3 Magnetic Field Alignment of Randomly Oriented,
High-Aspect Ratio Silicon Microwires into Ver-
tically Oriented Arrays

External magnetic fields have been used to vertically align ensembles of silicon mi-
crowires coated with ferromagnetic nickel films. X-ray diffraction and image analysis
techniques were used to quantify the degree of vertical orientation of the microwires.
The degree of vertical alignment and the minimum field strength required for align-
ment were evaluated as a function of the wire length, coating thickness, magnetic
history, and substrate surface properties. Nearly 100% of 100 pm long, 2 pym diame-
ter, Si microwires that had been coated with 300 nm of Ni could be vertically aligned
by a 300 gauss magnetic field. For wires ranging from 40 to 60 pum in length, as
the length of the wire increased, a higher degree of alignment was observed at lower
field strengths, consistent with an increase in the available magnetic torque. Mi-
crowires that had been exposed to a magnetic sweep up to 300 gauss remained magne-
tized, and therefore aligned more readily during subsequent magnetic field alignment
sweeps. Alignment of the Ni-coated Si microwires occurred at lower field strengths
on hydrophilic Si substrates than on hydrophobic Si substrates. The magnetic field
alignment approach provides a pathway for the directed assembly of solution-grown
semiconductor wires into vertical arrays, with potential applications in solar cells as
well as in other electronic devices that utilize nano- and microscale components as

active elements.



3.1 Background and Introduction

Si microwire array solar cells have been shown to yield energy-conversion efficiencies
as high as 7.9%, while using less Si than conventional planar cells. [6,7,23,24] In ad-
dition to the promise of scalable production, such microwire arrays also increase the
physical flexibility of the resulting device. [25] Vertical alignment of the microwires
decouples the directions of light absorption and minority-carrier charge collection,
and can thus provide excellent performance, provided that the microwires are suffi-
ciently long and are oriented appropriately to attain 96% peak absorption of incident

light. [26]

Current Si microwire-array solar cell designs use a series of cleanroom processes,
such as photolithography and metal evaporation, to obtain and retain the preferred,
predominantly vertical, orientation of the microwires. For many materials, epitax-
ial growth of vertically oriented microwires on a substrate, and removal of the wires
from the substrate while retaining the vertical alignment of the microwire array, is not
possible or economical. Colloidal methods have been used to synthesize high-aspect
ratio nano- and microwires composed of metal oxide, [9] metal chalcogenide, [27]
group III-V [28] and elemental semiconductor materials. [10] These processes pro-
duce a randomly oriented solution of particles, but the scalability of such processes
could be leveraged if a self- or directed-assembly process could be developed that
would align the randomly oriented suspension of microwires into the desired verti-

cally oriented microwire array.

Self- and directed-assembly have been well-documented on the nanoscale, and objects
ranging in aspect ratio from disks to rods have been assembled using methods that
include electric- and magnetic field assisted assembly, [12,18,29] Langmuir-Blodgett

assembly, [14] and evaporation-induced self-assembly. [13, 20, 21, 30] Such methods



have been used to create well-ordered arrays of a variety of metallic, semiconducting,
and magnetic colloidal nanoparticles. However, as the size of the particle increases
to the microscale, as would be required for Si and some other indirect band gap
semiconductors, Brownian motion becomes insufficient to overcome the kinetic bar-
riers to rotation. Low aspect-ratio structures (aspect ratio < 1), such as spheres and
platelets, can nevertheless be readily assembled through the use of surface energy
interactions, [15,31] or externally applied fields. [16,32, 33] However, for high-aspect
ratio structures, such as wires with lengths of 10 micrometers or greater, the tendency
towards aggregation typically precludes the use of methods that rely on surface in-
teractions or evaporative assembly. Therefore, additional input energy is required,
which can be applied in the form of external field-driven directed assembly. Directed
assembly techniques, such as electric, magnetic, or fluidic alignment, have been used
to prepare horizontally oriented arrays of wire structures. [11, 19, 34-36] Extending
these field alignment approaches to produce vertically oriented arrays would enable

the fabrication of wire array solar cells without the need for the use of a clean room.

We demonstrate herein that 40-100 gm long, 1-2 um diameter, Si microwires coated
with a thin layer of ferromagnetic Ni can be aligned vertically into a monolayer, over

2 scale, by the use of magnetic fields. These vertically oriented Si

areas on the cm
microwire arrays have been subsequently captured in a polymer film, to produce flex-
ible, polymer-embedded, vertically oriented arrays of Si microwires. The degree of
vertical alignment, and the minimum field strength required for alignment, have been

evaluated as a function of the length, coating thickness, and magnetic field history of

the Ni-coated Si microwires, as well as the substrate surface properties.



3.2 Results

3.2.1 Sample Preparation

Wire Growth Figure 2A shows Si microwire arrays that had been grown uniformly
over large areas (~1 cm?) and conformally coated with electrodeposited Ni. Vapor-
liquid-solid (VLS) grown Si microwires were chosen as a model system, because the
wire length and diameter can be controlled by variation of the growth parameters
(deposition time and wire-template hole diameter, respectively). [37] Samples with
lengths ranging from 40 pm to 100 gm (measured prior to removal from the growth
substrate, with a typical length variation of + 2 pm) were tested. The inset in
Figure 2A shows a cross section of the conformal coating of Ni on one microwire. Fig-
ure 2B presents a plot of superconducting quantum interference device (SQUID) data
obtained for a similar Ni-coated array, with the magnetic saturation (MS) at the hys-
teresis curve maximum (0.65 A m™), and a magnetic remanence (MR) of 60 emu cm™.
Figure 2C displays an optical micrograph that shows representative results of the Ni
plating process, with the upper panel showing randomly deposited microwires ori-
ented horizontally on a Si substrate, the center panel showing microwires oriented
vertically in the presence of an out-of-plane magnetic field, and the lower panel show-

ing vertically oriented microwires that had been captured in a polydimethylsiloxane

(PDMS) film.
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Figure 2: (A) Scanning electron micrograph of VLS-grown Si
microwires coated with Ni by electrodeposition in Ni sulfamate
solution (Transene) at -1 V vs. Ag/AgCl. (Inset) Cross-section
of a Si microwire showing the thickness of the deposited Ni. (B)
SQUID data for a Ni-plated wire array, with the inset showing
an expansion of the low-field region of the hysteresis curve. The
magnetic saturation (MS) and remanence (MR) are labeled. (C)
Dark-field optical micrographs of horizontal microwires (upper),
vertically oriented microwires (center), and vertical microwires
embedded in a PDMS film (lower).
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Wire Deposition Figure 3 shows Si microwires that had been deposited onto clean
Si substrates, using the dipper functionality of a Langmuir-Blodgett trough. Panel A
depicts wires that had been deposited sparsely, whereas panel B shows the same Si
wires deposited into a closely packed horizontal layer. Panel B is the result of the
transfer of a film at the maximum of horizontal packing attainable at the surface of

the trough without the layer buckling.

Figure 3: Dark-field optical micrographs of Ni-coated Si wires
deposited on Si substrates using Langmuir-Blodgett deposition
for sparse (A) and dense (B) films of horizontal wires. The scale
bar of 100 um applies to both of the frames.
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3.2.2 Particle Analysis

Figure 4 shows the results of image analysis of a typical vertically aligned Si mi-
crowire array sample. Panel A shows the raw dark-field optical micrograph. Panels
B and C show the wires sorted by circularity into horizontal and vertical wire masks,
respectively. This sample exhibited an alignment of 96% vertical. The lateral particle-

to-particle distance was calculated by ImageJ image processing software to be 66 yum.

©e oY, 200 pm

Figure 4: Image analysis process used to determine the average
wire-to-wire distance as well as the vertical alignment percent-
age. (A) Dark-field optical micrograph of vertically aligned mi-
crowires. Masks were generated of the horizontally oriented (B)
and vertically oriented (C) wires by sorting by circularity using
the ImageJ particle analysis package. The scale bar of 200 um
applies to all three frames.
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3.2.3 X-ray Diffraction

X-ray diffraction data were acquired for vertically aligned Si microwire array samples
and the data were compared to the predicted position for the Si <111 > peak (Fig-
ure 5). The magnetically aligned Si microwire array sample (originally deposited on
a Si surface roughened by anodic etching) showed a peak at the expected Si <111 >
position. The peak for the magnetically aligned, vertically oriented Si microwire ar-
ray had 97% of the integrated area within + 5° of the nominal position expected for

a fully vertically oriented Si microwire array.

Counts (au)
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Figure 5: X-ray diffraction rocking curve for magnetically
aligned, Ni-coated, Si microwires. 97% of the wires were within
+5° of substrate normal, indicated by the vertical line in the
figure.
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3.2.4 Alignment Plots

Alignment vs. Coating Thickness Figure 6 shows optical micrographs of Si
microwires having between 20 and 300 nm thick coatings of sputtered Ni. Panel F
presents the degree of alignment for each sample under a 2.5 kilogauss (kG) magnetic
field, as a function of the thickness of the Ni film. The samples with a thin Ni coating
showed nearly zero alignment, whereas those with a 300 nm coating of Ni were nearly

completely aligned vertically by the magnetic field.

100 « F

0 100 200 300
Ni thickness (nm)

Alignment (%)

Figure 6: (A-E) Brightfield optical micrographs of Si microwires
having Ni coatings of thickness varying from 20 nm to 300 nm.
(F) Plot of the vertical alignment percentage of the Ni-coated
Si microwires a function of the Ni coating thickness. The scale
bar of 100 um applies to all of the frames.
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Alignment vs. Magnetic Field Figure 7 shows the fraction of vertically aligned
Ni-coated Si microwires as the magnetic field strength was swept from 0 gauss to 350
gauss at ~5 G s71. Samples that had been aligned in this manner showed a pronounced
dependence of the degree of microwire alignment on the applied field strength, with
longer microwires aligning more completely, and at lower field strengths, in response
to the magnetic field. Panel B shows the dependence of the degree of alignment on the
magnetic field history of the sample, indicating that the microwires aligned at lower
field strengths during a second sequential sweep of the magnetic field than during an
initial magnetic field sweep. The percentage of wire alignment observed in response
to a third magnetic field sweep was nearly identical to that obtained in response to a

second magnetic field sweep.

Panel C demonstrates the impact of the substrate surface energy on the alignment
of the Ni-coated Si microwires. A hydrophilic Si substrate clearly led to alignment
of the microwires at lower field strengths than was observed when a hydrophobic Si
substrate was used. Panel D shows three individual runs plotting overlapping traces.

The traces in Panels A, B, and C represent the average of four individual runs.
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Figure 7: Percentage of vertically aligned Ni-coated Si mi-
crowires as a function of applied magnetic field. (A) Magnetic
alignment of microwires with varying length. (B) Degree of
alignment for varying number of field sweeps. (C) Alignment
dependence on the surface energy of the alignment substrate and
suspending solvent. (D) Reproducibility between single sweep
measurements for a typical sample.
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3.3 Discussion
3.3.1 Degree of Ordering

VLS-grown Si microwires exhibit good radial (+ 0.1 gm) and length (4 2 gm) unifor-
mity over large areas, making them well-suited as a model system to study the effects
of magnetic alignment on microwire-type structures. To facilitate investigation of the
approach, a conformal coating of Ni was applied to the Si microwires to provide a
ferromagnetic handle on the Si (Figure 2). The coating was very uniform over the
length of the wire, as verified by scanning electron microscope (SEM) cross-sections
at various heights along the wire array. SQUID data yielded a magnetic saturation
of 0.65 A m™, consistent with the presence of a thin layer of Ni on the Si microwires.
The measured magnetic remanence (60 emu cm™ at 300 K) indicates that the wires
will maintain a low amount of magnetism after exposure to the magnetic field. This
magnetic history causes the wires to respond more readily to low field strengths on
subsequent exposures (Figure 7). Figure 2C shows the result of Ni plating onto the
Si microwires, and provides definitive evidence that application of a magnetic field
allowed an ensemble of horizontally oriented Ni-coated Si microwires to rapidly shift

to a vertical orientation.

Because the wires maintained their lateral ordering when the magnetic field was
applied, control over the initial packing density allowed for control over the density
of the final vertically oriented Si microwire ensemble (Figure 8). In solution, the mi-
crowires magnetically attracted each other and formed clumps. In contrast, magnetic
alignment on a substrate produced a monolayer of microwires with a controllable
packing density. The samples prepared herein were on the order of 1 cm? in lateral
area, with the area of alignment presumed to be limited by the equipment size, rather

than by any inherent limit to scalability of the process.
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The omega rocking curve data indicated that the magnetically aligned Si microwire
ensembles were largely oriented vertically (Figure 5), because the observed peak cor-
responded well with the Si <111 > direction along the long axis of the wires. The
sample shown was clearly well-oriented, as 97% of the integrated area corresponded
to wires aligned at angles within 4 5° of the substrate normal. Such an orientation is
sufficiently vertical for wire arrays to have a long enough path length to absorb most
incident sunlight. The small angular dispersion relative to that expected for a fully
oriented microwire array is expected to produce scattering effects, which have been
shown to enhance the optical absorption in other high aspect-ratio array microwire

assemblies. [38-41]

3.3.2 Effects of Microwire Dimensions, Coating Thickness, and Substrate

Interactions

Alignment vs. Coating Thickness The percentage of vertically aligned mi-
crowires showed a smooth, monotonic increase vs. the thickness of the applied Ni
coating. Image analysis of optical micrographs was used to calculate the fraction of
microwires that were aligned at each field strength. At the field strengths investi-
gated, the samples showed virtually no alignment with a 20 nm thick Ni coating, but
showed a full vertical alignment with a 300 nm thick Ni coating. A step-function
dependence on thickness, with the entire ensemble of wires going from horizontal to
vertical as the critical field strength was reached, was not observed, presumably due
to small variations in the thickness of the Ni film within a batch of Ni-coated Si mi-
crowires. Because full vertical alignment is desired for many potential applications,
this dependence allows fabrication of responsive wires with a minimum thickness of

ferromagnetic coating.



19

Alignment vs. Magnetic Field The alignment percentage increased with an in-
crease in the applied magnetic field (Figure 7). The traces in Figure 7 show data
for microwire samples in solvent, suspended in the center of an electromagnet, under
a CCD video camera. Panels A through C are plotted with traces that were aver-
aged from four individual runs, while Panel D shows individual runs, demonstrating
the repeatability of the measurements. Separate runs are shown to exhibit the repro-
ducibility that was generally observed in the alignment process. Panel A demonstrates
that the alignment process occurred at lower field strengths as the length of the wire

was increased, due to a higher available magnetic torque.

Panel B illustrates the result of a second sweep, and indicates that the alignment
process occurred at lower field strengths under such conditions, due to a combination
of remnant magnetization in the wires as well as due to a decrease in surface energy
interactions caused by delamination of the microwires from the substrate during the

first field sweep. Additional sweeps traced the path of the second sweep.

Panel C demonstrates the role of surface energy interactions, with two samples of
Ni-coated microwires prepared in the same batch and both aligned in isopropanol,
using the same procedure, but with one alignment performed on a low surface energy
Si-H terminated Si surface and with the other on a high surface energy Si-OH termi-
nated Si surface. The more hydrophilic Si-OH surface produced more facile alignment
of the Ni-coated Si microwires, presumably due to a more favorable interaction with
the solvent and a lessening of the hydrophobic attraction between the substrate and
microwires. Similarly, microwires aligned on a Si-OH surface in HyO responded to
a lower magnetic field strength than microwires aligned on a Si-OH surface in iso-

propanol, due to a more favorable substrate-solvent interaction.
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A variety of solvents can be used if the appropriate balance with the substrate sur-
face energy is met, allowing for the alignment of wires within a prepolymer solution.
Using this method, wires have been captured in flexible PDMS films and removed
from the substrate (Figure 2C), similar to other literature reports. [39] Removal from
the substrate is a key step that allows for the integration of a vertical wire film into
a device. Additionally, if a conductive polymer is used, it can make ohmic contact to

the Ni film and serve as the back contact for the device.

3.3.3 Device Design

The image analysis of a typical sample (Figure 4) showed good vertical alignment
of 96%. Analysis of the masked image with only the vertical microwires displayed
(C) gave an average particle-to-particle distance of 66 pm, corresponding to a sparse
ensemble. This distance can be tuned by modifying the original packing fraction of
the horizontally deposited film (Figure 3). The packing fraction of the microwires will
impact the light absorption properties of an array, and subsequently its performance
as a device, so the ability to increase the density to maximize absorption while using
a minimum of material is a valuable control. Previous studies have shown that Si
microwire arrays can exhibit light absorption efficiencies over 90% across the visi-
ble spectral region, [39] using arrays with a packing fraction of approximately 5%,
corresponding to a 7 pum microwire-to-microwire distance. The arrays prepared in
this work had a lower packing fraction, which will likely negatively impact light ab-
sorption. Tuning the packing fraction by obtaining higher horizontal densities on
the substrate is therefore expected to be an important step in progress towards a
functional, magnetically aligned, light absorbing film. The ultimate density that can
be achieved is limited by the agglomerization produced by magnetic dipole coupling
between nearby microwires, which depends on the geometry of the microwires as well

as their surface chemistry. If the horizontal film is too dense, physically adjacent
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microwires will tend to couple together when aligning vertically, leading to a lower

quality film.

The Ni coating was intended primarily to serve as a ferromagnetic handle, but might
also have utility in future device designs. In systems with appropriate band offsets,
for example, p-Si, Ni can form an ohmic contact to the wire, and could make the
back contact for a Si microwire-based solar cell. In this case, the Ni could by removed
asymmetrically by use of a polymer masking step [23] to expose the Si on the top half
of the wire. Removal of the Ni shell on the top half of the wire with a commercial
etchant would allow formation of a rectifying liquid junction on the exposed portion

of the Si microwire.

Vertically aligned microwires were captured in flexible PDMS films and removed from
the alignment substrate (Figure 2C), similar to other reports in which denser arrays
of Si wires were removed from the Si growth substrates. [39] The film was prepared
by alignment of the wires in a PDMS prepolymer solution. This procedure allowed
the vertical pattern of the wires to be retained in the polymer film after the magnetic
field was removed. Removal of the wires from the substrate enables the possibility
of processing of a stand-alone vertical film into the active layer of a solar device.

Additionally, this step provided for reuse of the alignment substrate.
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3.4 Conclusions

Ensembles of micron-sized Si wires with ferromagnetic Ni coatings can be oriented
vertically using magnetic fields. The vertical and lateral ordering of these ensembles
have been characterized using X-ray diffraction and optical image analysis. The de-
gree of, and minimum field strength for, vertical alignment depended on the length of
the microwires as well as on the thickness of the Ni coating. Longer microwires expe-
rienced more magnetic torque and thus aligned at lower field strengths than shorter
microwires. For a given microwire length, thicker Ni coatings enabled a higher per-
centage of vertical alignment at a given magnetic field strength. Additionally, the
surface interactions of the substrate and solvent could be tuned to produce more
complete and facile alignment of the microwires. Microwire ensembles with vertical

2 gcale

orientations in excess of 97% within £5° of normal were achieved over cm
areas, and the oriented microwires were successfully embedded into polymer mem-
branes while retaining the orientation of the microwires in the array. The magnetic
alignment of micron scale Si wires has been demonstrated, however this procedure is
equally applicable to the assembly of high aspect-ratio nanowires and nanorods. This
method is of interest for the clean-room-free fabrication of flexible, array-based solar

and electronic devices, in which preferential orientation of microwire-type objects is

desired and useful.
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3.5 Experimental
3.5.1 Fabrication

Microwire Growth Crystalline Si microwires with lengths ranging from 40-100 pm
were fabricated via the VLS growth technique using a chemical vapor deposition re-
actor. [37] Cu-catalyzed microwires were grown at 1000 °C using SiCly as a precursor,

BCl; as a p-type dopant, and Hs as a carrier gas (see Supporting Information).

For most samples, Ni was deposited on the wires electrochemically, to produce a
ferromagnetic handle for alignment. The Si microwire arrays were first etched in
buffered hydrofluoric acid (Transene, used as received), immediately prior to elec-
trodeposition of the Ni films. A commercial boric acid-buffered Ni sulfamate solution
(Transene, used as received) served as the electroplating bath. All of the Ni films
were deposited on p-type (resistivity < 0.005 2 cm) Si microwires at room tempera-
ture in a stirred, three-electrode electrochemical cell, at -1 V vs. a Ag/AgCl reference
electrode, with a Pt foil serving as the counter electrode. The thickness of the Ni
coating was systematically varied from 100 nm to 500 nm by adjusting the deposition
time from 5 min to 15 min. The resulting Ni film thickness depended linearly on the
growth time. For some of the samples, Ni was sputtered from a 99.999% pure target
(Kurt J. Lesker, used as received) using a home-built RF magnetron sputter deposi-
tion system. In the sputtering process, Ni was deposited at 90 W forward power in
an atmosphere of 1 mTorr Ar, from a base pressure of < 1 x 10~7 Torr, with resulting

coating thicknesses between 20 and 300 nm.

Horizontal Deposition of Si Microwires The Si microwires were deposited hori-
zontally onto 1 cm? Si substrates using a KSV Instruments Langmuir-Blodgett trough
equipped with a dipper. Suspensions of wires in isopropanol (~ 10-100 mg mL!) were

deposited on a water subphase. Horizontal films of microwires that had different pack-
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ing densities were produced by varying the trough compression. The microwires were
deposited on smooth, single crystal, Si substrates. The substrates were rendered hy-
drophobic by a 2 min etch in buffered hydrofluoric acid (Transene, used as received),
or hydrophilic by the same hydrofluoric acid etch followed by a UV /ozone treatment
for 30 min in a ProCleaner UV /ozone system. The substrates were degreased with
isopropanol prior to treatment. Some substrates were roughened by anodic etching
in an ethanolic solution of hydrofluoric acid (1:2:3 buffered hydrofluoric acid, ethanol,

and deionized water by volume) for 60 min at a constant current of 11.5 mA cm™.

3.5.2 Magnetic Alignment

With the exception of the films shown in Figure 6, which were prepared using a 2.5 kG
permanent magnet, wires were aligned in the center of a liquid-cooled solenoid electro-
magnet (fabricated in-house) that had field strengths that varied from 1 G to 1.5 kG.
The field direction was oriented along the substrate normal. The electromagnet was
installed below the objective of an Olympus BX-51 microscope that was equipped a
CCD camera that recorded video at 5 frames per second. A Keithley source meter
controlled by LabTracer software was used to power the magnetic field sweep. The
magnetic field strength was calibrated to the power applied to the electromagnet using
a Bell 5180 gaussmeter, with magnetic fields stable to within &+ 1 G over the course
of a typical experiment. Ramp rates of ~5 G s were used in most experiments.
The sweeps were performed sufficiently slowly that the wires exhibited a steady-state
alignment response at each value of the magnetic field strength. This behavior was

achieved by increasing the sweep time until the shape of the trace remained the same.

To obtain vertically aligned Si microwire arrays embedded in polymer films, Syl-
gard 184 (Dow Corning, used as received) was dissolved in dichloromethane (~

10% v/v). The Si microwires were aligned using the polydimethylsiloxane prepolymer
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solution as the solvent, the polymer was cured, typically at room temperature, and

the magnetic field was removed.

3.5.3 Characterization

Microwire Fabrication The dimensions of the wires were measured using a ZEISS
1550 VP field emission scanning electron microscope. Cross sections of the as-grown
arrays were imaged before and after deposition, and the length and width measure-
ments were obtained by averaging over 5-10 wires per sample. The magnetic prop-
erties of the microwire arrays were characterized using a Quantum Design supercon-
ducting quantum interference device. Hysteresis curves of Ni-coated wire arrays were
obtained at 300 K from -8 to 8 tesla, and were normalized to the deposited weight of
Ni.

Image Analysis The lateral ordering of vertically aligned Si microwires was mea-
sured by image analysis of optical micrographs. Optical micrographs were imported
into the image analysis software ImageJ, [42] which converted the micrographs into
binary black and white images. The ImageJ particle analysis package was used to
analyze the binary image as well as to separate it by particle circularity into two
masks, one of horizontally oriented wires, and one of vertically oriented wires. The
average particle-to-particle spacing was calculated from the coordinates of the wires
in the vertical image. This technique was applied to individual images as well as to

still frames that had been captured from the video imagery.

X-ray Diffraction X-ray diffraction was used to quantify the degree of vertical
orientation of the magnetically aligned microwire arrays. Omega rocking curves were
obtained using a Cu LFF source with an acquisition time of 15 min at 1.8 kW,
on a four-axis PANalytical X'Pert X-ray diffractometer. The width of the Si (111)

diffraction peak, corresponding to the crystal planes perpendicular to the long growth
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axis of the microwires, was characteristic of the vertical alignment variation from the
substrate normal. [43] The vertical alignment was quantified by the percentage of
wires within 4 5° of the substrate normal, as measured by the integrated array under
the curve. The size of the incident beam was sufficiently large to analyze the entire

1 cm? area of the sample.
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3.6 Supporting Information
3.6.1 Wire Growth Parameters

Silicon wires ranging from 40-100 gm in length were fabricated by the vapor-liquid-
solid (VLS) growth technique through the use of an in-house reactor. [37] The growth
substrate was a p+ Si (111) wafer (resistivity <0.005 €2 cm) that had been coated
with a 300 nm thermal oxide layer. Photolithography was used to pattern a hexagonal
array of circular holes in the photoresist layer with a 7 ym pitch, and the exposed oxide
regions were then etched in buffered hydrofluoric acid (Transene, used as received) to
expose the underlying Si substrate through the resulting holes in the oxide. The Cu
growth catalyst was deposited into the holes at a thickness of 400 nm via electron
beam evaporation followed by lift-off of the photoresist layer. All of the growth runs
included a 20 min pre-growth annealing in Hs(g) at 1000 °C. Si microwires were then
grown on the patterned Si substrates at 1000 °C using 25 scem SiCly as a precursor,
3 sccm BClj as a p-type dopant, and 500 sccm hydrogen as a carrier gas. The growth
times were between 10 and 40 min, with the longer growth times producing longer Si

microwires.
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3.6.2 Lateral Ordering

Due to van der Waals interactions with the substrate, the microwires retained their
lateral ordering when the magnetic field was applied. This behavior allowed for con-
trol over the density of the final vertical ensemble of microwires by control of the
initial packing density of the microwires. Figure 8 depicts a wire sample before and
after vertical alignment, showing that the pattern of the microwires was retained
during the application of the magnetic field. Representative microwires have been
marked for reference. Additionally, by aligning the microwires on a substrate, mag-
netic agglomerates were avoided, because the wires could not translate in solution
nor aggregate. Minimization of agglomerates is desirable, due to the difficulty in sep-

arating wires after they have come into mutual physical contact.

Figure 8: Optical micrographs illustrating the lateral position of
the wires in the same sample with the field turned off (Panel A),
and with the field applied normal to the surface (Panel B).



