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Ferromagnetic nanotubes by atomic layer deposition in anodic

alumina membranes

M. Daub,a> M. Knez, U. Goesele, and K. Nielsch

Max-Planck-Institute for Microstructure Physics, Weinberg 2, D-06120 Halle, Germany
(Presented on 11 January 2007; received 31 October 2006; accepted 18 December 2006;

published online 8 May 2007)

In this paper, two methods for the synthesis of magnetic nanotubes inside the pores of anodic
alumina membranes by atomic layer deposition (ALD) are compared. The precursors were
nickelocene or cobaltocene, and H,O or O5. The first method consists of a three-step ALD cycle:
First, the sample is exposed to the metal-organic precursor, subsequently to water, and finally, to
hydrogen. In the second method, metal oxide is deposited by a conventional two-step ALD cycle.
After the ALD process, the sample is reduced under hydrogen atmosphere. The magnetic nanotubes
obtained by the second method have a smaller grain size and improved magnetic properties. The
magnetic nanotubes with diameters ranging from 35 to 60 nm exhibit a preferential magnetization
direction along the nanowire axis. The Ni or Co nanotubes with larger diameters (around 160 nm)
show a nearly isotropic magnetic behavior, with the magnetic moments arranged in a vortex state at
zero field. © 2007 American Institute of Physics. [DOI: 10.1063/1.2712057]

l. INTRODUCTION

Patterned magnetic nanostructures are presently the fo-
cus of intense investigations because of their scientifically
interesting properties and their potential applications in many
areas of nanotechnology, such as patterned magnetic media,
sensing devices, or magnetic imaging. Ni and Co nanotubes
have been fabricated by silanization of polycarbonate or alu-
mina membranes, followed by electrochemical deposition.l_3
Co, Fe, CoNiFe/Cu, and Ni nanotubes were produced by
pulsed electro- deposition“’5 or by dc electrodeposition, add-
ing an amphiphilic triblock copolymer in the electrodeposi-
tion solution.® Au/Ni multilayer nanotubes were fabricated
by coating alumina walls with Ag nanoparticles and subse-
quent electrodeposition.7 Precursor injection and subsequent
hydrogen reduction were used for the fabrication of FePt and
FePt/Fe magnetic nanotubes.>’ By wetting the pores of alu-
mina membranes with a polysterene/poly-/-lactide solution
containing a metallo-organic precursor and annealing, Co
nanotubes were fabricated.'® Most previous papers report the
formation of nanotubes with relatively large diameters
(200-300 nm). In addition, these methods do not allow a
precise control of the layer thickness and a fine tuning of
magnetic properties of the deposited material.

Atomic layer deposition (ALD) offers a very precise
control of the growth rate and a very conformal coating on
three-dimensional structures. ALD consists of the deposition
of thin layers from two different vapor-phase reactants. The
substrate is subsequently exposed to the precursor vapor; in
each cycle, usually one monolayer or less of the desired ma-
terial is deposited and the deposition should be repeated sev-
eral times until the desired layer thickness is reached. Here,
we fabricate magnetic nanotubes in porous alumina tem-
plates by two different ALD approaches.
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Il. FABRICATION OF NANOTUBES

Alumina membranes with 100 and 500 nm interpore dis-
tance, pore diameters of 35 and 160 nm, and pore lengths of
2-50 um were fabricated in a two-step anodization process
of aluminum.""™" To obtain pore diameters of 55—85 nm, we
treated the samples in 5% H;PO, at 30 °C for 30—60 min.
The alumina membranes were used as templates for the ALD
deposition (Savannah, Cambridge Nanotech) of Ni and Co.

The first method (“reduction during the ALD process™)
consists in a three-step deposition cycle: First, the nickel-
ocene (or cobaltocene) vapor is introduced into the deposi-
tion chamber and allowed to adsorb at the sample surface.
Then, the sample surface is exposed to H,O vapor to form a
layer of metal oxide from the metalo-organic complex. Fi-
nally, H, is used to reduce the formed oxide layer. Between
each step, the ALD chamber is purged in order to avoid
interactions in vapor phases.

The second method (“reduction after the ALD process”)
consists of only two steps: First, the nickelocene or cobal-
tocene vapor forms a submonolayer on the sample surface.
Then, Oj is introduced into the ALD chamber to react with
the adsorbed layer. After the ALD process, the sample with
the metal oxide coating is transferred into an oven and re-
duced at 400 °C under Ar+5% H, atmosphere for 5 h.

For Ni, the deposition temperature ranged between 270
and 330 °C (the maximum temperature of our ALD reactor)
and for Co, between 240 and 330 °C at 2 X 107! Torr. We
used nickelocene (NiCp,) or cobaltocene (CoCp,), both from
Strem Chemicals, as first precursors. The precursor tempera-
ture was, in both cases, 90 °C. Pulsing time of 1 s, exposure
time of 30s, and purging time [Ar gas, flow rate of
10 SCCM (SCCM denotes cubic centimeter per minute at
STP)] of 30 s were used for all ALD cycles.

For the scanning electron microscopy (SEM) and mag-
netic measurements, the alumina surface was treated by an
ion milling process to remove the deposited film from the top

© 2007 American Institute of Physics
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FIG. 1. (a) TiO,/Ni/TiO, nanotubes obtained with the first method (“re-
duction during the ALD process”). (b) Ni tubes deposited with the second
method (“reduction after the ALD process”).

sample surface. For a higher stability of the nanotubes, a
better contrast in the SEM, and to prevent damaging of the
nanotubes by the etching solution, we deposited Ti0217 by
ALD as follows: first, a layer of TiO, was deposited in the
alumina membrane, then, e.g., Ni deposition was performed
as above, and finally, a second thin layer of TiO, was used to
cover the Ni tubes. For transmission electron microscopy
(TEM) measurements, the TiO,/Ni/TiO, tubes were re-
leased by etching the membrane with 1M NaOH and wash-
ing several times with purified water. A droplet of the
nanotube-containing suspension was placed onto copper
grids with carbon film and dried.

lll. RESULTS AND DISCUSSION

We investigated the morphology of the nanotubes by
SEM and TEM measurements. Figure 1 shows transmission
electron micrographs of TiO,/Ni/TiO, tubes with method 1
[800 cycles ALD at 330 °C, Figs. 1(a) and 1(b)] and with
method 2 [500 ALD cycles at 330 °C, Figs. 1(c) and 1(d)].
The layer thickness is about the same range, 11-12 nm. The
tubes that we studied by TEM had two different sets of di-
ameters: 35 or 160 nm. The length of the pores presented in
Fig. 1 is almost the same (10 um).

For nanotubes obtained by the first method, the mea-
sured grain size was 12—15 nm. For nanotubes fabricated by
the second method, the grain size was less than 5 nm, prob-
ably due to the fact that we grow, in this case, an oxide layer
on another oxide layer. In the first method, we reduce the
oxide to metal in each cycle, and this might lead to increased
granularity.

The morphology of the multilayer TiO,/Ni/TiO, tubes
is also confirmed by SEM measurements. The Ni tubes pre-
sented in Fig. 2 were obtained by 500 ALD cycles with O
(method 2). The first TiO, layer has a thickness of about
10 nm, and the second TiO, layer of about 5 nm. The Ni
tube thickness is 11-12 nm. The pore diameter is about
160 nm and the length is about 10 um. In Fig. 2(a), the
alumina membrane was completely etched away by NaOH.
In this case, the TiO,/Ni/TiO, top layer was not removed by
ion milling, so that the interconnecting layer was preserved.
In Fig. 2(b), the top surface was removed and the trilayer
structure can be observed from a top-view perspective.

J. Appl. Phys. 101, 09J111 (2007)

FIG. 2. TiO,/Ni/TiO, nanotubes obtained using the second method (reduc-
tion after the ALD process). The tubes shown in (a) are removed from the
alumina membrane with a solution of 1M NaOH (a). The tubes in (b) are
embedded in the membrane; the ferromagnetic layer on the top surface have
been removed by ion milling.

Recently, ALD processes have been developed for
magnetic thin films."* Due to the low reactivity of molecular
hydrogen, most processes for transition metals, e.g., Ni and
Co, based on the reaction of H, and a metal-organic precur-
sor, are rather slow (0.04—0.12 A/cycle). The deposition
rates for metal oxides obtained by ALD are usually between
0.2and 1.5 A/ cycle.”"l(’ We obtained very uniform and con-
formal nanostructures  with  deposition rates  of
0.22-0.3 A/cycle by method 2.

The magnetic properties of Ni nanotubes with different
diameters and lengths were measured with a superconducting
quantum interference device (SQUID) magnetometer. Hys-
teresis loops for samples obtained by the two methods (pore
diameter of 35 nm, pore length of 30 wm, and Ni layer
thickness of around 12 nm) are presented in Fig. 3. Ni nano-
tubes obtained by the first method show very small coercivi-
ties (<30 Oe for both directions: parallel and perpendicular
to the tube axis). Typical coercivities for samples obtained by
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FIG. 3. Hysteresis loops for Ni nanotubes embedded in the alumina mem-
brane, for the two different methods; the applied magnetic field is parallel to
the tube axis.
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FIG. 4. Hysteresis cycles (parallel direction) for Ni nanotubes obtained with
the second method as a function of pore diameter. The Ni layer thickness is
the same (11-12 nm).

method 2 are 190 Oe for the parallel configuration and 90 Oe
for the perpendicular configuration (1 Oe=10%/47 A m™).
The coercivities measured for Co nanotubes (method 2, simi-
lar deposition parameters and dimensions) are 550 Oe for the
parallel direction and 390 Oe for the perpendicular direction.
For pore diameters of around 160 nm, the Ni and Co nano-
tubes showed a nearly isotropic behavior, with coercivities in
both measurement configurations of around 100 Oe (for Ni)
and 580 Oe (for Co). All measured coercivity values are in
the same range as values from literature."® As a comparison,
the coercivity values for bulk are much smaller (<10 Oe for
Ni; around 10 Oe for Co). Due to the shape anisotropy, the
nanotubes with smaller diameters (around 35 nm) show en-
hanced coercivities and anisotropic magnetic behavior. For
these samples, the remanent magnetization for the applied
field parallel to the tube axis is larger than that for the per-
pendicular direction, indicating that the easy axis of magne-
tization is oriented along the nanotube axis. The preferential
arrangement of the magnetic moments is the parallel (ferro-
magnetic) configuration for smaller diameters (<80 nm) and
a vortex state for the larger diameter nanotubes
(>100 nm)."® The influence of the pore diameter or the layer
thickness on the magnetic properties was also investigated.
Figure 4 shows the hysteresis cycles for three different
samples obtained with method 2 (diameters of 35, 55, and
85 nm; interpore distance of 100 nm; and pore length of
around 30 pum). All three samples were deposited with the
same number of ALD cycles, corresponding to 11—12 nm Ni
thickness. We observed that when the pore diameter de-
creases, the coercivity and the remanence increase (and the
saturation magnetization decreases). Figure 5 presents the
results concerning the influence of the Ni layer thickness on
the magnetic nanotube behavior. We used alumina mem-
branes with 35 nm pore diameter and 100 nm interpore dis-
tance. As expected, increasing the number of ALD cycles
(150, 300, and 500 cycles, corresponding to 3—4, 67, and
11-12 nm thickness) leads to an increase in the saturation
magnetization and coercivity.

IV. CONCLUSIONS

Ni and Co nanotubes were produced in alumina mem-
branes by atomic layer deposition. Nickelocene or cobal-
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FIG. 5. Hysteresis loops (parallel direction) for Ni nanotubes obtained by
the second method, for different Ni layer thickness: 3—4 nm (150 cycles),
6-7 nm (300 cycles), and 11-12 nm (500 cycles). The samples have the
same diameter (35 nm) and pore length (30 um).

tocene were used as first precursors, and the influence of
H,0 or Oj as second precursors was investigated. The depo-
sition of metal oxide with O; and subsequent reduction lead
to a very fine grain structure of the ferromagnetic material.
Atomic layer deposition offers a very precise control of layer
growth and a high degree of flexibility in the fabrication of
three dimensional nanostructures.
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