observed in the measure-
solid line shows the relatio®/Ax 1/RA. ment it was possible to eliminate them by using values of the
measured capacitance in the regime where they had no ef-
the capacitance as the doping is varied is shown in Fig. 1d_ect. The eﬁeqt of thermal noise on the measurement was
This relationship is well approximated by the following assessed_ and is an order of magr_utude less than the_ obseryed
equation: changes in capacitance. The grain bound_ary capacitance in-
creased from 0.2 FM for x=0 to a maximum value of
1.2 Fm? for x=0.3. Due to the complex structure of the
CIAx RA (7)  boundaries and in the absence of knowledge of how doping
" effects the dielectric constant, it is difficult to make definite
Such a relationship is inconsistent with a simple model ofconclusions about how these capacitance changes relate to
the grain boundary in which the tunnel barrier is homog-changes in the boundary’s electrical structure. However, the
enous across the width of the junction. The change in thénverse relationship between capacitance per unit area and
capacitance is much too large for the observed changes in thiesistance area product is consistent with changes in the ef-
normal state resistance. The data do not, however, rule outfactive area of the boundary occurring as calcium is added.
tunneling model because of the extremely inhomogeneous
nature of grain boundaries in YB@u;O,_s. The microstruc-

Capacitance per unit area ( Fm'z)

0

. 1l =5
Resistance area product (Qm’)

ture of grain boundaries in thin film samples is typically very ACKNOWLEDGMENTS
complex?®30 with structures that include nanoscale
faceting’®! and microscale meanderitfg of the grain This work was supported by the E.P.S.R(Cambridge,

boundary. The capacitance per unit area of the grain boundhe European T.M.R. Supercurrent netwg@ambridgg, the

ary scales as the inverse of the boundary thicki€#A  D.A.A.D. (Augsburg, the B.M.B.I. (EKM 13N6918, Augs-
=(gep)/t) whilst the resistance area product will probably burg), and the D.F.G(SFB 484, Augsburg J.H.T.R. thanks
scale approximately &&,Axe BVt whereB(t) is a tunneling  Alex Gurevich, Juergen Halbritter, David Larbelestier, and
parameter. The resistance area product will therefore bdohn Lister for valuable discussions.

dominated by contributions from the narrowest regions of

the barrie® With inhomogeneities on many length scales it

is difficult to predict the expected relationship between the APPENDIX: A MODEL FOR HEATING IN HIGH T, THIN
normal resistance area product and the capacitance per unit FILM GRAIN BOUNDARY JUNCTIONS

area, but it is clear that the capacitance will decrease less

rapidly with increasing resistance area product than a simple A simple model for predicting the heating of a grain
one-dimensional model would predict. The relationship beboundary junction is presented. It is assumed that the
tween capacitance per unit area and resistance area prodida,CusO;_s track across the grain boundary can be mod-
given in Eq.(7) has been observed by a number of authorsled as a one-dimensional system, and that heat loss occurs
with various grain boundary geometri&s** Such a relation- by flow of heat away from the grain boundary and into the
ship is consistent with changes in the effective area of theubstrate, which is treated as a heat bath at the same tem-
boundary. This may imply that the narrowest regions of theperature as the surroundings. Heat flow from the track di-
boundary dominate both the capacitance and the normal rgectly into the liquid helium can be neglect&dThe system
sistance and that the proportion of these regions is increasirig assumed to be in thermal equilibrium on the time scale of
as calcium is added. Such a conclusion is necessarily tentéhe measurement.

tive. A further complication in the interpretation of the datais Consider an element of the track at a distarndeom the
that it is not clear how the addition of calcium alters thegrain boundary. The temperatuféx) is related to the heat
dielectric constant of the barrier region. However, it is clearcurrent per unit area of the track by the equation
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T(x+dx) =T(x) - lJ(x)dx, (A1)
K

PHYSICAL REVIEW B 70, 104502(2004)

substrate interface, it cannot be calculated precisely. Follow-
ing Cheeke, Ettinger, and Hebtalwe estimatex=T3/B. B
can be calculated from the properties of the materials on

wherex is thermal conductivity of the track. The heat losseseither side of the bounda#y,for YBa,Cu;O;_s on SrTiO;

to the substrate, at temperatdig are governed by the equa-
tion

T-T
oT-To)

J(x+dx) = J(x) - . : (A2)

where « is the heat transfer coefficient per unit area of the

substrate /film boundary arfdis the film thickness.
By eliminating J(x) the following second order differen-
tial equation can be derived:

Cagi

d@ ~ kh b

If it is assumed thak and « are temperature independent,

this equation can be solved with the boundary conditibns
— T, asx— o andJ(0)=IV/(2hw), giving the solution

T=T, +\/iﬁexp<—\/£x>
o ahk 2w xkh™ )’

wherel is the current flowing through the track, is the
voltage dropped across the junction, ang the width of the
track.

However bothw andk are strong functions of temperature
for YBa,CusO7_5 on SrTiG;,, so this solution is only appli-

a

(A3)

(A4)

B=9.6X 10" m? K* WL, Between 0 K and 10 K the thermal
conductivity of YBgCu;O,_s can be reasonably approxi-
mated by the empirical expressior=x,T?, where kg
~0.17 W mi't K336 Using these approximations we derive
a second differential equation

ET_ 1
dx®  k,Bh

This equation can be solve@ith the integrating factor
dT/dx), to give

T x [T _ ))
T_2<3cotr?(D+2 Bh 1], (AB)

where the boundary conditioR— T, as x— is satisfied
and the integration constait can be eliminated using the
additional boundary conditiod(0)=1V/(2hw).

Equation(A4) was used to calculate the temperature rises
at 15 K in Table |, whilst Eq(A6) was used to calculate the
temperature rises at 4.2 K. In the latter case the confant
was determined by numerical solution of the equation result-
ing from the boundary condition a¥(0). 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

T(T-Ty,). (AB)

cable if the temperature rises predicted are small comparediecay length, given the power inpiM. In this case the time
to T,. « is determined by the acoustic mismatch model atis of order 1 ns, in good agreement with experim&nthis
temperatures significantly less than the Debye tempergture.is much less than the measurement titoé order 1 3 so

Becauseax will be affected by the microstructure of the film-

thermal equilibrium is a valid assumption.
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