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The interest in the template-based synthesis of nanomaterials

and nanostructures is continuously increasing due to the

advantageous features offered by the templates and the ease

of processing a large number of nanostructures in parallel.

In recent years, nanoporous anodic aluminum oxide (AAO)

has been intensively studied and used for that purpose.[1]

At present, it is considered one of the most promising

templates[2] mainly because of its unique features, which

include easily tunable geometrical parameters, mild prepara-

tion conditions, and resistance to high temperatures. AAO,

which is a typical self-ordered nanopore-arraymaterial formed

by the electrochemical oxidation of Al in acidic solutions, is an

excellent starting host material for the fabrication of various

nanomaterials and nanostructures. It possesses a hexagonally

packed arrangement of nanoscale-sized straight blind holes

aligned perpendicular to the surface. The voids of the

nanoscale-channeled structure are typically filled with various

materials and heterostructures using electrochemical or

chemical vapor deposition methods after the elimination of

the oxide barrier layer that closes the bottom ends of the

holes. While this barrier layer is typically considered undesir-

able and eliminated, herein we emphasize that the surface of

this layer possesses an ordered array of hemispheres that can

also be used as a very interesting template. We describe the

advantages of the ordered bumpy surface for creating artificial

superconducting pinning centers in Nb films deposited on it.
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In type II superconductors, the penetration of quantized

magnetic fluxbundles, calledvortices, allows superconductivity

to bemaintained at highmagnetic fields.Moreover, Abrikosov

showed that vortices tend to form a regular lattice.[3] Never-

theless, an electrical current exerts a force on the vortices that

can set them in motion and creates a dissipative state. Vortex

pinning has thus attracted much attention for decades due to

technological and scientific interest. Lithography allows achieve-

ment of and control over a tremendous variety of patterns of

pinning centers.[4,5] The interaction of various pinning site lattices

with the Abrikosov lattice has shown very interesting behaviors

such as the so-called matching effect.[4,5] However, lithographic

techniques are expensive and time-consuming, which limits their

practical applicability. Recently, self-assembled techniques have

become a very promising way to increase the density of pinning

centers at lowcost. Previously,Welpet al. usedAAOtemplates to

create a triangular lattice of antidots,which resulted in an increase

by two orders of magnitude of the lithography-based matching

field best achieved so far.[6] Vinckx et al. also used self-assembled

polystyrene nanospheres to create a hexagonal lattice of pinning

centers.[7]

In our previous studies we have considered the effects of

pore size,pore spacing, andfilmthicknesson thematchingfields

andvortexpinning.[7–9] In thiswork,wepresent anewapproach

to create an interesting type of pinning lattice with the AAO

template by using the barrier layer face of the AAO (bottom

surface, Figure 1) to modulate the thickness of thin Nb films
Figure 1. a) Schematic representation of the AAO template after the two-

step anodization process and b) after the aluminum removal. Scanning

electron microscopy (SEM) pictures of both surfaces of the obtained

template: c) top and d) bottom.
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Figure 2. Normalized critical-current curves versus magnetic field for

different reduced temperatures of a) a 50-nm Nb film with triangular

lattice of antidots (evaporated perpendicularly onto the top surface) and

b) a 50-nm Nb film with a quasi-hexagonal thickness modulation

(evaporated under 308 from normal onto the bottom surface).
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evaporated on it. We show that this surface can be used for

efficient vortex pinning as well as the creation of a quasi-

hexagonal lattice of pinning centers. We compare the results

obtainedwith this approachwitha samplecontaininga latticeof

antidots (realized on the top surface, Figure 1). We show that

themajor advantages of the barrier layer face are that it can pin

twice asmanyvortices and thatmatchingeffects aremaintained

at higher fields and lower temperatures.

Self-ordered nanoporous alumina templates with 100-nm

pore spacing were prepared in order to create the two different

patterns in Nb thin films. The AAO templates were fabricated

by a two-step anodization process in order to obtain highly

ordered structures. The pores consist of long channels closed at

the bottom end by a round-shaped Al2O3 barrier layer

(Figure 1a and b). The top surface (Figure 1c) contains a

triangular lattice of holes, which has already been employed for

various purposes such as imprinting triangular lattices of

antidots in thin superconducting films.[6,9]

In the present work, we introduce the use of the barrier-

layer surface (at the bottom) composed of a triangular lattice of

hemispheric nanoscale bumps that possess the same spacing as

the top layer (100 nm), but with a completely different surface

morphology. Figure 1d illustrates this barrier-layer surface that

shows the triangular arrangement of bumps with an average

domain size for the highly ordered regions of about 1mm.[10]

The Nb layers were deposited using molecular beam epitaxy

(MBE) and different Nb thicknesses and angles of evaporation

were studied. The paper presents the most striking results

obtained on the bumpy surface, which are those obtained for a

50-nm-thickNbfilmevaporated under 308 fromnormal.At this

deposition condition an asymmetric thickness modulation is

induced, creating two interpenetrating triangular lattices of

pinning centers. These results are compared to those obtained

on a triangular lattice of antidots realized by using a 50-nm-

thick Nb film evaporated perpendicularly to the top AAO

surface.

The barrier-layer surface (at the bottom) looks like a

triangular lattice of domed hexagons (Figure 1d). The middle

point of eachbump(dome) is a localmaximumand thehexagon

corners are local minima (interstices). As the evaporation is

performed under an angle, the bumps allow shadowing effects.

In fact, depending on the evaporation direction, small areas

close to the interstices will have a smaller thickness. This

thickness modulation creates pinning centers located nearby

each interstice. As there are two times more interstitial sites

than bumps, this technique allows two times more pinning

centers for a given template using its bottomface (barrier layer)

rather than its top face (holes). Nevertheless, the thickness

modulation strongly depends on the local orientation of the

bump lattice compared to the direction of evaporation. Indeed,

if the evaporation direction corresponds to a row of bumps, the

thickness modulation will be the same for every interstice.

However, if theevaporationdirectioncorresponds toahexagon

side, the thickness modulation will not be equivalent for each

interstice.Half of the interstitial siteswill thenundergo a strong

shadowing effect (strongly reduced thickness) while the other

half will undergo a smaller shadowing effect (lightly reduced

thickness). In this case, the overall thickness modulation will

create two interpenetrating triangular-pinning-center lattices
www.small-journal.com � 2009 Wiley-VCH Verlag Gm
with different strengths. As the sample is not perfectly ordered

but is composed of several domains having different orienta-

tions, it is not possible to match the evaporation direction with

every particular lattice direction. Therefore, the mean pinning

latticewill be amix of the two cases presented above, leading to

two interpenetrating triangular lattices with different strengths

equivalent to a quasi-hexagonal lattice of pinning centers.

Thematching field for a triangular lattice of pinning centers

(holes) can be obtained with

Htop
1 ¼ 2F0

ffiffiffi

3
p

� d2
(1)

where d is the pinning-center spacing and F0 is the magnetic

flux quantum (2� 10�15 Wb). This leads to H
top
1 ¼ 215mT

(d� 100 nm) in our case. For the quasi-hexagonal lattice of

pinning sites (near the interstices), the matching field can be

easily obtained from Equation (1), remembering that the total

number of pinning centers has been doubled. This means that

the matching field in this case is also doubled:

Hbottom
1 ¼ 2 � Htop

1 (2)

Figure 2a shows the critical-current curves of the Nb film with

a triangular antidot lattice (deposited on the top face of the

template). When each hole is filled with one fluxon (Figure 3a)

at the first matching field (H
top
1 ¼ 215mT), a pronounced

increase of the critical current is observed as already

reported.[9,11] After the first matching field, the critical current
bH & Co. KGaA, Weinheim small 2009, 5, No. 21, 2413–2416



Figure 3. Vortex patterns for the 50-nm-thick Nb film with a triangular

lattice of antidots of �100-nm spacing at a) H
top
1 ¼ 215mT,

c) H
top
2 ¼ 430mT, and e) H

top
3 ¼ 645mT, and the 50-nm-thick sample

evaporated under 308 on the barrier layer surface at b) Hbottom
1=2 ¼ 210mT,

d) Hbottom
1 ¼ 420mT, and f) Hbottom

3=2 ¼ 630mT.
drops because of the appearance of weakly pinned interstitial

vortices. At H
top
2 � 430mT a shoulder-like behavior is

observed corresponding to the second matching field. The

vortex lattice is then hexagonal and composed by one half of

strongly pinned vortices (sitting on the holes) and one half of

unpinned vortices (between the holes) (Figure 3c). Even if the

effect at the third matching field is theoretically predicted to

be more pronounced than at the second due to the formation

of a triangular lattice of vortices[11] (Figure 3e), it is not

observed here probably because of the imperfect order of the

hole lattice. As also observed in Reference [5] for lithogra-

phically patterned samples, matching effects are usually only

observed very close to the critical temperature, Tc (typically

t¼T/Tc> 0.95). Figure 2b shows the critical-current curves at

different temperatures obtained for the thickness-modulated

Nb film deposited on the bottom surface of our template. In

this case, well-pronounced matching effects are observed at

210, 420, and 630 mT. In contrast to the antidot lattice,

matching effects are preserved at lower temperatures. At 210

mT (Hbottom
1=2 ), the sharp increase of the critical current

corresponds to the filling of the triangular interstice lattice

with the strong pinning centers (Figure 3b). Above 210 mT,

the additional vortices are placed on the other triangular

lattice with weaker pinning sites. This limits the decrease of the

critical current compared to the sample with the triangular

lattice of antidots. At 420 mT (Figure 3d), all the pinning

centers are occupied (Hbottom
1 ) forming a hexagonal lattice of

vortices. At higher fields, interstitial vortices appear but these

vortices are caged in the hexagons formed by the pinned
small 2009, 5, No. 21, 2413–2416 � 2009 Wiley-VCH Verlag Gmb
vortices, which allows a relatively high critical current to be

maintained. At 630 mT (Figure 3f), each hexagon contains a

vortex confined in its center forming a relatively stable

triangular lattice of vortices, which explains again the

enhanced critical current. These results correspond quite well

to theoretical results obtained for hexagonal lattices.[11] The

major interest in our technique to create pinning centers is

that we obtain a quasi-hexagonal lattice of pinning centers that

shows essentially the same property atHbottom
1=2 as the lattice of

antidots atH
top
1 but performs better at higher field because the

number of pinning sites is twice as high. Moreover,

the hexagonal arrangement allows caging of interstitial

vortices.

In summary, we have shown that the barrier layer of highly

ordered AAO membranes reveals a previously unexploited

nanostructured surface that can be used as a novel template.

This template consists of a triangular lattice of hemispherical

nanoscale bumps. We have shown its usefulness in creating a

new kind of superconducting pinning lattice. Nb thin films

have been evaporated for that purpose onto this surface,

leading to a modulation of the film thickness. The correspond-

ing pinning potential structure can be seen as two interpene-

trating triangular lattices (of different strengths) equivalent to a

quasi-hexagonal one. Critical-current measurements have

been compared between thin Nb films presenting this quasi-

hexagonal pinning center arrangement and those presenting a

triangular lattice of antidots. The major advantage in choosing

the barrier layer is that it doubles the number of pinning sites

and matching effects are preserved at higher fields and lower

temperatures.
Experimental Section

AAO templates were fabricated by a two-step anodization process

in oxalic acid (0.3 M) at 2 8C under a constant voltage of 40 V to

produce a 100-nm pore spacing. A 500-mm-thick ultrapure

(99.999%) Al foil was first electropolished, then partially anodized

to a depth of about 50mm to promote the ordering. This anodized

layer was then selectively removed by chemical etching with a

mixture of H3PO4 (6 wt%) and chromic acid (1.8 wt%) at 60 8C. A

second anodization (20mm) under the same conditions was then

performed in order to obtain a highly ordered structure.

To use the barrier-layer surface (at the bottom) for subsequent

Nb deposition and to be able to manipulate the sample, the top

surface of the template (presenting holes) was stuck onto a silicon

wafer with commercial epoxy resin (Stycast). The remaining Al that

was not anodized was selectively removed with a solution of CuCl2
(0.125 M) and HCl (6 M), revealing the AAO surface, which shows an

ordered arrangement of nanoscale bumps with a triangular lattice.

Nb depositions were performed using MBE at room temperature at

a working pressure of 10�10 torr and at an evaporation rate of 1.5

Å s�1. The Tc obtained on Si as well as on the bumps and holes

sides of AAO amounted to 8.9, 7, and 5.35 K, respectively.

Keywords:

alumina . hexagonal arrangement . nanostructures .
superconductivity . vortex pinning
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