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Ion-beam-directed self-organization of conducting nanowire arrays
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~Received 2 March 2001; published 30 May 2001!

Glancing-incidence ion-beam irradiation has been used both to ease kinetic constraints which otherwise
restrict the establishment of long-range order and to impose external control on the orientation of nanowire
arrays formed during stress-field-induced self-ordering of calcium atoms on a CaF2~111! surface. The arrays
exhibit exceptional long-range order, with the long axis of the wires oriented along the azimuthal direction of
ion-beam incidence. Transport measurements reveal a highly anisotropic electrical conductivity, whose maxi-
mum lies in the direction of the long axis of the 10.1-nm-period calcium wires.
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Efficient molecular-scale patterning and long-range or
are prerequisites for many potential applications of na
structures. Self-organization phenomena1 offer an attractive
fabrication route, but kinetic, entropic, and steric constrai
can lead to poor long-range order. Examples of s
organization phenomena in two-dimensional systems incl
spin-charge density modulations in high-temperature su
conducting cuprate materials,2,3 aligned lamellae in crystal
lized thin-film block copolymers,4 and stress-field-related5,6

dot and stripe domain structures in thin films of lattic
mismatched materials.7,8 Stoichiometric ion-beam etching o
surfaces is also known to induce zero-9 and one-dimensiona
surface patterning. In particular, ripple structures have b
reported, both along preferred crystallographic directions
oriented normal and parallel to the azimuthal incidence
rection of ion beams used to irradiate one-compon
metal10–13 and semiconductor14,15 single-crystal surfaces a
off-normal angles of incidence. Their formation is believ
to be related either to competition between erosion and
netic restrictions on the diffusion of adatoms,10–13,15or to a
surface instability arising from a surface-curvatur
dependent sputter yield.14,16 In contrast, we report in this
paper the formation of nanowire arrays by depletion of o
constituent of the surface layers of an ionic crystal. As
epitaxial growth studies, strain fields associated with latt
mismatch at the interface of the resulting dissimilar mater
could be expected to have an important, even domina
influence on the evolution of the surface morphology.
deed, our experiments provide strong evidence that st
fields dominate the evolution and long-range ordering of
ripple structures we observe, the explanation of which t
differs from that reported previously. Our work illustrate
that ion-beam irradiation can ease kinetic constraints rest
ing the establishment of long-range order in a on
dimensional self-organized system. Furthermore, the te
nique we describe provides a means to arbitrarily control
orientation of wirelike structures.

The calcium fluoride samples we used were cleaved un
ambient conditions and rapidly transferred into an ultrahi
vacuum chamber for ion-beam irradiation. Calcium fluori
has a crystal repeat unit F2-Ca21-F2. Cleavage occurs in the
~111! plane between two fluorine layers, leading to
fluorine-terminated surface. Contact-mode ambient ato
force microscopy~AFM! on such surfaces revealed larg
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atomically flat terraces and occasional cleavage steps. S
of one or a multiple of the Ca-Ca interlayer spacing~0.315
nm! separate individual terraces. The samples were irradia
with a 4.5 keV Ar1 ion beam under grazing angles of inc
dence from 4° to 16° to the surface plane and to ion fluen
up to 1016 ions/mm2. These irradiation conditions correspon
to fluences up to 1500 incident Ar1 ions per surface atom
and surface normal energies of the ion beam from 22 to
eV. After irradiation, the samples were again examined us
contact-mode AFM under ambient conditions.

In a first set of experiments, the samples were conti
ously rotated about their surface normal during irradiatio
For an ion-beam glancing angle up to;10°, nanometer-
scale, elongated, meandering, and sometimes ramified
lands of height;0.6 nm appear@Fig. 1~a!#. The island struc-
tures exhibit a relatively uniform width and a preferre
separation of;10 nm, but no long-range order is appare
At larger glancing angles~10°–16°!, the elongation and the
preferential structure size and separation disappear, and
surface becomes rough.

The observations at small glancing angles are consis
with preferential potential sputtering17 of fluorine atoms,
leading to a calcium-enriched surface and ultimately to s
regation of calcium islands on a surface terminated by eit
F2 or color centers.18 The estimated island heights, width
and separations correspond to the formation of 2 ML~mono-
layer! high, 0.5 ML coverage structures via reconstruction
the fluorine-depleted outer F2-Ca21-F2 trilayer of the
CaF2~111! surface.19 The formation of elongated islands fo
lowing ion-beam-irradiation-induced fluorine depletion is
agreement with our previous observations on this sys
where fluorine was eroded using low-energy electrons.20 In
those studies we found that a shape transition occurs, f
compact to elongated islands, if the calcium adislands re
a critical size. This shape transition was interpreted a
stress relief mechanism, proposed by Tersoff and Trom21

and reported in other systems.22 The formation of elongated
islands itself provides a hint of a strain-induced island m
phology. Furthermore, the observed preferential separa
of the islands can be understood in terms of a local s
ordering of elongated domain structures on lattic
mismatched systems23 ~the lattice constant of calcium i
;2% larger than that of CaF2!. Such ordering demands
large calcium atom mobility. The fact that we only obser
©2001 The American Physical Society08-1
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FIG. 1. Contact-mode atomic force microscope~AFM! images and corresponding autocorrelation~AC! images of cleaved CaF2~111!
surfaces following 4.5 keV Ar1 irradiation:~a! glancing angle 10°, fluence 1.331015 ions/mm2, continuous azimuthal variation~AFM image
size 3903390 nm2, AC image size 49349 nm2!; ~b! glancing angle 10°, fluence 2.631015 ions/mm2, fixed azimuth~AFM image size
5403540 nm2, AC image size 2703270 nm2!; ~c! glancing angle 16°, fluence 2.631015 ions/mm2, fixed azimuth~AFM image size 520
3520 nm2, AC image size 65365 nm2!.
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local ordering in this system implies that kinetic restrictio
exist under these irradiation conditions. The rougher, dis
dered surfaces observed at larger glancing angles are co
tent with the onset of kinetic sputtering, which has the p
tential to create pinning defects and thereby reduce
mobility of surface atoms.

We next explored the possibility that ion-beam irradiati
might be used to positively influence the surface atom m
bility and even remove the kinetic restrictions that prev
the development of long-range order in this system. This w
achieved by holding the samples fixed during irradiatio
Ambient AFM measurements on those samples revealed
formation ofperiodic arrays of parallel straightnanowires24

@Fig. 1~b!#. The best arrays were formed by irradiating t
samples at a glancing angle;10° to a fluence;3
31015 ions/mm2. The wires were always found to be parall
to the projection of the ion beam on the sample surface;
orientation of the underlying CaF2 crystal was found to be
unimportant. The crucial role of the azimuthal direction
ion-beam incidence was confirmed by the following expe
ment. We first irradiated a sample along an arbitrary,
fixed, direction, and observed that wires were formed alo
that direction. We then irradiated the same sample alon
new direction, and observed that the wire orientat
changed to that of the second irradiation. Irradiation un
glancing angles considerably in excess of 10°@e.g., 16° in
Fig. 1~c!# led to the creation of structures that appear l
ordered and rougher than those obtained at lower angles
which nevertheless exhibit a preferential island elongat
along the azimuthal direction of beam incidence.

A more quantitative measure of the extent of struct
ordering in these images can be obtained from the co
sponding autocorrelation images~insets to Fig. 1!. The auto-
correlation images of samples that have been rotated du
irradiation reveal an anisotropy that is related to AFM-t
induced material transport in the ‘‘fast’’ scan direction of t
tip ~horizontal direction in Fig. 1!. However, we do see clea
evidence for a preferred structure separation in the ‘‘slo
scan direction in the autocorrelation image. The correspo
ing cross section@Fig. 2~a!# reveals a single oscillation cor
responding to a typical separation between islands of;10
nm. As in a glassy state, there is only short-range s
23340
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ordering of the system under these irradiation conditio
However, if the sample is held fixed during irradiation, t
autocorrelation image changes dramatically@insets to Figs.
1~b! and 1~c! and Figs. 2~b! and 2~c!#. Under ideal conditions
@glancing angle;10°; Figs. 1~b! and 2~b!#, the autocorrela-
tion image is not only periodic in the surface direction pe
pendicular to the wire axis~period 10.1 nm!, but it exhibits a
remarkable degree of coherence, with at least 50 oscillat
visible in some images. We also observe perfect wire ali
ment under these conditions, over the largest areas we
scan with our AFM (232 mm2). This very strong orienta-
tional anisotropy is particularly visible in the correspondi

FIG. 2. Cross sections of the autocorrelation images show
Fig. 1: ~a! integrated over a vertical band of width 23 nm in th
center of the AC image in Fig. 1~a!; ~b! integrated over a band o
width 211 nm oriented normal to the long axis of the wires in F
1~b! ~the ‘‘beating’’ effect is caused by a global image distortio
which leads to an apparent dephasing followed by a reappearan
the modulation at larger lag!; ~c! integrated over a band of width 8
nm oriented normal to the long axis of the wires in Fig. 1~c!.
The tick marks in~b! are separated by 10.1 nm, the wire arr
periodicity.
8-2
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two-dimensional~2D! Fourier spectra, whose componen
are concentrated in a 1° sector~full width!. Autocorrelation
images of samples that have been held fixed during irra
tion under higher glancing angles@e.g., 16°; Figs. 1~c! and
2~c!# reveal ordering which is longer range than that for r
tated samples@e.g., Figs. 1~a! and 2~a!#, but shorter range
than that observed for samples prepared under more i
conditions@e.g., Figs. 1~b! and 2~b!#. The 2D Fourier spectra
corresponding for example to the image in Fig. 1~b!, now
extend over a 10° sector~full width!.

These results suggest the following mechanism for w
array formation. Potential sputtering under glancin
incidence ion-beam irradiation is known to lead to local se
ordering of the fluorine-depleted CaF2~111! surface into
elongated nanosized calcium stress domains.19 These stress
domains arise from an attempt by the system to achieve
herent calcium island~wire! growth on top of the CaF2 sub-
strate, despite the latter possessing a 2% larger lattice
stant. This results in compressively stressed CaF2 layers
underneath the calcium wires and tensile stressed area
tween the wires. The competition between minimizing t
length of domain boundaries~wire edges!, which drives
coarsening, and the reduction of strain energy, which fav
refinement of the wires, results in long-range structural ord
The lowest-energy pattern for such a stress field is a perio
array of straight stripes,23,25 which we succeed in obtaining
by not rotating the sample during irradiation. If the sample
rotated, the time-averaged surface mobility is isotropic a
the system achieves only short-range order, as is indeed
cal of two-phase systems.1 Kinetic restrictions prevent the
onset of long-range ordering. When the sample is held fi
during irradiation, a combination of forward-directed~anis-
tropic! momentum transfer to exposed surface atoms, sh
owing, sputtering of atoms on exposed sections of a me
dering wire, and energy minimization criteria~minimization
of the domain wall energy! all combine to aid formation of
macroscopically long, straight wires. Glancing-incidence
ion-beam irradiation along a fixed azimuth is the exter
factor that assists the lattice-mismatch-induced local st
fields achieve global energy minimization and macrosco
long-range order. As expected, if the glancing angle of ir
diation is too large, pinning defects are created in the surf
and kinetic restrictions again prevent the establishmen
long-range order.
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Our surface erosion model implies that the islands a
nanowires are composed of calcium. As bulk calcium is
electrical conductor, we felt that the nanowires may the
selves conduct, and if so we would expect samples suc
that imaged in Fig. 1~b! to exhibit an extremely anisotropi
surface conductivity. To check that possibility, we fabricat
arrays like that shown in Fig. 1~b! and on these evaporated
pair of silver contacts separated by a gap of 10mm in length
and 200mm in width. We used the same electrode geome
on different samples to measure the surface conductivity
vacuum, both along and perpendicular to the wire ax
Along the wires, we obtained conductances in the range
(1 – 6)31028 V21 exhibiting Ohmic characteristics. Con
ductances less than 4310211V21 ~our sensitivity threshold!
are measured perpendicular to the wires and on unirradi
samples. These measurements strongly support our inte
tation that the nanowires are composed of calcium and
their length is at least of the order of the gap between
contacts~10 mm!.

We have shown that glancing-incidence ion-beam irrad
tion can be used to simultaneously eliminate kinetic co
straints and impose external control on the orientation
stripe domains formed during stress-field-induced s
ordering of a fluorine-depleted calcium layer on a CaF2~111!
surface. We have achieved exceptional long-range t
dimensional order of molecular-width wires. The ion bea
may either be suppressing meandering elongated is
growth via kinetic sputtering of projecting atoms or introdu
ing an anisotropy in the diffusion of surface atoms. Eith
way, it seems probable that glancing-incidence ion bea
could also be used to fix the orientation of quasi-on
dimensional structures and perhaps even the lattice order
orientation of quasi-zero-dimensional structures in latti
mismatched systems grown by molecular-beam epitaxy
other material-deposition techniques. Such highly cohe
nanowire arrays may possess unusual ac conductivity
optical properties26,27 and offer exciting possibilities in atom
optics and as nanostructured templates for the growth of
organic and biological materials.
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