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We report extensive measurements of transport characteristics and low-frequency resistancecranse of
yttrium-barium-copper-oxid€YBCO)/Au junctions. The dominant conduction mechanism is tunneling at low
temperatures. The conductance characteristic is asymmetric, and the conductance minimum occurs at a nonzero
voltage. These features can be qualitatively explained by modeling the YBCO/Au interface with a Schottky
barrier. The model shows that the YBCO surface behaves liké/pe degenerate semiconductor, with a Fermi
degeneracy of about 0.1 eV. The barrier height is approximately 1.0 eV. We present evidence that interface
states and disorder play an important role in determining the conductance characteristics. Low-frequency noise
measurements of these junctions reveal that junction noise is dominated by resistance fluctuations with a
1/f-like power spectrum over a wide range of temperature and bias voltage. For temperatures between 4.2 and
77 K, the junction noise can be parameterized in terms of a normalized resistance fluctdRiiBr: 6.3
x 10" 4f, in units of HZ Y2 wheref is the center frequency of the measurement bandwidthf At
=10 Hz, for example, itis X 10~ * Hz" 2 This noise figure should prove to be useful for engineering design
of high-T, electronics. A more detailed analysis shows that at low temperatures the noise spectrum is charac-
terized by random telegraph signals withe a Lorentzian power spectrum, which can have a distribution of
corner frequencies that mimics af ldependence. The random telegraph signals provide evidence for the
existence of localized states.
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I. INTRODUCTION with T, in the range of 87-91 K. We patterned our films
using standard photolithography. One unique feature in our
High-temperature superconductor/noble-metal interfacesrocess is the use of an insulating layer of MgO to define
such as the yttrium-barium-copper-oxi@¢BCO)/Au inter-  small contact areadswhich varied from %2 um? to 16
face, are an integral part of highs electronic devices since 16 ,m?. The current flows nominally along theaxis of

they provide the basis for making wiring connections to theygc . through a native tunnel barrier, and into the Au elec-
devices. In many cases, the electrical integrity of the inter; : '

face plays an important role for the intended applications{LOde' The n'at|ve tunnel baf1'r|r|er 'S .formﬁd ?n the §urface of
For example, in the development of low-field magnetic reso- € c-ams-_onented YBCO m during the _abrlce_lt_lon pro-
nance imagindMRI) systems, YBCO thin films are used to C€SS: and is thought to cons_lst of adsorbed |mpur|t|e§, as well
make detection coils because they offer superior signal-to@S degraded topmost atomic layers of the YBCO film. The
noise ratio. It is thus very important that the contacts to thdow-temperature resistance of our junctions ranged from a
YBCO detection coils be both low resistance and low noisefew Q) to a few hundred K). The specific interface resistiv-
so as not to compromise the benefits of using highdty p., defined as the product of junction resistance and junc-
T. materials. Therefore it is essential to understand theion area, expressed in units 6f cn?, varies from a low
physical mechanisms of the interface conduction process. lf 10 () cn? to a high of 10° Qcn? at 4.2 K. The

is partlcglarly important to measure and quanﬂfy the inter-jowest p, we have obtained is about>80~° Q) cn? at
face resistance noise, for which there are little systematig 2 K which is also the best value reported in the literdture
data. for ex-situ eaxis YBCO/Au junctions. By optimizing

In this paper, we report extensive measurements of rangaprication conditions such as ion-milling energy, we were
port chargctenstlcs of YBCQ/Au junctions. We then present,pa 1o consistently fabricate junctions with (4.2 K) in
a simple interface-conduction model to account for these rhis range.

sults, which suggests that localized states play an important 1,4 temperature dependence of the junction resistance ex-

role in determining the conduction characteristics. Finally,,iits 4 semiconductorlike behavior; that is, the junction re-
we present results of low-frequency noise measurement§jgiance increases with decreasing temperature. For junctions
from which we derive a noise figure that will prove to be \ i high interface resistivities, in 16-Q cn? range for ex-

valuable for engineering design. The noise measurement r%'mple, the resistance below 77 K could be 5—7 times that at

gfallttzslso offer direct evidence for the influence of localized, ., temperature. High-interface-quality junctions wit/s

in the low 10 -Q cn? range, on the other hand, are less
temperature dependent. Their resistance below 77 K is about
2-3 times that at room temperature. Moreover, high-quality
The YBCO thin films used in this work were prepared junctions on the same wafer having different junction areas
using pulsed laser deposition. The films weraxis oriented, also display more unifornp.'s, as demonstrated by good

II. JUNCTION FABRICATION
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V tm¥) FIG. 2. Normalized conductance vs voltage behavior of four
FIG. 1. Conductance vs voltage characteristics of a junction aiUnctions. Each curve is normalized by its conductance value at a
4.2 K. The details of the low-bias voltage regi¢shaded are  bias voltage of-100 mV. The two junctions with higher zero-bias-
shown in the inset. conductance peaks have smaller valuepafabout 104 (Q cn?)
at 4.2 K. The two junctions with lower zero-bias-conductance peaks
digve larger values ofp (4.2 K): about 103(Q cn?) and 5

resistance-versus-area scaling. Detailed discussions ab i
9 X 1073(Q cn?), respectively.

fabrication and optimization are given in an earlier
publication!

YBCO at low temperatures, then the conductance-vs-voltage
characteristic would follow the dashed line in the inset of
Fig. 1, showing a conductance minimum at a positive bias,
Vmin>0-

In our system for measuring junction conductance, the In order to show the systematic behavior of the
dc-current-vs-voltage characteristic is measured simultaconductance-vs-voltage characteristics, we plotted normal-
neously with the first derivative,itty. The latter was mea- ized conductance curves for four junctions in Fig. 2. Each
sured by superimposing a small-amplitude ac modulation ogurve is normalized by its value at 100 mV. This bias
the dc bias, and detecting the voltage response of the junsoltage is chosen because it is high enough so that the con-
tion using a lock-in amplifier. Data were buffered during ductance at this voltage is not influenced by the supercon-
acquisition to improve the rate of acquisition while maintain-ducting properties of YBCO. The two junctions with a more
ing the desired resolution. pronounced normalized ZBCP feature have larger nominal

A typical low-temperature conductance-vs-voltage curveareas of 64um?. Both havep. values at 4.2 K of about
for our junctions at 4.2 K is shown in Fig. 1. The inset shows10 # Q cn?. The other two junctions with a weaker normal-
details of the low-bias-voltage range. There are several fedzed ZBCP feature have nominal junction areas of 16 and
tures that become immediately apparant. First, there is a cod um?. Their p. values at 4.2 K are about 18 and 5
ductance peak centered at zero bias. Second, except for the10 3 Q) cn?, respectively.
conductance peak near zero bias, there is a marked reduction Despite the large variations in junction area and specific
in conductance at bias levels below about 35 mV. This is beshterface resistivity, the normalized conductance-vs-voltage
seen in the inset of Fig. 1 by comparing the low-bias con-curves for all the junctions show conductance asymmetry,
ductance data with the dashed line, which is an extrapolatiowith a conductance minimum at a nonzero voltage. It follows
from conductance at higher bias. Third, the conductance-vghat we should seek a physical model for this interface sys-
voltage behavior is asymmetric: the conductance at forwartem that can explain features of the conductance characteris-
bias is smaller than its corresponding value at reverse biasics. Moreover, the model must be consistent with known
(Forward bias corresponds to the YBCO electrode beingnaterial characteristics of the YBCO/Au junction system,
positive with respect to the Au electrogle. such as the existence of a semiconducting/insulating inter-

There has been considerable controversy surrounding tHface layer that acts electrically as a tunneling barrier with
issue of the zero-bias conductance p€éaRCP) in YBCO/  low barrier-height.
noble-metal junctions. The general consensus is that this is a To our knowledge, there are two types of models of elec-
result of d-wave pairing in YBCCG?™® The conductance re- tron tunneling that address the issues of conductance asym-
duction for a bias below about 30 mV is due to the formationmetry and a non-zero-voltage conductance minimum. The
of the superconducting gap in YBCO, which had beenfirst type applies to metal-insulator-metal tunnel junctions.
extensively studied and well documenfeBior our present An example is given in the paper by Brinkman, Dynes, and
purpose, it suffices to say that both these features arRowell! These authors studied electron tunneling in
associated with superconducting properties of YBCO. If wealuminum-insulator-metal tunnel junctions (metdb, Sn,
were able to suppress the onset of superconductivity imr In). They used a trapezoidal potential to model the tunnel

Ill. RESULTS OF JUNCTION CONDUCTANCE
MEASUREMENTS
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the interface. The band bending extends over many atomic
layers into the semiconductor, forming a potential barrier of
heightVgq at equilibrium. When the dopant concentration is
high, the barrier is very thin and electron tunneling becomes
the dominant conduction mechanism at low temperatures.
The middle panel shows the system with reverse bias po-
tential. According to our convention, the YBCO supercon-
ductor is biased negatively with respect to the normal metal;
Equilibrium Reverse Bias Forward Bias hence its Fermi energy is raised with respect to that of the

FIG. 3. The Schottky-barrier model for a metal/semiconductor,{netalI in p(;opo_rtltinl tof the t?]pphed .VOItﬁgyt"" tEIg{(;]tronst |
contact. The right-hand side of the interface depictsidype de- unnel predominately from the semiconductor 1o the metal.

generate semiconductor with Fermi enekgys and band bending The potential barrier §§te by these tunneling eIECtrO,nS is
near the interface. The left-hand side is a normal metal with Ferm|0WFj'rEd frqm the equilibrium value. Moreover, there_ IS a
energye; \ . We define forward bias as the semicondudmrin ~ Particular bias voltagey;=Vpi,, at which the conduction-
our case the YBCO supercondudtbiased positively with respect band edge in the semiconductor aligns with the Fermi level
to the metal; hence its Fermi energy is lower, as shown in the righf the metal. This is the voltage at which a conductance
panel. The energy profile for p-type semiconductor is just the Minimum is expected to occur.
symmetrical reverse of the-type: the band bends down near the At forward bias, shown in the right panel, the Fermi level
interface, and instead of filled states beleys in the conduction ~ of the metal is raised above that of the semiconductor, and
band, empty states above the Fermi level in the valence band aectrons tunnel mostly from the metal into the semiconduc-
involved in the tunneling. tor. The potential barrier seen by these electrons, however,
remains the same as the equilibrium value. This is because
barrier. They found that the minimum conductance is not athe position of the metal Fermi level with respect to the
zero bias unless the barrier is symmetrical and both metaemiconductor conduction band is “pinned” by a high den-
electrodes have the same Fermi energy. The unperturbed baity of surface states. Consequently the tunnel-barrier height
rier height for their system was several electron volts, approremains the same in spite of the increaséanward) applied
priate for their tunnel barrier, which was aluminum oxide. voltage. The barrier width is thinner than the equilibrium
Such a large value of barrier height is not applicable to ouwidth, however.
YBCO/Au tunnel junctions, in which the insulating layer be-  From the above discussion we see that the barrier height
haves more like a semiconductor, and hence the barrieseen by tunneling electrons is asymmetric with respect to the
height is likely to be much lower. polarity of the bias potential, and consequently the tunneling
The second type of model applies to junctions formed at aonductance is also asymmetric. Additionally, a conductance
metal/semiconductor interface. The model is more comminimum is expected to occur at a bias potential equal to the
monly known as the Schottky-barrier model. This model alsd~ermi degeneracy of the semiconductor. Fonagpe semi-
predicts a tunneling-conductance asymmetry, as well as eonductor, the minimum occurs at a negative bias potential
non-zero-bias conductance minimum. In this model, thelaccording to our convention for the bias polayitfFor a
relatively small carrier density in the semiconductor playsp-type semiconductor it occurs at a positive bias. The fact
an important role in determining the tunneling characteristhat we consistently observed a conductance minimum at a
tics. It is therefore a more suitable model for our junctions.positive biasV,;,>0, is convincing evidence that tleeaxis
In Sec. IV, we first introduce the physical motivation for this surface of YBCO behaves much like patype, degenerate
model and then present the results of a detailed modelemiconductor.
calculation. It is not surprising that the surface of a YBCO thin film
should behave like a semiconductor. Since YBCO in the nor-
IV. SCHOTTKY-BARRIER MODEL _mal state behav_es_ like a metal \_/vith a low carr_ie_r density t_hat
is close to the limit of a metal-insulator transition, any dis-
Figure 3 depicts the basics of the Schottky-barrier modelorder at the surface will render it semiconducting, even in-
It shows electron potential profiles across the interfacesulating.
formed between a metal and artype degenerate semicon-  There exists an extensive literature on the theory of metal/
ductor under various bias conditions. semiconductor junctions in the context of the Schottky-
The left panel shows the system with zero bias potentialbarrier model. Of particular interest to us is the theory of
On the left-hand side is a metal electrode for which the freeConley and Mahaf,who calculated the tunneling conduc-
electron model is a good approximation: its energy levels aréance d/dv for a Schottky-barrier junction. They assume that
filled up to the Fermi energy; ,, . On the right-hand side is the semiconductor is-type and degenerately doped. The
a semiconductofor the c-axis surface of the YBCO high- parameters in their theory are the barrier-heidps and the
T, superconductor in our caswith a high dopant concen- Fermi degeneracy; s of the semiconductor. Modifying their
tration such that its Fermi level; s resides in the conduction theory slightly to accommodate our situation ofpeype
band. The two Fermi energies are aligned under equilibriumsemiconductor, we calculatei/dv versus bias-voltage for
Due to the difference in work-functions and surface dipoleour junction system, usinygp and e 5 as parameters. We
moment, the semiconductor conduction band “bends” up afind a reasonable agreement with experimental data only
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25 empty states in the valence band—a scenario fartgpe
degenerate semiconductor. Then at reverse bias, where the
semiconductor Fermi level is raised above the metal's Fermi
level, the dominant conduction process is electron tunneling
from the filled valence states into empty states in the metal.
Thus, at reverse bias, the existence of band-tailing has a neg-
ligible influence. At forward bias, however, the Fermi level

of the metal is raised and electrons tunnel predominantly
from the metal into the empty valence states of the semicon-
ductor. Thus, at forward bias band-tailing significantly influ-
ences the tunneling process: instead of experiencing dimin-
ishing empty states as the valence band-edge is approached

2.0 1

1.5+

1.0

0.5+

Normalized Conductance

0.0 , : , : . | , (as they would with a well-defined valence band edge
-100 0 100 the tunneling electrons encounter a distribution of localized
V (mV) states into which they can still tunnel. Consequently, as

the bias potential sweeps through zero and increases

FIG. 4. Comparison of experimental and theoretical conduc4in the positive direction, the tunneling conductance reverses

tance vs voltage characteristics. The experimental cgwith a  the decreasing trend more quickly, resulting in a smaller
small peak at zero-biass obtained at 4.2 K. The model calculation V. (still positive) than it would have, had there been

was made assuming=0. Both curves are normalized at a bias no localized states. Moreover, as the forward bias potential

voltage of —100 mV. is further increased, the magnitude of tunneling conductance

is enhanced over what it would have been if there were

when the two parameters are varied over rather narroWj0 localized states. Thus, both features of the “band-
ranges centered aroun¥gy=1 eV, and &; ¢=0.1 eV. tailing” hypothesis would explain the deviation of the ex-
Figure 4 compares the calculational result with the experiperl_mental curve from the theoretical curve at positive bias

mental data. Note that the theoretical curve was calculatet? Fig- 4. _ _
using Veo=0.92 eV ande; s=0.09 eV. Note also that Despite the disagreement between the theoretical and ex-

the conductance of both curves is normalized at a bia@€rimental curves at positive bias potential, we believe that
V=—100 mV. the fundamentals of the model remain valid for our junction

In assessing the quality of the agreement between theystem. Not only does the _model capture th_e _essential quali-
theory and experiment, we need to keep in mind that thdative features of the data, it also produces fitting parameters

zero-bias conductance peak in the experimental data is didth values that are quite reasonable. For example, we can
purely to the superconducting property of one of the elecEstimate carrier denSIty near the surface of @axis YB_CO
trodes. Since there was no such mechanism built into ConleﬁmS from the Fermi-energy parameters. Following
and Mahan’s theory, this peak is not present in the theoretic4pCr kov and Kopnifi we assume a cylindrical Fermi surface
curve. The agreement for the negative-bias region is quitfr YBCO. Then the energy-momentum spectrum and carrier
good. For the positive-bias region, however, the agreement £€nSsity are given by
poor. First, the theory underestimates the magnitude of the
normalized conductance by a substantial margin. Second, the %2k
theoretical curve has a broad minimum at about 50 mV, e=
while the minimum in the experimental curve occurs at about
20 mV.

Attempts to adjust the two fitting parameters failed to im-2nd
prove the agreement appreciably; instead this often resulted
in poorer agreement once the parameters fell outside the nar- zlé
row ranges mentioned previously. We believe the discrep-
ancy at positive bias is due to the important role of defect-
induced localized states at the interface, which was not taken
into account in the simple theory of Conley and Mahan.wherem,, is the effective mass in theb-plane of YBCOc,
While such defects inevitably exist in any real interface sysds the unit cell length along theaxis, andzis the number of
tems, they are particularly prevalent ¢raxis YBCO junc-  layers in a unit cell. For YBCOg,=11.7 A, andz=3.
tions, due to its material properties. From the review by Gor’kov and Kopnin, we finthy,

Now let us consider how defect-induced localized states= 2.6 m, wherem, is the free-electron mass. Substituting 0.1
would alter our tunneling model. A primary consequency ofeV for the Fermi energy in Eq1) we obtain, for the Fermi
surface disorder and localized states is “band tailing”; thatvector, ke~0.26x 10 cm™*. Using this value, and values
is, instead of a well-defined band edge, the conduction banfbr c, and z we find from Eq.(2) that n~3x10?* cm™3.
will have a “tail” that extends well into the band gap in Fig. This is about one-third the bulk value for single-crystal
3. Let us also invert the potential profile for the semiconduc-YBa,Cu;0;. It explains why thec-axis YBCO thin-film sur-
tor so that the filled states in the conduction band becoméace would behave more like a semiconducting material.

@

2

n= ,
27TCO
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FIG. 5. Noise-power-density spectra of a junction(at room temperature(b) liquid-nitrogen temperature, ang) liquid-helium
temperature. The resistance shown for each temperature is the junction resistance near zero bias. The number associated with each curve i
the bias voltage, in units of mV, under which the spectrum was obtained. The room temperature spectra show bkdzavior, as
demonstrated by the fit. The bias-current values corresponding to each voltage are 0.01, 0.1 and 1 mA. The four spectid@ias 76 K
current=0.005, 0.05, 0.5, and 1 mAlo not have a simple fLdependence. The low-bias spectra display Lorentzian characteristics, while the
high-bias spectra resemble more closely fashiape, which is represented by the dashed straight line. The spectra at 4.2 K again show a
pronounced voltage dependence. From 30 to 77 mV, the noise is dominated by a two-level fluctuator whose corner frequency increases with
increasing bias voltage.

V. LOW-FREQUENCY NOISE STUDY dependence on bias voltage. We see a clear demonstration of
the Lorentzian form for voltages between 30 mV and 56 mV,

L ekl e e Lt PrO%ith the corner frequency increasing with bias voltage. At a

vide additional evidence of the existence of localized states,; her bias voltagefor example the 77 mV and 95 mV
Generally, tunnel junctions exhibit excess low-frequency g 9 P

noise with a 1f-like power spectrumS(f)«=1/f. Studies by curves in Fig. % the spectral shape begins to resemble more

Rogers and Buhrmah have also shown that small-area closely the 1f form (the dashed ling but still with marked

. . . deviations. Despite the more varied and complex form of the
superconductor-insulator-superconductor junctions at low

temperatures often show a Lorentzian noise spectrum, de!se spectra at lower temperatures, thiedépendence ap-

. 2 2 ; o pears to prevail over a wide range of frequency and bias
fined byS(f)efc/(1c+17), wheref, is a characteristic cor- oltage. That is, the curves in Fig(d may be characterized
ner frequency. Moreover, they demonstrated that a few suc

spectra with their corner frequencies appropriately distrib—zisag I?EL?%/QSQ,,M overall 1/landscape” with & few Lorent-
uted could produce a spectrum that mimics the dépen- :

X ) . . Given these observations about the general features ex-
de_nce. Rogers and B“hfma” attributed th_elr tunnel Junctioipited in Fig. 5, we see that a useful way to parametrize our
noise to electron traps in the tunnel barrier. These charg '

: . i fioise data over the range of frequency and bias voltage used
traps can modulate the barrier potential by capturing an% our measurement is to introduce a dimensionless param-

subsequently releasing electrons, resulting in tunneling reSi%'ter defined by the following equation:
tance noise. Since interface states appear to play a significant ’

role in tunneling characteristics in our junctions, we expected =y Ty fs

our junctions to also exhibit excess low-frequency noise, and aN=— = ———= i (3)

so we developed a low-frequency noise measurement V2 (I,R? R?

systent! to investigate this effect. _ . _ _ o
Figure 5 displays a junction’s noise-power-density specWh?r(Ef IS frequency,l b IS the bias currentR is the junction

tra, S, vsf, at(a) room temperaturéb) liquid-nitrogen tem- ~ resistance at a given bias, aBd denotes the power spectral

perature, andc) liquid-helium temperature. The junction had denS|t_y of resistance noise. This norma_lllzanon procedure

a nominal width of 8xm and a room-temperature zero-biasWas first used by Hoodé to compare noise measurement

resistance of 68. The room-temperature spectra show aresults from a variety of sources on homogeneou; semicon-

clear 1f frequency dependence. A fit 8, with the form ductor materials and on |r_1homoger_1eous_ _semlconductor

1/f* yields a=1.15, very close to unity. Moreove8y is structures(such asp-n junctions) In its original form,

proportional to the square of the bias currépt S,«I2.  Ho0ge's law(as it has been known since theeads
This indicates that the noise is due to resistance fluctuation.

At 76 K, the noise spectral shape depends on the bias %_i 4
voltage: for low-bias voltage it has the characteristics of a R2 fN’ @

Lorentzian spectrum. It has very little frequency dependence

below the corner frequencfy,, but rolls off rapidly beyond where« is a parameter anl is the number of electron®r

that frequencyas 1f2). As bias voltage increases, the spec-charge carriepsin the sample under measurement. The inclu-

tra evolves into a ftlike dependence, indicated by the sion and the interpretation &f has been a matter of contro-

dashed lines in Fig. 5. versy, but was necessary for Hooge to eliminate the large
At 4.2 K, the noise spectral shape again shows a strongariation in sample size and carrier concentration that he
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T=297 (K) T FIG. 7. The temperature dependence of the average of the nor-
14 ; ; 20—
O g %° malized noisefS,, /V“(= ay), at 10 and 1000 Hz. The average was
& B Pgogd @ g ef oL over the data from one sample, part of which is shown in Fig. 6.

— T T The maximum occurred at around 100 K.
-100  -10 -1 1 10 100
V (mV) value of oy at 4.2 K was about the same as that at 297 K,
despite a nearly five times difference in the junction resis-
FIG. 6. The normalized noise-power spectral dendi, /V?2 tance: 1200 at 4.2 K and 268 at 297 K. Second, a maxi-
(Say), at 10 Hz (¢ ) and 1000 Hz ) plotted vs bias voltage for - jyym in o occurred at about 100 K. Thirdy, appeared to
temperatures of 297 Kower set of data 150 K (middle sel, and i -rease monotonically from 4.2 to 100 K, where it had a
4.2 K (top sej. Note that the data at each temperature are all Withinmaximum of =4x 10 7. Below we use ihis data in a
a factor of 2, except for a few isolated points such as the one at 1OQNOI‘S'[-C&S€ scenario” analysis of the noise characteristics of
mV and 4.2 K. The device has a nominal width ofun. Its zero- the YBCO/AU interface
bias resistances at room temperature and at 4.2 K ar€ 26%l | ting Eq.(3 h
120Q7, respectively. nverting Eq.(3) we have

encountered. By applying this procedure, Hooge arrive at the S ay
ombiri ! ) —=—. (5)
pirical conclusion that the parameter is about 2 R2 f
X 1073, with a small spread. Since neither our sample size
nor our carrier density vary greatly, we eliminate the useSubstituting 4<10™7 for ay and taking the square root of
of N in Hooge’s formula. Instead we use a single dimensionPoth sides of the above equation we get
less parametewy, equivalent to Hooge'sy/N, to param-
eterize the magnitude of the fl/noise component of SR 6.3x10°4
our junctions. R T ©®)
Figure 6 showsyy at 10 Hz (&) and at 1000 Hz[{) of
an 8-um-wide junction at room temperature, 150 K, and 4.2in units of Hz 2, where 4R is the rms value of resistance
K, and for bias voltage from-150 to 150 mV. At room fluctuation. If, for example, the junction is to be operated at
temperature, due to the predominantly $pectral shape for 5 MHz (in a front-end receiver for a low-field magnetic-
all the bias voltagesyy shows no significant dependence on resonance-imaging system, for instancgq. (6) predicts
either bias or frequency. Its mean value is about1D . that the normalized resistance nois¥#R/R, will be about
At lower temperatures and at certain biasgs could 2.8X 107 Hz 2. Moreover, assuming that the junction’s
jump to much greater values, sometimes as much as tdimear dimension is 100 m (typical for a wirebond contadt,
times greater. For example, at 4.2 K and 100 m)\{10 Hz)  and that its specific contact resistance is % cn?, then
(the ¢ symbo) was noticeably greater than at other the junction resistance will be about@0 Thus the expected
biases; andxy(1000 Hz), being about 1:710 ¢, was far rms value of the resistance fluctuatiofR, in a unit band-
beyond the axis scale and hence not shown in the figurevidth, will be 2.8<107°Q.
All these unusually largeay’s corresponded to noise  Although the data in Fig. 7 were taken from one device,
power spectra that deviated significantly from the simpfe 1/ the above simple calculation is still instructive. It gives a
dependence. Indeed, the noise power spectrum at 4.2 K amircuit-engineer an estimate of the magnitude of resistance
100 mV was a Lorentzian with a corner frequency abovenoise arising from YBCO/Au contacts when they are em-
1000 Hz. ployed in devices and circuits to be operated in the 4—100-K
Excluding these isolated cases, showed only a weak temperature range.
dependence on bias and frequency in our measurement We do not know any physical mechanisms that may give
range, and had a well defined mean value for a given temdse to the pronounced maximum ofy at 100 K. In our
perature. This mean value is plotted in Fig. 7 for severakexperiencedR/R was always larger at 10 and 1000 Hz when
temperatures. the noise power spectrum resembled a Lorentzian than when
Fig. 7 has several interesting features. First, the meait was a simple 1. The average of the normalized resistance
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FIG. 8. \Voltage-noise time trace of agm-wide junction at 4.2
K. The upper panel is an expansion of a small section of the lower
panel. The two-level random telegraph signal is clearly demon-
strated. The small negative value of the lower level was probably
due to a dc offset in our preamplifier.

noise ay had a maximum near 100 K because the

Lorentzian-like noise power spectra occurred more often T, = 2.65 (ms) 1, = 25.0 (ms)
near this temperature. Why it was so we do not know. We 64
now turn to a more detailed analysis of the Lorentzia noise
power spectrum. 51 T-42(K)

A Lorentzian spectrum can be modeled by random tele- Z 4. '
graph signalgRTS) that switch randomly between two well =
defined levels, each with a mean lifetime of occupancy. Fig- 3
ure 8 shows the time trace of voltage noise for a junction at 5|
42 K at a reverse bias voltage of 10 mV with - .
a=—1.77 nA bias current. The junction’s nominal width is 1Y—7——7——7—/ r—7—7T—T™
4 um, with a zero-bias resistance at 4.2 K of 5800The 0 4 8 12 16 0 40 80 120160
lower panel of Fig. 8 displays the time trace over a 5-sec t (ms)

period. The upper panel expands the Iowe_r panel and dis- FIG. 10. Upper panel: diagram depicting a two-level system.
plays a 0.5 sec segment of lower panel. It is clear from thee gystem can be characterized by thermal activation endggies
upper panel that what appears to be many “spikes” in the;nqg_ for each two states, or by another set of energy parameters
lower panel are actually transitions to anothwell defined  AE andE,. Lower panel: histograms of lifetimes of the upper state
voltage level that has a much shorter mean lifetime. Thga) and the lower statéB) of the time trace shown in Fig. 8. Lines
lower level is about—10 uV and the upper level about depict a linear fit to the data. THewverse of the slopes yield the
100 nV. So the transition amplitude3V, is about 110uV, mean lifetime of each state.
which is about 1% of the dc bias voltage.

Figure 9 shows the power spectrugolid line of the

time trace, part of which is shown in Fig. 8. As expected, the i+ i
power spectrum is a perfect Lorentzian with a corner fre- S(w)= i TATB TA 7B )
quency of about 100 Hz. The open diamond symbol in Fig. 9 T(rpat+m)2 (1 1 2 )
resulted from a calculation based on a formula by Machfup. . + . To
A B
Machlup calculated the power spectrum of a two-parameter
RTS model: a “one” state with a mean lifetime a@f, and a
“zero” state with a mean lifetime ofz. He found The physical motivation for Machlup’s RTS model is de-
picted in the upper panel of Fig. 10. The diagram shows the
— 114 T=42 (K) energy of a single two-state system as a function of the con-
E -12 - figuration coordinateQ). Given that the system is initially in
o — data one of the two stateflabeledA and B) there is a certain
& 134 o caloulation probability that it will be found in the other state at a given
W T4 = 2.4 (ms) later time. The rate of transition, or the inverse of the
— 14 e o .
%0 f, =664 (Hz) . mean lifetime, has the usual Arrhenius fOI’m_TALé
= 154 kS =2mfoexp(—BEag), WhereE, g are the thermal activation
0 1 2 3 4 energies for state& andB respectively8=(kgT) %, andkg

Log [ f(H2) | is the Boltzmann constant. If the junction re_sistance depends
on which state the two-level system occupies, then the sys-
FIG. 9. Noise-power-spectrum daolid line) and calculational  tem will exhibit resistance fluctuations as it switches be-
results (open symbol obtained using a Lorentzian function. The tween the two states.
corner frequency,, of the Lorentzian was derived from an analysis ~ Machlup’s formula[Eq. (7)] results in a corner frequency
of the time trace shown in Fig. 8. The effective mean lifetimgis  w.=2mf that is given by the sum of the two transition rates
related tof . by Eq. (8a). See the text for details. between the two states:
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1

¢ 2

1 1 1 tor, with a Fermi energy of 0.1 eV. Two main characteristics
) (8a) of this model are conductance asymmetry and a conductance
minimum at a finite bias voltage. In our convention for bias
polarity, the conductance at forward bias is smaller than that
(8h) at the corresponding reverse bias, and there is a forward bias
voltage, V,in>>0, at which the conductance minimum oc-
Using the parametefr, and changing to frequency notation curs. Both of these features are consistently observed in our
(f=w/27, allowing only positive frequencigswe can re- extensive data sets.
write Eq.(7) as a mean-square-voltage noise per unit band- We can calculate the tunneling conductance using the the-
width, S,(f): oretical model and two parameters: the barrier height
(=1.0 eV) and the Fermi energy of YBCG=0.1 eV). The
47,%7% 1 agreement with experiment is very good for the reverse bias
3 5 9 direction. The discrepancy for the forward bias direction can
(7at 78)” 1+(f/1c) be explained qualitatively by the dominant role of localized
Note that Eq.(9) has units of (W/Hz) since we have re- electron states at the YBCO interface, which our simple
placed the unit step size of E€f) with the mean square of theory ignored completely. Our results clearly indicate the
voltage noisé(sV)?2). In rewriting Eq.(7) to Eq.(9) we also  need to incorporate the role of localized states into the

introduced a prefactor of #: 27 due to the change in vari- theory. We have not attempted to do that since our current
ablef= /27, and another factor of 2 resulting from a fold- knowledge about localized states at the YBCO interface is

ing of the frequency range fromo<w<w to 0<f<e  far from adequate. However, the success of our model in
(only positive frequencies are permitied predicting qualitatively the general conductance features

Equations(8) and (9) enable us to calculate the noise- points the way toward a more comprehensive understanding
power spectrum if the parameted®Y, 7., and 7g are of interface transport of higli; superconductor/noble-metal
known. By analyzing hundreds of time-trace records such aSyStéms. o
shown in Fig. 8, we obtained statistically meaningful time_ SyStématic measurements of low-frequency noise in our
distributions for the two states. The lower panel of Fig. 10iunctions show that Iflike resistance noise dominates
shows histograms of lifetimes for state(the upper level ~ C-axis YBCO/Au junctions at room temperature for bias volt-
and stateB (the lower level. Since these are semi-log plots, 29€ Up to 150 mV and frequencies up to 100 kHz. Not only
a linear dependence corresponds to an exponential time cdioes the noise still exist at liquid-helium temperature, its
relation function, expét/7). The inverse of the linear slopes Magnitude does not vary by more than a factor of about ten
gives mean lifetimes,=2.65 ms andrz=25.0 ms, for the ~©OVer the entire temperature range. Due to the strong presence
upper and lower levels respectively. Substituting these value?f 1/f-like noise over a large range of temperature, bias volt-
in Eq. (88 we find that the corner frequency i§, 298 and frequency, Hooge’s formula can b_e used to ad-
=66.4 Hz. Also, from Fig. 8 we see thasV=110 equately parameterize the overalf boise magnitude of our
%1078 V. Substituting these numbers into E§) we calcu- junctions_. Consequently we obtaln.a generall number,_ex—
late the functionS,(f) and plot the result in Fig. &he ¢ pressed in Eq(6), for normalized resistance noise. The sig-

symbo). The agreement with the experimental data is excelhificance of this number is that it is applicable for the range
lent, with no adjustable parameters. of temperature, bias voltage, and frequency that are of par-

A Lorentzian spectrum similar to that shown in Fig. 9 ticular interest to highF. electronics applicatioqs. We also
was reported by Myersetal’ in YBa,CuO, s/ demonstrated how these results can be applied to address

CaRuQ/YBa,Cu;0, 5 Josephson junctions. The Lorentz- N0IS€ issues in higfiz electronics.

ian spectrum therefore appears to be a rather general feature At 10w temperatures and for certain bias voltages, our
of YBCO interfaces. junction noise appears to be also dominated by a particularly

Rogers and Buhrmaf identified the origin of the two- strong two-le_,-vel fluctL_Jator, which can signi_ficantly alter the
level fluctuations with electron trap-and-release events at déPove mentioned 1ilike dependence. Unlike the case of
fect states in the tunnel barrier. In our system the most probiobium-oxide barrier tunnel junctions, tieeaxis YBCO/Au
able candidates for such defect states are the surface affffictions need not be small in order for a single, two level
interface states of YBCO. We have shown indirect evidencdluctuator to dominate the noise in a limited bandwidth. Fur-
for these states from our transport measurements. Our lowher study of these two level fluctuators, in particular their
frequency noise data provide more direct evidence. Furthef€rgy distribution, will likely yield information essential for
experiments are needed to probe the energy distribution 6t better quantitative description of this feature of junction-

_+_ =
TA TB 2T Tats

=folexp(— BEa) +exp(— BEg)].

Su(f)=((aV)?)

these states. transport behavior.
VI. CONCLUSIONS ACKNOWLEDGMENTS
Low-temperature interface transport in ouc-axis A contribution of NIST, an agency of the U.S. govern-

YBCO/Au junctions can be adequately described by a modement. We gratefully acknowledge the support of the Depart-
based on Schottky-barrier tunneling. The theory models thenent of Energy Office of Basic Energy Sciences under Grant
c-axis YBCO interface as p-type degenerate semiconduc- No. DE-IA03-94ER14420.

104515-8



TUNNELING CHARACTERISTICS AND LOW-FREQUENCY . .. PHYSICAL REVIEW B9, 104515 (2004

1Y. Xu, J.W. Ekin, C.C. Clickner, and R.L. Fiske, idvances in 1915(1970.
Cryogenic Engineering Materialedited by U.B. Balachandran 8J.W. Conley and G.D. Mahan, Phys. R&61, 681 (1967.
et al. (Plenum Press, New York, 1998\ol. 44, Part B, pp. 9L.P. Gor'kov and N.B. Kopnin, Sov. Phys. Uspl, 850(1988.

381-388. 10C.T. Rogers and R.A. Buhrman, Phys. Rev. L88.1272(1984.
2C.-R. Hu, Phys. Rev. Letf72, 1526(1994). 11y Xu, J.W. Ekin, and C.C. Clickner, iRroceedings of the 1998
3J.W. Ekinet al, Phys. Rev. B56, 13 746(1997. Applied Superconductivity Conferendealm Springs, Califor-
4M. Covingtonet al, Phys. Rev. Lett79, 277 (1997). nia, 1998.

SM. Fogelstran, D. Rainer, and J.A. Sauls, Phys. Rev. L&9,  '?F.N. Hooge, Phys. LetR9A, 139 (1969.

281(1997). 133, Machlup, J. Appl. Phy25, 341 (1954
6J.M. Valles, Jret al, Phys. Rev. B44, 11 986(1991). 14K.E. Myers, K. Char, M.S. Colclough, and T.H. Geballe, Appl.
"W.F. Brinkman, R.C. Dynes, and J.M. Rowell, J. Appl. Phy&. Phys. Lett.64, 788(1994).

104515-9



