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Electrochemical deposition of nickel nanowire arrays in single-crystal
mica films

L. Sun and P. C. Searson?
Department of Materials Science and Engineering, The Johns Hopkins University, Baltimore,
Maryland 21218

C. L. Chien
Department of Physics and Astronomy, The Johns Hopkins University, Baltimore, Maryland 21218

(Received 18 December 1998; accepted for publication 12 March) 1999

Nanopores with lateral dimensions as small as 30 nm have been fabricated by nuclear track etching
in 5 um thick, single-crystal muscovite mica wafers. The nanopores have a diamond shape with
their axes aligned with the crystal axes of mica as a result of anisotropic etching. Nickel nanowire
arrays have been fabricated by electrodeposition into the nanopores. The magnetic properties of the
nanowire arrays are compared with those fabricated in polymer membranet99® American
Institute of Physicg.S0003-695(99)04419-§

Electrodeposition of metals into porous templates has The particle tracks were etched in 20 wt.% HF. The
been used as a method to fabricate quasi-one-dimensionpdirticle track etch rate and the lateral etch rate were deter-
metallic:~> and ferromagnetfc® nanostructures. Anisotropic mined from electrical conductance measuremenfso be
magnetic properties have been realized in both Ni and C4000 and 0.35 As, respectively. From the ratio of the etch
nanowire€® Subsequently, multilayered nanowirés.g., rates (2.86& 10°) the taper of the pore walls is determined to
Cu/Co displaying giant magnetoresistance with current flowbe 0.02°.
perpendicular to the interfaces have also been successfully Nickel nanowire arrays were fabricated by electrochemi-
fabricated? 11 cal deposition into the mica templates. The electrode contact

Templates for electrochemical deposition of nanowirewas provided by a sputter deposited gold layer. Nickel was
arrays include etched nuclear particle tracks, porous alumingeposited from a solution of 20/ *NiCl,-6H,0,
films formed by anodic oxidation of aluminum, and 5159/ *Ni(H,NSOy);-4H,0, 20 g/~ * HBO; buffered to
nanochannel glass. The properties of nanowire arrays are dPH 3.4 at a potential of-1.0 V (Ag/AGCI).®
rectly related to properties of the nanoporous template such Figure 1 shows a scanning electron microsc¢pEM)
as the relative pore orientations in the assembly, the pore siZB'ag€ of an irradiated and etched mica film sectioned to
distribution, and the surface roughness of the pores. Modgveal the interior of the pores. [t is evident that the pore axes
recent work has focused on nanowire arrays grown in polyf"re parallel, and that the mterlor'surfac.es of the pores are
carbonate membran&st2However, polymer membranes are smooth, clean, and_ free from _etchlng reS|dl_Jes_. The pores are
not ideal since the internal surface of the pores can be quitg'amond sha_ped_ with v_veII_deflned_corners indicating that the
rough?® Polymer membranes are also relatively soft so thaftehing of mica in HF is highly anisotropfc,

N . . Figure 2 shows a gmX2 um atomic force microscope
characterization of the pore morphology is not straightfor- . o .
N : . . (AFM) image of the surface of a mica film with 50 nm pores
ward. A further limitation associated with commercially

. . illustrating that the nanopores have the same shape, size, and
available membranes is that the angle between the pore axis. . g . X .

. . . orientation. They are randomly distributed in two dimensions
and the surface normal can be as high as 30°, which can

: . 5 .
greatly reduce the shape anisotrdgyiere we show that the With a density of 2 10°cm™. Images from both sides of
coercivity and squareness of nickel hanowire arrays in mica
films are significantly enhanced compared to nanowires of
the same dimension grown in polycarbonate membranes.
Porous templates were fabricated by etching particle
tracks in 5um thick single-crystal muscovite mica wafers
(Spruce Pine Cp Particle tracks were created by exposure to
~6 MeV « particles from a 10QuCi Cf?>2 source(Isotope
Productg in a chamber at a pressure of about iTorr. The
particle tracks were collimated to within 5° by locating the
mica wafers 1.9 cm from the source. The track depth for 6
MeV « particles in mica was determined to be @, con-
sistent with an energy deposition of 11-12 MeV&mg !
for mical4

FIG. 1. Scanning electron microscope image of 1@ pores in single-
3Electronic mail: searson@jhu.edu crystal mica.
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FIG. 2. 2umX2 um AFM image showing 50 nm pores in a single-crystal
mica film. [TIO]
. (b)
the mica wafers after etching were identical, with no observ- 2
able differences in pore size, pore density, pore shape, and [110]
orientation. The diamond shaped pores are well defined, in- 1 [110]
dependent of size, and are characterized by angles of 60° and a
120°. We use an effective diameter to characterize the pore _
size, defined as the diameter of a circle having the same area a (110]

as the diamond. 0=0
The shape of the pores in the mica films is due to the
anisotropy in the in-plane etch rates, originating from therig. 3. (3 X-ray ¢ scans 0f112}, {1 1 2}, and{023 peaks of mica single-
crystal structure of the mica. X-ray diffraction patterns ob-crystal film. (b) Lattice vectors &, anda,), reciprocal lattice vectorsbg
tained from mica powder prepared by grinding the wafersandb,), and reciprocal vectorisl 1 0], [1 1 0], [11 0], and[1 10].
confirmed the monoclinic structure with the expected lattice
piaég?eﬁte:rSSISE()l}S_Sé(} ;3(-/?(3’1320/290.?jziﬂ'ar\éitsionlgi‘otié’scitngljcla _ The pore walls correspond to the oxygen terminated planes,
crystal mica wafers revealed only the (QQpeaks, indicating mdpatmg that the.se are the .slov.vest etchomg planes, very
that the cleavage surface is @01 plane. The001) cleav-  Similar to the etching process in SiCThe 60° angle of the
age plane has a rectangular structure with in-plane latticdi@mond-shaped pores determined from SEM and AFM im-
vectorsa; anda,. By measuring the angular dependence of29es is very close to the angle of 59.7° of the diamond en-
the projections of diffraction vectors which are tilted from closed bya,;=5.18 A anda,=9.02A.
the surface normal with an anglg we can determine the Arrays of nickel nanowires with effective diameters
orientations of the in-plane lattice vectors in reciprocal spacérom 30 to 200 nm were fabricated by electrochemical depo-
b, andb,. For the monoclinic mica lattice we hawgllb,  sition into mica templates. In order to maintain approxi-
and a,llb,. Thus by comparing the lattice vectors with im- mately the same volume of nickel in the films, the nanowire
ages of the pores, we can determine the crystal orientation afensity was increased from>510° cm 2 for the 200 nm
the pore walls. pores to 2 10° cm 2 for the 30 nm pores. The relevant pa-
Figure 3a) shows ¢ scans for the{112, {112}, and rameters are shown in Table I. A disadvantage of the rela-
{023 planes. For the monoclinic structure of mica, {i¢2  tively high volume fractions necessary for magnetic mea-
and (1122), (112) and (1L2), (023 and (0B) planes have Ssurements is an increase in the number of overlapping pores.
the same 2 and ¢ values. Furthermore, the in-plane projec- Table | shows the calculated fraction of double and triple
tions of these planes are very close to the 1 0], poresi®?! From the table it can be seen that the fraction of
[110],[110],[110], [0 1 0, and[010] directions in  double pores is expected to be about 4% and the fraction of
reciprocal space. Comparison of the lattice vectors with imiriple pores about 0.1%. It is important to minimize the frac-
ages of the surface reveals that the pore walls are parallel tion of double and triple pores since their larger effective
the {110 planes in the mica lattice, as shown in Figb3 diameter may significantly reduce any property enhance-

TABLE |. Effective diameterd, number density of tracks, and areavolume fraction f of pores,m(1)/n,
m(2)/n, andm(3)/n represent the calculated fraction of pores derived from single, double, and triple tracks.

d (nm) n (No. cm ) f m(1)/n m(2)/n m(3)/n
200 5x 10’ 0.0157 0.939 0.0295 0.000617
150 1x 108 0.0177 0.932 0.0330 0.000 776
100 3x10° 0.0236 0.910 0.0429 0.001 35

75 5x10° 0.0221 0.915 0.0404 0.001 19
50 1x10° 0.0196 0.925 0.0363 0.000 950

30 2x10° 0.0141 0.945 0.0267 0.000 504
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1000 T T T T ameter of 30 nm. For smaller diameters, coercivities in ex-
' cess of 1 kOe can be readily anticipated. These values are
slightly larger than previous results for nickel nanowire ar-
800 I~ 1 rays in polycarbonate membrarfesuggesting that the im-
proved collimation and lower surface roughness of the pore
(’g‘ i } surface play an important role in determining the properties
=, 600 of the nanowires.
T Figure 4b) shows the magnitude of the remanent mag-
400 | netization obtained from the hysteresis loops and plotted as
the squareness$SQ), defined as the ratio of remanence and
saturation magnetization (S€M,/M). The value of SQ is
200 - ] as high as 0.96 for the 30 nm diam wires, decreasing gradu-
ally to 0.83 for the 200 nm diam wires. The maximum value
of 0.96 is significantly larger than the value of 0.90 obtained
0 ! ! A , @ for 30 nm diam wires in polycarbonate membrafeésEur-
0 50 100 150 200 250 thermore, the value of 0.83 for the 200 nm diam wires is
] Effective diameter (nm) more than a factor of 2 larger than the value of 0.3 obtained
1.00 . . . . for 200 nm wires in polycarbonate membranes. These en-
hancements can be attributed directly to the improved colli-
0.95 1 mation of the pores, the uniform pore cross section, and the
@ ok i low density of overlapping pores.
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