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Methods for the fabrication of large areas of nanoscale fea-
tures with controlled period and intraperiod organization are
of interest because of the potential for high-throughput mass
production of nanoscale devices. Due to their potential in this
regard, much recent attention has been devoted to self-orga-
nization processes,[1–5] in which processing causes the sponta-
neous emergence of a nanoscale pattern. The short-range or-
der can be quite high[2–4] but some envisaged applications
require long-range order, which is destroyed by uncontrolled
topological defects arising spontaneously from the self-organi-
zation process. A potentially successful hierarchical fabrica-
tion strategy is the fabrication of controlled features at a
small, but lithographically tractable, length scale by methods
such as conventional mask or optical-standing-wave lithogra-
phy, in order to guide a self-organization process at the finest
length scale.[6–8] Topographic patterning has been used for
templating the local disorder in two-dimensional (2D) self-as-
sembled monolayers[9] and for templating defect organization
or elimination in three-dimensional (3D) colloidal crystalliza-
tion.[10] Topography has also been used to manipulate semi-
conductor quantum-dot placement, composition, and strain,
through its effect on stress,[11] surface energy, and mobility.[12]

3D short-range ordering of grown-in quantum-dot short-peri-
od superlattices can result from multilayer growth;[1,4] nano-
scale topographic templating of the first layer could dramati-
cally accelerate the development of order and lead to true
long-range order. Lithographically and focused ion beam
(FIB)-patterned topographies have recently been used to
template quantum-dot growth in linear chains,[8] periodic 2D

lattices,[7] and in more complex configurations that are prom-
ising for novel nanoelectronic architectures, such as quantum
cellular automata.[13] The finest features have been templated
by serial writing with a FIB, a prohibitively expensive process
for mass production that might be circumvented by using a
hierarchical fabrication strategy. Here we report the influence
of patterned boundaries on the primary material of comple-
mentary metal oxide semiconductor (CMOS) technology, i.e.,
a Si(001) substrate, in guiding self-organized topographic rip-
ples spontaneously appearing during uniform irradiation with
low energy Ar+ ions. We show that the long-range order of the
features can be greatly enhanced by this lateral-templating
approach. The emerging pattern can be manipulated by
changing the boundary spacing and misorientation with re-
spect to the projected ion-beam direction. We develop a scalar
figure of merit, a dimensionless topological defect density, to
characterize the degree of order of the pattern. At small
boundary separation, greatest order is observed when the sep-
aration is near an integer multiple of the spontaneously aris-
ing feature size. The defect density is exceedingly low up
to a critical misorientation angle, beyond which topological
defects develop in proportion to the incremental misorienta-
tion. These results suggest the potential utility of lateral tem-
plating ion-irradiation-induced topographic patterns for high-
throughput fabrication at sublithographic length scales.

Sputter patterning is the spontaneous formation of one- and
two-dimensional arrays of topographical ripples and dots on
the surfaces of solids eroded by a directed ion beam. This phe-
nomenon has been observed for a wide range of ion species,
energies, and incident angles on a variety of materials, includ-
ing glass,[14] semiconductors,[3,15–17] metals,[18] and insulators.[19]

Spontaneously emerging feature sizes, which are selected by
the kinetics and, consequently, are continuously tunable via
the operating conditions, have been reported[3] as small as
15 nm. In general, controlling the behavior of such driven sys-
tems is important in many areas of science and engineering.[20]

The success of lateral templating raises the possibility of con-
trolling the morphology at a fine length scale in mass produc-
tion. Because ion irradiation is currently used for doping con-
trol in the mass production of semiconductor devices, there
may be little impediment to its rapid uptake for morphology
control. We investigate the control of the self-organized sput-
ter pattern by using lithography to control only the bound-
aries of the field over which morphological features evolve.

The system chosen for study was silicon with argon-ion irra-
diation under conditions known to create a topographically
rippled surface with small ordered domains at a sponta-
neously arising “natural” wavelength of k = 140 nm. Details
are reported in the Experimental section. The morphological
development of templated and non-templated regions was
compared after exposure under identical conditions. Figure 1a
shows an atomic force microscopy (AFM) topograph of a
templated substrate after ion bombardment. The initial con-
figuration consists of a series of 200 nm mesas and 200 nm
valleys with a periodicity of 400 nm, as shown in the top trace
in Figure 1b. Figure 1a and the bottom trace of Figure 1b
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show the resulting topography after irradiation. The right-
hand side of the image in Figure 1a shows ripples on the non-
templated part of the sample. The ripples meander along the
projected ion-beam direction with frequent bifurcation in
“dislocation-like” defects. This is the typical structure of self-
organized ripples on a “normal”, initially flat Si(001) surface.
The pre-patterned portion, the left-hand side of Figure 1a, ex-
hibits straight ripples with almost no defects in the bottom of
the lithographically defined valleys. In this case only one rip-
ple is formed between patterned boundaries due to the nar-
row valley width. The height of the ripples in the bottom of

the valley is about 10 nm, whereas the height of the remaining
initial pattern shrinks from 110 to about 30 nm. This observa-
tion suggests that, under appropriate sputtering conditions,
one might obtain a spontaneously arising feature height equal
to the height of the written boundaries.

Figures 1c,d show the result of increasing the spatial period
of the patterned template until two ripples fit in each valley be-
tween the mesas. Figure 1c shows self-organized ripples on an
initially featureless substrate, just outside the patterned region.
The pattern is replete with topological dislocations. Figure 1d
shows a templated part of the same sample, with the template
pattern originally consisting of mesas 240 nm wide and valleys
430 nm wide. The regularity of these “guided” self-organized
ripples is dramatically improved by the template. In Figure 1e
we show the result of small deviations of the template direction
from the direction of the projected ion beam. The ripples fol-
low the boundary rather than the projected ion beam or the
surface crystallography. In Figure 1f we demonstrate the orga-
nization of ripples along mesa tops when trenches are milled
with a Ga+ FIB. Ar+ irradiation was carried out for 65 min in
this case. We observed five ripples per mesa with some defects,
but the order is nevertheless greatly improved over the order-
ing of the ripples in the adjacent non-templated area.

Ordering is very much enhanced by confining the sputter-
patterned area within the boundaries of a template. To quanti-
fy the degree of order we developed an algorithm for deter-
mining the normalized density (ND) of topological defects, as
a scalar figure of merit. For a given image, ND was found to
be invariant to pixel resolution if the ratio of the pixel size to
the natural ripple wavelength k was greater than 0.15. Conse-
quently, each image analyzed was transformed so that the pix-
el size fell between 0.19 and 0.24k. For a given image, the pixel
resolution was changed by reducing the number of pixels
using WSxM scanning probe microscopy software.[21] The re-
sulting text files were opened in ImageJ (image processing
and analysis program),[22] reduced from 32- to 8-bit images,
and saved as tagged image file format (TIFF) files. Gray-level
topographic images h(x,y) were flattened by subtracting a
quadratic background in x and y, and reduced to binary
black–white images using a threshold, h, determined by Otsu’s
method,[23] which uses an iterative algorithm to select
the threshold gray level that minimizes the within-group
(weighted-summed) variance, r2

W, of pixel intensities below
and above the threshold,

r2
W(h) = n0(h)r2

0(h) + n1(h)r2
1(h) (1)

where ni denotes the probabilities of gray levels within each
group and r2

i is the variance. The subscripts 0 and 1 represent
the levels below and above the threshold, respectively. Thus,
if h(x,y) takes values between 0 (black) and 255 (white), the
corresponding threshold version is given by g(x,y) = 255 if
h(x,y) > h; g(x,y) = 0 otherwise. For patterned samples, the
template walls were “cut out” manually, i.e., g(x,y) was set to
0, prior to determining the threshold value; otherwise, the re-
sults were dominated by the topography of the templates, as
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Figure 1. Si(001) sputter-ripple morphologies. Arrows indicate direction
of projected ion beam. a) Lithographically templated substrate after
bombardment with 1 keV Ar+ at 540 °C. A single sputter ripple has
formed in each valley between the template walls. The boundary of the
pre-patterned region separates regions where few (left-hand side of im-
age) and many (right-hand side of image) topological defects are formed.
Wavelength of spontaneously arising ripples, k = 140 nm, template valley
bottom = 200 nm. b) AFM line scans across templated ridges before ir-
radiation (top) and after irradiation (bottom). c) Self-organized ripples
formed far from the template, and d) in the presence of a lithographically
defined template with 430 nm valley bottom. e) Deflection of ripple ori-
entation by the template. Ripples in valleys follow the boundary rather
than the ion beam. f) Organization of Ar+ sputter ripples on mesas be-
tween FIB-milled trenches.



was also the case when attempts were made to characterize
ripple order in Fourier space. Binary images were reduced to
line traces using the Matlab “thin” function—an operation
that shrinks white regions to lines a single pixel in width. The
thinned counterparts of the AFM topograph (Fig. 1d) are
shown in Figures 2a,b, respectively. In the thinned image, to-
pological defects appear as junctions or line segment ends.
From the thinned image, the raw number of these defects was
obtained by recording the number of white pixels with other

than two white neighbors and subtracting the number of rip-
ple ends at the edges of a hypothetically perfect image of the
same natural wavelength and scan area. To permit comparison
of images with different wavelengths and scan areas, the raw
number of defects was multiplied by k2 and divided by the
area occupied by the ripples excluding the area occupied by

the template boundaries. This procedure yielded a dimension-
less order parameter that corresponded most closely to our
qualitative visual ranking of a wide variety of sputter-rippled
samples: those possessing smaller ND values appear more or-
dered to the eye and are observed to have fewer dislocation
defects in the few cases where we counted them manually.

The reduction in defect density due to templating is illus-
trated in Figure 2c, in which the normalized defect density is
plotted versus the valley width,[24] WV, divided by natural
wavelength. From this figure we make two major observa-
tions. First, we observe oscillatory behavior—the defect den-
sity is reduced when WV is near an integer multiple of k. How-
ever, as seen in Figure 1a, when the valley width is about 2k,
only one ripple crest appears, and in Figure 1d, when the val-
ley width is about 3k, only two ripple crests appear. It appears
that the width from which ripples are excluded is greater than
the mesa width by about k in all images.

Second, we observe that for all valley widths studied, in-
cluding half-integer values, the ripples are less defective than
at infinite-valley width. From the data presently available we
cannot determine how far apart the templates can be and still
significantly decrease the defect density. Figure 1f indicates
that templating can still be effective for valley widths of up to
5k; however, this sample was fabricated differently from the
lithographically fabricated samples and therefore cannot be
compared directly with them.

The orientation of template boundaries with respect to the
direction of the projected ion beam also plays an important role
in determining the organization of the ripples. The ripples fol-
low the boundary orientation up to a critical angle of �* = 13°
of misorientation without a significant increase in defect den-
sity, as shown in Figure 2d. As the misorientation increases
further, defects are introduced in proportion to the incremental
misorientation. The solid line fitted to the data above �* has a
slope of about 0.038. From a purely geometrical model in which
ripples remain parallel to the direction of the projected ion
beam and terminate in “defects” where they reach the borders
of the valley, one would expect a slope of 0.018 and an intercept
of zero, as shown by the dot–dashed curve. From an alternative
geometrical model in which ripples rotate up to �* and remain
at �* misorientation from the ion beam upon further template
boundary misorientation, one would expect the response de-
scribed by the dashed curve. From visual inspection of the de-
fect images, it appears that increasing misorientation beyond
�* results in an increasing break-up of the rotated ripple struc-
ture in a patchwise manner, with the patches reverting to the
orientation of the ion beam.[25] We expect variations in sputter
conditions to lead to variations in �*, larger values of which
provide, in principle, a greater flexibility to control the pattern
appearing within an area by controlling only its perimeter. We
anticipate no orientation limit for 2D dot patterns that result
from normal-ion incidence.[3,26]

Guided self-organization of these lithographically templated
samples occurs on the valleys of the templated structure and
not on the mesas. This may occur because the mesa width is not
much greater than k: there is no clear-cut way to distinguish a
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Figure 2. Measurement of the defect density. a) 4 lm × 4 lm (128 pix-
els × 128 pixels) images following thresholding, and b) thinning of bot-
tom-left quadrant of templated sample appearing in Figure 1d. c) Normal-
ized defect density versus normalized valley width for lithographically
templated samples. Vertical error bars are 10 % of the base values. d) Nor-
malized defect density versus template boundary misorientation with re-
spect to the direction of the projected ion beam. Valley width 280 ± 24 nm,
one ripple per valley. Lines are geometrical models discussed in the text.



ripple-free mesa from a mesa with exactly one ripple ridge and
no ripple troughs. For the FIB-templated samples we observe
ripples on the mesas that are significantly wider than any of the
lithographically fabricated mesas. Ripples are likely to form on
sufficiently wide lithographically templated mesas as well.

Two theoretical approaches may potentially lead to an un-
derstanding of the templating effect of the boundaries. A non-
linear sputter morphology evolution theory for morphologies
with tall, steep walls might be applied to the entire morphol-
ogy. Currently none is available, as all useable models expand
the morphology in powers of the surface slope, which is treat-
ed as a small parameter. Alternatively, the walls might be
treated as a boundary condition on the evolution of initially
flat valleys. In this case, the initial evolution might be accu-
rately modelled as linear, and nonlinear behavior may or may
not be important in determining the topographies observed.

A linear perturbation theory[27] correctly predicts many as-
pects[16] of the formation of ripples but does not explain
others,[3,17,28] such as the amplitude saturation at long times.
Based on previous work,[17] we know that for the present con-
ditions the amplitude of the ripples is approaching saturation,
indicating that their behavior may be beyond that describable
by the linear theory. The addition of nonlinear sputter ef-
fects[29] may account for this behavior; however, in the ab-
sence of theoretical predictions of an experimentally detect-
able signature that uniquely distinguishes them, nonlinear
effects are not understood in any systematic manner. The con-
sequences of nonlinear behavior for lateral templating consti-
tute an important area for further study. In particular, we
expect nonlinear behavior to be the key to two important as-
pects of this phenomenon: the maximum range of the lateral-
templating effect and the extent to which one can control the
morphology of such a self-organization process by controlling
only the boundaries of the area in which the process develops.

In conclusion, we have shown that self-organized sputter
patterns can be effectively guided by lateral templating. The
degree of organization can be controlled by changing the
spacing and orientation of pre-patterned boundaries made on
the substrate. This effect contributes to a developing para-
digm for hierarchical mass production of nanoscale 2D and
3D architectures. The measurements may also provide an
excellent basis for testing and further development of non-
linear models of morphological evolution under ion sputtering
in particular, and of driven systems in general.

Experimental

Pre-patterned Si(001) substrates were produced by electron-beam
lithography followed by reactive-ion etching or by drilling trenches
with a FIB. Lithographically fabricated patterns consisted of arrays of
parallel mesas and valleys of varying spacing. The mesa height of
110 nm was obtained by reactive-ion etching for 3.5 min under CF4

gas. The periodicity varied from 400 to 800 nm. The valley width var-
ied from 160 to 450 nm. For FIB patterning, ∼ 500 nm deep trenches
with 1 lm periodicity were drilled with a 30 keV Ga+ FIB with beam
current of 1 pA and a nominal beam diameter of 6 nm. The patterned
substrate was then introduced into a ultrahigh vacuum (UHV) sputter

patterning chamber, working at a base pressure of 2 × 10–10 torr
(1 torr = 133.32 Pa). The pre-existing pattern was aligned with the di-
rection of the projected ion beam using optical diffraction. The sur-
face was bombarded with 1 keV Ar+ from a collimated 3 cm Kaufman
ion gun differentially pumped and working at 10–4 torr. The sample
was heated at 540 °C and the angle between the beam and the sample
normal was 45°. The typical ion flux was 0.4 mA cm–2. The sputtering
time was 45 min unless indicated otherwise. Post-irradiated surfaces
were observed in air using AFM in intermittent contact mode. Be-
cause only a fraction of the area under the uniform central portion of
the ion beam was patterned, a comparison could be made between
sputter ripple morphologies inside and outside the pre-patterned re-
gion under otherwise identical conditions in the same run.
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Incorporation of Point Defects into
Self-Assembled Three-Dimensional
Colloidal Crystals**

By Qingfeng Yan, Ao Chen, Soo Jin Chua, and
Xiu Song Zhao*

Photonic crystals (PCs) or photonic bandgap (PBG) materi-
als offer a promising platform for future photonic integrated cir-
cuits (PICs) and optoelectronic integrated circuits (OEICs).[1–3]

Three-dimensional (3D) PCs with a full PBG allow one to con-
trol the flow of light omnidirectionally. Currently, there are

mainly two methods for fabricating 3D PCs, i.e., “top–down” li-
thography and “bottom–up” self assembly. The former utilizes
conventional semiconductor micromachining techniques, such
as electron-beam lithography (EBL) and inductively coupled
plasma (ICP) etching, to fabricate 3D periodical structures in a
layer-by-layer manner. Many photonic applications, such as op-
tical microcavities and waveguides, require an exact placement
of well-defined artificial defects (e.g., planar, line, and point de-
fects) within 3D PCs.[4–7] Although the “top–down” method has
been demonstrated to work for the insertion of artificial defects
into 3D PCs, it is relatively expensive, tedious, and time-con-
suming, with a low throughput, and is applicable only to limited
structures.[8–10] On the other hand, the “bottom–up” method,
which is based on the self-assembly of colloidal microspheres,
provides a simple and inexpensive approach to the fabrication
of 3D PCs.[11] Unfortunately, the introduction of artificial de-
fects using the “bottom–up” method is not as straightforward as
it is in the case of using the “top–down” method. Defect engi-
neering in self-assembled 3D PCs thus has been a great chal-
lenge.

A layer-by-layer deposition strategy for the insertion of pla-
nar defects in self-assembled 3D PCs has been described.[12]

The chemical vapor deposition (CVD) technique has also
been demonstrated to place dielectric planar defects in 3D
PCs.[13, 14] Multiphoton photopolymerization[15] and a direct
electron-beam writing technique[16] have been employed to
construct deterministic defects in self-assembled 3D PCs.
Ozin and co-workers[17] have described the fabrication of a
micrometer-scale line defect on the surface of an inverse sili-
con PC by modification of the local refractive index using
laser direct writing and microannealing techniques. Very re-
cently, the same group[18] and our group[19] have demonstrated
a straightforward method to embed micrometer-scale line de-
fects within the interior of a self-assembled 3D PC by using
conventional optical photolithography and self-assembly tech-
niques.

Many photonic applications, such as microcavities of a high
quality factor (Q) in low-threshold lasers and light-emitting
diodes, require the presence of point defects in a PC.[6–8,10]

Introducing point defects into 3D PCs has proven quite diffi-
cult, with only a few examples reported.[8–10,20–25] By using a
layer-by-layer lithographic method, 3D silicon[8] and GaAs
PCs[10] with designed point defects have recently been fabri-
cated. Matthias et al.[9] have demonstrated the possibility of
introducing point defects into a 3D silicon PC by using modi-
fied electrochemical etching and lithographic methods. Direct
laser writing has been described to produce point defects
within polymer 3D PCs fabricated by using holographic li-
thography.[20] For self-assembled 3D PCs, the introduction of
point defects has been reported by doping a system with im-
pure colloidal spheres, of different sizes or dielectric strengths,
during the self-assembling process.[21–24] However, such point
defects are randomly distributed throughout the structure.
For practical device applications, the position of the point
defects should be controllable. For self-assembled polymer
colloidal crystals (opals) from poly(methyl methacrylate)
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