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The fabrication of well-ordered nanowire arrays over large areas is a challenge with many potential
applications. Here we report a novel glancing incidence ion beam assisted self-organization
approach to form periodic wire arrays over large areas on a CaF2(111) substrate. Preferential
erosion of fluorine by the 4.5 keV Ar1 ion beam creates a surface enriched in calcium. The calcium
self-organizes in elongated island structures of preferential width and separation. If the sample is
irradiated along a fixed azimuth we observe nanowires with;10 nm periodicity and wire lengths of
at least several micrometers oriented along the azimuthal direction of ion beam incidence. Electrical
conductivity measurements reveal an anisotropy in conductivity of at least three orders of
magnitude. ©2001 American Vacuum Society.@DOI: 10.1116/1.1349722#
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I. INTRODUCTION

Efficient methods for the fabrication of nanoscale stru
tures have attracted increasing attention in recent years.
assembly phenomena offer an alternative to lithograp
methods and are particularly attractive for fast nanoscale
face patterning of large areas. Some systems minimize t
free energy by self-organizing into structures with we
defined characteristic length scales. Such systems spon
ously form large arrays of nanostructures. Strain fields p
an important role in most self-assembled quasi-tw
dimensional surface systems. The interfacial stress cause
the lattice mismatch between island and substrate can im
an upper limit on the cluster size, leading to the formation
clusters with a narrow size distribution. In semiconduc
heteroepitaxy this technique is widely used to form quant
dots.1 Many applications demand both a narrow size dis
bution and a high degree of spatial ordering of the result
structures. These characteristics are not necessarily rel
however, it is known that strain fields at surfaces can lea
spatial ordering.2 Periodic stress domains have been o
served, for example, on the partially oxidized Cu~110!
surface3 and in two-component thin films grown on an im
miscible substrate.4 Many other regular surface patterns m
be explained by stress domains, examples being the Au~111!
‘‘herringbone’’ surface reconstruction5 and the formation of
pseudomorphic Fe islands with long range periodicity
Cu~311!.6

The self-formation of spatially ordered one-dimension
structures~periodic nanowire arrays! over macroscopic area
is even more challenging than the formation of spatially
dered quasi-zero-dimensional~dot! structures. One promis
ing technique is the decoration of step edges on vic
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surfaces.7–9 In this article we present a different approach f
the self-assembly of periodic nanowire arrays. In contras
most other techniques for self-organized nanostructure fa
cation, no material is deposited. Instead, we preferenti
erode one component of a two-component material by gla
ing incidence ion irradiation. In our experiments, structu
reorganization of this depleted surface, to minimize the f
energy of the system, is responsible for formation of orde
nanowire arrays. This is not the first time that ion bea
have been used to structure surfaces at the nanoscale.
organization of hexagonal ordered dot structures on G
following normal incidence ion irradiation has recently be
demonstrated.10 Off-normal ion beam irradiation has als
successfully been utilized to nanopattern single compon
metal11–14 and semiconductor15,16 crystal surfaces. Ripple
structures have been reported along preferred crysta
graphic directions and oriented normal and parallel to
azimuthal direction of incidence of the ion beam. Their fo
mation is believed to be related either to competition b
tween erosion and kinetic restrictions on the diffusion
adatoms,11–14,16 or to a surface instability arising from
surface-curvature dependent sputter yield.15,17The nanowires
formed in our experiments are of another origin. They are
a different composition to that of the substrate and exhib
well-defined periodicity. We explain our results as arisi
from self-organization of the surface into periodic stress
mains.

II. EXPERIMENTAL METHODS

Nanostructured samples were prepared in a modi
version of the multipurpose UHV apparatus develop
earlier for ion beam polishing and thin-film depositio
applications.18 It consists of a load lock attached to a vacuu
chamber equipped with a 0.5–5 keV ion gun, rear view lo
energy electron diffraction optics, quadrupole mass sp
trometer, sample transfer and manipulation devices, an
commercial Beetle-type scanning tunneling microsco
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1830 Batzill, Bardou, and Snowdon: Self-organization of large-area periodic nanowires 1830
FIG. 1. Contact mode AFM micrographs of CaF2(111) surfaces, unirradiated and irradiated with a 4.5 keV Ar1 ion beam under different incidence angles a
under continuous azimuthal sample rotation. Image~a! is that of a cleaved CaF2(111) surface, image area 131 mm2. The cleavage steps are;0.3 nm in
height, equivalent to the separation of individual cleavage planes. Image~b! shows a sample irradiated at 4° glancing incidence angle, with an ion fluen
2.631014 ions/mm2 ~image area 4003400 nm2). Image~c! is of a sample prepared under the same conditions as~b!, but the image area is 131 mm2. Images
~d!–~f! depict samples which were irradiated with an ion fluence of 1.331015 ions/mm2, but at glancing incidence angles of 6°, 10°, and 16°, respectiv
~image area 4003400 nm2).
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Two electron beam evaporators have been added to the
paratus described previously. The evaporator axes lie
polar angle of 13° to the sample surface normal. In orde
perform conductivity measurements, macroscopic silver c
tact patches separated by 10mm were deposited on previ
ously nanostructured samples. This was achieved with
aid of a shadow mask consisting essentially of a thin ny
fiber brought into close proximity to the sample. In this wa
vacuum measurements of the electrical conductivity of w
arrays over a 200mm width spanning a 10mm region of the
surface could be performed. A biased preamplifier was u
for measuring the conductance of the samples. After mea
ing the sample resistance in vacuum, the samples were
amined in air with an optical microscope for a high dens
of cleavage steps or other defects in the gap region. Na
scale examination of the sample surface topography was
formed under ambient conditions using contact mode ato
force microscopy~AFM! and ultrasharp cantilevers with
nominal tip-end radius of less than 10 nm.

Calcium fluoride crystals were cleaved in air and moun
on the sample holder. The crystals were inserted into the
lock within 30 min and transferred into the UHV chamb
within another 30 min. There the sample was mounted o
stepper motor controlled, combined linear and rotational m
J. Vac. Sci. Technol. A, Vol. 19, No. 4, Jul ÕAug 2001
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nipulator. Adjustment of the sample position and the
angle of the ion-gun allowed ion irradiation of the sample
glancing angles between 0° and 16°. During ion irradiat
the azimuthal angle of incidence of the beam on the sam
could be varied continuously, in preprogrammed steps,
held constant. A 4.5 keV Ar1 ion beam was used. The io
beam was focused to a spot size of several hundred mic
and scanned across the sample. The scanning area exc
the sample size, so that secondary electrons were prod
by ions hitting the aluminum sample holder. This was imp
tant to avoid excessive charging of the CaF2 crystal during
ion bombardment. Contamination of the sample surface w
material sputtered off the sample holder was avoided
mounting the sample surface out of sight of the sam
holder. The ion fluence was estimated from the ion be
current measured on an aluminum plate placed in the s
position as the samples. We have made no compensatio
secondary electron emission and therefore expect the qu
ion fluence values to be systematically overestimated.

After irradiation, the sample was either removed from t
vacuum system for ambient AFM topographic characteri
tion, or kept in vacuum for conductivity measuremen
AFM measurements were performed within a few hours
exposing the irradiated sample to air. Evaporation of conta
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for conductivity measurements was completed within 45 m
of ion irradiation of the sample. The base pressure in
vacuum chamber was;431028 mbar.

III. RESULTS

The cleaved CaF2(111) surface exhibits large~;100 nm
wide! flat terraces, separated by occasional cleavage s
@Fig. 1~a!#. These steps are one or a multiple of the sepa
tion of individual cleavage planes of the CaF2 crystal. CaF2
cleaves along the~111! face between two fluorine layers
leading to fluorine terminated surfaces. Samples were
beam irradiated under a range of fluences, incidence an
and azimuthal orientations. In the following sections we d
scribe~A! the dependence of the surface morphology on
ion beam glancing incidence angle under conditions of c
tinuous azimuthal rotation and constant total ion fluence;~B!
the surface topography of samples that have been irradi
at a fixed azimuthal angle; and~C! the electrical conductivity
of samples irradiated at a fixed azimuthal angle.

A. Samples rotated during irradiation

In this section the influence on the sample surface m
phology of ion beam irradiation under a variety of inciden
angles but continuous azimuthal rotation is describ
Samples irradiated at a 4° incidence angle were expose
an ion fluence of 2.631014 ions/mm2. All other samples de-
scribed in this section were irradiated with a nominal i
fluence of 1.331015 ions/mm2.

A labyrinthine island structure~i.e., elongated, meande
ing, and sometimes ramified islands! was observed in AFM
images of samples irradiated under a glancing angle o
@Fig. 1~b!#. The apparent island height measured in the AF
images is 0.660.2 nm and the apparent island width is 6–
nm. Tip size effects, however, could cause an overestima
of the island width and an underestimation of the isla
height. Two-dimensional fast Fourier transforms of such i
ages reveal a characteristic length scale of 126 3 nm. No
distinguished directionality can be seen in such transfor
The characteristic length scale appears to be associated
the mean separation of adjacent islands. In addition to

FIG. 2. Sample irradiated at a fixed azimuthal orientation with a 4.5 k
Ar1 ion beam and an ion fluence of 2.631015 ions/mm2 at a glancing angle
of 10°. ~a! Contact mode AFM image, area 131 mm2. ~b! Enlarged portion
of the same surface, 2603100 nm2. ~c! Cross section through the line indi
cated in~b!.
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island structure, large-scale two-dimensional bubble featu
are observed on these surfaces@Fig. 1~c!#. These features
have been recently associated19 with a phase segregation o
the surface into fluorine terminated and color~F-! center ter-
minated regions. A similar labyrinthine island structure w
observed on samples prepared under an ion beam incid
angle of 6°@Fig. 1~d!#. The bubble features, however, we
not present at this slightly increased incidence angle.

Samples prepared at an incidence angle of 10° did
exhibit any elongated islands. Instead, compact islands
seen on the surface@Fig. 1~d!#. The island height is again
;0.6 6 0.2 nm. Two-dimensional fast Fourier transforms
these AFM images reveal a preferential island separatio
10.66 2.0 nm. No long range spatial ordering is observed
large lateral scale~;100 nm! surface undulation is superim
posed on this 10.6 nm scale island structure. The height fl
tuations associated with these larger scale undulations
;0.3 nm, the interlayer separation of the~111! planes in
CaF2.

A further increase in the ion beam incidence angle to 1
results in a surface topography with no clear preferen
structure size@Fig. 1~f!#. The structure heights are found t
be 0.560.2 nm; similar to that found on samples prepared
lower incidence angles.

B. Samples held fixed during irradiation

In this section the influence on the sample surface m
phology of ion beam irradiation under a variety of inciden
angles but fixed azimuth is described. Figure 2 shows

FIG. 3. Surfaces irradiated under different ion beam glancing incide
angles and fixed azimuthal orientation.~a! AFM topograph of a wire array
formed at a glancing incidence angle of 10°, area 3903390 nm2. ~b! Auto-
correlation image of~a!. Such images reveal up to 50 oscillations, indicati
the high degree of phase coherence and periodicity of the nanowire ar
~c! and~d! AFM topographs of samples irradiated at glancing angles of
and 16°, respectively~image area 5003500 nm2).
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AFM image of a sample that was irradiated at an incide
angle of 10°~fluence 1.331015 ions/mm2). The surface is
covered by a dense array of nanowires of height;3 nm and
periodicity 9.561 nm @Fig. 2~c!#. This wire array structure is
superimposed on a large-scale lateral surface undulation
few angstroms. The nanowires, however, do not seem to
influenced by this surface modulation.

A systematic study of the dependence of the surface
pography on the ion beam incidence angle was conducted
an ion fluence of 2.631015 ions/mm2. At glancing incidence
angles less than 8°, no ordering into nanowires was obse
at this fluence. For incidence angles between 8° and
nanowire arrays with periods between 8 and 12 nm@Fig.
3~a!# are formed. Autocorrelation images derived from t
most ordered real space AFM images reveal a remark
coherence of the wire period, with at least 50 oscillatio
visible perpendicular to the wire axis in some images@Fig.
3~b!#. A well-defined wire orientation is revealed in two
dimensional fast Fourier transforms of such AFM imag
All components are found to lie in a 1° sector, implying th
the wires do not deviate more than 0.5° from their me
orientation.

Samples prepared under ion beam incidence angles o
and 16° exhibit a lesser degree of long-range order. At
incidence@Fig. 3~c!#, features are observed that span pairs
wires. The height of such features exceeds that of sin
wires. Figure 3~d! shows a sample that was prepared at
incidence angle of 16°. In this image the;10 nm periodicity
is still dominant, but pairing of adjacent wires clearly occu
Such wire pairs exhibit a smaller corrugation across the
compared to the corrugation between pairs.

The orientation of the nanowires always coincides w
the azimuthal direction of ion beam incidence~within the
experimental uncertainty of6 5°!, independent of the crysta
orientation. Furthermore, the orientation of the wire arr
could be changed after its formation by irradiating t
sample at a different azimuthal angle. This second irradia
caused the wire array to change its alignment to that of
new azimuthal direction of the ion beam. The degree of lo
range order, however, decreased with each successive
diation step.

C. Conductivity measurements

Samples described in this section were prepared with
ion fluence of 1.331015 ions/mm2 at a glancing incidence
angle of 10° and fixed azimuth. The contact patches w
deposited on the substrate in such a way that the nanow
ran either parallel or perpendicular to the electrodes. On u
radiated samples, the conductance was smaller
10212 V21 across the 200mm length, with a 10mm gap
between the electrodes. On irradiated samples, the con
tance when the wires were oriented parallel to the electro
was smaller than 4310211 V21, and thus only minimally
larger than for unirradated samples. Samples with wires
ented normal to the electrodes~i.e., spanning the gap be
tween the electrodes! had conductance values in the ran
(1 – 6)31028 V21. In both cases a linearI –V characteristic
J. Vac. Sci. Technol. A, Vol. 19, No. 4, Jul ÕAug 2001
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was observed in a voltage range of61 V. A strong electrical
anisotropy therefore exists for these samples, with the c
ductance in the direction of the wires at least three order
magnitude higher than the conductance parallel to the wi
This anisotropy is exceptionally large if one compares it,
example, with the factor of;20 measured for thin layers o
aligned carbon nanotubes.20

IV. DISCUSSION

Convolution effects during AFM imaging of surfaces e
hibiting structure sizes of the order of the AFM tip end r
dius can significantly influence the apparent width and hei
of such features. Structures usually appear wider, and co
quently the separation between features is underestimate
is therefore impossible to deduce accurate values for
widths of the wires reported here. A reliable value for t
wire array periodicity, however, is obtainable, as the m
sured periodicity is not influenced by tip size. Clearly o
servable defects in individual wires suggest that the res
tion of our AFM images exceeds that of the wire separati
We are therefore confident that the AFM images give a
alistic impression of the real surface structure.

The increased conductivity of the samples following i
irradiation indicates a structural and/or stoichiometric chan
in the surface layers. A simple increase of the ionic cond
tance of the CaF2 crystal due to defects induced by ion bom
bardment cannot explain an anisotropy in the conductan
Depletion of fluorine by potential sputtering causes a c
cium enriched surface layer. Calcium can only be remov
by kinetic sputtering events or thermal desorption. Calci
enrichment in the surface layer/s may therefore explain
increase in the conductivity. The coincidence of the electri
and topographic anisotropy of the surface strongly sugg
that the nanowires are composed of calcium, separated
largely unchanged ‘‘substrate’’ of CaF2. This interpretation
is consistent with the observation that AFM images exh
only a small surface undulation~of the order of the CaF2
interlayer separation! on large lateral scales, indicating th
ion irradiation causes little damage to deeper layers of
substrate. Combining these observations with the knowle
that potential sputtering preferentially erodes fluorine fro
CaF2, we conclude that the nanowires we observe are ei
composed of calcium, or are at least calcium enriched.

The formation of a periodic structure usually arises from
balance between short-range attractive and long-range re
sive forces. In our case, bonding interactions between
calcium adatoms can be identified as the attractive force.
necessary repulsive force between wires may be relate
stress fields in the substrate.21 Such stress fields are ofte
associated with coherent heteroepitaxial islands, and are
to lattice relaxations which accommodate the lattice m
match between the adlayer island and substrate. Overla
the strain fields in the substrate near the islands leads
repulsive interaction between islands.21 Calcium possesses
;2% larger lattice constant than CaF2. Consequently, we
expect tensile stress in the substrate beneath the adato
lands~nanowires! and compressive stress between the wir
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Such stress fields and the associated repulsive forces bet
islands can lead to ordering of such systems into perio
stress domains.22–24Such stress fields can extend several l
ers into the substrate. Their range considerably exceed
teratomic distances and allows the orientation of domain
be independent of particular crystallographic directions
the crystal or surface. It is thus not surprising that in o
experiments, the orientation of the wires can be arbitra
defined by the ion beam direction. For samples continuou
rotated during ion irradiation, no preferred direction
present, and kinetic restrictions on the calcium atom mobi
presumably lead to the observed meandering island st
tures. Their preferred separation is, however, still determi
by the same stress fields responsible for wire formation.
observed the formation of compact islands instead of e
gated islands when the ion beam glancing angle was
creased~rotated samples!. This is not inconsistent with the
behavior of stress domains, which undergo a transition fr
a stripe phase to a droplet phase as the ratio between
pressive and tensile stressed areas changes.25 We may specu-
late that at steeper ion incidence angles, the amount of
terial in the adatom islands changes, leading to a chang
the stress fields to one favoring the droplet phase. A sim
transition from elongated, meandering islands to comp
round islands has already been reported for Ag islands
bedded in a Pt~111! surface.26

Nanowires formed at 14° and 16° incidence angles exh
a lesser degree of long-range order both along and per
dicular to the wire axes, compared to the wires formed
lower ~8°–10°! incidence angles. However, the occasion
pairing of nanowires formed at these steeper incide
angles is an intriguing feature. We speculate that this fea
can also be explained by the concept of stress domains
lower ion fluences, the wires appear to possess a sm
separation~periodicity! at all incidence angles. Only whe
the fluence was increased was the pairing effect obser
Zeppenfeldet al.24 have shown that the minimum periodicit
for stress domains occurs at a coverage of 50%, i.e., for
same percentage of compressive and tensile strained
strate areas. At this coverage, the free energy of the syste
also a minimum. As the ion beam fluence increases,
amount of fluorine removed from the surface increases
we expect the adatom~calcium! island coverage could
change. The work of Zeppenfeldet al.24 implies this would
necessarily lead to an increased wire periodicity, provid
that the domains~adatom islands! do not change in heigh
and are mobile enough to readjust continuously with
change in coverage. Kinetic restrictions may prevent this
timal reduction of the total system energy. Instead, an
crease in the number of Ca adatoms may be associated
an increase in height and width of the wires, without t
system being able to minimize its free energy by readjus
the wire periodicity. Eventually, the wires may reach a cr
cal width/height and it becomes energetically favorable
‘‘pair’’ two neighboring wires together, an action which in
volves far less material transport than continuous adjustm
of the array period during wire growth. Following these co
JVST A - Vacuum, Surfaces, and Films
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siderations, we propose that the wires we observe first fo
close to the thermodynamically favored coverage of 50
where the system’s energy is lowest. The observed
atomic layer height wires imply that in this situation, the io
beam has removed essentially all fluorine in the fi
F–Ca–F surface trilayer. At this coverage the periodicity
1061 nm. This is a stable surface structure that is maintai
at a low incidence angle between 8° and 10° even at hig
ion fluences. Consequently, an equilibrium between mo
calcium formation and calcium removal from the surfa
must exist at these incidence angles. At steeper incide
angles, a higher density of Ca-adatoms are produced,
consequently the wire width/height increases with ion fl
ence. Eventually, pairing of neighboring wires occurs in
der to reduce the free energy of the system.

Our measurements clearly show that the azimuthal dir
tion of ion beam incidence defines the orientation of t
wires. It appears that the ion beam straightens otherwise
andering islands. Ions will have steeper incidence angles
those sections of a meandering wire which deviate from
azimuthal direction of ion beam incidence. Such sections
a meandering wire will be more prone to kinetic sputterin
This will lead to a natural ‘‘streamlining’’ of wires. The mos
stable wires will be those orientated along the azimuthal
rection of ion beam incidence. The ion beam is theref
primarily responsible for orienting the wires, and therefo
the stress domain pattern, while stress influenced ada
diffusion27 may help stabilize the pattern and make it mo
uniform.

V. CONCLUSION AND OUTLOOK

We have demonstrated the formation of ordered nanow
arrays with a periodicity of;10 nm over macroscopic
sample areas. We propose a stress domain model for n
wire formation using concepts developed by Marchenko22

Alerhandet al.,23 and Zeppenfeldet al.24 The wire separa-
tion and periodicity are a simple consequence of minimi
tion of the system’s free energy, while the long-range orie
tational order of the wires is simply related to the fact th
wires orientated along the surface in the direction of the
beam are less prone to kinetic sputtering. The ion beam
has a ‘‘combing’’ effect, straightening otherwise meanderi
islands.

The technique we have described is a novel, rapid met
to pattern large areas with arrays of nanowires having a w
defined periodicity and orientation. Such surfaces may fi
application as templates for further growth or on
dimensional surface functionalization.

Calcium fluoride has been suggested as a substitute
silicon oxide as the insulator material in microelectronic d
vices. Its wide band gap and the fact it can be grown layer
layer on most Si faces makes it a promising candidate. W
this perspective, the growth of one-dimensional meta
nanostructures on CaF2 is of particular interest for
semiconductor–insulator–metal devices. Metal nanostr
tures could potentially find application as gate electrodes
confine electrons in a potential well in the semiconduct
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Furthermore, it seems feasible to employ a number of e
ing and lift-off processes to transfer a nanowire pattern o
CaF2 surface to a silicon substrate.

Finally, the ordering of islands into regular, period
structures may not just be limited to the system describe
this article. It may be possible to use glancing ion be
irradiation as a general means of external symmetry brea
and to impose long-range order in other heteroepita
growth systems.
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