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Directed self-organization of trenched templates for nanowire growth
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We combine a proposed approach to fabricate self-organized nanowires, which are grown in
trenched templates, with a periodic strain field of a buried misfit dislocation network or a compliant
substrate to guide the kinetic roughening and coarsening process in the formation of the template.
Numerical simulations of the directed self-organization process show the possibility to form
perfectly ordered parallel trenches with adjustable period, which allows to grow extended
nanowires. © 2009 American Institute of Physics. [DOL: 10.1063/1.3076112]

Bottom-up approaches can provide cost-efficient ways to
produce nanowrres by using self-organization of various
chemical reactions.'™ The resulting nanowires are typically
randomly arranged and thus not directly suitable for applica-
tions. To overcome these limitations the self-organization
process needs to be guided. One way 1s to produce nanowires
by step decoration of vicinal surfaces™ with the arrangement
of the nanowires depending on the step morphology. Besides
steps also cracks are used as molds to be filled to form nano-
wires and thus the nanowrre arrangement is directed by the
regular crack network.® In Ref. 7 a simpler method is de-
scribed to obtain ordered arrays of planar nanowires on flat
commercial wafers. The method consists of first fabrication
of a flat buffer layer, second a template displaying a uniaxial
array of trenches, and third the layer-by-layer deposition at
the bottom of the trenches to form the nanowires. It has been
demonstrated that the process can be tailored to form mag-
netic nanowires with functionality at room temperature and
adjustable magnetic properties that fulfill requirements for
applications such as recording media, spin electronics, and
logic devices.®

A key feature to produce nanowires using this method is
the perfect ordering of the trenched templates. The described
method uses a kinetic self-organization process, which oc-
curs at metal bce (110) surfaces as a result of an Ehrlich—
Schwoebel (ES) barrier and an anisotropic attachment pro-
cess. The early stage of such a growth mechanism has been
verified by kinetic monte carlo (KMC) simulations.” Large
scale simulations of the trench growth by phase-field
models'' reproduce qualitatively the experimentally ob-
served trenches’ and explain the kinetic self-organization
process. Due to the ES barrier, mounds form and coarsen
during growth. Due to the anisotropy, the coarsening is slow
in one direction and fast in the other direction, which causes
formation of the trench arrays at the early stage. At long
time, the trench arrays develop the quasiperiodic uniaxial
structure as a consequence of competition between coarsen-
ing and roughening for the selected transversal slope and the
decreasing longitudinal slope. Figure 1 shows snapshots of
such simulations. One key feature is the development of a
stationary facet angle, which guarantees that the shape of the
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trenches is not influenced by fluctuations of their width.
However, even if the kinetic self-organization process is
well understood and the period of the trenches is control-
lable, a perfect ordering of parallel trenches, which would be
required for the applications mentioned above, could not yet
be obtained with this approach, neither experimentally nor in
simulations. The final ordering of the trenches depends sen-
sitively on the nucleation of islands on the buffer layer.
Therefore, we propose to modify the fabrication of a flat
buffer layer in the first process in Ref. 7, such that in the
second process the kinetic self-organization of the trenches
can be directed by influencing the nucleation. Various
methods'>™" have been proposed toward directed self-
organization of nanostructures, which use a periodic strain
field of a buried misfit dislocation network or a compliant
substrate to control sites for island nucleation. In particular
the strain field alters the potential energy surface by modify-
ing the transition and adsorption energy, as calculated for
metals using density functional theory % The difference of
the two energies AE enters the rate of adatom surface diffu-
sion D=D,, exp(~AE/kzT).""'® In addition, the change in the
adsorption energy generates a thermodynamic drift term for
the adatoms. In Refs. 19 and 20 the level-set simulations
have demonstrated that these effects cause the preferred
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FIG. 1. Simulated trench morphology on W(110) after deposition of (a) 40
ML and (b) 200 ML, and cross-section profiles along the white line at the
bottom. The image size is 650a X 650a (i.e., 195X 195 nm? of W surface

with ¢=0.3 nm). Inset: morphology of nucleated islands after deposition of
2 ML in cut image of the same scale with the main image.
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nucleation of islands in regions of fast diffusion or minimal
adsorption energy, so that an ordered array of nucleated is-
lands is achieved at the submonolayer regime. The modifi-
cations of the potential energy surface become small with the
increase in the distance to the buried dislocations, and then
the related effects is of importance only for small deposition
coverages. According to the results of Ref. 19, we start with
an array of submonolayer islands and simulate the subse-
quent formation and growth of trenches by using the phase
field simulation.>""** Different from Ref. 19, we concentrate
on the morphological evolution for larger deposition cover-
ages. Besides, the strain-induced effects are not incorporated
into the phase-field equations, instead considered through an
initial condition of the periodic array of the submonolayer
islands. The system to be solved reads

o= %[V -(W2V ¢) -2 sin(2mr¢p) — 2\ (cos(2mrh)
— Du]+ \u! (1)
du=V-(DVu)-d,p+Q87Fr-7r)ot-1). (2)

Thereby phase-field variable ¢ distinguishes atomic layers
by using ¢=1,2,3,..., to describe the first, second, third, ...
monolayers starting from the buffer layer. The sharp steps
between these layers are approximated through a diffuse
interface of V¢ +#0. The twofold anisotropy of atomic at-
tachment kinetics on bec(110) surface is formulated by
7(0)=7{1+ 7 cos(26)], wherein 6 is angle between normal to
island boundary to x-coordinate, and 7 reaches minimum
at island boundary that is along x direction (where 6
=90°,270°), and maximum at island boundary that is along
y direction (where #=0°,360°). The parameters W, 7, A, and
n of Eq. (1) are chosen to meet the material specific aniso-
tropic step stiffness and the kinetic coefficient in the thin-
interface limit.'""** The first term in Eq. (1) describes the step
growth and the second term describes island nucleation, with
i being a critical nucleation size and A, being a parameter of
the nucleation kinetics. In Eq. (2) the adatom density u is
described according to diffusion, consumption, and deposi-
tion of adatoms. The new adatoms are added at a point 7’
randomly every time interval that is determined by the depo-
sition flux F.

For the simulations we choose parameters, which model
W(110) surfaces at T=553 K and F=0.4 ML/s using \,
=D, i=2, and 7=0.6. In the simulations the random deposi-
tion of adatoms in Eq. (2) indicates the random distribution
of adatoms and then random nucleation according to the last
term in Eq. (1). In Fig. 1 the initial condition is an open
substrate where nucleated islands distributed randomly, as
shown in the inset in Fig. 1(a), which leads to fluctuation of
the width of the final trenches. In Fig. 2 we use a prescribed
initial condition shown in the insets, where 50 submonolayer
islands are set (i.e., ¢=1) with random size, random location
in each row, and the island rows are parallel with a certain
period. Figure 2 shows surface morphology after deposition
of 200 ML for the prescribed initial condition. The preferen-
tial island nucleation and growth is observed on the pre-
scribed submonolayer islands, which forms parallel trenches
by following the initial configuration. Depending on the pe-
riod of the initial islands, perfectly aligned trenches can be
observed. Within a certain parameter range the period of the
trenches is controlled by the period of the islands and thus as
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FIG. 2. Simulated trench morphology after deposition of 200 ML on a
prescribed initial condition. Inset: cut image of the initial condition, periodic
array of submonolayer island rows, of the same scale with main image. The
main image size is 650a X 650a (i.e., 195X 195 nm? of W surface with
a=0.3 nm). In (a)—(c) the period of the initial island rows and the final
trenches is 40, 56, and 70a (i.e., 12, 17, and 21 nm on W surface). (d) cross
section along the white line.

a consequence the period of the buried dislocations.'® The
cross-section profiles in Fig. 2(d) indicates the uniform
height, slope, and width of the trenches.

We calculate the correlation length L, and the slope S,
according to the global height-height correlation of these
evolving morphologies. For the trench growth shown in Fig.
1, a typical coarsening is illustrated by L,~ 9%%2, as denoted
by square in Fig. 3. Corresponding to Figs. 2(a) and 2(b), L,
stops by 40a and 564, as denoted by up-triangular and down-
triangular in Fig. 3, being consistent to the prescribed initial
period. As denoted by circle for /=70a, the prephase coars-
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FIG. 3. (Color online) The evolution of the correlation length L, and the
slope S, of the trenches vs the coverage-unpatterned (square), initial island
period of 40a (up-triangular), 56a (down-triangular), and 70a (circle).
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ening is caused by the island nucleation in between the pre-
scribed submonolayer-island rows at the early stage. These
islands are small and overwhelmed soon by the preferred
growth on the prescribed sites, and then after 9> 150 ML,
L, stops by 75a, being close to the prescribed initial period,
corresponding to the regular trenches in Fig. 2(c). The
trenches form stationary side slopes, wherein S, reaches a
constant values after 9> 150 ML in all cases, with a station-
ary value independent of the prescribed initial period.

In summary, preferential trench growth with prescribed
period and guided growth dynamics can be achieved on pre-
patterned surfaces, resulting, e.g., from a buried misfit dislo-
cation network. The preferential trench growth inherits the
geometry of the ordered submonolayer islands, which leads
to well separated trenches, which prevents coarsening among
them, such that the ordered arrangement is maintained for
long times. The simulations indicate that periodic arrange-
ments of the submonolayer islands in the range of 30a<<!
<100a lead to perfectly ordered trenches with adjustable
period according to the initial period. For /> 100a, growth
condition become similar to the unpatterned substrate, and
for /<30a, we observe fast coarsening and again similar
behavior as for unpatterned substrates. In both limits the
regular period of the final trenches is broken. Growth condi-
tions determine the characteristic separation length among
the islands, which in general is described as /,~D/F. On
prepatterned surface /; is changed in terms of the prescribed
space [. Thus smaller periods of trench arrays can be
achieved by use of simulation condition that indicate smaller
l,, such as larger F. Likewise, larger periods of trench arrays
require growth condition that indicate larger /,, for example
smaller F. The simulations support the development of a
uniform trench size and side slope. Thereby the array period
is designed by the period of submonolayer islands, resulting
from a buried dislocation network, as described in Ref. 19.
Our simulations thus suggest a possible pathway toward or-
dered growth of trenched template for self-organized fabri-
cation of nanowires.
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