APPLIED PHYSICS LETTERS VOLUME 81, NUMBER 19 4 NOVEMBER 2002

Nanoscale wire formation on sputter-eroded surfaces
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Rotated ripple structuredRRS on sputter-eroded surfaces are potential candidates for nanoscale
wire fabrication. We show that the RRS can form when the width of the collision cascade in the
longitudinal direction is larger than that in the transverse direction and the incident angle of ion
beam is chosen in a specific window. By calculating the structure factor for the RRS, we find that
they are more regular and their amplitude is more enhanced compared to the much studied ripple
structure forming in the linear regime of sputter erosion.2@2 American Institute of Physics.
[DOI: 10.1063/1.1519963

The fabrication of nanoscale surface structures such aemperaturé. For the sputter erosion process<0 and D
quantum dots and quantum wires, have attracted consider-0, while the signs of\, and \, vary depending on the
able attention due to their applications in optical and elecincident angle of the ion beanf.
tronic devices. Yet, the nanostructures obtained in various  Recently numerical simulations have shown that there is
self-assembled ways have a size distribution wider than rea clear separation of the linear and nonlinear regimes in
quired by applications, and display random alignment. Lithotime:® Up to a crossover time; the surface is eroded as if
graphic methodsare often considered prime candidates tothe nonlinear terms would be completely absent, following
overcome these shortcomings, but their limited resolution ofthe predictions of the linear thedryi.e. Ae=\,=0 in Eq.
fers further challenges. Consequently, there is continued higf)]. After 7,, however, the nonlinear terms with coefficients
demand for alternative methods that would allow low cost\, and \, take over and completely determine the surface
and efficient mass fabrication of nanoscale surface structuregmorphology.

In the light of these technolpgical and scientific driving In the nonlinear regime the casg\,<0 is in particular
forces, the recent demonstration by Facgkal. that low-  jnteresting. The surface morphology in this case exhibits an-
energy (40 ev-1.8 keV) normal incident Ar SpUttering on- oiher transition from kinetic roughening to a rotated ripple
GaSh(100) surfaces leads to nanoscale islands which dBpIa)étructures(RRS at a second crossover timg (,> 1), as

remarkably good hexagonal ordering and have a uniformyo hredicted by Rost and Krif,and observed numerically
size dlstpbu}mn, has captured the interest of the SC|ent|f|qn Ref. 9. While the presence of the RRS was proposed theo-
comm_umty?’ . . retically, the structure has not been observed experimentally
Itis known that the morphqloglcal evolution _Of a sput.ter- et. In this letter we investigate the necessary conditions for
eroded surfa_ce 'S _weII approxma_\ted by the noisy nonlinea he formation of RRSs and the impact of the various experi-
Kuramoto—SivashinskyKS) equation, mentally controllable parameters on the morphology of the
RRS. We find that at low temperatures the RRSs can form
when the longitudinal widtho) of the damage cascade gen-
Ay Ay erated by the ion beam is larger than the transverse wjidth
+ 7((9xh)2+ ?(r?yh)2+ £(x,y,1), (1)  and the angle of the incident beam is chosen in a rather
narrow window.

. . The RRSs orient with the angle given b
wherev, andv, are the effective surface tensions generated ,_ 10 . ge g e .
y =tan ~\/— at which one of the nonlinear term in

by the erosion proces®),,, D,,, andD,, are the ion in- oy , ) )
duced effective diffusion consytf';mts;( andy)\y describe the € rotated framex(.y’), say,,, vanishes. We find that
tilt-dependent erosion rates in each direction; d6dy,t) is € angleg increases with the ratia, =a/y, but decreases
an uncorrelated white noise with zero mean, mimicking the/ith the incident angle (Fig. 1), wherea denotes the pen-
randomness resulting from the stochastic nature of ion argtration depth of the ion beam. Sinag depends or and6,
rival to the surfac&® At low temperatures all the coefficients Which are adjustable, the orientation of the RRS is experi-
in Eq. (1) depend on experimental parameters such as the iogfentally c_ontro_llable._ The KS equation in the rotated frame
beam fluxf, the ion beam energy, and the incidence angle C€an be written in a similar form to Eq1) but the two that

of ion beamd,” while at high temperatureB is the relax-  first, the coefficients;, D, and, are replaced by’, D',

ation rate due to surface diffusion, depending on surfac&NdX’, which are functions of those in the original frame
and the anglep., and second, the cross term§,y,ax,0y,h,

’ 2 .2 ’
dpresent address: Supercomputing Research Department, KISTI, Daejeg%X’y"?X’ay’h’ andkx,y,(&xrh?(ﬁy,’h), ar_e present. )
305-806, Korea. In the rotated frame sinca , vanishes, the dynamic

gth=v,dgh+vyd5h—D,deh—Dyydyh— Dy dzdoh
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FIG. 1. The rotation anglep. as a function ofa, at §=50°. The inset
shows ¢ vs 6 for a,=1.5. The rotation angle increases as the ratjo
increases, but decreases with the incident afgle

equation in thex’ direction becomes effectively linear, be-
cause the effects by the two cross terrn)sy,&X,& +h, and
D)'( & .h are negligible. Consequently, the ripple pattern
is along thex direction as long asi) v ,<0; (i) DX ' . . _
>0; and(iii) A\, <0. Therefore condltlone) (ii), and(iii) tive, after which the amplitude saturates due to the the cross
are the necessary conditions for the formation of the RRS. term, A}, . (x-h)(éy-h). Meanwhile, since the surface in the

We investigate the satisfiability of these conditions in they’ direction displays kinetic roughening, the roughness in the
parameter spacef(a,=al/u) for different values ofa, y' direction is considerably reduced compared with the
—a/g We find that Whera >1 anda,=1 ora,>2 and roughness in the’ direction. Therefore, the RRS develops a

=2, the RRS can form |n the region deplcted in Fig. 2.rough morphology in the" direction, while it is relatively
Fora <1 givena,=1, the shaded region satisfyitig—(iii ) smooth in they’ direction, the end configuration resembling
scarcely exists, so that the formation of RRS is less likelya V-shaped wire pattern, as shown in Fig'’3The RRS
That means the RRSs are expected to form when the longformed in the nonlinear regime is comparable with the ripple
tudinal width o is larger than the transverse widih that is, ~ pattern formed in the linear regime, where there are modu-
o> u. It is not known explicitly how the two characteristic lations in both directions, and the roughness in each direction
widths o and u depend on experimental parameters. How-iS almost of the same order.
ever, based on the recent experimental result that for graphite We also examined the structure factor, which is the Fou-
surfaceso depends org, while u is independent ok for rier transform of the height—height correlation function, av-
large € (2~50 keV) ! we would say that the>p condi-  eraged over different configuratiofisWe find that the struc-
tion could be met when the energy of the incident ion beanture factor exhibits a peak afif.,qdy,), corresponding to
is high enough. The use of a high energy ion beam howeve(rq;,‘C ,0) in the rotated coordinate$ig. 4). The q;,’c=0
increasesr, rapidly, requiring a longer exposure time. Be- fact results from that there is no characteristic length scale
sides the conditiorr>w, we have to choose the incident along they’ direction, implying that the RRS is straight
angle appropriatelyFig. 2). The window of such angles is along they’ direction. The peak of the structure factor for
rather narrow.

Since the nonlinear term disappears in #iedirection

FIG. 3. Surface morphology of the RRS, as generated by numerical simu-
lations, witha,,=1.3,a,=1 and#=43.56°.

the surface in this direction is driven by a linear instability. oo |
The amplitude of the RRS grows exponentially with time ' — |S| =700
until the nonlinear term in thg' direction becomes effec- | — [S| = 400
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FIG. 4. The amplitude of the structure fact®(q’)| for the RRS shown in
) J— : : : : : : Fig. 3. The peak of the structure factor is af,, ;=0.33 andq,, =0,
0 10 20 30 40 50 60 70 80 implying that the wire structure is straight along heaxis. The inset shows
4] the comparison between the amplitudes of the structure factor for the RRS

(solid line) and for the linear ripplédotted ling, implying the amplitude of
FIG. 2. The shaded region in the parameter spa#e () for a,=1 (inset: the RRS is about a factor of 10arger compared to that of the ripple

for a,=2) corresponds to the region where the RRS can form. structure formed in the linear regime.
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7 - . - - - In the high temperature limit the wavelength of the RRS
depends on the ion energy &5~ e~ 2 and on the ion flux
6.5 ] as ~f 2 and on the temperature asexp(—e/4kgT), a
dependence similar to that observed during the formation of
2 —1s nanoscale dots.
Py In summary, we have examined the necessary conditions
for the formation of RRSs, potential candidates for nanow-
55 T 1 ires for electron transport. The RRS can be obtained when
46 48 50 52 the longitudinal widtho of the damage cascade is larger than
5 . . . .9 the transverse widtlx with an appropriate selection of the
14 15 16 17 18 19 2 angle of the incident ion beam. The angle window turns out
a, to be rather narrow.
FIG. 5. The wavelength of the RRS in unitsafas a, showing function of This work was supported by ONR, NSF-DMR 01-
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