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fundamental goal of nanotechnol-

ogy lies in the development of new

materials with the aim of discover-
ing novel properties to enable the creation
of new technological systems and pitching
the performance of contemporary ones. For
commercial purposes, routes are sought
which are straightforward and cheap. In this
context, silicon one-dimensional (Si 1D) ma-
terials are a versatile choice’ due to the emi-
nence of Si-based devices in contemporary
microelectronics. Furthermore, the noncy-
totoxic nature of Si makes it appealing for
biotechnological applications.

Si 1D materials such as nanowires
(SINWs) and nanotubes (SiNTs) have prom-
ising properties.>~'" They are, for example,
expected to serve as exciton splitting edges
in future organic—inorganic photovolta-
ics.’? Si 1D materials have a high surface-to-
volume ratio, which is advantageous for
the attachment of functional
molecules.’® "> The permeability of a SINT
may render it suitable for chemical sensors
and molecule incorporation for controlled
therapeutic agents. The potential of these
materials can be exploited economically if
the template structuring and Si 1D synthe-
sis are achieved in a cost-effective manner
on cheap and flexible substrates.

Si 1D growth processes typically require
synthesis temperatures around 500 °C,'67'8
which are not conducive for growth on ma-
terials with low melting points. Low-
temperature Si 1D growth is achievable via
the use of small diameter nanoparticle (NP)
seeds such as gold (Au) because they pos-
sess a large surface-to-volume ratio with un-
stable and lowly coordinated surface
atoms.’®?° This configuration helps to lower
the melting point of NPs and enhance their
catalytic activity, thus enabling growth at
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ABSTRACT Silicon one-dimensional (Si 1D) materials are of particular relevance due to their prospect as

versatile building materials for nanoelectronic devices. We report the growth of Si 1D structures from quasi-

hexagonally ordered gold (Au) nanoparticle (NP) arrays on borosilicate glass (BSG) and Si0,/Si substrates. Using

hydrogen instead of oxygen plasma during NP preparation enhances the catalytic activity of AuNPs (diameters of

10—20 nm), enabling Si 1D growth at temperatures as low as 320 °C. On BSG, Si nanowires (SiNWs) are identified

and reasonable vertical alignment is achieved at 420 °C. On Si0,/Si, only Si nanotubes (SiNTs) are obtained right

up to 420 °C. A mixture of SiNTs and SiNWs is observed at 450 °C and only SiNWs grow at 480 °C.

KEYWORDS: nanotubes - nanowires - nanoparticles - chemical vapor deposition
temperatures below 500 °C and even be-
neath the Au—Si eutectic temperature.?’?
NPs also dictate the diameter and position
of the Si 1D structures on substrates®*—a
crucial asset for pitching device perfor-
mance. Several NP synthesis routes have
previously been developed.?*~% A critical
factor in the synthesis of NPs is their defined
placement on substrates. Micelle
nanolithography?3%3' is an adequate tool
for the preparation of monodisperse NPs in
that it enables a fine control over their size
and lateral spacing on substrates via a self-
assembly route. The technique is applicable
to large surface areas on nearly any wetable
substrate, and NP feature sizes can be
achieved well below 10 nm.

Substantial effort has been invested in
achieving the growth of SINWs from NPs at
low temperatures.?>3233 Although SiNTs
have been synthesized in the past3*~*' a
well-regulated, low-temperature NP-
mediated SiNT route has not been accom-
plished so far, and this has strongly affected
the selectivity of the growth process and
the precise control over SiNT size. The chal-
lenge in the directed assembly of SiNTs lies
in the sp® hybridization of Si, which favors a
diamond-like structure, thereby leading to

*Address correspondence to
spatz@mf.mpg.de.

Received for review August 9, 2009
and accepted February 24, 2010.

Published online March 10, 2010.
10.1021/nn900969y

© 2010 American Chemical Society

VOL. 4 = NO.4 = 1805-1812 = 2010 A@%{()

1805



Figure 1. Electron micrographs of Au nanoparticles on BSG
and SiO,/Si substrates: (a) SEM images showing a tilted view
(45°) of AuNPs arranged in a quasi-hexagonal order on a
BSG substrate. The Au NPs are arranged in a quasi-
hexagonal order with diameters of D ~ 15 nm and a lateral
spacing of L ~ 100 = 20 nm. The rough textured surface be-
tween the AuNPs on the BSG substrate is due to the Au
thin film layer sputtered in order to facilitate imaging on
the nonconductive surface; HRTEM images of Au NPs on
SiO,/Si (b,d) and BSG (c) substrates after a H, plasma burn-
ing process. (b) Zoom-in image of a AuNP with a diameter of
about 9 nm. The amorphous features on the NP surface are
presumably remnants of glue from the sample preparation
process. The particle is partly embedded in an amorphous
SiOy layer. (c) AuNPs partially embedded in a topographically
rough BSG substrate as compared to the relatively flat SiO,Si
substrate shown in panel d.

the classical SINW formation in a NP-mediated Si 1D
growth process.

This paper concerns the growth of Si 1D structures
on amorphous substrates via a NP-mediated route at
temperatures ranging from 320 to 480 °C on BSG and
SiO,/Si substrates. We achieve growth via dissociative
adsorption of monosilane (SiH,) on gold (Au) NPs. The
catalyst-mediated route, on the basis of micelle-
prepared NPs, is chosen with the essential motive of
lowering synthesis temperature and synthesizing Si 1D
structures with well-defined size and spacing, with an
eventual boost in Si 1D material yield. A model suggest-
ing the origin of the experimental observations is
discussed.

RESULTS AND DISCUSSION

A representative scanning electron microscopy
(SEM) image of the typical AuNP pattern obtained from
micelle nanolithography?+¢ is depicted in Figure 1a.
The AuNPs, in this case on BSG, have diameters of D ~
15 nm and are arranged in a quasi-hexagonal order and
a mean lateral spacing of L ~ 100 = 20 nm. A zoom-in
on the AuNPs reveals their crystalline nature, as shown
in the HRTEM image of Figure 1b. High-resolution trans-
mission electron microscopy (HRTEM) images illustrat-
ing a cross-sectional view of the Au/BSG and Au/SiO,/Si
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microstructures are depicted in Figure 1c,d, respec-
tively. We observe AuNPs partially embedded in both
BSG and SiO,/Si substrates, with embedment depths of
approximately 1/3 of the NP radius (Figure 1b). The
SiO, surface appears topologically flat as compared to
the relatively rough BSG surface whereby, alongside
partial embedment, the NPs are observed to lie in crev-
ices of different altitude.

When using an O, plasma during NP preparation,
temperatures above 480 °C (550 °C) were generally re-
quired to activate Si 1D growth from 6 nm (10 nm)
AuNPs. In the case of a H, plasma treatment, we discov-
ered appreciable Si 1D growth at temperatures as low
as 320 °C from 10 nm AuNPs. The results presented here
are based on experiments performed with NPs pre-
pared in H, plasma. Within the frame of our experi-
ments, Si 1D growth was not readily achieved at tem-
peratures below 400 °C from larger AuNPs (D > 15 nm).
For NPs with D =< 15 nm, the specific size had negli-
gible impact on the low-temperature Si 1D growth pro-
cess. Figure 2 shows the Si 1D structures grown on
BSG (top row, Figure 2a—c) and SiO,/Si (bottom row,
Figure 2d—f) substrates at 320 °C (Figure 2a,d), 350 °C
(Figure 2b,e), and 420 °C (Figure 2¢,f). The growth time
was 5 min, and the growth rate was found to increase
with ascending synthesis temperatures as observed in
previous studies.?**? Several Si 1D structure morpholo-
gies are observed at the different growth temperatures.
We identify worm-like features, which grow parallel to
the substrate surface, kinked structures which grow out
of plane, and straight ones. At a growth temperature
of 320 °C, Si 1D structures are worm-like on both BSG
(>99%) and SiO,/Si (>95%) substrates (Figure 2a,d)
with projected lengths, /, on the order of 100 nm. The
Si 1D diameter, d ~ 10 nm, is dictated by the small size
of the NPs (D ~ 10 nm), which were chosen to enable
Si 1D growth at these low temperatures. Figure 2b,e
shows Si 1D structures grown at 350 °C from slightly
larger AuNPs with diameters of approximately 12 nm.
On both BSG and SiO,/Si substrates, Si 1D structures of
similar size and length (d ~ 14 nm; / ~ 120 nm) are ob-
tained. Some of the Si 1D structures are kinked (<10%
on BSG and >80% on SiO,/Si), while others adopt the
same growth pattern and morphology (>90% on BSG
and <10% on SiO,/Si) as those acquired at 320 °C.
Alongside these structures, a few straight and verti-
cally aligned ones are observed on both BSG and SiO,/Si
substrates. Figure 2¢,f shows the corresponding Si 1D
structures grown at 420 °C. Approximately 90% of the
Si 1D structures (d ~ 14 nm; [ ~ 2 um) on BSG are
straight and grow at a maximum inclination angle of
40° to the substrate normal. The structures bend, most
likely under the interactions implemented by the elec-
tron beam, but are mainly vertically aligned, as shown
in the cross-sectional view in the lower inset of Figure
2c. The strong oscillation of the Si 1D structures in the
electron beam is most likely due to their small diameter
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Figure 2. SEM images of Si 1D structures on BSG (top row) and SiO,/Si (bottom row) substrates grown for 5 min at 320 °C

(a,d), 350 °C (b,e), and 420 °C (c,f). At 320 °C, Si 1D structures (d ~ 10 nm; / ~ 100 nm) are worm-like and grow parallel to

the surface of both BSG (>99%) and SiO,/Si (>95%) substrates. At 350 °C, the Si 1D structures (d ~ 14 nm; / ~ 120 nm) are
kinked (<10% on BSG and >80% on SiO,/Si) and grow out of plane. Some Si 1D structures adopt the same growth pattern
and morphology (>90% on BSG and <10% on SiO,/Si) as those acquired at 320 °C. A few straight and vertically aligned ones
are observed on both BSG and SiO,/Si substrates. On BSG (c) at 420 °C, ~90% of the Si 1D structures (d ~ 14 nm; | ~ 2 um)
are straight and grow at a maximum inclination angle of 40° to the substrate normal. The lower right inset in panel c shows
vertically aligned Si 1D structures on BSG. The top left inset shows a NP at the tip of a Si 1D structure, indicating tip-growth
mode. At 420 °C on SiO,/Si (f), the Si 1D structures grow shorter (d ~ 12 nm; / ~ 200 nm) than those on BSG and are mainly
kinked (~90%) in nature. A few worm-like Si 1D structures (~10%) are also observed. The top inset in panel f shows a root-
growth mode, and the bottom inset indicates the rounded nature of the Si 1D structure. The unlabeled scale bars in the in-

sets of panels c and f all correspond to 100 nm.

as larger Si 1D structures (d > 20 nm - not shown) do
not oscillate in the same manner when exposed to the
same imaging conditions. Kikkawa et al. observed a
similar temperature-dependent morphological evolu-
tion for SiNWs grown on Si,*? as illustrated in our work
for structures grown on BSG. A closer examination re-
veals that the AuNP which promoted growth is situated
at the tip of the Si 1D structure (tip-growth mode), as
exemplified in the top inset of Figure 2¢ (from a carbon-
coated sample). Contrary to this situation, on the SiO,/Si
substrate, the Si 1D structures grow shorter (d ~ 12
nm; / ~ 200 nm) than those on BSG and are mainly
kinked (~90%) in nature. A few worm-like Si 1D struc-
tures (~10%) are also observed to occur. The top inset
of Figure 2f is a high-resolution SEM image which shows
that the AuNP is located at the bottom of the Si 1D
structure (root-growth mode). The bottom inset (Fig-
ure 2f) shows the top of a Si 1D structure without a NP
at its tip, further confirming the root-growth mode.
Compared to a global view, the yield obtained on BSG
for Si 1D structures (d ~ 14 nm; / ~ 2 wm) grown in a tip
mode is an order of magnitude higher than that ac-
quired on SiO,/Si (d ~ 14 nm; | ~ 200 nm) in a root
mode. This observation is very interesting as the Si 1D
structures on both BSG and SiO,/Si samples were pro-
duced together at the same time under identical
growth conditions within the same growth chamber.
To gain profound knowledge on the crystalline na-
ture of the Si 1D structures synthesized on SiO,/Si, we
studied the growth process in more detail and ex-
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tended the temperature range to 480 °C. The growth
time was prolonged to 15 min to acquire more material
for TEM analysis. The top row of Figure 3 shows SEM im-
ages of Si 1D structures grown at 350, 450, and 480 °C
for 15 min. The structures have estimated lengths rang-
ing up to 10 wm, hence demonstrating the high yield
also achievable at temperatures as low as 350 °C. When
the temperature is increased from 350 to 450 °C, only
a slight enhancement of the yield is observed, but this
significantly increases as the temperature is raised to
480 °C. The bottom row of Figure 3 shows correspond-
ing TEM images of Si 1D structures grown at tempera-
tures of 350, 450, and 480 °C. The Si 1D structures ac-
quired at 350 °C (Figure 3d) show bright contrast in the
interior of the crystals, which is indicative of hollow/
tubular Si 1D structures. The structures look morpho-
logically similar to SiNTs achieved via self-assembly3?
and laser ablation*' techniques. Exclusively such struc-
tures occur in our system at temperatures below 450 °C.
At 450 °C, we observe elongated Si 1D structures with
rounded tips, dark side walls, and a bright contrast in
the middle indicating a hollow structure. Although the
structures shown in Figure 3e are hollow-like in nature,
a mixture of hollow and filled (one of such is indicated
in Figure 4f) Si 1D features were observed at 450 °C. At a
growth temperature of 480 °C (Figure 3f), only filled
structures are found.

HRTEM investigations revealed the structures grown
on BSG to be SiNWs (not shown herein). To approve
the aforementioned filled/hollow nature of the Si 1D
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Figure 3. SEM (a—c) and TEM (d—f) images of Si 1D structures grown on SiO,/Si at 350 °C (a,d), 450 °C (b,e), and 480 °C (c,f)
for 15 min. The SEM images reveal the high yield of Si 1D material at 350 °C, which is comparable to that obtained at 450 °C.
Si 1D yield is higher at 480 °C. The Si 1D structures attain lengths ranging up to approximately 10 pum. In the bottom row
(d—f), Si 1D structures with dark side walls and a bright contrast in the middle appear to be hollow in nature at 350 °C. The na-
ture of the Si 1D structure grown at 450 °C (e) with bright outer walls and a dark contrast in the middle is not very appar-

ent. At 480 °C, only “filled” Si 1D structures are observed.

structures grown on SiO,/Si substrates, HRTEM investi-
gations were performed on several species grown at
350 °C (Figure 4a—c), 420 °C (Figure 4d—e), and 450 °C
(Figure 5f—h). The structures indicated in Figure 4a—e
are revealed to be SiNTs with diameters of 10, 12, 13,
14, and 18 nm grown from NPs of the same diameter.

All of these SiNTs have a wall thickness of approxi-
mately 4—5 nm. The SiNTs are multiwalled with aligned
and slightly distorted lattice fringes. Si 1D structures
with diameters of 14, 18, and 22 nm, which were grown
at 450 °C, are depicted in Figure 4f—h. Crystalline NWs
are obtained from NPs with diameters of D < 15 nm, as
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350°C

450°C

Figure 4. HRTEM images of Si 1D structures grown on SiO,/Si substrates. (a—c) Multiwalled SiNTs acquired on SiO,/Si at

350 °C with total diameters of 10, 12, and 13 nm and a wall thickness of approximately 4—5 nm; (d,e) 14 nm SiNT and the
rounded tip of an 18 nm wide SiNT both grown at 420 °C (blue dashed lines highlight the rounded nature of the 18 nm SiNT
tip); (f) 14 nm wide SiNW grown at 450 °C on a SiO,/Si substrate with the wire axis along the (112) crystallographic direc-
tion. The lattice fringes in (f) of the SINW are seen to occur throughout the complete diameter of the crystalline structure,
thus confirming its “filled” nature. (g,h) SiNTs (18 and 22 nm wide) grown at 450 °C on SiO,/Si. The inner wall diameter of the
SiNTs is demarcated by the yellow dotted lines, while the black dashed lines indicate the total diameter of the Si 1D struc-
tures. SiNT growth on SiO,/Si shows strong correlation with NP size and growth temperature. The scale bars all correspond
to 10 nm.
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Figure 5. Scheme summarizing the SiNW and SiNT temperature-dependent growth sequences achieved on BSG and SiO,/Si
substrates. Stage a: Au-loaded micelles on both substrates during hydrogen plasma treatment. After removal of the micelle
layer, the AuNP is deposited on the BSG substrate but partially embedded in the SiOy layer of the SiO,/Si substrate. Stage

b: Substrates are heated to the desired growth temperature, and the gaseous precursor starts the growth process. SiNWs that
are reasonably aligned at 420 °C are achieved on BSG. On SiO,/Si, SiNTs with wall thicknesses of ~4—5 nm grow from small
NPs up to 420 °C and SiNWs at 450 °C. A mixture of SiNTs (with wall thicknesses of ~9 nm) and SiNWs is acquired at 450 °C
from larger NPs and exclusively SiNWs at 480 °C. The scheme at 420 °C is an exemplary illustration of the terminal structure

of a SiNT tip after growth completion.

shown in Figure 4f for a 14 nm wide SiNW. Interest-
ingly, from larger NPs (D > 15 nm), NTs with wall thick-
nesses of approximately 9 nm are obtained, as illus-
trated in Figure 4g,h, for 18 and 22 nm wide SiNTs.
Figure 4e,g shows the rounded and closed tips of SiNTs
grown at 420 and 450 °C, respectively. The closed and
rounded nature of the SiNT tips in this work is analo-
gous to that observed for carbon nanotubes (CNTs)
which adopt a root-growth mode 344

The results show that the micelle nanolithography
technique for NP preparation is well-suited for the de-
fined growth of uniform Si 1D features on amorphous
substrates. Performing growth below the thermal frag-
mentation temperature of the silane (~420 °C) en-
hances the selectivity of the process as side deposition
of source material is minimized. While Si 1D growth is
only possible at temperatures above 480 °C for NPs pre-
pared in O, plasma, the first important observation is
that H, plasma treatment significantly reduces the pro-
cess temperature. In comparison to AuNPs of the same
diameter (10 nm) treated in O, plasma, the Si 1D synthe-
sis temperature is dropped from 550 to 320 °C. This ef-
fect has so far been found to be substrate-independent.

www.acsnano.org

It is noteworthy that the NPs discussed in this work are
in a size range (d > 10 nm) above the critical diameter
(d < 6 nm) below which size-dependent melting of
AuNPs becomes eminent, as indicated in the work of
Buffat et al.'® As the minimal growth activation temper-
ature of the NPs has so far been independent of the
substrate used (also Si and Al,Os; not shown here), we
believe the catalytic activity observed is pivoted by the
plasma atmosphere used during preparation. The data
reported here strongly suggests that NP preparation in
H, plasma significantly enhances their catalytic activity
as opposed to NPs of the same size prepared in O,
plasma. Our observations point toward the fact that
AuNP catalytic enhancement comes as a result of impu-
rity atoms incorporated in the NPs from the plasma
treatment rather than the NP size. The precise physical
phenomena responsible for the enhancement in the
catalytic activity for micelle-prepared AuNPs in H,
plasma remain open and are under investigation.

The growth sequences we observe on both BSG and
SiO,/Si substrates at various temperatures are summa-
rized in the scheme of Figure 5. During plasma treat-
ment, the electric field generated strongly drives mo-
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bile carriers in NPs and the energy acquired by them is
converted into heat.***® The heat within the NPs as well
as its dissipation to the immediate surrounding me-
dium enables the diffusion of the AuNPs into the BSG
and or SiO, matrices (Figure 5a,b). Despite the partial
embedding of AuNPs in both BSG and SiO, matrices, the
effective adhesion of the NPs on both substrates is ap-
parently not the same. The existence of nanoscale
roughness is known to considerably reduce adhesion
between a particle and surface due to a decrease in the
real area in contact.~*° The differences in surface as-
perity between the BSG and SiO,/Si are revealed by our
HRTEM studies, as exemplified in Figure 1¢,d, whereby
the BSG surface reveals more topological roughness
(Figure 1¢) than the SiO,/Si (Figure 1d) surface. The tip-
growth mode observed on BSG infers a weaker interac-
tion between AuNPs on this substrate than SiO,/Si on
which a root-growth mode prevails within the entire
temperature range reported, thus indicating a stronger
NP/substrate interaction. Similar observations of differ-
ence in growth mode based on surface asperity were
made by Song et al.,*® where CNTs grown on different
alumina substrates revealed a tip mode for rough sur-
faces and a root mode for relatively flat surfaces.

From our studies, it is apparent that during growth,
even at low temperatures, a tip mode is essential to en-
able the formation of SiINWs, the reason being that a
tip-growth mode enables a uniform diffusion of Si
throughout the entire NP. For SiNT formation, how-
ever, we perceive that a root mode configuration is nec-
essary. An embedded nanoparticle provides a stronger
NP —substrate interaction than an unembedded one. It
is conceivable that during growth, the partial embed-
dment of the NP subjects it to the mechanical con-
straint of the surrounding substrate, and the diffusion
profile of Si within the NP is somewhat affected. This is
reflected in the slow growth rate which only led to 200
nm long SiNTs (Figure 2f) as opposed to 2 wm SiNWs
obtained on BSG (Figure 2c) at 420 °C.

What we gather so far from the SEM images (Figure
2¢f) is that, in the presented configurations, SINW
growth proceeds at a significantly higher rate than
SiNTs. A precise interpretation of the mechanism(s) re-
sponsible for SINT formation is currently not at hand.”’
We however believe that, in our system, the partial em-
bedding of the NP in the SiO, matrix and failure to dis-
lodge from the substrate during the growth process
due to mechanical constraint considerably influence
the process, and thereby, on the basis of our current
data, we suggest the following model: The significant
discrepancies in the thermal expansion coefficients (Au,
14 X 107K '; and SiO,, 0.59 X 107%K™") are expected
to lead to a build up of biaxial stress on the NP by the
substrate. We presume that this stressed state of the NP
considerably affects the Si diffusion profile within it. At
low temperatures (T < 420 °C), the Si diffusion length
seems to be limited to about 4 nm, thus enabling the

formation of SiNTs from smaller NPs (D < 15 nm), as
shown in Figure 3a—e. This limitation in Si diffusion
length is better perceived in Figure 3e, whereby the in-
ner tube diameter of an 18 nm SiNT (~10 nm) is larger
than that of a 14 nm SiNT (~4 nm) obtained at the same
growth temperature. The walls of both SiNTs, however,
retain an average thickness of ~4 nm. At 450 °C, the Si
diffusion length appears to increase to about 9 nm,
thus forming SiNWs from small NPs (D = 14 nm) but
SiNTs for larger NPs (D > 15 nm) with diameters of
18—22 nm (Figure 3f,g). At 480 °C, only SiNWs occur
even for a NP as large as approximately 20 nm (Figure
3f). The Si diffusion lengths provided here are within the
range (a few nanometers) of previously reported Si dif-
fusion lengths into a Au film.>2 The rounded nature of
the SiNT tips, which resembles those observed in
CNTs,*44 suggests that they are most likely helical
sheets of Si and not hollow cubic crystals of Si as typi-
cally observed in template-assisted SiNT growth
techniques.®>* The coexistence of SiNTs and SiNWs at
450 °C is indicative of a transition temperature where
the competitive nature of SiNT and SiINW growth be-
comes evident. As more NWs than NTs were observed
during TEM analysis, we gather that SiNT growth is fa-
vored at low temperatures while SINW formation is
dominant at higher temperatures for the NP size range
discussed in this work. The growth of the Si 1D struc-
tures starts at temperatures well below the Au—Si eu-
tectic point and can be attributed to the decrease of the
eutectic temperature for the AuNPs, thus making the
vapor—liquid—solid (VLS) mechanism>? a possible
growth process in our system. Alternatively, the
vapor—solid—solid (VSS) mechanism>* may also be re-
sponsible for the Si 1D growth at these low tempera-
tures. A concise interpretation is currently not at hand
as the influence of H, plasma on the physical properties
of the NPs is yet to be understood. In addition, the
structure and bonding nature of Si in the NTs requires
further investigation.

CONCLUSION

In conclusion, we have demonstrated for the first
time that, on the basis of AUNPs prepared in H, plasma
via micelle nanolithography, Si 1D growth is enabled
on BSG and SiO,/Si substrates at process temperatures
as low as 320 °C. On BSG, for all AuNP sizes discussed
here, we acquire SiNWs, which grow in the conventional
tip mode as shown in various publications.>*~>¢ Apply-
ing our technique to SiO,/Si substrates, we have illus-
trated the controlled synthesis of SiNTs from AuNP
seeds, with subsequent high yield, at the lowest tem-
peratures reported so far. SINT growth is manifested in
a temperature window of 320 °C < T = 450 °C for
AuNPs less than 15 nm in diameter and at T =~ 450 °C
for AUNPs within a size range of approximately 16—22
nm. At T = 450 °C, SINW growth is achieved in a root-
growth mode for NPs with D < 15 nm and at T = 480 °C
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for NPs up to 22 nm. The micelle technique enables
fine control over SiNT size and spacing on SiO,/Si sub-
strates, which was not achievable via previous SiNT
growth techniques. Our approach should ease the low-

METHODS

Nanoparticle Synthesis and Surface Coating. Nanoparticles were pre-
pared via micelle nanolithography according to the procedure
described in ref 25. Si wafers with a native oxide and BSG sur-
faces were used as supports for two-dimensional arrays of Au
nanoparticles. All surfaces were cleaned in piranha solution,
which is a concoction of hydrogen peroxide and sulfuric acid
(1:3 H,0,/H,50,) for approximately 30 min in order to discard
any organic contaminants. The surfaces were subsequently
rinsed, sonicated in distilled water, and dried in a stream of nitro-
gen before the nanoparticle coating process. To coat the sur-
faces (SiO,/Si and BSG) with nanoparticles, a monolayer of metal-
loaded micelles was brought to all surfaces by dipping a clean,
dry surface in a Au-loaded micelle solution at a speed of 12 mm/
min. A subsequent treatment in H; (0.4 mbar, 250 W) or O, (0.1
mbar, 100 W) plasma for 45 min etches away the organic coun-
terpart (micelles), leaving behind the inorganic nanoparticles on
the surface in the same quasi-hexagonal order as the initial
metal-loaded micelles.

Si 1D Material Growth. Si 1D growth was performed in an Ox-
ford Instruments Plasma Technology Nanofab 700 system. Prior
to growth, Au/BSG and Au/SiOx/Si samples were vacuum an-
nealed for 5—20 min at the desired synthesis temperature. Af-
ter this, monosilane (SiH,) was flushed into the growth chamber
under a constant flow of 40 sccm and a chamber pressure of ap-
proximately 2 mbar for 5—15 min depending on the desired
length of Si 1D structures. The growth temperature was in the
range of 320 to 480 °C. After growth, the samples were then
cooled naturally and observed as-grown in a scanning electron
microscope. Image quantification was performed with the Im-
ageJ program software.

The temperature values stated here represent those of the
heating stage on which a Si carrier wafer (6 in.) was situated.
The AuNP-coated sample pieces were subsequently placed on
top of the Si carrier wafer prior to all growth experiments. The
temperature of the Si carrier wafer is lower than that of the heat-
ing stage (displayed temperature) within the gas atmosphere
(argon) and pressure (~1 and 5 mbar) conditions of the calibra-
tion experiments. At a stage temperature below 400 °C, the dif-
ference is in an approximate range of 1—30 °C. With a stage tem-
perature between 400 and 500 °C, the difference is
approximately within a 1—50 °C range. The sample pieces are
small (max 20 X 20 mm) in comparison to the carrier wafer and
thin (300—1000 wm) and were always placed at the center of the
carrier wafer. Considering the annealing time provided prior to
growth, we assume thermal equilibrium between the Si carrier
wafer and the sample pieces during growth.

TEM Specimen Preparation. Cross-sectional TEM samples were
prepared using two Si wafers of which one was a dummy and
the other the NP structured surface. The samples were glued to-
gether on the structured side of the Si wafer and subsequently
ground into trapezoidal shapes on each side such that the
sample size corresponds to that of a TEM specimen holder. Thin
slices of the sandwich structure were cut out using a tungsten
wire-saw. The slices were ground from both sides down to a
thickness of ~85—95 um, and subsequently dimpled from one
substrate side down to about 30 um. The minimum thickness
depends on the brittle nature of the material being handled. Fi-
nally, a small hole is formed in the center of the sample with a
low angle ion mill (Gatan PIPS). Specimen regions that are trans-
parent to the electrons are usually found close to the edge of
the hole.

Si 1D structures are scrapped into a small container contain-
ing an ethanol solution. A dropwise admission of the Si 1D ma-
terial containing solution onto a TEM grid with a polymer film en-
ables adequate fishing of the Si 1D structures onto the TEM
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temperature growth and direct integration of Si 1D
structures on glassy substrates. The precise control over
SiNT diameter will facilitate the exploration of size
effects.

grid. The setback of the technique is the unpleasant aggrega-
tion of the Si 1D structures, which renders imaging of an iso-
lated structure difficult. To inhibit Si 1D material aggregation, a
TEM grid was pressed on the sample surface and subsequently
retracted by peeling off with a pair of tweezers. This way, Si 1D
structures stuck onto the grid surface.

Morphology and Structure Characterization. A Zeiss field emission
scanning electron microscope (FE-SEM) (Ultra 55), which has an
acceleration voltage range up to 30 keV, was used to character-
ize the morphology of the 1D materials grown. The voltage
range used during imaging was typically between 1 and 10
keV.

Structural analysis of the specimen was conducted with a
Zeiss 912 Omega energy filtered transmission electron micro-
scope, which was operated at an acceleration voltage of 120 keV.
High-resolution TEM (HRTEM) measurements were performed
with a JEOL JEM 4000EX, which was operated at an acceleration
voltage of 400 keV, as well as the JEOL 1250 ARM, which was op-
erated at an acceleration voltage of 1250 keV.
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