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Transport measurements in granular niobium nitride cermet films
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We have studied normal-state and superconducting transport properties in a granular cermet con-
sisting of Bl-structure NbN grains in a boron nitride insulating matrix. By varying the volume frac-
tion of the two components we produced films (20—70 nm in thickness) that exhibited transport
behavior in either of two distinct and mutually exclusive classes: "insulating" films with

p-exp( —a /T' ) which never went superconducting, and "superconducting" films with p-ln(T)
from room temperature down to the superconducting transition. This latter logarithmic temperature
dependence for the resistivity is also observed at low temperature when superconductivity is

suppressed in high magnetic fields. Broad superconducting transitions are observed with a strong
compositional dependence of the mean field critical temperature, T,o. The Kosterlitz-Thouless two-

dimensional (2D) topological phase transition at T2D is observed in the superconducting samples both

by the power-law behavior in current-voltage characteristics and by pure flux flow transport in high

magnetic fields.

I. INTRODUCTION

In recent years considerable experimental and theoreti-
cal efforts have been expended in the study of inhomo-
geneous superconducting films. The systems studied have
included amorphous films, granular films, and multilayer
structures. Amorphous and granular films, in particular,
have been extensively investigated for the effects of disor-
der and reduced dimensionality on both superconducting
and normal-state properties. These systems often exhibit
a metal-insulator transition that is conducive to the study
of localization and electron-electron interaction effects. '
Thin-film superconductors have also been a fertile ground
for investigations of the two-dimensional (2D) topological
phase transition (Kosterlitz-Thouless transition).

In general, these systems have consisted of supercon-
ducting grains or regions embedded in an insulating ma-
trix composed of oxides of the metallic component.
Aluminum grains in aluminum oxide is a particularly
well studied system. ' Thin amorphous films of In/InO„
have also been investigated in detail. Niobium nitride
embedded in Nb20& has been extensively studied at the
Naval Research Laboratory and represents a particularly
interesting system because of the high superconducting
transition temperatures of the films and high critical mag-
netic fields. Such films were produced by chemically ano-
dizing sputtered niobium nitride until only a very thin
( —3 nm) layer of NbN grains embedded in an oxide ma-
trix remained.

The present work deals with a unique system consisting
of a niobium nitride —boron nitride cermet. Cermets are
microgranular mixtures of insulating and metallic parti-
cles. Such systems allow for the continuous variation of
the volume fraction f; of each constituent. At each ex-
treme (f; —1), the properties of the cermet are essentially
that of a pure phase, but in between the system can either
take on some sort of intermediate behavior or can exhibit
behavior totally unique to the mixture. Cermets have

practical applications"' as well as being model systems for
studies of such effects as the critical phenomena associated
with percolation. ' The NbN/BN cermet allows for the
study of a high-critical-temperature superconducting
granular system in which the insulating matrix is truly in-
sulating and for which there is fine control over the prop-
erties of the films.

In this paper we report on the fabrication of the cer-
mets and on detailed measurements of the temperature
dependence of the resistivity of the cermet films. We have
observed two distinct types of behavior depending on the
relative concentration of the two film constituents. Non-
superconducting films display a previously observed tem-
perature dependence while the superconducting films ex-
hibit a unique wide-range logarithmic temperature depen-
dence of the resistivity. The superconducting films can be
analyzed in terms of two-dimensional fluctuation theory
at higher temperatures and in terms of Kosterlitz-
Thouless (KT) theory at low temperatures. The KT tran-
sition temperature can be accurately determined by two
independent means with good agreement.

II. SAMPLE PREPARATION

The cermets were prepared in an oil-free ultrahigh-
vacuum system (base pressure —2X 10 Torr) by reac-
tive rf sputtering. The target consisted of a half disk of
niobium and a half disk of boron nitride mounted side by
side on a cooled copper block. The chamber was back-
filled to a pressure of 68 Torr with argon and then nitro-
gen was bled in so that the total pressure was a constant
90 Torr during the deposition. The argon-to-nitrogen ra-
tio was thus approximately 3:1. The 0.43-mm-thick sap-
phire substrates were heated to 1000C by carbon strip
heaters beneath the substrate table. Deposition rates on
the order of 1.5 nm/min were obtained. Under such con-
ditions, high-quality niobium nitride films can be formed
on the substrates in the absence of the boron nitride target
(we could cover the BN half of the target and sputter
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tion of the resultant films varied from mostly niobium ni-
tride to mostly boron nitride depending upon the position
of the substrate. In this way a considerable spread in ma-
terial properties could be studied from the result of a sin-
gle deposition.

The films were then patterned using conventional pho-
tolithographic techniques (Shipley AZ1350J photoresist
masking and CF4 plasma or wet etching) into a form con-
venient for four-probe resistance measurements. We
chose narrow (0.5-mm) strips of the material perpendicu-
lar to the direction of the compositional phase gradient.
Over this width we expect very little variation of the sheet
resistance based on the total change over each half-inch
substrate.

III. CHARACTERIZATION OF FILMS

FIG. 1. Reactive rf sputtering from a split niobium and boron
nitride target produced a spread in concentration of the com-
ponents of the cermet on the substrates. Substrate 1 was mainly
NbN, while substrate 6 was mostly BN.

from the Nb half through a hole in the shutter. Such
depositions resulted in NbN films with a critical tempera-
ture of 16.5 K). For the split-target case, however, the
metal-insulator composite material (cermet) was formed.
Typical film thicknesses were 20-70 nm for these samples.

The two targets were symmetrically located near the
center line of the substrate table which allowed the sub-
strates to be arranged in a line extending from a point
directly below the niobium target to a point directly below
the boron nitride target (Fig. 1). Therefore, the composi-

The sputtered cermets consist of fairly regular grains of
NbN embedded in an amorphous insulating matrix
presumably composed of boron nitride. X-ray-diffraction
studies show the NbN to be Bl-structure material with a

0

typical lattice spacing of 4.38 A, which is consistent with
other films made in the same system. The x-ray studies
did not reveal any refIections attributable to the BN in the
films.

Transmission electron microscopy (TEM) was used to
study the microstructure of the films with particular at-
tention paid to the grain-size distribution. Figure 2 shows
four micrographs of films from four different substrate lo-
cations from the same deposition. The first point to be
made is that the films clearly consist of isolated, regular
grains with only relatively small variations in size for a

(;~)

(~. )

(b)

FIG 2. Micrographs of films at four different substrate locations. The substrate positions as referred to Fig. 1 are (a) 2, (b) 3, (c) 4,
and (d) 5.
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FIG. 3. A typical distribution for the grain size of a NbN/BN
sample. The distribution was for a particular substrate position
(substrate 2).

given film. The second point is that there is a pronounced
variation in grain size from film to film; as the films pro-
gress from the niobium nitride —rich end to the boron
nitride —rich end, the grains get significantly smaller. On
the other hand, the intergrain spacing does not seem to
vary nearly as much. What appears to be happening is
that the grains nucleate in a similar fashion from film to
film, but the effectively lower rate of NbN deposition on
the 8¹ ich side results in smaller grains with the inter-
vening spaces filled in with the insulating material.

The distribution of grain sizes can be analyzed from the
TEM photos and such analysis demonstrates mean grain
sizes from less than 4 to over 10 nm for the films studied.
A typical distribution is shown in Fig. 3.

The electrical properties of the cermets vary strongly
with the composition gradient. Different conduction
mechanisms in cermet films are well known to occur de-
pending on metal grain size" and such effects are present
here. Measured resistivities of the films vary from about
100 pBcm on the Nb¹ ich side to immeasurably high
values on the opposite end of the phase spread. Measur-
able samples could be made over a distance of 6—8 cm on
the substrate table which was 10 cm from the target, and
such samples had room-temperature sheet resistances
from 100 to 20 000 0/

IV. NORMAL-STATE RESISTANCE

The cermets fall naturally into two groups: those that
exhibit superconducting transitions and those that do not.
This distinction carries with it other important charac-
teristics of the films. In particular, the temperature
dependence of the resistance of the films is well described
by one of two relations, depending on the group to which
the film beiongs. The nonsuperconducting films are
characterized by an exponential temperature dependence
of the resistance, while the superconducting films exhibit a
remarkable logarithmic temperature dependence. The su-
perconducting films have room-temperature sheet resis-
tances below 3000 0/~; the nonsuperconducting films
have higher sheet resistances.
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FIG. 4. The logarithm of the sheet resistance as a function of
1/&T for a variety of the nonsuperconducting samples. The
lines are guides to the eye.

oe—

which is a temperature dependence that has been seen be-
fore in granular materials. Such a dependence has been
attributed to either a thermally activated tunneling pro-
cess ' in which tunneling takes place between grains hav-
ing charge whose distribution is thermally populated, or
by a hopping conduction mechanism with Coulomb-
energy effects. ' ' The first explanation involves assump-
tions about the relationship between the grain-size distri-
bution and intergrain spacings that are inappropriate for
these films. " The second account of this type of resistivi-
ty behavior involves the incorporation of a "Coulomb
gap"' in the density of states near the Fermi level into
the Mott theory for variable-range hopping. In these sam-
ples, the above temperature dependence is clearly observ-
able over three decades of resistance in the films and thus
can be easily distinguished from other exponential laws
such as T ' or T ' that are expected when conduc-
tion results from simpler hopping mechanisms.

The presence of this temperature dependence of the
resistance of the cermet films turns out to be a clear
empirical indicator that no superconducting transition will
occur at lower temperatures. Films whose room-
temperature resistances were near the cutoff value for su-
perconductivity were measured down to below 100 mK in
our dilution refrigerator and the exponential behavior per-
sisted at all temperatures. Whatever the details of the

Figure 4 shows the sheet resistance of four of the non-
superconducting films as a function of temperature plotted
as the logarithm of R versus the inverse square root of
the temperature. The films clearly obey a relationship of
the form
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conduction mechanism may be, an entirely different in-
teraction appears to take hold for films of lower sheet
resistance.

Aside from the fact that the lower-resistance films ex-
hibit superconducting transitions (to be discussed in the
next section), these cermets are still very nonmetallic in
the sense that their resistance increases strongly with
lowered temperature. However, the films no longer obey
an exponential law, but rather are governed by a logarith-
mic relation of the form

R =Rpln(Tp/T) (2)

Figure 5 shows the sample resistance (normalized to the
room-temperature value) plotted against temperature on a
logarithmic scale for two superconducting samples of very
different sheet resistance. Notice the very good fit to the
ln T dependence and, more importantly, the very large
changes in resistance, especially for the high-resistance
sample. In this case the resistance varies by 500% over a
decade change in temperature, which is an enormous
effect. The logarithmic dependence can be seen from as
high as room temperature all the way down to the onset
of superconducting fiuctuations (typically around 20 K for
these films). Moreover, when the superconductivity is
suppressed by the application of a high magnetic field, this
logarithmic dependence is observed down to the lowest
temperatures measured (see Fig. 11).

Plots like Fig. 5 can be made for all the superconduct-
ing samples from which the slope —R o in the above
equation —can be extracted. This characteristic resistance
Ro for each film is seen to vary systematically with other
measured properties of the films including the critical
temperature, room-temperature resistance, and, most in-
terestingly, the peak resistance before the superconducting
transition. For samples prepared in the same run, the
peak resistance of the film obeys a power law in the
room-temperature sheet resistance with a power of 1.4.
This behavior has been seen before in anodized granular
NbN films however, the power varied with the grain
size of the films. In the cermets, there was also a power
law governing the characteristic resistance Ro with respect
to the room-temperature sheet resistance and the power

was also 1.4. Thus, there is a linear relationship between
Ro and the peak resistance.

Figure 6 shows these Ro resistances for a number of
films plotted against the peak resistances R~. The log-log
plot has a slope of 1 over two-and-a-half decades of resis-
tance; the slope of the resistance-versus-lnT plot is linearly
proportional to the maximum resistance of the film Th. is
means that high-temperature resistance measurements
give information about details of the superconducting
transition.

The origins of this logarithmic behavior are unclear.
There have been many observations of logarithmic varia-
tions of resistance in disordered and reduced dimensional-
ity materials over the years, particularly in systems exhib-
iting weak localization and/or electron-electron interac-
tion effects. Such behavior has been observed in other
cermet systems. " Nevertheless, a common feature of
these systems is that the logarithmic temperature depen-
dence is very weak and occurs over a limited temperature
range. In weak-localization theory, the total change in
resistance over a decade of temperature is typically on the
order of a few percent or less and is certainly no more
than about 10%.

In fact, weak-localization theory predicts a value of
ARp/R of approximately 3&&10, the exact value de-
pending on assumptions made concerning the inelastic-
scattering mechanism and the form of interaction contri-
butions. ' The cermet films studied here show resistance
variations 2 orders of magnitude larger than this. In ad-
dition, localization theory predicts a crossover from loga-
rithmic to exponential temperature dependence with in-
creasing R . This crossover occurs in the range
1 —10 kO/ . ' Therefore, if the logarithmic temperature
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FIG. 5. The resistance normalized to the room-temperature
value vs lnT for two different superconducting samples. The
graph on the left is for a sample with R~(300 K)=2000 0/
while that on the right is for R&(300 K) =100 0/G. The lines
are guides to the eye.

FIG. 6. The logarithm of the coefficient of the lnT term in
Eq. (2) vs the logarithm of the peak resistance for the supercon-
ducting samples. The slope on this plot is always unity (corre-
sponding to Rp -R~ ), but the intercept (corresponding to the ra-
tio Rp/R~ ) varies somewhat for samples made at different times.



1966 SIMON, DALRYMPLE, VAN VECHTEN, FULLER, AND WOLF 36

dependence seen in our films were caused by weak locali-
zation, a crossover to exponential behavior should be ex-
pected at lower temperatures for the higher-R films. No
evidence of this behavior was seen even for films with
peak sheet resistance above 20000 0/

The nature of the transport mechanism remains un-
known for these films, but it is clear that there must be
Josephson coupling between the grains since the films
behave as bulk superconductors. However, tunneling
transport between the grains at high temperature does not
account for the unusual temperature dependence ob-
served. At this point we can only qualitatively assert the
existence of a temperature-dependent tunneling mecha-
nism that results in the logarithmic resistance behavior.

V. SUPERCONDUCTING TRANSITION
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The cermet films in the logarithmic group all exhibit
superconducting transitions at reduced temperatures. The
transitions broaden with increasing sheet resistance and
the transition temperature decreases as well. Figure 7
shows three such transitions normalized to the peak resis-
tances of films of room-temperature sheet resistances of
1000, 700, and 300 0, / . Figure 8 shows the variation of
mean-field T,p with sheet resistance. It should be noted
that these films reached considerably higher resistances
than their room-temperature values before the onset of the
superconducting transitions. A 1970-0/ room-
temperature film reached nearly 22000 0/ at 5 K be-
fore dropping to zero resistance at 1.6 K. Thus, for the
sample measured (5.8 ), there was a resistance change of
128 000 A over 3.4 K.

The onset of superconductivity in these films can be an-
alyzed in terms of superconducting fluctuations via the
Aslamazov-Larkin theory' and, in fact, the two-
dimensional theory proved to give the best fits to the data.
This was in spite of the fact that the films were rather
thick (20—50 nm) on the scale of the grain sizes or the su-
perconducting coherence length in NbN. The main
departure from the traditional Aslamazov-Larkin fitting

FIG. 8. The room-temperature sheet resistance as a function
of the mean-field superconducting transition temperature.

procedure that determines a mean-field critical tempera-
ture for the film is that the normal-state contribution to
the conductivity (o„)is usually taken as a constant.
Here, such an approximation is quite inappropriate as the
normal-state conduction is dominated by the logarithmic
interaction discussed above and contributes strong varia-
tions in the conductivity over the temperature range of in-
terest. Thus the mean-field T,p of the material is found
by fitting the measured conductivity to the form

Op e Tcpo= +
ln(TO —T) 16' T —T,o

where o.p corresponds to the inverse of R p discussed
above. Figure 9 shows the results of such a fit for a
1000-(0/ ) sample for which T,o is found to be 3.6 K.

The lower part of the superconducting transition in the
cermets can be analyzed in terms of the Kosterlitz-
Thouless vortex binding-unbinding theory' with, in some
cases, the addition of charging and/or quantum-
fluctuation efIects as modeled by Jose and Doniach. '
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FIG. 9. A fit of the superconducting transition to Eq. (3) for
a sample with R (300j=1000 0/ . The line is the best fit to
the data.
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FIG. 11. The resistance as a function of temperature (plot-
ted as lnT) for a variety of magnetic fields with values of 0, 10,
20, 30, 40, 50, 60, 70, and 80 kG. Note that when the super-
conductivity has been quenched, the log&OT dependence seen at
higher temperatures has been recovered. This sample had
Ro(300 K) =2000 0/
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FIG. 10. Two ways of finding T» are (a) plotting the v in
V~I as a function of T and finding where v=3, and (b) plot-
ting the resistance as a function of magnetic field for various
temperatures and finding where the curve is linear. For this
sample both methods give T~D ——5.24 K.

Analysis of the contribution of charging effects in these
cermets has been reported elsewhere.

The KT transition in these films can be determined
quite precisely by two distinct methods. The first utilizes
power-law fits to current-voltage characteristics of the
film ' for which the relationship V-I holds at TqD.
Figure 10(a) shows the power for the current-voltage
dependence (taken from the slope of log-log plots of IV-
characteristics) plotted as a function of temperature for a
typical sample. The temperature for which the power is
three is taken to be TqD, in this case 5.24 K.

The second technique involves the use of Aux-
flow —resistance data. Figure 10(b) shows a family of
magnetoresistance isotherms for the same sample as in
Fig. 10(a). As the temperature increases from 5.14 up to
5.32 K, the curves progress from positive curvature
through linear behavior to negative curvature. Below T2D
field-induced free vortices dominate the magnetoconduc-
tance, which results in the superlinear response to the ap-
plied field. Above T2D thermally induced vortices dom-
inate and the additional vortices induced by the field re-
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FIG. 12. The resistance as a function of magnetic field for
various temperatures. Note that at H =60 kG the resistance
appears independent of temperature. The inset is an expansion
of the data in the box. This sample has
R (300 K)=2000 0/

suit in only a sublinear response. However, at T~D the
vortex-antivortex correlation length diverges and pure
Aux-flow resistance is observed. Thus the linear isotherm
occurs at the transition temperature. Agreement between
the two measurements is quite good for these samples.

VI. OTHER RESULTS AND DISCUSSION

The magnetoresistance measurements performed for the
T2D analysis above led to several other interesting obser-
vations. As mentioned earlier, if a magnetic field
sufficiently high to suppress superconductivity is applied,
the logarithmic temperature dependence of the resistivity
can be observed down to low temperatures. Figure 11
shows the gradual destruction of superconductivity with
applied field on a 2000-0/ sample. At the highest field,
one sees the continuation of the logarthmic behavior.
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Thus we observe this remarkable temperature dependence
over two decades of temperature.

It is interesting to note in Fig. 11 that for a field of 6T
the resistance-versus-temperature curve is fIat below 15 K.
This can be seen very clearly in Fig. 12, in which all the
field isotherms meet at one point. It appears that at this
particular value of field (actually 6.2 T), the superconduc-
tivity and the logarthmic transport mechanism exactly
cancel out, and there is no temperature dependence of the
resistivity. More careful examination of the data shows
the resistance to be constant to within better than l%%uo

below the peak in resistivity at this field value. Such a
crossing of magnetoresistance isotherms has been seen be-
fore, but it is unclear in this case whether it is merely a
coincidence or is actually instructive about the conduction
mechanisms in these cermet films.

We have fabricated and performed transport measure-
ments in a novel cermet system composed of co-sputtered
NbN and BN. Insulating samples within this system pro-
vide for the study of modified hopping transport. Super-
conducting samples provide an excellent model for the 2D

Kosterlitz-Thouless phase transition and, in addition, also
exhibit a unique wide-ranging logarithmic temperature
dependence of resistivity in the normal state. While the
films studied here are amenable to analysis as two-
dimensional films, the fabrication techniques can allow for
much thicker films to be produced, so that the ePects of
dimensionality can be studied in detail. As in other
granular systems, these cermets make good bolometric
detectors, and have also recently been shown to be very
sensitive radiation detectors in the superconducting state
by a nonequilibrium mechanism. Work is continuing in
a number of areas on these films.
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