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ABSTRACT

Families of very high-index planes, such as those which bifurcate spontaneously to form a hill-and-valley structure composed of opposing
facets, provide natural templates for the directed growth of position-controlled self-organized nanostructures with shapes determined by the
facet width ratio R. For example, deposition of a few ML of Ge on Si(173 100 373), corresponding to R(113/517) ) 1.7, results in a field of
40-nm-wide Ge nanowires along [72 187 84] with a uniform period of 60 nm.

The controlled fabrication of nanostructures and surface
nanopatterns is a crucial step underlying all fields of
nanotechnology. For example, nanoscale architectures on Si
surfaces are presently of intense interest due to their
compatibility with conventional microelectronic device pro-
cessing, and hence, their potential for future generations of
novel electronic devices. Current strategies to achieve
uniform nanostructural arrays include both top-down and
bottom-up approaches. In the former case, nanostructure
fabrication is generally accomplished through conventional
optical lithography techniques in which feature sizes are
limited by the radiation wavelength,1 while bottom-up
methodologies have been utilized primarily in self-assembly
techniques such as film growth in the strain-induced Stran-
ski-Krastanov (SK) mode. A major bottleneck in both
tactics, however, is the lack of control in one or more of the
following: size, shape, position, and/or areal density distri-
butions.

Ge growth on Si(001) has been studied extensively as a
model SK system due to a combination of the relatively large
lattice constant mismatch, 4.2%, as well as compatibility of
Ge with Si device processing. A variety of Ge nanostructures
including pyramids (huts), domes, and elongated islands are
obtained as a function of temperature, growth rate, and film
thickness.2-4 Some progress in controlling the density, size,
and spatial uniformity of these structures has been achieved
using stacked multilayer growth,5 ion implantation,6 and

lithographically-assisted deposition.7 Since the SK growth
mode is driven by strain and Si is elastically asymmetric,
the shape of deposited Ge nanostructures also depends
strongly on substrate orientation.8 Until now, the primary
substrate orientations used have been (001), (113), (110),
and (111) due to their stable surface reconstructions.9

We have chosen to take a different route and have
developed a novel and completely general method for rapidly
evaluating all possible substrate orientations, within a given
crystal structure, for self-organized nanostructure growth. We
use computer-controlled focused ion beam (FIB) etching to
fabricate concave circular cones and square pyramids with
varying depths. In the case of Si(001) substrates, by
systematically changing both the tilt angleθ of the sidewalls
with respect to the (001) plane as well as the in-plane
azimuthal directionæ with respect to the [1h10] direction,
we show that very-high-index Si(hkl) planes provide natural
templates for the directed growth of uniformly spaced self-
organized nanostructures with shapes ranging from isotropic
domes to triangles to teardrops to one-dimensional wires
under the same deposition conditions. Based upon initial
experimental results, we use a surface structural model for
the formation of families of nanoscale grooves in order to
predict preciseθ andæ values for the substrate growth planes
required for shape-, size-, and position-controlled self-
assembly of as-deposited nanostructures. For example,
regular fields of 40-nm-wide, several-µm-long Ge nanowires
with a highly uniform period of 60 nm are grown on
Si(173 100 373), corresponding toθ ) 28.2° with æ ) 75°
with respect to the initial Si(001) substrate surface, along

the [72 18784] direction. The Si(173 100 373) surface has
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a hill-and-valley structure which consists of alternating (113)
and (517) facets with a (113)/(517) width ratioR ) 1.7.

The Si(001) substrates used in these experiments have a
miscut angle of 0.3° at 2.2° from the [100] direction. The
samples are first oxidized at 1000°C to form a 200-nm-
thick SiO2 cap layer in order to avoid excess deformation
and penetration of Ga+ ions, typically 30 keV and 3 nA,
during FIB sample preparation. After processing, the oxide
layer is removed and a protective oxide layer formed using
a UV/ozone process.10 The samples are then introduced into
a multichamber gas-source molecular beam epitaxy system
(details in refs 11 and 12), where they are degassed at
650 °C and then flashed at 1100°C to remove the oxide.
Si buffer layers, 50-nm-thick, are grown at 800°C from
Si2H6, after which 7 ML of Ge is deposited at 600°C from
Ge2H6 (see ref 12 for deposition procedures). Surface mor-
phologies are examined by tapping-mode atomic force
microscopy (AFM), while Ge/Si interfaces are analyzed using
high-resolution cross-sectional transmission electron micros-
copy (XTEM) and scanning TEM (STEM).

Figure 1a is an AFM image of one quadrant of a concave
truncated circular-cone structure with a depth of 2.3µm,
fabricated in Si(001), on which 7 ML of Ge has been
deposited. The image, 9.0× 9.0 µm2, is high-pass filtered
to highlight fine structures on the inclined surface. The image
scan direction, for this and all AFM images shown here, is
along [1h10] projected onto the (001) plane. Outside the cone
structure (i.e., on the Si(001) surface), the Ge islands are
dome shaped with a density of 30.9µm-2, as expected from
previous results.13 Note that the islands decorate the circular-
cone rim where local deviations from (001) provide surface
steps that are favorable sites for island nucleation.14 Figure
1b is a line profile along the azimuthal directionæ ) 0 (i.e.,
along [1h10]) of the cone in Figure 1a showing both the
(negative) feature heighth below the rim and the tilt angle
θ as a function of position. The spikes in theθ vs position
curve are due to Ge islands.

The sample in Figure 1 contains a sidewall region
approximately 2.5µm wide with a constant tilt angleθ of
28.2(1.5°. A wide variety of island shapes and densities
are formed on this conically curved surface as a function of
azimuthal positionæ within the etched crater. For example,
a magnified view of the region highlighted by the white
square in Figure 1a is presented in 1c, where we broadly
classify the Ge nanostructures as (1) domes which are
elongated alongæ ) n90° with n ) 0, 1, 2, 3 (see upper
left, Figure 1c), (2) curved nanowires extending approxi-
mately 2µm long, located nearæ = (n90(15)° with n ) 0,
1, 2, 3 (see middle region: 69° e æ e 83°), and (3) arc-
shaped facetted regions terminated with arrowheads located
nearæ ) (n45(10)° with n ) 1, 3, 5, 7 (lower right). An
extensive library of Ge nanostructure shapes, distributions,
and densities has been obtained by systematically varying
the dimensions of FIB-produced conical structures etched
in the Si(001) substrate (i.e., by varying the orientations of
the exposed Si planes).

Here we focus on isolating a high-order Si plane which
allows the self-organized growth of straight Ge nanowires

with a regular pitch. Based upon analyses of the results in
Figure 1c showing curved nanowires, we fabricate a truncated
inverse square pyramid structure in Si having sidewalls with
θ ) 28.2° andæp ) (n90-15)° (n ) 0, 1, 2, 3), where we
define the azimuthal directionæp to identify the exposed tilted
plane orientations. The base of the pyramidal pit is 15µm
on a side. This results in four=3 × 5 µm2 trapezoid-shaped
Si{173 100 373} planes, which after flashing and Si buffer
growth form a regular corrugated surface morphology as
revealed by AFM (not shown). Figure 2a is an AFM image
of one of the sidewalls (æp ) 75°), corresponding to

Figure 1. Examples of Ge nanostructures formed on the sidewalls
of a FIB-fabricated truncated conical structure in Si(001). (a) AFM
image, 9.0× 9.0 µm2, from one quadrant of the conical structure,
with a depth of 2.3µm, on which 7 ML of Ge was deposited. (b)
Height h and tilt angleθ as a function of position alongæ ) 0
([1h10]) from the center of the conical structure toward the rim. (c)
Higher resolution AFM image, 3.0× 3.0 µm2, of the region in (a)
outlined by the white square (45< æ < 90°).
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(173 100 373), after depositing 7 ML of Ge. Straight coherent
Ge nanowires are formed with lengths extending to several
µm, limited only by the size of the FIB-fabricated structure.
The Ge nanowires are aligned along a directionæd ) 114°
(i.e., along [72 18784]) with respect to [1h10]. Figure 2b, an
AFM profile along the white line in Figure 2a, shows that
the nanowires are 40 nm wide with a period of 60 nm. The
small bumps between two neighboring nanowires, indicated
by the arrow in Figure 2b, suggest that Ge nanowires, as
demonstrated below, grow along the template grooves on
the Si(173 100 373) plane.

Figure 2c is a Z-contrast high-angle annular dark-field
STEM image of the Ge nanowires shown in Figure 2a. The
micrograph was obtained along the [121h] zone-axis, which
is 5.3° from the nanowire direction [72 18784]. The image
contrast is due to atomic mass; thus the bright regions

correspond to Ge. The interface forms a corrugated hill-and-
valley structure composed of two different facet planes. The
Ge nanowires, embedded in a thin wetting layer, have a
parallelogram-shaped cross-section and reside in valleys
formed by the opposing Si facets. The substrate surface
structure shown here is analogous to that predicted theoreti-
cally by Shchukin15 for a GaAs(311)A surface consisting of
a hill-and-valley structure composed of equivalent (31h3) and
(331h) facets. We determined the facet orientations at the Ge/
Si interface based upon high-resolution bright-field XTEM
images (see, for example, Figure 2d) to be (113) and (517).
Note that (517) is 2.4° off (15 3 23), one of seven major
facets observed on well-annealed Ge and Si surfaces.16 The
corresponding facets on the Ge nanowire surface are also
(113) and (517). No dislocations were observed in Ge
nanowires formed on the Si hill-and-valley template surface.

Next, we consider the general conditions required to obtain
a (113)/(517) hill-and-valley template structure at tilt angle
θHV as a function ofæp, i.e.,θHV(æp), and use the results to
form other types of nanostructures with controlled shapes.
The ridgeline of the hill-and-valley structure, which is formed
by the intersection of (113) and (517) facets, corresponds to
the [121h] direction. From geometric considerations, any plane
obtained by rotating (113) toward (517) around the pivot
axis [121h], which can be expressed as (k 100 200+k) with
100 < k < 500, will form a (113)/(517) hill-and-valley
structure with varying ratiosRof the widths of (113) to (517)
facets. This rotation is equivalent to changingθHV from 36.1°
with æp ) 56.3° (the (517) plane) toθHV ) 25.2° with æp )
90.0° (the (113) plane) with the ridgeline direction of the
hill-and-valley structure constant atæd ) 108.4° (i.e., [121h]).
In Figure 1, for example, we observe nanowires within the
interval 69° e æ e 83° for which we calculateθHV values
ranging from 30.1 to 26.3°, which includes the actual tilt
angle θ ) 28.2° of the conical structure used in this
experiment, andR values from 0.85 to 5.09. This implies a
tunable periodicity in hill-and-valley structures composed of
(113) and (517) facets, simply by varyingθ andæ.

These initial results indicate that directed self-assembly
of nanostructures with virtually any shape can be achieved
by suitable choice of high-index template surfaces. Note that
æp is different for (113) and (517) facets and that neither
are equal toæp for (173 100 373), which is equivalent to
æp ) 75.0° with θ ) 28.2°. This allows us, through the
choice ofθ and æp during sample preparation by FIB, to
change the direction of the intersection lines between the
(113)/(517) facets and the exposed growth plane. As a final
illustration of this geometric representation for surface
nanogroove transformations, we demonstrate results for
transforming Ge nanostructures from nanowires to “tear-
drops”.

Figures 3a and 3b are AFM images of Ge nanostructures
grown on planes with tilt anglesθ of 24.7 and 31.9°,
respectively, and an azimuthal tilt directionæp of 75°. This
corresponds to-3.5 and+3.7° off the (173 100 373) plane
toward [173 100107]. By decreasing (increasing)θ slightly
from θ ) 28.2° (which results in long straight Ge nanowires),
the shape of as-deposited Ge nanostructures is transformed

Figure 2. Self-organized Ge nanowires formed on Si(173 100 373),
corresponding toæp ) 75° with θ ) 28.2°. (a) AFM image with
a scan size of 2.0× 2.0µm2. (b) Heighth as a function of position
along the white line in (a). (c) Z-contrast STEM image of Ge
nanowires shown in (a). (d) High-resolution [121h] zone-axis XTEM
image.

Nano Lett., Vol. 5, No. 2, 2005 371



into rows of upward (downward) teardrops with their left
(right) sides aligned. In Figure 3a, the azimuthal angles for
the left (æL) and right (æR) sides of teardrops are 110.3 and
93.6°, respectively, whileæL ) 97.3° andæR ) 127.4° in
Figure 3b. This shape transformation follows directly from
changes in the intersection directions between the two facets
(113)/(517) with the growth plane.

A quantitative description of the shape transformation can
be obtained by considering the geometric relationships
between the facets and growth planes. The dashed lines in
Figure 3c show the calculated azimuthal directionsæ113 and
æ517 of the intersections of (113) and (517) facets with
exposed planes atæp ) 75° as a function ofθ. The solid
line (æH) is the half azimuthal angle, (æ113+æ517)/2. As we
increaseθ from 24.0 to 32.0°, æ113 increases from 70.3 to
129.3° while æ517 decreases from 121.4 to 90.5°, indicating
that the intersection directions rotate in opposite directions.
æ113 and æ517 cross atθ ) 28.2° with æ ) 108.4°, corre-
sponding to the condition in which the tilted growth plane,
(173 100 373), has a straight hill-and-valley structure
composed of (113) and (517) facets. Measured half azimuthal
angles (æR+æL)/2 of Ge nanostructures plotted in Figure 3c
as solid circles exhibit good agreement with the calculated
curveæH. This ensures that the basis structure of the growth
surface can be formed by (113) and (517) facets over the
entire tilt angle range from 24 to 32°.

In summary, we have developed a novel approach,
applicable to any materials system, for systematically and

rapidly obtaining very-high-index substrate orientations that
allow the directed growth of highly-ordered self-organized
nanostructures. A surface structural model for the formation
of regular nanoscale substrate surface features is used to
provide the tilt and azimuthal angles, with respect to the
initial substrate surface, required to isolate families of
template structures with nanoscale facetting arrays (e.g., hill-
and-valley structures), on which desired shape-, size-, and
position-controlled nanostructures can be grown. These
results are then used as input for computer-controlled FIB
fabrication to isolate substrate growth planes. Utilizing this
approach, we demonstrate, as an illustration, the formation
of Ge nanowires and teardrops, with uniform shape, dimen-
sion, and periodicity, on Si(173 100 373) and related surfaces.
(173 100 373) is a member of the family of (k 100 200+k)
planes composed of a (113)/(517) hill-and-valley structure,
in which the ratio R of the two facet widths can be
controllably varied (R ) 1.7 for (173 100 373)).
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Figure 3. Shape transformation from nanowires into “teardrops”
resulting from a change in the intersection directions between (113)/
(517) facets and the exposed growth planes. AFM images, 1.0×
1.0 µm2, of Ge teardrop nanostructures formed on planes with tilt
angles (a)θ ) 24.7 and (b) 31.9° and an azimuthal directionæp of
75°. Note that the [1h10] direction, which corresponds to the scan
direction projected onto the (001) plane, is not in the growth planes.
(c) Calculated azimuthal directionsæ113 andæ517 of the intersection
lines between (113)/(517) facets and a plane withæp ) 75° as a
function of the tilt angleθ. æH is the azimuthal half-angle between
æ113andæ517. MeasuredæH values are superimposed as solid circles.
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