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Electrical transport in a superconducting niobium nitride ultrathin granular film:
A disordered two-dimensional Josephson-junction array
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A granular ultrathin niobium nitridéNbN) film, 10 nm thick, was patterned into long narrow lines ranging
from 1 to 20 um wide. The film can be modeled as a two-dimensional array of Josephson junctions, with
junctions on the scale of 30 nm, as supported by dc and rf electrical measurérasistance, inductance, and
critical currenj in the absence of an applied magnetic field, both above and below the superconducting critical
temperatureT,~6.5 K. The analysis confirms the standard model of vortex unbinding in a regular two-
dimensional junction array, with no free parameters. However, atomic-force-microscopy topographic images
show substantial inhomogeneity, and this is also evident in reduced values of critical current deimsitye
narrowest lines. These are consistent with a simple model of film variations up to gie dcale. Finally,
observations are reported of an anomalous decrease in the rf kinetic inductance of the films with increasing dc
current, which may also be a consequence of the Josephson-junction] 80463-18208)05606-9

I. INTRODUCTION all contained on the same 0.5 cm square dlsipe Fig. L
The leads on-chip were also NbN, but a much thicker film
There have been a considerable number of investigationsith a higher value ofT . It is noteworthy that these ultra-
into two-dimensional arrays of Josephson juncti¢g® JJ  thin films are surprisingly robust; they have not degraded in
arrayg, from both experimental and theoretical ambient conditions in air over a period of several years.
perspective$-1?In addition to uniform junctions in a regular One sample was selected for examination of microstruc-
lattice, effects of local defects and disorder have also beeture by atomic-force microscopgee Fig. 2, using a Digital
addressed®~2%In addition, there have been many studies oflnstruments Nanoscope AFNat Eastman Kodak Research
granular and disordered, superconducting ultrathin fifn&  Laboratory. This clearly shows a highly granular structure,
which in certain respects can be modeled as disordered 2D Wjth a wide range of apparent grain sizes down to about 10
arrays. A diverse set of physical phenomena involving supemm, comparable to the thickness. In addition, there appears
conducting vortices can be studied in such systems, includ-
ing unbinding of vortex-antivortex pairs and vortex-lattice
melting.
Here we present a systematic study of the transport prop-
erties of ultrathin granular niobium nitrideNbN) films in
zero applied magnetic field, and show that these may indeed
be modeled as 2D JJ arrays. This is despite a significant
degree of inhomogeneity on several length scales, as shown
by topographic images obtained by atomic-force microscopy
(AFM). In addition to the resistive transition above the su-
perconducting critical temperatufie,, we also measure the
critical current and the rf kinetic inductance in the supercon-
ducting state belowT.. These are all determined for the
same film, patterned into lines of different widths. This en-
ables us to explore effects related to scaling and inhomoge-
neity, which have not previously been fully addressed.
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Il. EXPERIMENT

A. Sample fabrication and characterization

The NbN samples reported here were designed and fabri- £ 1. |ayout of patterned NbN filrtdetai) on Si wafer. The
cated by the TRW Space and Technology Group in Redondgross-hatched meander lines are the ultrathin NBO&I nm thick
Beach, CA. The 10 nm thick film was deposited on an un-yjth T,~6.5K, which are the subject of the present study; the
oxidized Si wafer using reactive dc magnetron sputtering insingle-hatched line§20 um wide) are thicker NbN leads witf,
an argon/nitrogen plasnfd.This was patterned using argon =11 K. Lines shown have dimensions 26 widex 0.5 mm long,
ion etching into a series of meander lines of different widths10 umx1 mm, 5umx2 mm, 2umx5 mm, and 1umx10 mm,

(1, 2, 5, 10, and 2um) but constant total area (0.01 Am  each for a total area of 0.01 Mim
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FIG. 3. Temperature depender(om a log scaleof the dc sheet
; ' T ' resistance  R;=R/100 of ultrathin NbN line,
o ' 10 um widex1 mm long. Note the Si carrier freezeout at 200 K,
the drop at 11 K due to the thicker NbN leads, and the approach to
R=0 at 6.5 K.
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discussed in Sec. IY.For dc measurements, current was
supplied using either a battery or a Keithley model 224 pro-
grammable current source, and the voltage was measured
using a Keithley model 182 sensitive digital voltmeter. rf
measurementgfor kinetic inductancewere made using an
HP-8753A vector network analyzer connected across the me-
400 ander line with a 5d) coaxial line.

In Fig. 3, we show the dc resistance vs temperature for a

FIG. 2. Atomic-force-microscope imagéseprinted with per- meander line 1@mXx1 mm long. .Note that the resistance
mission of Eastman Kodak Companef patterned ultrathin NbN ~ ises sharply as the temperature is cooled below 250 K. The
film on Si wafer, made using Digital Instruments NanoScope AFMIoom-temperature resistance reflects the shunt conductance
in tapping mode(a) Image of portion of 1um wide meander line from the NbN line through the Si substratihe oxide was
(10 wm full scale, with NbN bright on dark Si backgroundb) deliberately etched off this sample before depositing the
Line scan of the image &), showing film thickness and surface NbN). The carriers in this intrinsic semiconductor freeze out
roughness(c) Close-up view of NbN line(100 nm/div. horizontal  below around 200 K, leaving the resistance of the NbN line
scale, 30 nm/div. vertical scaleshowing a random distribution of jtself, Below 200 K, the temperature coefficient of resistance
grains on~ 30 nm scale, but with clusters of grains on larger scalesiS still slightly negative, showing partially activated conduc-

tion indicative of weakly coupled grains. The low-

to be some clustermg_ of grains on a Iarg_er sc_tateto about temperature behavior exhibits two distinct critical tempera-
1 um), so that despite the accurate microlithography, ON§ es  The higherT,, at 11 K, is due to the thick
. [oR] il

would expect to observe measurable effects of this inhomo: T .
geneity, particularly for the narrower lines. (=100 nm) NbN bias lines. This is somewhat below that of

ideal NbN (up to 17 K), and may reflect the granular nature
_ of the material and/or nonideal stoichiometfy>>The lower
B. Electrical measurements T., at 6.5 K, is that of the ultrathin meander line structure,
The chip was mounted in a ceramic chip carrier inand is depressed further due to being so & nm. The
vacuum, thermally anchored to a temperature-controllegheak resistivity of this ultrathin film at the peaét 9 K) is
stage in a liquid helium dewar, with a silicon diode ther- about 750u{) cm, much greater than that of pure NbN, and
mometer and a Lake Shore Cryotronics controller. Electricagreater than the maximum metallic resistiviy200 ) cm,
contact was made to a set of gold bonding pads, using ultradue to the granular microstructure.

sonically bonded 2%um Al wires. We will focus primarily Figure 4 shows the critical current density for several
on the measurements from four lines on the same chipn2 lines on the same chip, as a function of temperature. As
widex5 mm long, 5um widex2 mm long, 10umXx1 mm illustrated schematically in the insét, is defined by a sharp

long, and 20um widex0.5 umm long. These measurements rise in voltage in a curve that is typically hysteretic due to
were taken during a recent study of the photoresponse dfelf-heating. Because of the hysteresis, it was important that
these structures to visible and infrared radiafiéi?No ex-  the input and output lines be properly filtered to prevent
ternal magnetic field was applied, and no effort was made tpremature switching by digital noise that is often present in
screen out the earth’'s magnetic fielet@.5 G). (This small  modern instruments. Note thdt is somewhat reduced for
background field does not significantly alter the results, ashe narrower lines, and that, (the extrapolation td.=0) is
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FIG. 4. Temperature dependence of the critical current density 3 g
J. for NbN lines of several widthgas labelef The critical current & °R . &
is defined here as the current at which the voltage starts rising — ;4 o 1L ., o1
sharply(and generally hysteretica)lyas indicated schematically in )
the inset.

. . 5.25 5.5 5.75 6
also slightly depressed. We believe that both are real effects

related to inhomogeneity, as discussed further in a later sec- (b

tion. . L ) FIG. 5. rf impedance measurements of L@ wide NbN line in

To determine the kinetic |.nductan(?e_ of the fiffhwe superconducting state, using reflection measurements at 50 MHz,
measured the complex reflection coefficigrt V, /V; of an  for zero dc bias current and small rf currefd Smith chart repre-
rf signal from the meander line, treating the meander line agentation of impedance values, féras labeled(b) Temperature
a lumped elementvalid at the frequencies of inter¢sThis  dependence dR, and 1L (per squarg from rf impedance data in
is a standard measurement using an rf vector network anga). Values of L have been corrected for an estimated ri3
lyzer, and permits determination of the impeda@c@sing = uqy*(1 cm) associated with series magnetic inductance of leads.
the expressiorZ/Zy=(1+p)/(1—p), whereZ,=50() is  Also included(solid squaresare dc resistance data, confirming the
the characteristic impedance of the transmission line leadingroper calibration and consistency of the rf impedance. Note.that
to the device. This is the same transformation that forms theppears to diverge at about 6.5 K, whRggoes to zero at about 6.3
basis of the Smith Chart. This provides a highly accurate<. The theoretical lines for the kinetic inductance and the “univer-
measurement o when it is within a factor of 10 o, So sal resistive transition” of a 2D superconductboth for a normal
that the operating frequencftypically 1-100 MH2 was Sheet resistance of 730) are also shown.
chosen to mak¢Z| on the same order &,. We were also )
able to compensate for the phase shift in the input lindnferred are plotted again3t Note that 1L appears to ex-
through a standard calibration procedure built into the netirapolate to about 6.5 K, whilR goes to zero at about 6.3 K.
work analyzer. The calibration was verified by ensuring thatThis difference is due to 2D vortex effects, as described in
the meander line appears opefr{100 k2>50()) when in the next section. We also examined the rf reflection coeffi-
the fully normal state. In the superconducting statesR  cient for fixed temperature as a function of dc curréfig.
+iwl, whereR includes any series resistance in the wire6), and found that (1) exhibits a surprising decrease s
bonds and contactéelieved to be negligible L=L,+L, approachesc.
includes both the total magnetic inductance and the kinetic
inductance of the superconducting film, ang2=7f is the Ill. DATA ANALYSIS
angular frequency. It was critical to reduce the signal power
so that it was truly the small signal impedance that was being
measured. This corresponded typically to a current amplitude Consider a regular 2D JJ array, of identical Josephson
of a few uA or less. The complex value @fis shown in Fig.  junctions, each with critical curreft, and normal state re-
5(a) for a range of temperatures né&y, for the 10um NbN  sistanceR,,, separated by a distaneg as shown in the inset
line at 50 MHz, together with the Smith Chart lines that of Fig. 7. (We assume that the junction capacitance can be
identify R andL. The inductance is diverging &%, is ap-  neglected. From the supercurrent relation= I ;osing and
proached, andR begins to rise sharply close .. We es- the voltage relatiotV = (%/2e)d ¢/dt, we obtain in the stan-
timate an excess contribution to the magnetic inductanceard way the Josephson inductance for small ac curtants
~up (1 cm=13 nH, associated with the wire bonds andlq4.=0): L;=7/(2elcosp)=r/(2elyp). If current flow is
leads, and we subtract this off the measured inductance valmiform across the widttv of the array, then the total critical
ues for all the lines. This is a significant correction for thecurrent of the array i$.=(w/a)l; and the kinetic induc-
wide lines at low temperatures; otherwise, it is a small effecttance per squaréthe “sheet inductancej’is Ls=L; (ne-
In Fig. 5b), the values(per square of 1/L; and Ry thus  glecting renormalization effects associated with vortices

Temperature (K)

A. Uniform JJ array model
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We refer to kinetic inductance, since this is conventional for
a thin film, but the basic physical mechanism is the same in
either case.

The current distribution is determined in general by a bal-
ance between the kinetic inductance and the magnetic induc-
tance. As shown by a more complete analysise charac-
teristic length is the effective transverse penetration depth
N =Lg/puo=rl(2eugl o). If the film width w<\, , then
the current distribution should be uniform and we can gen-
erally neglect the magnetic portion of the inductance. As
indicated in Fig. 5, the measured inductance is large and is
6.17K strongly dependent on temperature n&ar This confirms
our belief that it is dominated by the kinetior Josephson

L (nH)
o
o
A

407 615K inductance, since the magnetic inductance should be inde-
pendent of temperature. Taking a typical sheet inductance of
30 order 1 nH for the line, we obtain, ~1 mm, and even for
the lowestT, N, >200um, much greater than any of the
linewidths in the samples we have studied. So our assump-
20 . . A
tion of uniform current flow should be valid in all cases here.
57K . .
\\X X We can also compara, to the corresponding quantity
10 \ R SOK N (T)?/d for a thin nongranular film, wherg(T) is the bulk
X\ ‘ \ \k( magnetic penetration depth.A typical value for\(T=0)
for bulk NbN is 0.2 um, which would give a value ok |
1 5 5 10 20 50 100 200 500 ~4 um. Although this would be somewhat enhanced close
to T, in the dirty limit, the measured values clearly indicate
(b) 1(nA) . ; )
that we are well into the regime of weakly coupled grains.
FIG. 6. rf impedance measurements of 20 wide NbN line, From our measurements af;, we can determind
using reflection measurements at 150 MHz, as the dc bias current is/2eL, as is done in Fig. 7 for several different widths.
increased for several fixed values of temperat@ae.Smith chart By superimposing this with our direct measurementd of
representation, fol as labeled(b) Corresponding current depen- =(w/a)l.y, we can infer the value of the array lattice scale
denceL(1). a. The best single-parameter fit for the entire data set is
=32 nm, which is quite reasonable given the nature of the
films and the observed topography. We can also compare the
temperature dependence kf, with that theoretically ex-

s . 0.55 pected for a tunnel junctidh with T,=6.5K: I
. . 0.5 =(mA/2eR,)tanhA/2kT), where A(T) is the BCS gap
L3 . function andA (0)=1.7&T,. The line fit to the datéshown
° a 04 in Figs. 7 and &), corresponding to the linear behavior
° ., " close toT,), is for R,=750(), the measured value of sheet
2 It ° 03 ) resistance in the normal state at 9 K. It is interesting to note
S ¢ . that this is not a unique indicator of a 2D JJ array; a homo-
3 = . L LT
5 o Sum o geneous 2D superconducting film in the dirty limit would
0s . 10um i exhibit exactly the same dependencelefon T and R, .
' . However,l . would go as T.— T)°for a homogeneous film,
° 20pm 0.1 in contrast to the linear behavior, appropriate to a junction,
observed in Fig. 4. So it would appear that our picture of a
0 0 2D JJ array is a self-consistent representation of this granular
4 4.5 5 55 6 6.5 NbN film.
Temperature (K) Another hallmark of 2D superconductivity is the

Kosterlitz-Thouless(KT) vortex-unbinding transitiofi’ =
FIG. 7. Temperature dependence of single-junction critical curyithin the KT picture, local superconducting order forms
rentlc(.)(T)=ii/2eLS inferr.ed from rf impedance measurements, for below the mean-field critical temperatufe,, but unbound
NbN lines of several widthgsolid symbols. The inset shows a yortex excitations cause residual resistance until the lower
schematic of the uniform 2D Josephson-junction array model on Qritical temperaturd .= Ty, below which all such vortices
square lattice of constaat Each junction is assumed to have shunt are bound in vortex pairs, and the linear resistance goes to

resistanceR,,, critical currentl.,, and Josephson inductantg . . X . i
=hl2el. The solid line follows from the theoretical dependence z%r?éTKT is given by the following self-consistent expres

of an ideal Josephson junction, f&,=750Q) (the same as the

sheet resistance of the film at 9.KAlso plotted(open symbolsare

the measured values of tothl from Fig. 4, assuming a single value 2

of the lattice constara=1,/J.d=32 nm. KeTir=(7/2)Ej=1c0Po/4=P/8rLs, (1)
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where Ej=%1/2e is the Josephson coupling energy and
®y=h/2e is the flux quantum. If we estimate tig+=6.3 K
from Fig. 5 as the temperature at whiBhdrops sharply, we
obtainl,,=0.17 A and Ls=2 nH, which indeed occurs at

T=6.3K, close to the prediction. Furthermore, the differ- §
ence betweerT., and Txr can be given in terms of the &
normal-state sheet resistanBy (Ref. 38, which for Tyt g
close toT. takes the form g
g o Single RSJ
(Teo— Tkr)/ Teo~Rn/24 kQ. () h @ 20x 20 Array

0.5
Taking R,=750() gives a temperature difference of 0.2 K,
suggesting thal ;o= 6.5 K. This is close to the temperature ) )
at whichLg appears to be diverging in Fig. 5, and the tem- "o 02 04 06 08 10
perature at whiclR appears to be going to zero on the gross
resistance scale in Fig. 3. Furthermore, the shape of the re-
sistive transition for a variety of 2D superconductors tend to  F|G. 8. Simulated Josephson inductance as a function of dc bias
follow a “universal resistance curvé® in the tail of the  current, for single resistively shunted junction and for ax20

Current (I)

resistance betweefyr and Ty, which takes the form: array, for small ac current at frequeney T=0.25 (normalized to
il ,o/2ek) and w=0.01 (normalized to 21,4R,/%). Note that both
R/IR,=CoX exp —Cq/yX—1), 3 curves exhibilL decreasing with increasirigas seen in experimen-

. tal data in Fig. 6.
where X=(T/Tx1)(Tco— Tk1)/(Teo—T) is the scaled tem-

perature,Cy,=1.7, andC,=4.9. This is plotted along with ) ,
the resistance data in Fig. (bising the valuesR,,=750(}, First, we are operating at temperatures where thermal

T.o=6.5K, andT«;=6.3K,), and provides a reasonable fit fluctuations are distinctly important; the thermal energy
given the lack of free parameter€The broadening at the KTkt is comparable to the Josephson coupling endtgy
lower end of the resistive tail may be a consequence of inWhen thermal fluctuations are added, simulations for a single
homogeneity. Overall, this is quite consistent with the pres- JJ do indeed show a decreasingassociated with large in-
ence of a KT transition. creasingl and increasindR (Fig. 8. The second consider-

Several researchéfs?® have obtained additional evi- ation is the ac Josephson effect, in which an external ac
dence of the KT transition and vortex interactions by exam-ssignal can phase lock the internal junction oscillation on the
ining the nonlinear I-V curves near and beloW, which  Shapiro step in the |-V characteristics at a voltaye
reflect the presence of nonequilibrium vortices created by=n#w/2e. This is associated with a strongly varyirignd
thermally activated depairing of bound vortex pairs in thegenerally negativgleffective inductance across the stéjit
presence of large current3In fact, the behavior of the ex- is worth noting in this regard that the Josephson frequency
ponenta(T) in curves that follow VI1%(T) (i.e., straight corresponding to 50 MHZa typical rf measurement fre-
lines on a log-log plot generally provides the most direct quency is 0.1 uV. Given a series array of 30,000 junction
and unequivocal evidence for the KT transition. Unfortu-rows for the 10um line (1 mm/32 nm), this gives a total
nately, we did not undertake a systematic study of these I-Woltage of 3 mV, which is indeed a typical voltage in the
curves in the present case, but some curves well below thenge wheré g decreases. We do not see Shapiro stgjasit
transition[as in Fig. 9a)] exhibit qualitatively the expected or otherwise in our |-V characteristicgat least at the very
behavior. low rf amplitudes we use but thermal fluctuations and the

We can also consider the current dependence of the kikandomness of the array could serve to wash these out. Fi-
netic inductance. (1) within the context of a 2D JJ array. nally, we have carried out a preliminary simulation of a regu-
To the extent that we identify.; with the local Josephson lar 20x 20 JJ array of resistively shunted junctioigjsing

inductance we have an algorithm similar to that in Ref. 11. Thermal fluctuations
are incorporated using a Gaussian random noise current cor-
3 3 f 3 Ls(0) responding to the Johnson noise in the shunt resistor of each

Ls(h)= 2el.cosp  2e[12—12195 [1—(1/1,)%]°% junction. As illustrated in Fig. 8, this simulation also shows

(4) an inductance that decreases with increasing current in a way
that is qualitatively similar to that in Fig.(B). This suggests

suggesting a weak divergencelof asl approaches.. An  that Josephson effects in the junctions of the arfay
analysis for a superconducting thin film using Ginzburg-equivalently, coherent vortex dynamjiasay be responsible
Landau theory also yield an increaselig.** Self-heating  for this effect. But clearly, further analysis is needed to show
would also yield an increase. In sharp contrast, the observethis more conclusively.
dependence showsdecreasen Lg as| approaches, [see
Fig. 6(b)]. Although we do not have a firm understanding of
this effect, we suspect that it can be accounted for in terms of One of the unique aspects of our set of samples is the
the 2D JJ array model. Two factors must be considered imvide range of linewidths in otherwise identical films, each
this analysis: thermal fluctuations and the ac Josephson efvith the same are®A=wl. For this reason, we chose to
fect. examine howl, V, andR should be expected to scale with

B. Width scaling and inhomogeneity
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the width w. For an ideal macroscopically homogeneous
film, with w>a, with uniform current flow w<\,), we
would expect that,=J.wd, whereJ. is an intrinsic quantity
independent ofw. Unfortunately, this scaling was not

obeyed in our narrowest films, for reasons of inhomogeneity

that we will discuss below.
However, let us first examine the scaling of voltage that

one would expect for a homogeneous film or array in the

superconducting state, where all resistance is associated wi
moving vortices. For the voltag¥(J), we should distin-

guish the two limits associated with recombination of gener- .
ated vortices. In the limit that the vortices move off the edge

before recombining in the film, each vortex pair creation is
equivalent to a single vortex moving across the film, which

MARK W. JOHNSON AND ALAN M.
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0.01

corresponds in turn to an integrated voltage pulse of magni- (a)

tude®,. So if the areal density of vortex pair generation is
I'(J), then for the time-average voltage we have

V(I)=®,T(IIw~A (edge limib. (5)

In the other limit that the vortices recombine within the film,
moving an average distance<w, each vortex generation

event leads on average to a voltage pulse of integrated mag-

nitude ®,x/w, so that the average voltage is now

V() =PI'(I)Iw(x/w)~I

=A/w (area recombination limjt

(6)

The scaling should in principle help us to identify clearly the
relevant regime.
It may be useful in this regard to estimate the effective

0.03

0.3

J (MA/cm?)

100

>
E
0.1

0.01

+2um
°* 5um
o 10 pm
o 20 um

0.1

(b)

0.2

0.5 1

c

free vortex density. The Bardeen-Stephen model for flux FIG. 9. Nonlineatv(J) for NbN lines of various widths, in the
superconducting state @t=5.5 K. (a) Raw datav(J). (b) Voltage

=2m&2N, , whereé is the superconducting coherence lengthdata from(a), plotted againstl/J, (taken from Fig. 4 The area
recombination model predict¥~1/w (close to that observed
whereas the edge model predicts thais independent ofv.

flow in a thin superconducting films states thRIR,

in the film. For a square JJ array, the role ef& is taken by
a2,” so we haveN, =R/(a’R,). For our NbN films, a typical
film sheet resistance in the relevant regime is@,ls com-
pared with a normal-state resistance of order YhOThis

yields N,~10" cm 2
corresponding to an intervortex distance of orderalOBor
comparison, the 1@um wide line is 30@ wide. This might

within the film.
In order to compare with experimental data \6(J), we
first have to face the lack of scaling df. Putting aside for

naively “rescale” J in proportion to the measured., at
least at a single temperature. Then, we can comyéleg,,,)

factor of 4 for the 2um line). The results show that(J...)
with a width dependence that goes as bt even stronger. It

we would expect tha¥/(J) would be constant for lines with
the same total areA. This apparent area recombination oc-

above.

Most of the results above are quite consistent with a ho-

, or one vortex per 10 000 unit cells, mogeneous 2D JJ array model. How can we explain the lack

of scaling ofJ;? On first reflection, one might suspect that
the patterning was systematically inaccurate, or damaged the
seem to be in the sparse vortex limit, where the vorticesuperconductivity near the edges of the line. However, ex-
would move transversely to the edge rather than recombiningmination using a microscope and AFM have shown no evi-
dence of such damage or inaccuracy. An alternative explana-

tion that we think

is more

likely is the effect of

inhomogeneity. Certainly, the AFM images do not give the
the moment the question of why this is the case, we cafimpression of great regularity in the grain microstructure, on
scales from 10 nm up to evengdm. Let us focus on inho-
mogeneity inJ; on a characteristic scale much greater than
for the various widths, and see whether it scales more likg¢he typical grain size—for examplb~1 wm. This might be
the edge or recombination limit. This is shown in Fig. 9, for due to clusters of grains or some other phenomena, but let us
the 2, 5, 10, and 2@m lines at 5.5 K, both before and after simply assume thal. has some normal probability distribu-
J correction(which amounts to a horizontal shift of up to a tion with a characteristic spreadl) over this length scale.
Qualitatively, if w becomes comparable g we would ex-
becomes consistently larger as the lines become narrowguect greater variation ih. along the length, and since the
measured . corresponds to the minimum along the length,
appears to be clearly inconsistent with the edge limit, wherehis picture would be expected to yield a reduced effecijye
in narrower lines.
Let us now develop this simple picture in more detail. We
curs despite the rather sparse density of vortices, as estimatéitst discretize the model, by dividing up the film into square
plaguettes of sizbX b, and assume that the critical current
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is a constant for each plaquette, but may vary randdmith

no spatial correlationsbetween adjacent plaquettes. We can
express this quantitatively by stating that the probability that
the critical current density for a given plaquette falls between
JandJ+dJis

03 57 = 0.09 MA/e”

0.2r

P(J)=

_ _ 2
d) exri (9= Jco) . (7)

ST 8J?

For a film of widthw, there will bew/b plaquettes across its
width. Each row along the width of the film will have its own
critical current, equal to the sum of the critical currents of the
individual plaquettes. The distribution bf among the rows 0 .
takes the form 0 2 5 10 20

dl _(lc_|c0)2
53dVmwb ex;i WbdedZ | ®) ~ FIG. 10. Effective critical current density at=5.5 K for NoN
lines of various widths, compared to fitted predictigeslid lineg

wherel,=J.,owd. This follows from the equation above, of simple inhomogeneity model as described in the text, for param-
and the fact that the sum df Gaussian random variables of etersJ.,=0.34 MA/cn?, 6J=0.09, 0.12, and 0.15 MA/cfn and
varianceo? is itself a Gaussian random variable with vari- Plaquette scal®=2 um.
anceNo?.

Now, the total critical current of the film should be taken obtained using a smaller value &f together with an in-
as that of the row with the smallest critical current. This is of creased width of the distributiofid/J.,. It is quite possible,
course an approximation; it assumes that the current can réaerefore, that inhomogeneity iy, is present over a wide
distribute itself as needed from one row to the next. Such amange of length scales; the morphology of Fig. 2 would cer-
approximation will consistently overestimate the critical cur-tainly seem to suggest this.
rent, but it will serve for the present. The probability that a
given row has critical current greater than a particular value
I.1<l¢p is then the integral of the above equation frognto

J, (MA/em?)

0.1

Width (um)

P(c)=

IV. DISCUSSION AND CONCLUSIONS

infinity, or At this point, we have two complementary models for the
| | properties of these NbN granular films. In one, we have a
P(l.>1.)=05+05 erf —>__°* , 9 uniform 2D array of Josephson junctions, each with
(Ie=ler) <5Jd\/wb © =6.5K andR,=750(), separated by a scale of 32 nm. In

_ _ the other, we have a random array of grains with a broad
where erf is Zthe standard error  function  &f(  gistribution of intergrain coupling and sizes. It is perhaps
=(2lym) [ o exp(=y)dy. For a filmL/b rows long, the prob-  remarkable that this highly disordered junction array appar-
ability that all rows have critical current greater thin is ently fits so well to the theory for a perfectly regular 2D
this probability raised to thé/b power. Within this simple  array.
model, we choose the effecti\l@ for the line such that this Such a picture of inhomogeneity m|ght also expiain the
probability has the somewhat arbitrary value 50%, as thepparently reduced values ®f in the narrower lines. The

solution to the following equation: local T, for a very small, weakly coupled grain is likely to be
Lib somewhat depressed. If there are small variation$ion
05=|05+05 er( leo—lc ) the 1 um scale, perhaps correlating with variations in grain
' ' ' 8Jd\wb size or intergrain coupling energy, then the effectiyefor
b the line would behave in much the same way as waopldt
Jeo— ¢ would be the minimunil; for any row in the line. In con-
=|0.5+0.5 er( m) ' (10 trast, similar small variations in local resistance would be

much less evident in a macroscopic measurement, since the
where the latter expression gives the effective critical currentotal resistance is just the sum of the resistances for each
density J. for comparing lines of different widths. We use row. Still, it may be significant that for the pm line, both

83, Jo andb as fitting parameters. We have not carried outJ. andl,=7%/2eL (Figs. 4 and Y are depressed in the same

a systematic optimization of these parameters, but using reavay. This is not simply due to the depressionTof; the
sonable valueb=2 um, J.,=0.34 MA/cn? (at 5.5 K), and  slopes are significantly depressed as well. Both of these may
8J13,0=35%, we can obtain a good fit in Fig. 10 for lines represent averages over distributions, but it is not at all clear
that are 2, 5, 10, and 20m wide. Of course, using 3 adjust- that an average of inhomogeneous critical currents should
able parameters to fit 4 experimental points does not provideehave the same way as an average over impedances.
strong evidence for this physical picture, but still it is encour- A possible alternative mechanism for the reduced values
aging. Furthermore, the topographic pictu(eiy. 2) do sug-  of J. in narrower lines might follow from a consideration of
gest that clusters of grains on theuin scale appear to be the vortex generation rate. If the current flow is uniform,
present in these films. However, equally good fits can also bthen atJ=J., vortex generation should occur at a high rate
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both within the film and at the edge. Edge generation would Films similar to these ultrathin granular NbN lines have
be expected to be more dominant in narrower films. If suctbeen proposed for a variety of possible applications includ-
edge generation were to occur at a reduced valug dhis  ing infrared photodetectors, rf inductors and delay lines, and
would tend to reduce the apparent valug of However, itis  broadband “hot-electron” bolometef&3¢43~4*The present
not clear that this could account for a depressggdor how  study suggests that some of these devices, particularly if they
it would affectL. are on the micron or submicron scale, may exhibit significant
One factor that we have completely neglected is the effecgffects due to inhomogeneity in grain sizes and coupling.
of junction capacitance, and related single-electron charging |n summary, we have studied the dc and rf electrical char-
effects. In terms of classical effects of capacitance on ceristics of a set of narrow lines of nanogranular NbN ul-
single Josephson junction, the capacitance is significant only,ihin superconducting films, in zero applied magnetic field.
if the RC time is greater than thie; /R time. (This is equiva-  These are well described in terms of a regular array of 2D
lent to 8> 1 in the shunted junction mod&) For the junc-  jpsephson junctions, with lattice constant 32 nm, despite the
tions of the present system, that would requirenignyy disordered granular microstructure that is evident
C>~10""F. However, an estimate of the junction capaci-from AFM imaging. There is quantitative agreement of both
tance, using an electrode separation of order 1 nm, gives @sistive and inductive components with the standard theory
value ~10" " F, which is completely negligible. The other of the Kosterlitz-Thouless vortex unbinding transition in
p053|ble37effect is due to charging effects of a singlesych a regular array, with no adjustable parameters. Scaling
electron’ The characteristic energg?/2C is indeed very  of the nonlinear I-V characteristics below the transition indi-
large. However, this is screened by the other conductioRate vortex pair creation and recombination within the film,
electrons, as long as the junction resistance is much smallghen for very narrow lines where edge effects might be ex-
than the characteristic quantum resistahéée’~6000Q.  pected to be significant. An anomalous nonlinear kinetic in-
Other research on similar NbN films has confirmed that they,ctance is observed, wherehydecreases with increasing
charging energy is significant only for films with sheet resis-| counter to expectations of Ginzburg-Landau theory. We
tance on this ordéf” Finally, J,~10°~1C° Alem? for our  guggest that this may be due to ac effects in the Josephson
Josephson junctions, orders of magnitude larger than that ffyray, as supported by preliminary numerical simulations.
typical capacitively limited tunnel junctions. So our neglect Fina|ly, the microscopic inhomogeneity becomes evident in
of capacitive effects appears to be justified. variations of the critical current and other critical parameters
We hth_a also neglected the effect of the amb_ier_1t earth’s$f the narrowest lines<5 um), as supported by a simple
magnetic field~0.5G on the sample characteristics. We gnalytical model. In conclusion, this work suggests that the
point out in this regard that for a square Josephson junctiofiniform junction model continues to maintain validity even
array, a magnetic flux oPo/2 in each cell corresponds to a for highly inhomogeneous junction distributions, provided

flux density of 10 kG for a lattice siza~30nm that is that properties average out sufficiently on larger length
appropriate for this nanoscale granular material. This is thgcgles.

value ofB that would be needed to completely suppress the
supercurrent, corresponding Bg, in the continuum limit. A
field of 0.5 G is completely negligible here, until one gets to
resistances some four orders of magnitude below the normal-
state resistance<{50 m()/square), where a residual flux-  The authors would like to thank Michael Leung and
flow resistance would be present for large currents. So thdames Murduck of TRW, Redondo Beach, CA, for design-
results that we have reported here would be largely uning, fabricating, and supplying the NbN samples. The AFM
changed if magnetic shielding was used. In contrast, for amages were obtained courtesy of Lois Buitano and Jill For-
lattice scale of order 3um for the typical microfabricated nalik of Eastman Kodak Co., Rochester, NY. Some earlier
Josephson junction array, the corresponding critical field igparts of this work were carried out with the assistance of
of order 1 G, so that shielding would be essential in thatAndrea Herr. This research was supported in part by NSF
case. Grant No. DMR-9122727 and Sigma Xi.
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