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lon-beam-directed self-organization of conducting nanowire arrays
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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 AlC&Fsurface. 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 ordeatomically flat terraces and occasional cleavage steps. Steps
are prerequisites for many potential applications of nanoof one or a multiple of the Ca-Ca interlayer spacifg315
structures. Self-organization phenomenéfer an attractive nm) separate individual terraces. The samples were irradiated
fabrication route, but kinetic, entropic, and steric constraintsvith a 4.5keV A" ion beam under grazing angles of inci-
can lead to poor long-range order. Examples of selfdence from 4° to 16° to the surface plane and to ion fluences
organization phenomena in two-dimensional systems includep to 13°ions/mn¥. These irradiation conditions correspond
spin-charge density modulations in high-temperature supeto fluences up to 1500 incident Arions per surface atom
conducting cuprate materigds,aligned lamellae in crystal- and surface normal energies of the ion beam from 22 to 340
lized thin-film block copolymer§,and stress-field-relatéd  eV. After irradiation, the samples were again examined using
dot and stripe domain structures in thin films of lattice- contact-mode AFM under ambient conditions.
mismatched materials® Stoichiometric ion-beam etching of In a first set of experiments, the samples were continu-
surfaces is also known to induce zérand one-dimensional ously rotated about their surface normal during irradiation.
surface patterning. In particular, ripple structures have beeRor an ion-beam glancing angle up t610°, nanometer-
reported, both along preferred crystallographic directions andcale, elongated, meandering, and sometimes ramified is-
oriented normal and parallel to the azimuthal incidence didands of height-0.6 nm appealFig. 1(@]. The island struc-
rection of ion beams used to irradiate one-componentures exhibit a relatively uniform width and a preferred
metaf®~1* and semiconductdt!® single-crystal surfaces at separation of~10 nm, but no long-range order is apparent.
off-normal angles of incidence. Their formation is believedAt larger glancing angle§10°-169, the elongation and the
to be related either to competition between erosion and kipreferential structure size and separation disappear, and the
netic restrictions on the diffusion of adatof%s1®%or to a  surface becomes rough.
surface instability arising from a surface-curvature- The observations at small glancing angles are consistent
dependent sputter yield:*® In contrast, we report in this with preferential potential sputterihg of fluorine atoms,
paper the formation of nanowire arrays by depletion of ondeading to a calcium-enriched surface and ultimately to seg-
constituent of the surface layers of an ionic crystal. As inregation of calcium islands on a surface terminated by either
epitaxial growth studies, strain fields associated with lattice=~ or color centers® The estimated island heights, widths,
mismatch at the interface of the resulting dissimilar materialsand separations correspond to the formation of 2 (hiono-
could be expected to have an important, even dominatintgyen high, 0.5 ML coverage structures via reconstruction of
influence on the evolution of the surface morphology. In-the fluorine-depleted outer "FC&*-F~ trilayer of the
deed, our experiments provide strong evidence that stres3aR,(111) surface'® The formation of elongated islands fol-
fields dominate the evolution and long-range ordering of thdowing ion-beam-irradiation-induced fluorine depletion is in
ripple structures we observe, the explanation of which thusgreement with our previous observations on this system
differs from that reported previously. Our work illustrates where fluorine was eroded using low-energy electSris.
that ion-beam irradiation can ease kinetic constraints restricthose studies we found that a shape transition occurs, from
ing the establishment of long-range order in a one-compact to elongated islands, if the calcium adislands reach
dimensional self-organized system. Furthermore, the techa critical size. This shape transition was interpreted as a
nique we describe provides a means to arbitrarily control thetress relief mechanism, proposed by Tersoff and Tfdmp
orientation of wirelike structures. and reported in other systerffsThe formation of elongated

The calcium fluoride samples we used were cleaved unddslands itself provides a hint of a strain-induced island mor-
ambient conditions and rapidly transferred into an ultrahighphology. Furthermore, the observed preferential separation
vacuum chamber for ion-beam irradiation. Calcium fluorideof the islands can be understood in terms of a local self-
has a crystal repeat unit FC&*-F~. Cleavage occurs in the ordering of elongated domain structures on lattice-
(111) plane between two fluorine layers, leading to amismatched systerfis (the lattice constant of calcium is
fluorine-terminated surface. Contact-mode ambient atomie-2% larger than that of CaF Such ordering demands a
force microscopy(AFM) on such surfaces revealed large large calcium atom mobility. The fact that we only observe
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FIG. 1. Contact-mode atomic force microscopd-M) images and corresponding autocorrelati&@) images of cleaved Caf1l)
surfaces following 4.5 keV Ak irradiation:(a) glancing angle 10°, fluence 2@L0"°ions/mnt, continuous azimuthal variatiqc?hFM image
size 390390 nnt, AC image size 4849 nn?); (b) glancing angle 10°, fluence 26L0'"%ions/mnf, fixed azimuth(AFM image size
540x 540 nnf, AC image size 278 270 nnf); (c) glancing angle 16°, fluence 2®10%ions/mnt, fixed azimuth(AFM image size 520
X 520 nnf, AC image size 6% 65 nn?).

local ordering in this system implies that kinetic restrictionsordering of the system under these irradiation conditions.
exist under these irradiation conditions. The rougher, disorHowever, if the sample is held fixed during irradiation, the
dered surfaces observed at larger glancing angles are consigitocorrelation image changes dramaticdihsets to Figs.
tent with the onset of kinetic sputtering, which has the po-1(b) and Xc) and Figs. &b) and Zc)]. Under ideal conditions
tential to create pinning defects and thereby reduce thfglancing angle~10°; Figs. 1b) and 2b)], the autocorrela-
mobility of surface atoms. tion image is not only periodic in the surface direction per-

We next explored the possibility that ion-beam irradiationpendicular to the wire axigeriod 10.1 niy but it exhibits a
might be used to positively influence the surface atom moremarkable degree of coherence, with at least 50 oscillations
bility and even remove the kinetic restrictions that preventvisible in some images. We also observe perfect wire align-
the development of long-range order in this system. This wagnent under these conditions, over the largest areas we can
achieved by holding the samples fixed during irradiation.scan with our AFM (22 um?). This very strong orienta-
Ambient AFM measurements on those samples revealed th@nal anisotropy is particularly visible in the corresponding
formation ofperiodic arrays of parallel straighhanowire$*
[Fig. 1(b)]. The best arrays were formed by irradiating the
samples at a glancing angle-10° to a fluence ~3 W
X 10*%ions/mnt. The wires were always found to be parallel 0.5 I -
to the projection of the ion beam on the sample surface; the
orientation of the underlying CaFerystal was found to be 0.0 7
unimportant. The crucial role of the azimuthal direction of
ion-beam incidence was confirmed by the following experi-
ment. We first irradiated a sample along an arbitrary, but
fixed, direction, and observed that wires were formed along
that direction. We then irradiated the same sample along a
new direction, and observed that the wire orientation 10 ©
changed to that of the second irradiation. Irradiation under '
glancing angles considerably in excess of 163., 16° in 0.5 C T
Fig. 1(c)] led to the creation of structures that appear less
ordered and rougher than those obtained at lower angles, but 0.0
which nevertheless exhibit a preferential island elongation o5& % . . . o o o o 4 o
along the azimuthal direction of beam incidence. 0 100 200

A more quantitative measure of the extent of structure
ordering in these images can be obtained from the corre-

spondln_g agtocorrelatlon imagéssets to Fig. 1 The auto- . FIG. 2. Cross sections of the autocorrelation images shown in
correlation images of samples that have been rotated durlr\gg_ 1: (a) integrated over a vertical band of width 23 nm in the
irradiation reveal an anisotropy that is related to AFM-tip- center of the AC image in Fig.(d); (b) integrated over a band of
induced material transport in the “fast” scan direction of the yigth 211 nm oriented normal to the long axis of the wires in Fig.
tip (horizontal direction in Fig. I However, we do see clear 1) (the “beating” effect is caused by a global image distortion,
evidence for a preferred structure separation in the “slow”which leads to an apparent dephasing followed by a reappearance of
scan direction in the autocorrelation image. The corresponche modulation at larger lag(c) integrated over a band of width 81
ing cross sectiolfiFig. 2@)] reveals a single oscillation cor- nm oriented normal to the long axis of the wires in Figc)l
responding to a typical separation between islands-©®  The tick marks in(b) are separated by 10.1 nm, the wire array
nm. As in a glassy state, there is only short-range selfperiodicity.
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two-dimensional(2D) Fourier spectra, whose components Our surface erosion model implies that the islands and
are concentrated in a 1° sectdull width). Autocorrelation  nanowires are composed of calcium. As bulk calcium is an
images of samples that have been held fixed during irradiaelectrical conductor, we felt that the nanowires may them-
tion under higher glancing angl¢s.g., 16°; Figs. &) and  selves conduct, and if so we would expect samples such as
2(c)] reveal ordering which is longer range than that for ro-that imaged in Fig. (b) to exhibit an extremely anisotropic
tated samplege.g., Figs. a) and 2a)], but shorter range surface conductivity. To check that possibility, we fabricated
than that observed for samples prepared under more ideglrays like that shown in Fig.(h) and on these evaporated a
conditionsle.g., Figs. 1) and 2b)]. The 2D Fourier spectra, nair of silver contacts separated by a gap ofi8 in length
corresponding for example to the image in Figb)1 now 504 200um in width. We used the same electrode geometry
extend over a 10° sectéfull width). _ _ on different samples to measure the surface conductivity, in
These results suggest the following mechanism for Wir&acuum, both along and perpendicular to the wire axis.

array formation. Potential sputtering under glancing-ajong the wires, we obtained conductances in the range of
incidence ion-beam irradiation is known to lead to local seIf—(l_G)X 10780~ exhibiting Ohmic characteristics. Con-

ordering of the _fluorine-(_JIepIeted CAELY) surface into 4, ctances less tharndl0 110 1 (our sensitivity threshold

elongated nanosized calcium stress domdirEnese stress 5o measured perpendicular to the wires and on unirradiated
domains arise from an attempt by the system to achieve cQsmples. These measurements strongly support our interpre-
herent calcium islandwire) growth on top of the CaFsub-  (a(ion that the nanowires are composed of calcium and that

strate, de.spite the Igtter possessjng a 2% larger lattice cogseir length is at least of the order of the gap between the
stant. This results in compressively stressed Calyers  contacts(10 um).

underneath the calcium wires and tensile stressed areas be-\ye have shown that glancing-incidence ion-beam irradia-

tween the wires. The competition between minimizing thegjon can be used to simultaneously eliminate kinetic con-
length of domain boundarieéwire edges which drives  gyaints and impose external control on the orientation of
coarsening, and the reduction of strain energy, which favorgtripe domains formed during stress-field-induced self-
refinement of the wires, results in long-range structural Orderordering of a fluorine-depleted calcium layer on a GaE)

The lowest-energy pattern for such a stress field is a periodig ;iface. We have achieved exceptional long-range two-

array of straight stripe&;*° which we succeed in obtaining gimensional order of molecular-width wires. The ion beam
by not rotating the sample during irradiati_o_n. I_f the sam_ple ismay either be suppressing meandering elongated island
rotated, the time-averaged surface mobility is isotropic andy owih via kinetic sputtering of projecting atoms or introduc-
the system achieves only short-range order, as is indeed tyflig an anisotropy in the diffusion of surface atoms. Either
cal of two-phase systenisKinetic restrictions prevent the way, it seems probable that glancing-incidence ion beams
onset of long-range ordering. When the sample is held fixedoyig also be used to fix the orientation of quasi-one-
during irradiation, a combination of forward-directeahis-  gimensional structures and perhaps even the lattice order and
tropic) momentum transfer to exposed surface atoms, shadsientation of quasi-zero-dimensional structures in lattice-
owing, sputtering of atoms on exposed sections of a meanmismatched systems grown by molecular-beam epitaxy and
dering wire, and energy minimization criteriminimization  gther material-deposition techniques. Such highly coherent
of the domain wall energyall combine to aid formation of hanowire arrays may possess unusual ac conductivity and
macroscopically long, straight wiresGlancing-incidence  gptical propertie®2” and offer exciting possibilities in atom

ion-beam irradiation along a fixed azimuth is the eXtemmoptics and as nanostructured templates for the growth of in-
factor that assists the lattice-mismatch-induced local Strest§rganic and biological materials.

fields achieve global energy minimization and macroscopic

long-range order. As expected, if the glancing angle of irra- The loan of equipment by the Institute for Surface Modi-
diation is too large, pinning defects are created in the surfaccation, Leipzig, is gratefully acknowledged. F.B. is finan-
and kinetic restrictions again prevent the establishment ofially supported by the Centre National de la Recherche Sci-
long-range order. entifique, France.
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