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Abstract: Highly regular, single-crystalline nanopillar arrays with
tunable shapes and geometry are synthesized by the template-
assisted vapor—Iliquid—solid growth mechanism. In this approach,
the grown nanopillars faithfully reproduce the shape of the pores
because during the growth the liquid catalyst seeds fill the space
available, thereby conforming to the pore geometry. The process
is highly generic for various material systems, and as an example,
CdS and Ge nanopillar arrays with square, rectangular, and
circular cross sections are demonstrated. In the future, this
technique can be used to engineer the intrinsic properties of NPLs
as a function of three independently controlled dimensional
parameters - length, width and height.

In recent years, semiconductor nanowires (NWs) and nano-
pillars (NPLs) have been extensively explored for electronics,
sensing, and energy applications." Uniquely, their chemical and
physical properties have been shown to exhibit a strong
dependence on their dimensions, specifically the diameter and
length, arising from various nanoscale phenomena.? Similarly,
the cross-sectional shape and geometry of these nanostructures
are expected to have an important effect on their properties. Yet,
the controlled synthesis of single-crystalline NWs/NPLs with
tunable shapes has not been well studied in part because the
vapor—liquid—solid (VLS) growth mechanism often results in
cylindrical structures as defined by the spherical shape of the
catalytic seeds during the growth process.®> In some instances
noncylindrical nanowires have been observed; however these
structures are highly material and process dependent and,
therefore, do not offer the control necessary to engineer nanowire
shape for an arbitrary material system.* Here, we utilize a
template-assisted, VLS growth process’ for the fabrication of
highly regular and single-crystalline NPL arrays with tunable
shapes, such as square, rectangular, or circular cross sections,
as defined by the shape and geometry of the templates. The
process is applied for the synthesis of CdS and Ge NPLs,
presenting a generic platform toward the controlled synthesis
of nanostructures with tunable shape and geometry.

Porous anodized alumina membranes (AAMs)®’ were used
as the VLS templates (Figure 1), although the process scheme
is generic for top-down fabricated templates as well. Briefly,
the process scheme begins with the pretexturing of an electro-
chemically polished 0.25 mm thick aluminum substrate (99.99%
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Figure 1. Process schematic for the template-assisted VLS synthesis of
(a) square and (b) rectangular NPL arrays.
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Figure 2. Top-view SEM images of the fabricated AAMs with (a) square,
(b) rectangular, and (d) circular pores.

Alfa Aesar) using a straight-line silicon diffraction grating as
the mold. A two-step imprinting process was utilized to define
the Al surface morphology, followed by an anodization step
(Figures S1—S2). By varying the angle between the two imprint
orientations and the pitch of the gratings, different indentation
shapes can be formed on the aluminum surface, resulting in pores
with different cross-sectional shapes following the subsequent
anodization step. This control is enabled since the indentation
regions formed by the overlap of the two imprinting steps act
as nucleation sites for the pore development due to a local
increase in the rate of field-enhanced dissolution of the oxide.”
Figure 2 shows representative scanning electron microscope
(SEM) images of the fabricated AAMs with square, rectangular,
and circular pores with a pore depth of ~1.6 um. The figure
demonstrates that the pore shape is accurately controlled over
large areas. The pore depth is also well manipulated by the
anodization time. A current ramping technique was then used
to thin the alumina barrier at the bottom of the pores (Figure
S3c) in preparation for a subsequent Au electrodeposition step
(Figure S3d). The detailed process procedures can be found in
the Supporting Information.

The electrodeposited Au is then used as catalytic seeds for
template-assisted VLS growth of NPLs (see Supporting Informa-
tion).> The process is generic for various NPL materials, and as
an example, we demonstrate the shape-controlled synthesis of
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Figure 3. Top-view SEM images of highly ordered CdS NPLs with (a—b)

square, (c—d) rectangular, and (e—f) circular cross sections, grown in AAM
templates.

CdS (Figure 3) and Ge (Figure S4) NPLs. Figure 3 shows top-
view SEM images of self-ordered pore arrays filled by indium-
doped CdS NPLs with square (~165 nm x 165 nm) (Figure 3a),
rectangular (~150 nm %320 nm) (Figure 3b), and circular (~250
nm diameter) (Figure 3c) cross-sectional shapes. The NPLs
faithfully reproduce the shape of the pores because during the
growth the liquid catalyst seeds fill the space available, thereby
conforming to the pore geometry. To achieve this, sufficient gold
must be deposited into the pores to ensure a complete filling of
the cross-sectional pore area. If there is insufficient Au in the
pores, spherical Au particles are formed during the growth,
thereby resulting in the growth of cylindrical NPLs with
diameters smaller than the width of the pores. Here, we have
developed a simple geometrical argument to conservatively
estimate the minimum thickness of Au necessary to achieve
shaped controlled synthesis. A detailed discussion of this model
can be found in the Supporting Information. The resulting
relationships are

Ty, = (4/ DR Ty,

— (XJT\/Z_), _ (T .2 2,32
- 3 ’ TAu - (6xy)(y +z )

for the circular, square, and rectangular pores respectively, where
Tau is the Au thickness at the bottom of the pores, R is the radius
of the circular pores, x is the width of the square pores, and y
and z are the cross-sectional width and length of the rectangular
pore. From our pore dimensions, we obtain a minimum Au
thickness of ~167, 222, and 480 nm for circular, square, and
rectangular pores respectively. We note that in the template-
assisted VLS mechanism, successful growth can be achieved as
long as the gold thickness is more than the minimum values
explained above (Figure S6), beyond which it has minimal effect
on the growth.

The shape controlled synthesis process described here is also
compatible with top-down fabricated templates. In this regard, we
have fabricated fin-like Ge single-crystals (length ~1.5 um, width
~380 nm, height ~2 um) on Si/SiO, substrates (Figure S5),
demonstrating the potential utility of the scheme for heterogeneous
and/or three-dimensional electronics on Si substrates. The rectan-
gular nanopores used as templates were fabricated by electron beam
lithography and dry etching of a ~2 um thick SiO, layer (Figure
S5). Notably, a result of the growth process is that the NPL surfaces
incorporate any roughness present on the pore sidewalls. The

a C = Circular
= Square
—— Rectangular
3
s
2
@
475 500 525 550
Wavelength (nm)

Figure 4. (a—b) TEM images of square-shaped CdS NPL, depicting its
single crystalline structure. (c) PL spectra of square, rectangular, and circular
CdS NPLs.

reliable production of extremely smooth pore sidewalls is needed,
which is an inherent advantage of the AAM templates as compared
to nanopores fabricated using top-down etching methods.

The crystal structure and materials quality of the shape-
controlled CdS NPLs were characterized by transmission electron
microscopy (TEM) and photoluminescence (PL) spectroscopy.
The low magnification TEM image of a square-shaped CdS NPL
with the corresponding electron diffraction pattern shows the
single crystalline nature of the as-grown structures (Figure 4a).
The Au catalytic seed is clearly depicted in the TEM image,
which is a signature of the VLS growth. The high-resolution
TEM image depicts the lattice fringes and preferred [110] growth
direction (Figure 4a). The observed lattice spacing is the same
as that for circular CdS NPLs.”® The PL spectra of the CdS NPLs
(Figure 4b) illustrate band emission at ~512 nm for different
shape NPLs. There is no peak shift as compared to the previously
reported bulk CdS value,® which is expected since the scale of
the explored NPLs is still beyond the Bohr radius of bulk CdS
(~5 nm). In the future, NPLs with dimensions on the order of
the Bohr radius can be synthesized and characterized to observe
quantization effects and the corresponding divergence in the
properties of NPLs of differing shapes. Successful scaling of
this templated growth process presents significant challenges,
including the formation of ~5 nm pores with sharp corners and
good wetting properties.

In summary, a versatile route toward the controlled synthesis of
single crystalline NPL arrays with tunable shapes is demonstrated
by a template-assisted VLS growth mechanism. The ability to
control the cross-sectional geometry of NWs in addition to their
dimensions provides yet another degree of control in exploring novel
phenomena at the nanoscale and designing materials with the
desired properties and functionalities.
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AAM Template Fabrication

By using a two-step imprinting process with a 90° rotation and a Si mold with 416.6 nm
period (208 nm line width), square-shaped pores (pitch 420nm and size 150nm) can be readily
achieved during the subsequent anodization step. On the other hand, a 60° rotation enables the
fabrication of circular pores. Similarly, rectangular-shaped pores are formed by using two
different Si grating molds, for instance, with 416.6 nm and 555.5 nm period, and a 90° rotation
between the two imprints. The applied pressure during the imprinting process was ~1x10*Ncm™.
Following the double imprint step, the Al substrates were anodized in 1:100:200 H3PO,:
Ethylene Glycol:H,O under 166 V DC bias for 2h at 10°C. The appropriate anodization voltage
had to be chosen such that the periodicity of the pores matched the pitch of the imprints by using
the well-known pitch-to-voltage ratio of ~2.5 nm/V. In the case of the two-pitch double
imprinting process, the voltage was chosen to match the smaller pitch (i.e., 416.6 nm). Upon
completion of the anodization step, a low-angle ion milling was performed in order to planarize

the top surface of the alumina membrane (Fig. S3).

Alumina Barrier Thinning

The alumina barrier thinning procedure is a current controlled room temperature
anodization in 0.2 M H3PO, with a starting voltage of ~164 V, followed by a periodic halving of
the anodization current to induce decay of the measured anodization voltage until the final
voltage of 4.6 V is reached. This step is followed by a quick 10 second etch of the membrane in
5% wt H3PO, at 53°C to wet the pores before gold deposition. Using a potentiostat (SG 300,
Gamry Instruments) and a gold electrodeposition solution (Technic gold 25 ES), Au was
electrochemically deposited into the pores with a 60 Hz sinusoidal voltage. During this 20 min

process, the voltage amplitude was raised from 3.5 to 6.5 V in order to uphold the reaction with
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peak current density of 8 to 10 mA cm™. Not that is barrier thinning procedure is critical for

uniform electrodeposition of Au at the bottom of the pores.

NPL Syntheses

Indium-doped CdS NPLs were grown in a 1-inch quartz tube solid source chemical vapor
deposition furnace with two separate resistive heating zones. The vapor-liquid-solid growth
required ~0.5 g of CdS powder (99.999%, Alfa Aesar) as the source, heated to 700°C in the first
heating zone (upstream). The indium supply (=225 mg In pellet) was placed immediately
upstream of the CdS source using a different quartz boat. The Au deposited AAM sample was
placed in the second zone (downstream) and heated to 550°C with 5 min sample annealing time,
while a hydrogen gas flow of 50 sccm was introduced. The chamber pressure was kept constant
at 15 torr. The growth was carried out for 30 minutes, after which the furnace was shut down
and allowed to cool rapidly. A subsequent ion milling (1kV Ar*, ~80° incident angle, and with a
water cooled sample chuck) was performed to remove the surface covered CdS layer so that only
the NPLs within the pores remained.

Ge NPLs were also grown by the Au catalyzed VLS mechanism. After Au
electrodeposition inside the pores, the samples were placed in the middle of a single zone furnace
followed by heating to 285°C in an H, ambient. After reaching 285°C, GeH, (10%, diluted in
H) was flown at 12 sscm and a pressure of 40 torr. Total growth time was 20 min. After the
growth, the samples were initially mechanical polished to partially remove the surface covered
film and then ion milled for 1h (1kV Ar®, 80° incident angle with a water cooling chuck).

We note that after NPLs are grown out of the pores, the Au catalytic seeds often split into

multiple smaller particles as they are no longer confined by the template walls. This in effect
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results in the growth of a nanowire forest and even thin film on the surface of AAM. The
purpose of ion milling after the NPL growth is to remove this undesired layer. In the future, this
may be avoided by either exploring a vapor-solid-solid growth process by changing the catalytic
seed material and/or optimizing the growth condition and time such that the NPLs are grown

only up to the surface of the pores.

Au Thickness Calculation

We have developed a simple geometrical model for estimating the Au thickness required
in the pores to achieve good pore filling (i.e., shape controlled synthesis). Here, we estimate that
upon initiation of NPL growth the liquid Au will take the shape of a sphere due to the poor
wetting of Au on alumina surfaces (Fig. S6b,f)". In order to ensure complete pore filling, the
unconfined Au sphere must have sufficient volume to circumscribe the pore cross section. The
cross section of the Au sphere and square pore are depicted in Fig. S6¢ and S6g for insufficient
and sufficient Au thicknesses, respectively. Equating the volume of the solid Au at the bottom of
the pore and the liquid Au sphere, we can obtain a simple relationship between the pore
dimensions and the required Au thickness to ensure good filling as presented in the main text.
This basic analysis can be easily extended to pores with rectangular and circular cross sectional
shapes.

It is important to note that we have purposefully made simplifying assumptions that
overestimate the Au thickness. The contact angle of Au on the aluminum oxide will not be 180
degrees, and thus assuming a liquid Au sphere overestimates the Au requirement. Further, by
equating the solid and liquid Au volume we neglect expansion of the Au due to temperature,
phase change, and incorporation of CdS during growth. Finally, in this analysis we ignore the Au

deposited into the pore sub-channels and focus only on the Au thickness above the top of the
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sub-channels necessary for successful shape controlled growth. Plugging in our pore dimensions
we obtain a minimum Au thickness of ~167 nm, 222 nm, and 480 nm for circular, square, and

rectangular pores respectively. Our experimental observations indicate that this process is easily
reproduced and not extremely sensitive to Au thickness, especially for thicknesses exceeding our

stated minimum values. These simple expressions are meant strictly as a basic guideline.
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Figure S1. Fabrication of AAM with square-shaped nanopores. Schematic illustration of
texturing the Al surface by a 90° double imprint process using identical pitch Si grating (a-b),
and the subsequent anodization process which results in square-shaped pore formation (c). SEM
images of a pre-textured Al surface after double imprinting with a Si grating (pitch 416.6 nm)

(d), followed by anodization (e), and ion milling to planarize the surface (f). Cross-sectional

images of the pore arrays before and after ion milling are shown in Figure S3.
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Figure S2. Fabrication of AAM with rectangular nanopores. Schematic illustration of texturing
the Al surface by a 90° double imprint process using Si gratings with two different pitch (a-b),
and the subsequent anodization process which results in pores with rectangular cross-sections
(c). SEM images of a pre-textured Al surface after double imprinting with two different Si
gratings (pitch 416.6nm and 555.5 nm) (d), followed by anodization (e), and ion milling to

planarize the surface (f).
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before and (b) after ion milling. The SEM image in a, clearly shows that the pore shape and

geometry near the surface (the first ~500 nm) is different than that of the rest of the pore, arising
from the textured surface used for anodization. This ~500 nm thick layer is removed by ion
milling to enable pore arrays with uniform depth profiles. Note that the alumina barrier layer at
the bottom of each pore is clearly evident in b. Cross sectional SEM images of a fabricated
3.3um thick AAM after (c) barrier thinning and (d) Au electrodeposition steps. Au thickness
above the top of the pore subchannels roughly matches our basic geometrical model presented in

the main text.
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Figure S4. SEM images of shape-controlled Ge NPLs. (a) Square-shaped Ge NPLs after 10 min,
1M NaOH etch to partially etch the alumina membrane and expose the NPLs in order to enhance
the contrast for SEM imaging. Note that after the NaOH etch, parasitic pores are formed in the
alumina membrane arising from a difference in the local etch rate of alumina. (b-c) After full
etching of the AAM bonded with epoxy on glass in NaOH, leaving behind the unsupported
NPLs. (d-e) Rectangular-shaped Ge NPLs. (f) Rectangular-shaped Ge NPLs after 40min NaOH

etch on Al substrate which allows us to see sharp edges.
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Figure S5. Schematic illustration and SEM images of Ge NPLs grown inside of top-down
fabricated templates using a Au-catalyzed VLS process. (a-f) Fabrication process schematic.
Si/Si02(50nm)/W(400nm)/SiO,(2um)/Cr (50 nm) substrates are patterned by e-beam lithography
and wet etching of the Cr layer. Patterned Cr is then used as the hard mask for the reactive ion

etching of SiO, (b). W electrode is used to electrochemically deposit a ~200 nm Au layer at the
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bottom of each pore (c). Ge NPLs are then grown, initially confined by the shape of the pore
template followed by splitting of the catalytic seeds once the NPLs reach the surface (d). lon
milling is then performed to remove the unwanted surface Ge layer (). SiO, template is partially
wet etched in HF to expose the NPLs (f). (g) SEM image of a rectangular nanopore fabricated by
the described procedure and corresponding to the step shown in part (b). (h) Angled-view SEM
of a Ge NPL grown by using the Au catalyzed VLS process inside a rectangular pore,
corresponding to the step shown in part (f). Note that since the pores are fabricated by the top-
down processing, they exhibit severe surface roughness. The grown NPLs inherit the surface

roughness of the initial templates.
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Figure S6. Schematic illustration of Au thickness requirement to achieve good pore filling for
shape controlled growth. (a-d) Simplified growth illustration for insufficient Au thickness. Upon
heating the solid Au with a thickness below the minimal requirement (a), it melts to form a
sphere (b) with a diameter smaller than the dimensions of the pore cross section (c). The
resulting growth is a cylindrical NPL (d) similar to growth processes without AAM templates.
(e-h) Simplified growth illustration for sufficient Au thickness (e). The melted Au sphere () is
large enough to circumscribe the pore cross section (g), thus the pore completely confines the

dimensions of the liquid Au. The resulting growth is effectively shape controlled by the pore (h).
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