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Abstract

Pover switchas such as a Superconducting Fault
Current Liniter raquire large cross sectiocal area
superconductors with both high critical cuzrent densicy
Jo and normal state resistivity p,. Large valuss of
Jo and 0y have been previously reported in small cross
cross sectional area "weaak linka™ of NN, Ws repert on
reactively sputterad NbN filma up to 5 um thick and 2,2
cm wide vhich have Py > 200 U0 cm and a salf-field
Je up to 109 A/cm2. Severa degradation in J. vaa
observed with increasiag film width and for millisecond
current pulses. This degradation could be substan-
zially reduced by acabilization with either low &y
normal metal or the use ¢f a sapphire asubstrzata. The
resistivicy and cricical current dependenca both imply
Josephaon coupled grains and the results will be dis-
cuased within that model,

I. Introduction

Applicacions of auperconducting technology have
steadily increased in recent years. One of these is
the proposal to limit power transmisison line
fault currents with a suparconducting power switchl.2
vhich, whan driven normal, cormutates tha fault
curreat into an ambient teamperaturas current limiting
resistor. Dasign studies indicated the asupearconduct-
ing element should be a thin film deposited onto a
flexible insulating substrate. The thin film with
i:s large surface to volume ratio affords intimaze
contact with the helium coolant for stabilicy, while
the flexible substrate permits practical assembdly of
long lengths of superconducting element. Thare
was also a need for large values of normal state
resistivity pn and critical current density J. in
order to »inimize spwitch volume and keep the helium
boil off low emougzh to permit famt reclosuze of the
cirecuit,

The choica of materials satisfy®aa che above
requircments is quite limited Most hign T
superconductors such as NbySn have high J.'s
(5 x 105 A/cm?) bit pn's of less than 40 uQ-ca.

The only material reported in the literature with
reasonably satisfactozy properties ia MHN with a
transition Zemperatura Tq up to 16.3 K, Jc > 107
Alem?, and pn frow 250-1000 u@wca, although these 3,4
vere obtained from very small crasse=section constric-
tions. NON has besn prepared mos; successfylly by a
teactive sputtering process using an Id target and a
partial pressure of Ny gas. In additiom, it

appeared that NbN could be succesafully preparad at
lower temperatures than other high T, materials
naking the fabrication process considerably easier
for long ribbuns, All thes: factors led to NbN

as the materia! most likely to achieve the design

goal of pp + 300 ult-cm and J. of 3 x 106
r/ens,

*dork done in collaboration with Gould-Brown Bovert,

Chalfont, PA and 1s supported by the U.S. DOE, Division
of Electrical Energy Systems,

The purpaose of this paper will be to present
preliminary results of efforts to prepare thick,
wide films of NbN on suitable subatrates using
reactive sputtering, characterize these films as to
their superconducting properties and detetmine the
sputtering paramaters nacessary to achieve the
highest values of J. and py. We will present
evideance %o suggest that the pinning wechanism in
out samples is most likaly Josephson coupling between
grains and that the observed degradation im J. for
fast pulses and wida samples can be improved by thermal
stabilizacion using high thermal conductivity sapphire
substrates, or the more usual normal mecal acabiliza-
tion,

IL. Sazmple Preparation and Charactarization

a. Film Preparation.

Film preparation was carried out using a Varian
3" S~gun d.c. magnetron sputtering source mounted ia
a diffusion-pumped stainless=steel vacuum chamber.
Substrates were supported from 3 to 6 inches above
thes gun on a large rotatable wheaal designed te permit
sevaral samples close up to be made without breaking
vacuym. 6 N's pure Argon was used as the sputtering
Ba3 at a typical pressure of & aTorr while ¥y from
0.1 to 1.5 mTarr was bled in using a separate leak
valve. All pressures were monitored using an absolute
pressure capacitance monitor. Substrate tempecatures
during preparation were the result of the sputtering
process itself, and wre typically 130-250°C depending
on target-substrate spacing. A swall block heater was
used when higher temperatures were needed. Substrater
vere either glass, fused quartz or sapphire with sample
gecmetry established by in=-situ masking or photolitho-~
graphy. There were a large number of sputtering para-
meters involved; nitrozen and argon pressures, the
possible effect of impurity gases, substrate material
and remperature, film thickness and width and sputter-
ing rate. To systematically proceed, it is desirable
t~ relate the suparconducting properries T., J., and
fn, 2nd the structural properties imecluding
grain size, stoichiometry, crystal structure and
structural disorder with the preparation conditions.

t. Superconducting properties,

It has been previously reported’,6 rhat stoichi-
ooetry, structural phase aad film morphology a1l depend
on the nitrogea partial pressure and substrate temser-
stuze. Tne transitior temperature T. is sensitive
to these properties since only the cubic phase of MdY
has a high T.(16,1 K) and deviations from stoichio-
altry, interstitial nitrogen, other phasas, or struc-
tursl disorder can reduce T.. The da:. shown in
Fig. 1 is an indication of film qualirty as a functien
of substrate temperature and nitrogen partial pressure.
The need for increased N partial pressures at higher
substrate tesperatures is presumably due to a decrease
in the N2 sticking coefficient as temperature goes
up. Variations in the No partial pressure acd
aubstrate temperature also affected 9,. A3 the Nj
partial pressure increased 2, increasad, reaching
values in our films of as high as 450 ull=cm with
typical values being closer to 250-300 %f0-co, All
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Fig. 1. The superconducting transigion temperature T
of NbN films as a Tunction of nitrogea partial pressura

and substrate temperaturs T, for glaas and sapphire sub~
strates.

films prepared at 100-250°C subatrate :empera:urai
showed an increase in 0, with decreasing measuring
temperature suggesting an activated conduction ;rocess.
On the other hand, films prepared at * 5009C quice
frequently showed a alight decrease in 0, with

decreased temparaturs, suggesting wetallic conduction
in a disordered system.

The upper critical field He(0) has also been
estimated by measuving (dH:ZIdT)T‘TE ic a
reroendicular field and using the nonparamagnetically
limited form of the Werthamer, Helfand, and Hohenberg
equation.” Typical values of 35 Tesla{T) have been
measured, similar to those abtained by Gavalar, et
2l.% but sybstantially higher than bulk values of »
15 T. These high values of H.7(0) have been ateri-
buted to the large 0, values found in NbM films.

With the relationship derived frem GLAG theory betueen
He2(0), my, v(the electronic specific heat) and T,
7 obtained from the literature, and our values of p,
and T., we get an R.2(0) of I5T, in close agreement

with our previously determined value using the WHH
formulazion.

¢. Structural Analysis.

The activated coaduction observed in thesa films
suggasts a granular microstruetuce, that is, a network
of small crystalline grains surrounded by voids, insu-
lacing materials, or absocbed gases such as excess
nitrogen. Direcc evidance for such a structure is
difficult to obtain even with transmission electron
@icroscopy. Some preliminary measurements or one of
-our films doas show what appears to ba void structures
nixed in with very small grains, in agreement vith the
work of Wagner et al.a; vho found colurmar grains
connected by narrow voids.

¥-ray diffractomatry was done on a number of as
deposited films. The films exhibited the desired high
Toifee suructure over the entire vange of Nj conteat
with the lattice conatant &, varying from < &4.36 A to
4.393 A as the partial pressure varied frem 0.5 mTorr
to 1.5 mTarr, 8imilar to the results of Wolf, et al.%.
Bulk NbN has a lattice constant of 4.39 A. There
was some evidence for the NbN hexagonal phase
forming in very small amounts but only at high Nj
partial pressures.The high angle diffractinn peiks were

very veak and quite broad suggesting inhomozeniery and
strain.

d. Macrosgonic Imperfections,

Visual observatlons of tha NbN samples ravealed a
macroscoplc graininagas to tha surface, Optical and
acanning ealectron microscopy showed a series of surfaca
imperfactions, mostly bumps, whose numbar densicy and
size increaased with increasiag N2 prassura. Energy
disparsiva x~ray analysis of tha debria showed only an
¥b peak. Whether the bumps contaload N; was unclear
becausa the analysis technique was insanaitive ta Kj.
The origia of the surface bumps was suspacted to be
targac spitting, i.¢. macroscopic -particles of targst
material ejected from the target surface during tha
spuctering procassg. To teat this hypothasis, tha
targec-substrats spacing was increased from 7.1 to
14.2 =, The ztasulc should ba a reduction in tha
nuzhar density of bumps dum to gravitational effeccs
on the =ora nassive parcicles and a decraasa in tha
nusbar of particles par unit ares impinging on tha
gubstrata ragulting from tha larger area baing covered
by tha sputterad material. One microm thick filn
prepared at the larger distance showed almest complete
elininacion of surface bumps. As tha £ila thickness
{incraased, the number of bumps alse incraased, but vas
always lass thaa the filwa made closay to tha tavgat.
In addition, vi:zual examination of ths tavget=substrate
space during spuccering showed many glewing particles

.being ejected from tha targat. Meathods of completaly
elizincating tacrgzec apitting have not baen davisad as
tha phenooanon appaars to be directly related ro the
Nz partial pressura. Measuremants of J, made on £ilma
with and without bumps revealed no sigaificant diffare
encas leading to the conclusion that the proble=m ia
serious only for etched £ilms,

e. Crirical Curreat Densitv,

As previously indicated, the higheat possible
values of self-field J. in liquid He ae 4.2 K are
desirad, preferably > 3 x 10% afemd. A variaty of £ilms
thickaezsas to 5 um and widtha up to 2 cm wera prepared
on glass sybatrates at ~ 250°C. For one series of
gsaaples as £ilm thicknasa increased from 0.5 to 3.5 um,
Je dacreasad from 1.5 x 108 A/ca? to 5 x 105 A/cm? and
it wa_ found to be generally trua with all samples that
Jo was less for chicker films. In addition, meagure=
zencs of J. as a function of £1lm width also indicaved
an ordar of magnitude decreasa in J, as width went from
0.5 to 2 cn. Thesa results are a factor of cen lowver
than Gavaler had measured for very small area constric-
tions® and, under besc case conditiona, a factor of two
lcwer than our miaimum needs. More significantly, the
furcher decrease in J. for thick, wide £ilms could have
geriqus consequences on the faulc current limiter design,
which dictaced thick (5 um), wide (10 ca) films to meet
overall currunt carrying requirements during normal
operation., These results led to an anslysis of the
causas of width {w) and thickneas (d) dependencs along
with poasible remedies,

Three posaibla causes of the decrease of J. with
- @ have been considered. Two ralate to graiu size which

can vary with thicknesgs and tha third to an iacrease
in self-magnecic field as the total current increases
with thickness. In the self-field model, 1f we assume
the current distribution i3 independent of J. and
d << w, then to a good approximation the self-fiecld B
at any point depends only on total ecurrent, or for
constant w, 3 = Jd. Breakdown occurs at a eritical
J x 3 which implies Jgd i3 a constan:t. Calculation
of this product from experimental results at constant
v indicates a variation of at least a factor of tue
sugsesting poor agreement with the model.




Grain boundary pinning has baen generally accaptad
az a valid pianing machanisa in suparconductops. Here
the critical valua of the product J x B ( = Jgd) is
not congtaat but proportional ta the grain boundary
araa per unit volume, which depends inveraaly on the
averaga grain diameger 2. Thia modal predicts Jida,
is a comstant, but has net been checkad dua to lack
of accurate grain diamater values for different thick-
nesses. The other model involving grain size is that
of Josephseoa counling betweea grains. This concapt
and the evidenca o support it will be treatad iun
datail in a subsequant section.

IIl. Stabildzation

The daecraase in J. with increasing widgh and for
short curzent pulsas suggested an inatability problem
in the NbX filma. Instability and subsaguent braakdowm
can occur when a hot spot develops dua ta the local
critical current baing exceadad ot sudden magnatic flux
motion wiich dissipatas heat. Tha traditional method
of treatment is to place a high elactrical and themmal
conductivicy matarial such a3 coppar in direct coatact
with tha sepercoaductor, Flux motian 4s reduced by
eddy current damping from the normal netal, whilas a
local normal reglon in the suparconductor can ba givea
time to racover if tha current temporarily shifts to
the normal metal. Hot apots can be kept from growing
bacausa tha normal watal is an excallent tharmal con-
ductor which rapidly removas heat from a localized
area, spreads it over a large reglon and ultimately
dunps it into the hellum bath, permitting recovery of
the superconductor. The main disadvantaga of normal
meral stabilization is ies very low electrical resis-

tance which reducea the overall efficiency of a power
switch,

a. Normal Macal Stabtlization.

To ascertain tha affactivenesa of normal netal
stabilization, 6-10 pm of high purity Cu was depoaited
directly onte NbN films. J.'s were weasured and com=
pared with uncoated f£ilms prepared at the same tima,
i-e rasults are showm in Fig. 2 for both pulsed and
dc currants. Pulsed currents vere used to simulata
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Fig. 2. The effect of copper stabilization of ¥b¥ on
glaas,

The Cu reduced the differznces between pulsed
and dc operation and, for the most part, eliminated
the widcth dependence. The arrows (*) indicate where
higher values of J_ would have been achieved, was aot
the cuzrzent capabiiicy of the powar supply exceeded.

the actual operatfon of a 60 Hz powar switch, It is
quite evident that after an initial drop in J., thera
is very little additional decrease for stabilized
filma, attesting to tha eifactiveness of the Cu films.

It is not clear, however, which of tha previously dis-
cussed stability mechanisas are importaut.

b. Sapphire Stabilizat;on.

Measurements praviously rade in our laberatory on
Nb4Sn films dapositad onta sasphire substrataes without
metallic stabilization showed no Jo width dependanca
for pulsed and de currents. This suggested the possi-
bility that the excalleat low tamparatura thermal con-
ductivity of sapphira was effective in dissipating heat
from local hot spots. To test this concept a serias of
1um thick NbN filma of different widths wera deposited
onto sapphire sudatrates. The cricical cutrents for
pulses (open squaras)and dc (sclid squaras) are showa
in Fig. 1. Tha valuas of J, ranga batween 1-2 x 10
Alca? are almost independant of widch although tha
pulsed values are somewhat lawer. It 18 clear, however,
that thesa rasults ave sigznificantly bettar thaa unsta-
bilized NbN on glasa and roughly equivalent to NbN
samplas stabilized with copper. Thase NbN films were
subsequantly overcoated with 10-15 yn of Cu, remeasured
and plattad in Fig. 3 for comparison. As can be seen,
the normal metal provided virtuslly no improvemant in
the dc J, whereas tha low pulsed Jo values were lmproved
gomewhat, The obvious conclusion i{s that thermal sta-
bility 1s the important stability mechanism for NbN
filma and not eddy curreat danping cf flux jum's or
current sharing., This i3 of graat significance to a
power switch design becausa the insulating sapphire
substrate will not reducs switch efficlency as a law
Py mormal metal stabilizer would.
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Fig. 3. The effects on J_  for NbN on sapphire with
and without Cu stabilizacton. Sapphira substrates
almost completely solve tha stabilizaction problem. The
addition of copper has little effect.

IV, Jogacshson Coupling

The results praseated so far suggest that although
Pp can be made sufficiently high, J. for ail NbN samples
did not axeeed 2 x 108 A/cm? whether stabilized or not.
The pechanism(s) governiag Jo must be understood in
ordar to choose appropriata avenues of improvement. In
section III, several pianing mechanlsms were outlined
including Josephson coupling of graina, In this wmodel
it 13 assumed that the (!l films contaia grains of
diameter a, in the plana of the filn and that these



grains are veakly coupled to sach cothar thru amall
metallic bridgea (waak links) or thian insulating

layara. Normal conductivity is by thermally activated
hopping from graia to grain and suparcanduecivity is

dua te Josaphson coupling betwean grains., The normal-
{zed resistanca vs temperatura curve shown in tha inserc
of Fig. & 13 supportive of a thermally activated procass.
Additional evidance for Josephson coupling is given by
the temparatura dependance of J. near T, as showm in

Fig. 4. Near T, the Josephson relation for I_ predicts
Jo = (T = T, in reasonable agraemant with E‘ig. 4. On

the other hand graia boundary ploning of £lux lines in
high Te filma is characterized by a (T, - T)? dependence
of J, which 13 a much poorar f4t to the data.
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Fig. 4. J_ w3, T for two Xbi samples. Both wers made
at a nitrogan partial prassure of 0.6 mTorr and
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®ig. 5. The schematic model used to darive a relation~
ship for J_ based on Josaphson coupling between spherical
grains. Héra w 1s the fila wvidzh, d 1is thizkneas and

1 is the leangth. R, 12 the total parallel resistance

of all the junctions in one plane.

A relationship batween J. and grain diacacer a,
can ba obtained using tha model shown in Fig. 5. The
grains can ba columnar or spherical. For simplicity
assuze a three dimensional grid of grains of diamater
3y on a cublc lattics and neglect current flow lateral
to the nat current flew. J. can be calculated by lump-
ing together all the junctions in a plane perpendicular
to the curreant flow, I. 13 given be the wall knowm
expressionlO I. = [nA(T)/2R,]canh[A(T)/2kT], whete A(T)
is the temparatura dependent enmergy gap, and Ry 1s the
total parzllel resiatance of t_he junctions ia a plane.

AR A2 K, A(T) ~ A(T = Q) = A(0) and taah|A(D)/2kT) ™ 3,
sa that J. = I./du = 7A(0)/2R dw. Tha toral resistanca
of a Eilm of langth £ will be givan by the 3eries sua
of Z/a, junctions or R = R.&/a . By definitien
R = pt/dw glving J, = mA(0)/28a0. Using a pg of
250 uﬁ-cn and J, = 1.3 x 106 A/cmg from one of our
sanples (NN7909), and an estimatad A(Q) = 2.7 mV bazed
on a 15 K Ty, we get ag = 13004. SEM's of this sample

_ show columns of A 1000 X diameter indicating reasonable

agreenant with theory.

An obvious objection to this model ‘La whether the
vary high critical f£ilelds for such films are cowpatible
with Josaphson coupling since it i3 well~known that a
few gauas can affect tha phage coherence acroas a
typical Josaphson junction betwean two films. The
Josaphaon critical current as a function of £lald tall
T () = J.(0)|sin x/x|, whera x = nd/d,, ¢ 13 tha flux
thraading the junction and ¢o 13 the flux quaatunm.
Tharafora Jz 1s decreasad for ¢ 2 ¢,, and tha correa=
ponding flald is given by ¢ /A whara A 1z tha junction
area. Por tha casa of NbN £ilms Ho»(0) = 35T implying
a junction arsa of 10™12 cm? or 100 A dlamater. This
i3 not incompatibla with tha possibla coupling between
grainas pravioualy discussad., The model predicts that
Je can bae increased by decreasing the grain size,

V. Concluaiona

Wa hava showa that thick wida £ilms of NbN can ba
produced by magnatron reactiva sputtering, The decreasa
.af J. with shozr current pulses and increaaing widch
can be subatantially reduced by normal natal stabili-
zation and, wore importaatly for switch applications,
the use of =apphire substrates, J_, measuremdats ara
conalstent with a Josephson modal gor coupling batuean
grains a3 wall =23 grain boundary pinainy; if we ignore
the Jo(T) dependence and predices increas=d values of
Jo as tha grain siza i3 reduced. Efforcs to improva

Je by raducing grain alza ars part of our contiauing
program, : ’
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