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We report electrical transport measurements made on thin superconducting niobium films perforated by an
etched array of nanoscopic holes. The hole diameter in these “honeycomb” network films is comparable to the
coherence length of the parent superconducting material. A series of 12 films, with varying hole depths, were

measured. As the film thickness is decreased, an unusually large reduction of transition temperature is observed
for the honeycomb films as compared to plain etched films of similar thicknesses. We report on a 7. reduction
in superconducting network films that is not due to an applied magnetic field. These observations are in
contrast to previous reports based on Ginzburg-Landau theory analysis, which does not allow for any change
in the transition temperature for perforated films in comparison to plain films. The Maekawa-Fukuyama (MF)
model for two-dimensional (2D) superconductors is used to fit the sheet resistance data. The MF-2D model fits
very well to the lightly etched samples, but an anomaly in 7. reduction is observed for heavily etched samples.
These deviations are analyzed on the basis of change in dimensionality using the Aslamozov-Larkin model.
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I. INTRODUCTION

Patterning a superconducting film into a multiply con-
nected network yields a system with interesting complexity.
However, the details of the behavior depend greatly on the
characteristic size scale of the patterning.! Utilizing
Ginzburg-Landau (GL) theory, previous works>> on pat-
terned niobium films suggest no change in transition tem-
perature, in the absence of a magnetic field, for artificially
patterned superconducting film as compared to plain films of
the same thickness. In the presence of a field, the transition
temperature for a perforated “honeycomb” superconducting
film shows a different dependence on the field than a plain
film of the same thickness.® This is consistent with the GL
theory irrespective of the patterned holes being blind or
open.! Previous research was performed on superconducting
honeycomb films having a characteristic length scale larger
than the coherence length of the parent superconducting ma-
terial. If the honeycomb film thickness as well as the diam-
eter of the perforated holes is comparable to the coherence
length of the superconducting material, then the microscopic
superconducting character itself is changed and the experi-
mental observations must be analyzed using the microscopic
theory of superconductivity. For thin superconducting films,
the transition temperature decreases as the film thickness is
reduced because of weak localization,” suppression of
electron-phonon coupling constant (a),%° or broadening of
the superconducting energy gap edge.'? As the film thickness
is reduced, disorder increases, and as a result, the Coulomb
repulsion and electron-phonon interaction both increase.!!
But after a certain minimum value of thickness, the Coulomb
repulsion interaction becomes so large that it outweighs the
increase in electron-phonon interaction, which becomes satu-
rated as the film thickness is decreased. For a highly disor-
dered system, in thin granular films, the electron-phonon in-
teraction starts to decrease after the saturation value. This
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reduces the value of effective coupling interaction'? N-u,
and hence the superconducting order parameter A decreases.
Since the transition temperature 7. for superconducting films
is directly related to A, the transition temperature decreases
also. A second important physical phenomenon to consider is
the localization of density of states in the grains. As the
granular film becomes thinner, material grains of the film
become weakly connected. This results in weak localization.
In the case of strong enough disorder of a thin film, the
electron-electron interaction increases significantly and thus
the electronic states are strongly localized, which also results
in a metal-insulator transition (MIT).!* Previous research
works'#!> on thin amorphous or granular superconducting
films suggest that the combined effects of these two mecha-
nisms, localization and Coulomb interactions, results in a
substantial reduction of 7. as a function of increasing sheet
resistance (R,) or decreasing thickness of films. In this paper,
we present the results of experimental studies of supercon-
ductivity in nanoscale-patterned Nb films (also called super-
conducting honeycomb films), where nanoscale-patterned
holes act as scattering centers analogous to doped impurities
in amorphous thin superconducting films. The honeycomb
films exhibit a strong reduction in 7, as compared to plain
unpatterned films of similar thicknesses and etched under
similar conditions. For example, in one case, the reduction in
transition temperature for 30-s etched plain film of thickness
6 nm, as compared to original film of 10 nm thickness, is
~0.04 K. On the other hand, the reduction in transition tem-
perature for 105-s etched honeycomb film, also 6 nm thick
and fabricated from original 10-nm-thick film, is 1.29 K. In
the following fabrication section, it is explained how 30-s
etched plain film and 105-s etched honeycomb film are of
similar thicknesses. This observation is a significant devia-
tion from previous experimental and theoretical results on
patterned superconducting films.
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II. FABRICATION PROCEDURE

The honeycomb films are fabricated using a thin nano-
porous polymer template, derived from a diblock copolymer
film, as a reactive ion etch mask on a 10-nm niobium thin
sputtered film. The diblock copolymer P[S-b-MMA] consists
of two chemically distinct homopolymers joined to each
other at one end with a covalent bond and capable of mi-
crophase separation because of immiscibility of the polymer
blocks. A microphase-separated diblock copolymer film can
take various forms from spherical to cylindrical to lamellar,
depending upon the volume fraction of each block,'¢ and
forms a periodic pattern. For our work, we follow a proce-
dure outlined in earlier work.”” We use a 66-kdalton-
molecular-weight diblock copolymer with a volume fraction
of the PS (PMMA) at 70% (30%) to obtain a hexagonal array
of PMMA cylinders in a PS matrix. For this molecular
weight, the average diameter of a PMMA cylinder is 13 nm
and the center-to-center distance between two cylinders is 28
nm, which is in good agreement with prior work.'® To re-
move the PMMA cylinders, the sample is exposed with
3 J/em? of UV (254 nm wavelength) and then rinsed in pure
acetic acid for 7 min, followed by a 5-min rinse in distilled
water in an ultrasonic bath. This results in a 36-nm-thick PS
film perforated by a hexagonal array of 13-nm pores on top
of Nb film with native oxide layer. After fabricating a nano-
porous template on top of Nb film, reactive ion etching is
used to etch the honeycomb geometry into the Nb film. The
reactive ion etching is performed using low-pressure CF, gas
at a chamber pressure of 84 mTorr and 52 W power. The
substrate was voltage biased during the etching to facilitate
anisotropic etching perpendicular to the surface. Organic
residues are removed by cleaning the sample in sulfuric acid
at 50 °C for 1 min. Before etching the actual samples for
honeycomb films fabrication, the etching rate is calibrated
for the thickness of original Nb film. It is found that the
etching rate for plain Nb is 1 nm in 7.5 s, so the Nb film is
destroyed after 75 s of etching. Coincidentally, this is also
the time required to completely etch the polymer mask. This
means any additional etching results in a multiply connected
honeycomb system with decreased film thickness. For com-
parison purposes, plain Nb films are also etched under iden-
tical conditions and for a similar amount of times. It is im-
portant to underscore that a plain Nb film etched for 15 s has
the same thickness as an etched honeycomb film etched for
90 s. This is because the honeycomb film is protected by the
diblock mask for times up to 75 s. Since this is tricky to
understand, therefore, we have drawn a schematic descrip-
tion of this procedure in Fig. 1. In this schematic figure, we
can clearly see that the honeycomb films etched for small
amount of time (15 s., 30 s. etc.) has the thickness of 10 nm,
but longer etched (75 s or more) honeycomb films are thin-
ner than 10 nm. As the diblock mask pore diameter is 13 nm,
the hole diameters of lightly etched honeycomb films are
also of the same value, but in the case of longer-etched hon-
eycomb films, the hole diameters are larger than this value
because of undercuts during the etching process.'??° After
140 s of reactive ion etching for honeycomb films, the mul-
tiply connected Nb network is destroyed (also confirmed by
electrical transport measurements discussed below). A total
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FIG. 1. (Color online) Schematic description, in 2D, of “honey-
comb” film fabrication for different etching times. As we can see in
this schematic picture, the thickness of the lightly etched honey-
comb film is same as the original film (10 nm), but as the etching
time is increased, holes become deeper as well the constriction (film
connecting two neighboring holes) gets thinner. Eventually after
certain amount of time, the holes are etched all the way (open
holes) through and create a multiply connected system of lower
thickness than the original film.

of 12 Nb honeycomb films were fabricated, having increas-
ing hole depths and decreasing thicknesses, by varying the
etching time from 5 s to 140 s. Atomic force microscope
(AFM) images of selected honeycomb films are shown in
Fig. 2.

III. ELECTRONIC TRANSPORT MEASUREMENTS

Electrical transport measurements are performed using
four probe techniques and an autobalancing resistance bridge
for all the samples. For comparison purposes plain Nb films
of comparable thicknesses, as mentioned in the previous
paragraph, are also measured. Sheet resistance, R, data for
both honeycomb and plain Nb films are plotted as a function
of temperature in Fig. 3.2! We can see in Fig. 3 that the sheet
resistance value for both plain Nb films and honeycomb
films are much smaller than the quantum resistance value
(RQ=$=6.4 kQ) below which superconductivity is pos-
sible. The 50% value of the 8-K normal resistance on R (7T)
curves is used as a convention to determine the supercon-
ducting transition temperatures for all the samples. Accord-
ing to Fig. 3, the superconducting transition temperature for
the unetched original plain Nb film (the parent film) is 6.89
K, but after fabricating diblock template mask on top of Nb
surface, we observe a substantial reduction to 7.=3.52 K. It
is an interesting observation worthy of further experimental
investigation to be pursued in future work, involving details
of the polymer-metal interaction. In this report we will focus
on the physics of superconducting honeycomb films. As we
can see in Fig. 3(b), the transition temperatures for etched
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FIG. 2. (Color online) AFM images of diblock template and
honeycomb films (before imaging, samples are cleaned in sulfuric
acid at 70° centigrade). (a) Diblock template, (b) 15-s etched
sample, (c) 105-s etched sample (note that constrictions are getting
thinner, as discussed in the text, possibly because of undercuts), and
(d) 140-s etched sample (complete etching results in the exposure of
a Si wafer).

plain Nb films reduce gradually as the etching time is in-
creased and eventually superconductivity is destroyed for the
sample etched for 75 s. For superconducting honeycomb
samples we observe a characteristically different behavior in
T. reduction. Since the honeycomb films are protected by a
polymer mask (as shown in Fig. 1) until 75 s of etching time,
the thickness of the these honeycomb films (etched up to 75
s) remains intact at 10 nm, but the hole depth increases. A
transition from “blind-hole” honeycomb film, a simply con-
nected system, to “open-hole” honeycomb film, a multiply
connected system, occurs after 75 s of etching time. Further
etching results in open honeycomb films of lower thick-
nesses than the original film. The thicknesses of honeycomb
films etched for more than 75 s reduce in a similar way as in
the case of plain etched film. Thus a 90-s etched honeycomb
film has the same thickness as a 15-s etched plain film. The
superconducting transition temperatures for honeycomb
films is reduced gradually up to 75 s of etching time, but for
further etching a substantial reduction is observed.

In Fig. 4 we have plotted the variation of normalized tran-

c

sition temperature, %, as a function of etching time. Here T,
is the transition temperature of the film and T, is the transi-
tion temperature of the respective unetched film. In the case
of plain Nb film the value of T, is 6.89 K, while for honey-
comb film it is 3.52 K. Figure 4 demonstrates that two su-
perconducting systems of similar thicknesses behave differ-
ently as they become thinner. As we see in Fig. 4, there is a
much larger relative reduction in the transition temperatures
for longer-time-etched honeycomb films as compared to
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FIG. 3. (Color online) Sheet resistance data for different time
etched samples. (a) Different time etched honeycomb films. This
plot clearly shows that as the sheet resistance value increases, tran-
sition temperature decreases. (b) For comparison purposes, plain Nb
film sheet resistance data are also plotted. In the inset, sheet resis-
tance data for 75-s etched plain Nb film is shown. As we can see
here superconductivity is destroyed in plain Nb film after 75 s of
etching time.

plain etched Nb films. For a plain Nb film etched for 15 s,
the reduction in temperature is of about 0.02 K as compared
to original Nb film, while for the comparable honeycomb
film etched for 90 s it is about 1.28 K. This is in contrast to
Ginzburg-Landau theory,! which predicts that, whether they
be multiply connected or simply connected, two films of the
same thickness will have the same transition temperature.
Table I emphasizes the observations of reduction in 7, for
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FIG. 4. (Color online) The variation of normalized transition
temperature as a function of etching time for both plain Nb films
and honeycomb films. As the etching time increases, sample thick-
ness decreases linearly (see text). In this figure we observe two very
different behaviors in 7. reduction for films of similar thicknesses,
in the absence of magnetic field. Just a guide to the eye, the dashed
line shows a linear variation of 7, with increasing etching time for
plain Nb film.

honeycomb films as compared to plain Nb films of similar
thicknesses.’> Honeycomb films etched for longer times
show substantial transition temperature differences as com-
pared to plain films. For thin and granular plain Nb films it is
well established that weak localization is largely responsible
for the suppression of transition temperature as the film
thickness is decreased.” The weak localization effect is usu-
ally exhibited by the 1/d dependence of 7. and also the
magnetoresistance ratio AR/R~ 107* in a large field region.
We also observe a linear variation of the transition tempera-
ture as a function of reducing thickness for plain Nb films, as
shown in Fig. 4 by a dashed line. In Fig. 3, another notice-
able feature is the jump in resistance, before making the
superconducting transition, for samples etched for 60 s of
both honeycomb and plain Nb films. Interestingly this behav-

TABLE I. In this table, 7, is the transition temperature of the
specified film while T is the transition temperature of the parent
film; in the case of plain films, it is the transition temperature of
original Nb film (6.89 K), while in the case of honeycomb films it is
the transition temperature of unetched Nb film with diblock on top
(3.52 K).

Thickness of the AT.=T.-T, AT.=T.-T,
film (honeycomb films) (plain Nb films)

10 nm 0.41 K (75 s) 0 K (unetched)

8.0 128 K (90 s) 0.02 K (15 5)

6.0 nm 1.29 K (105 s) 0.038 K (30 s)
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ior does not occur for any other etched sample. Nonetheless,
we are specifically interested in understanding the mecha-
nism behind the 7, reduction in honeycomb films.

IV. MAEKAWA-FUKUYAMA MODEL

Weak localization is the mechanism predominantly attrib-
uted to the suppression of the transition temperature in thin
Nb films of two dimensions. However, in some cases, espe-
cially in thin amorphous or grainy superconducting films or
films with impurities, previous research works'>!# suggest
that a combined effect of localization and Coulomb interac-
tions results in a sharp reduction of 7, as a function of in-
creasing sheet resistance R, or decreasing thickness of films.
In these cases the Maekawa-Fukuyama (MF) model?® has
been a more accurate model for explaining the 7. reduction
as a function of increasing sheet resistance. The only limita-
tion is that it is valid only for two-dimensional (2D) super-
conductors. For a 2D superconductor, the MF perturbation
theory calculations result in

1[3}_ 1gIN(0>e2RS[1 Y T
N1ol™72 226 |77 0T,

1 g,N(0)e’R Tol|?
_g—gl 2(772); S[ln{s.s%T—“’H ()

¢

where R, is the sheet resistance of 2D superconductors and
g1N(0) is the effective coupling constant. In the above equa-
tion the first term is due to the reduction of density of states
as a result of localization and second term is the vertex cor-
rection to the electron-electron interaction. The only fitting
factor in this model is the effective coupling constant g;N(0).
The calculated coherence length value, using H,., data, for
plain Nb film is &=8.1 nm.?* Therefore, for an original
thickness of 10 nm, etched films are 2D or lower-
dimensional systems from the superconducting dimensional-
ity point of view. We have investigated the changes in the
effective dimensionality of honeycomb films, as a function
of etching time, to understand the increasing temperature
width of superconducting transitions and are discussed below
later. In Fig. 3(a) we also observe the increasing sheet resis-
tance values as the film thickness decreases for honeycomb
films (as a result of increased etching time) and also suppres-
sion of the transition temperature. In the case of honeycomb
films, holes act as scattering centers for transport electrons,
analogous to a superconducting film with impurities. As dis-
cussed above in the Maekawa-Fukuyama equation, the first
term on the right-hand side is due to the correction to the
density of states and the second to enhancement of the Cou-
lomb repulsion between electrons due to nanoscale pattern-
ing plus ion etching damage in the honeycomb films. The
value of g;N(0) may be compared with that of the screened
Coulomb interaction for strongly coupled superconductors,?
which gives g;N(0)~1. The zero-temperature coherence
length for plain sputtered Nb, verified for a plain Nb film
with the polymer template on top, is of the order of 8 nm, as
mentioned above, and the calculated value for elastic mean
free path is of the order of ~1 nm. The elastic mean-free-
path length in the dirty limit is calculated using the formula
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FIG. 5. (Color online) Maekawa-Fukuyama 2D model fitting to
sheet resistance data for honeycomb films. As we can see in this
figure the MF-2D model (green, solid gray, curve) does not fit well
to the all data points. But if we fit the MF-2D model to the lightly
etched honeycomb films data, then, as we can see in this figure
(blue, dashed gray, curve), a very good fitting is obtained. The
fitting value of the coupling constant, in this case, is 0.8.

&~[&0)1]"2, where &0)~40 nm is the coherence length
for pure crystalline Nb.2° The ratio % therefore is expected to
be around 8, and hence the only remaining parameter is the
effective coupling constant g;N(0), which is expected to be
of the order of unity. In Fig. 5, we have plotted TLO vs R for
honeycomb films. Data has been fitted, in Fig. 5, using
ME-2D theory. As we can see in that figure, fitting (green
curve) is not good for all the data points and the obtained
fitting value is an unreasonably small value of 0.108. In the
strong-coupling limit, as in this case, one would expect the
fitting value to be of the order of 1.0. On the other hand, if
we fit the data for lightly etched honeycomb films (blue
curve), then we get a fitting value of g;N(0)~ 0.8, which is
quite reasonable. This reflects that due to nanoscale pattern-
ing, in honeycomb films etched for short times, an anoma-
lous diffusive behavior occurs that reduces the electron
screening via exchange correction, thereby enhancing the
Coulomb interaction parameter and reducing the effective
interaction parameter. One reasonable explanation for the de-
viation of the MF-2D fitting curve from the data for honey-
comb films etch for longer times may be a further reduction
in the effective dimensionality of the honeycomb films with
increasing etching times. In such a case, the MF model,
which is strictly valid only for 2D superconductors, is no
longer applicable. However, other authors'* have suggested
higher-order positive corrections to the theory for further in-
creasing values of R;.

V. DISCUSSION

To verify the assumption of changing dimensionality, we
use the Aslamozov-Larkin model?’ to determine the super-
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FIG. 6. (Color online) Fitting to the excess conductivity data
using the Aslamazov-Larkins model. As we can see in this figure,
the superconducting dimensionality of the original film is 2D,
which was expected because the thickness of the Nb film is of the
order of coherence length for the superconductor. (a) In the case of
honeycomb film, dimensionality changes from 2D to a fractional
value for increased etching time. (b) In the case of plain Nb film,
dimensionality does not change.

conducting dimensionality of the film. For this purpose we
have plotted conductivity (o) vs scaled temperature [(T
—T¢)/Te=t] for plain films and honeycomb films in Fig. 6.
Data are fitted using the Aslamozov-Larkin (AL) model. In
the AL theory, a log-log relation between conductivity and
temperature is given by?%?°
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where a, b, and c are fitting constants and e is the fitting
power for excess conductivity. The first part on the right-
hand side is background conductivity and is subtracted from
the data before doing the actual fitting. In the AL model, the
parameter ¢ is related to the fluctuation dimensionality D by

D=4-2¢. (3)

After fitting the data using AL model, we see that for lightly
etched samples & is around 0.9 (with an estimated error of
about *=0.1) and therefore the value of D is about 2. For
heavily etched samples (for instance, 90-s etched honeycomb
film) the value of & reduces to 0.78 and hence increasing the
dimensionality D to a fractional value of 2.4. This is a very
strange observation as one would expect to observe lower
dimensionality with reducing thickness of the film. On the
contrary, we see not only the higher dimensionality of the
system, but also a fractional form. This dimensionality analy-
sis accounts for the departure of the data from the MF-2D
model, but it does not explain in detail the anomalous reduc-
tion in transition temperature.

In summation, the combined effects of weak localization
and interaction effects reduces the transition temperature of
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honeycomb films etched for short times. One possible expla-
nation for substantial reduction in 7. for honeycomb films
etched for long times may be the magnetic interactions, in-
duced by transport current, between closely spaced open
holes, as described by Bezryadin et al.'" Nanoscopic open
holes, in this case, can be thought of as cylinders of very
small dielectric constants. Here it is noteworthy to mention
that for heavily etched honeycomb films, the thickness of the
film is smaller than the magnetic penetration depth and hon-
eycomb wall thickness is smaller the original masked spac-
ing (Fig. 2). In such a case, the induced magnetic moments
across the open holes start interacting because of the close
spacing and can create an effect analogous to an applied
magnetic field, reducing the transition temperature. In lightly
etched honeycomb films, this phenomenon is not very pro-
nounced because of the underlying connecting film and
ample separation between holes. Clearly detailed theoretical
investigations are needed to fully understand the behavior of
this regime of nanostructured superconducting networks.
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