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One-dimensional heterostructures composed of silicon (Si) nanowires and uniformly decorated with gold (Au)

nanoparticles were fabricated and used as a substrate for organic detection based on the Surface-enhanced Raman
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Spectroscopy. Si nanowires were grown via a silane-based chemical vapor deposition approach. The controlled decoration

of Au nanoparticles on the Si nanowires was achieved using a wet-chemical nucleation and followed by thermal treatment

process. Various annealing parameters were studied to control the shape, size, and surface dispersion of Au nanoparticles

on the heterostructures. Microscopic methods were used to evaluate the configuration or morphological evolution (size,

inter-particle spacing and density) of nanoparticles at different annealing conditions. The influence of annealing on the

chemical composition of Au nanoparticles were analyzed using x-ray photoelectron spectroscopy (XPS) and the phase

transformation kinetics was also studied. Finally, surface-enhanced Raman spectroscopy was used to sense organic species

and this was studied for various morphologies of nanowire heterostructures.

Introduction

Surface-enhanced Raman Spectroscopy (SERS) has been con-
sidered as a powerful analytical tool allowing for significantly-
enhanced Raman signals for the target molecules with even a
single molecule sensitivity.l'2 In this regard, nanostructured
gold and silver have been widely studied as the SERS substrate
due to their excellent surface plasmonic properties (or local-
ized surface plasmon resonance, LSPR).3’4'6 LSPR can be effec-
tively modulated by controlling the size, shape, and arrange-
ment of the nanostructures,” 8 or by using suitable supporting
materials. Direct dispersion or patterning of the nanostruc-
tures on a flat substrate, for instance, has been widely report-
ed. >1° However, further development of such SERS substrates
is limited by the poor nanostructure density, uncontrollable
aggregation, and nonuniform distribution of the nanostruc-
tures.™ Recently, heterostructures of one-dimensional nan-
owires integrated with extraneous nanoparticles were demon-
strated to be of great interest due to their excellent detection
sensitivity, reproducibility, stability, and biocompatibility.lz‘13

Silicon (Si) nanowires have been utilized in bioelectronics,
nanoelectronics, optical devices, and energy devices."*™® The
pristine Si nanowires only exhibit moderate Raman sensitivity
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for molecular detection, and thus proper surface modification
or heterostructuring of the nanowires are of particular interest
for the purpose of SERS sensing. Surface decoration for Si nan-
owires have been well-studied and the decorating materials
including metal nanoparticles,17 boron and magnesium,18 dia-
mond-like carbon (DLC)19 and polymers.zo’ n regard to SERS,
gold (Au) and silver (Ag) nanoparticles decorated Si nanowires
have been fabricated and used for chemical and biological
species detection. 222 Enhancement in Raman signals was
observed on such heterostructures and was attributed to (1)
the increase of specific substrate surface area for Au nanopar-
ticle loading and target molecule anchoring, (2) the possibility
of surface functionalization with Si-H bonds on Si nanowires
for sufficient and feasible molecule absorption,ze'27 and (3) the
modulation of surface plasmonic properties of Au or Ag by
integrating with supporting nanowires, which led to genera-
tion of more SERS "hot—spots”.28'29 To further increase the per-
formance of SERS devices, Tip-enhanced Raman Spectroscopy
(TERS) using the Au nanoparticles supported on the tips of Si
nanowires have also been demonstrated.>**? However, the
aligned arrangement of nanowires and size of Au nanoparticle
on the tips were normally hard to control and resulted in weak
plasmonics or “hot-spots”. In addition, other hybridized con-
figurations based on the surface decoration of Si nanowires
(e.g., Au/C decorated Si nanowires) were also studied for SERS.
3334 However, the major challenges are still lying in the control
of morphology and distribution of plasmonic nanostructures
on the one-dimensional nanostructures and lack of knowledge
in understanding the structure-processing-plasmonic perfor-
mance relationships. With this regard, development of simple
and facile fabrication routes for realizing complex plasmonic
heterostructures becomes of interest and importance.
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Various approaches have been reported for growing Au nano-
particles on the Si nanowires. These including (1) wet-chemical
reduction of the gold salt, (2) physical sputtering/evaporation
of gold target, and (3) electroless deposition.35'37 In all these
methods, Au nanoparticles can be directly deposited on the Si
nanowires with very little damage to the pristine nanowires.
However, since the active sites for particle nucleation are ran-
domly dispersed on the nanowires, the resulting Au nanoparti-
cles are normally non-uniform in shape and size. Meanwhile,
their inter-particle spacing and density are hard to control.
Thus, proper further treatment for these as-produced hetero-
structures is necessary to control the distribution and modu-
late the shape and size of these surface nanostructure. It is
hypothesized in this paper that a controlled high-temperature
treatment (annealing) process will significantly change the
surface distribution, shape and size of the Au nanoparticles
supported on Si nanowires. This annealing process allows for
controlled surface migration and material re-distribution on
the surface of curvature Si nanowires, leading to the minimal
surface energy configuration for the heterostructures,38 and
thus making annealed heterostructures perform as multifunc-
tional and robust SERS substrates.

The fabrication of Si nanowire-Au nanoparticle heterostruc-
tures in this paper is completed by combining a wet-chemical
nucleation method with the post high-temperature annealing
process. This led to the formation of uniformly distributed Au
nanoparticles on the surface of Si nanowires with controlled
shape, size and inter-particle spacing. The morphology, crystal
structure, and chemical composition of the heterostructures
before and/or after annealing was demonstrated using various
microscopic and spectroscopic methods. The heterostructures
were also studied for their surface migration or diffusion kinet-
ics during the annealing at different conditions. Finally, we
demonstrated the dependence of SERS enhancement (using
R6G as Raman probe) on the configurations of the hetero-
structures obtained at various annealing conditions. This study
provides fundamental understanding on the migration behav-
iors/kinetics of Au nanoparticles on the Si nanowires during
high temperature annealing. The proposed surface decoration
strategy of heterostructure fabrication also provides reliable
reference for future development of SERS-based chemical sen-
sors.

Experimental

Materials and methods

N-type silicon wafers (100) were purchased from IWS (Colfax,
CA). Gold (Ill) chloride trihydrate (HAuCl,;-3H,0, 99.9%) was
purchased from Sigma-Aldrich (St. Louis, MO). Sodium borohy-
dride (NaBH,, powder, 98%) was bought from Acros Organics
(New Jersey, NJ). Acetone ((CH3),CO) was purchased from
VWR International (West Chester, PA). DI water (18.1 MQ-cm)
was obtained using a Barnstead International DI water system
(E-pure D4641). All chemicals were used without further puri-
fication. Gold sputtering was carried out on a Bio-Rad gold
sputtering and coating systems (Agawan, MN). Growth and
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annealing of Si nanowires were carried out in a GSL-1100X
(MTI Corporation) with a quartz tube purchased from
ChemGlass (Vineland, NJ).

Chemical vapor deposition of Si nanowires

Atmosphere pressure chemical vapor deposition (CVD) meth-
od was used for the growth of Si nanowires. Briefly, the silicon
substrate was treated in the piranha solution for 30 min at 100
°C. This was followed by sputtering of gold film (~20 nm) for 1
min. The substrate was then placed in the center of the reactor
tube for the growth of Si nanowires via the vapor-liquid-solid
(VLS) mechanism. This CVD process was conducted at ~625 °C
with the flowing silane (SiH,4, 30 sccm) as the silicon source and
10% H,/Ar (100 sccm) as the carrier gas. The growth was con-
tinued for 5 min and then the furnace was cooled down to
room temperature with protection of Ar.

Fabrication of Si nanowire-Au nanoparticle heterostructures

The as-produced Si nanowires were dispersed in ethanol by
sonicating the substrate (1x1 sz) for 10 min. This was fol-
lowed by addition of ~30 uL as-prepared NaBH, solution (60
g/L) into the nanowire dispersion. After slightly stirred for 1
min, ~50 pL of HAuCI, (~5 x 107 M) was further added. The
nucleation reaction was continued for 10 min. The product
was washed with ethanol for 3 times and finally dispersed in
~1 mL ethanol. This process led to the preparation of the as-
produced Si nanowire-Au nanoparticle heterostructures. For
the subsequent annealing process, the as-produced hetero-
structures were first dispersed on a surface oxidized silicon
substrate (1x1 sz) via the simple drop-casting method. In the
following, the heterostructures containing substrates were
annealed at various durations, temperatures, and environ-
ments as planned in Table S1 (see ESIt).

Surface-enhanced Raman spectroscopy studies

Rhodamine 6G (R6G) was used as the Raman probe or model
molecule to evaluate the enhancement of Raman signal on the
Si nanowire-Au nanoparticle heterostructures. 50 pL of R6G
solution ("'10"4 M in ethanol) was drop-casted on the hetero-
structure-dispersed substrate. Single nanowire heterostruc-
ture was captured under the optical spectroscopy in the Ra-
man system. Raman signal of R6G was collected at various
spots along the heterostructures. Approximately ten nanowire
heterostructures were selected on each substrate and similar
Raman analysis was carried out to get the average intensity of
Raman signals for various heterostructure samples shown in
Table S1 (ESIt).

Characterization and analysis

FE-SEM JEOL-7000 Scanning Electron Microscopy (SEM) and
Tecnai F-20 Transmission Electron Microscopy (TEM) were
used for the morphological analysis. TEM samples were pre-
pared by drop-casting the heterostructures dispersion on the
lacey carbon TEM grids. Nanoparticle density, size, and inter-
particle spacing were estimated according to the TEM analysis.
This further enabled the statistical analysis of the combined
influence of annealing conditions (time, temperature, and en-
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vironment) and nanowire diameter on the size and spatial
density of Au nanoparticles on Si nanowire. Briefly, ~¥25 nan-
owire heterostructures (with various diameters) corresponding
to each annealing condition (Table S1, see ESIt) were used to
estimate the average size and spatial density of Au nanoparti-
cles on a specific Si nanowire. The contour maps for the distri-
bution of size and spatial density as a function of annealing
condition and nanowire diameter were then generated using
the OriginLab® program. Philips X’Pert-MPD X-ray Diffraction
(XRD) System was used for the phase analysis. UV-vis absorb-
ance spectra were collected using DH-2000 UV-VIS-NIR light
source. Kratos Axis 165 X-ray photoelectron spectroscopy
(XPS) with mono-aluminum gun was used for binding energy or
chemical composition analysis. Raman spectra of R6G on vari-
ous heterostructures were collected using the Bruker Senterra
Raman system. The wavelength of the Raman laser is 785 nm
and the diameter of the laser spot is 1 um. The integration
time was set as 10 s with co-conditions of 2.

Results and discussion

Fig. 1 shows the fabrication steps for Si nanowire-Au nanopar-
ticle heterostructures as a novel substrate for SERS-based or-
ganic dye sensing. The following steps (1-5, Fig. 1) were in-
volved: (1) growth of Si nanowires in the CVD approach, (2)
wet-chemical synthesis and direct nucleation of Au nanoparti-
cles on the Si nanowires, (3) dispersion of the as-produced Si
nanowire-Au nanoparticle heterostructures on the surface-
oxidized silicon substrate, (4) morphological evolution of Au
nanoparticles on the Si nanowires in a controlled annealing
process, and (5) correlation of heterostructure morphology
with Raman signal enhancement effect for the organic mole-
cules.
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Fig. 1 Schematic representation of the process for fabricating Si nan-
owire-Au nanoparticle heterostructures and their application for SERS
sensing. (1) CVD growth of Si nanowires, (2) direct and wet-chemical
nucleation of Au nanoparticles on Si nanowires, (3) dispersion of the
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heterostructures on oxidized silicon substrate, (4) thermal annealing of
heterostructures, and (5) SERS-based organic dye detection.

Growth of Si nanowires and their surface decoration with Au
nanoparticles

Fig. 2A and B show the SEM images of the as-produced Si nan-
owires. Au nanoparticle was always found at the tip of each Si
nanowire, indicating the growth was governed by well-known
VLS mechanism.* This growth process utilized sputtered and
dewetted Au film on the Si substrate. The authors have thor-
oughly studied the dewetting of Au films to result in uniform
dispersion of nanoparticles in their previous study.40 The re-
sulting Au nanoparticles/islands were further served as the
catalysts/seeds for the CVD growth of Si nanowires. The
growth was conducted for 5 min and resulted in Si nanowires
with a length of ~8 - 12 um, suggesting a nanowire growth
speed of ~27 - 40 nm/s. The diameter of Si nanowires was ob-
served to be consistent with the size of Au nanoparticle tips on
the nanowires. From Fig. 2C, it can be estimated that the di-
ameter of Si nanowire was ~172.44 + 90 nm. Fig. 2D-F shows
the HRTEM images of the as-produced Si nanowires. A lattice
spacing of ~0.31 nm was observed for silicon (111) planes.
Gold (111) planes with a lattice spacing of ~0.23 nm was also
observed for Au nanoparticle tips. The lattice structure of both
gold and silicon present in the nanowires were further con-
firmed by the Fast Fourier Transform (FFT) image in the inset
of Fig. 2F.
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Fig. 2 (A and B) SEM images of the as-produced Si nanowires. (C) The
diameter distribution (~172.44 + 90 nm) of Si nanowires. (D) TEM im-
age of the as-produced Si nanowires. (E) HRTEM image indicating the
lattice structure of the Si nanowire (marked as “1” in D). (F) HRTEM
image indicating the lattice structure of the Au nanoparticle (cata-
lyst/seed) at the tip of the Si nanowire (marked as “2” in D). Note: The
average nanowire tip diameter is observed to be ~154 + 80 nm in (B).
The inset in (F) show the corresponding FFT image for diffraction spots
for silicon and gold.

As the next step, Si nanowires were decorated with extraneous
Au nanoparticles in a wet-chemical nucleation process. This
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approach involves the chemical reduction of metal salt
(HAuCl,) in presence of NaBH,, allowing for direct nucleation
of Au nanoparticles on the Si nanowires. Fig. 3A-C show TEM
images of the as-produced Si nanowire-Au nanoparticle heter-
ostructures. Significant nanoparticle aggregation on nanowires
was observed. The Au nanoparticles exhibited lattice spacing
of ~0.23 nm corresponding to the (111) planes. It is worthy to
mention that this direct nucleation process has no significant
damage on the structure of Si nanowires, as the silicon (111)
crystal planes with a lattice spacing of ~0.32 nm was also ob-
served. XRD spectra of the as-produced Si nanowires and the
Si nanowire-Au nanoparticle heterostructures further con-
firmed their crystal structure (Fig. 3D). Fig. 3E shows the esti-
mation of size (average diameter ~10.40 + 3.59 nm) and inter-
particle spacing (~6.19 + 2.30 nm) for the as-nucleated Au na-
noparticles on the Si nanowires.
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Fig. 3 (A-C) TEM images of the as-produced Si nanowire-Au nanoparti-
cle heterostructures (before annealing). (D) XRD spectra of the as-
produced Si nanowires and the Si nanowire-Au nanoparticle hetero-
structures before annealing. (E) Size and inter-particle spacing of the
Au nanoparticle on Si nanowires.

Annealing of Si nanowire-Au nanoparticle heterostructures

In order to modulate the shape, size and surface distribution of
Au nanoparticles on the Si nanowires, subsequent high-
temperature annealing was conducted under various condi-
tions including duration, temperature, and environment.***?
The detailed experimental parameters can be found in Table
S1 (ESIt). Fig. 4A-D show TEM images of the Si nanowire-Au
nanoparticle heterostructures after annealing for various dura-
tions (15-120 min). As compared to the as-produced hetero-
structures (Fig. 3A, B), the distribution of Au nanoparticles is
much more uniform and with minimized aggregation on the Si
nanowires. HRTEM images of the heterostructures (Fig. 4E-H)
show the lattice spacing for both silicon and gold. Detailed
lattice analysis was further shown in Fig. S1 (ESIt). It could be
observed that after the annealing process, the lattice spacing
increased at the outer edge of the Au nanoparticle as com-
pared to the inner core, resulting a core/shell nanoparticle
configuration on the surface of Si nanowire. This could be at-

4| J. Name., 2012, 00, 1-3

tributed to the formation of gold silicide (AuSi,) at the inter-
face of Au nanoparticle and Si nanowire, which was growing
into a shell structure with increasing annealing duration.”™ As
shown in Fig. 4E, 15 min annealing resulted in core/shell con-
figuration of Au nanoparticles, where the core lattice spacing is
observed to be ~0.20 nm (corresponding to Au (200) plane)
and the outer shell region (marked with dotted circle) exhibit-
ed lattice spacing of ~0.22 nm. The shell thickness was ob-
served to increase with annealing duration. When beyond 75
min, the whole nanoparticle exhibited a lattice spacing of
~0.25 nm. This indicates that prolonged annealing duration
(>75 min) resulted in complete phase transformation of Au
nanoparticles into gold silicide nanoparticles. The details on
kinetics of this transformation are discussed later.

It was observed that the diameter of Au nanoparticles on Si
nanowires increased as a function of annealing duration from
15 min to 75 min (Fig. 41, Table S2 in ESIT). The as-produced
heterostructures exhibited an Au nanoparticles diameter of
~10.4 nm, which was increased to ~16.2 nm, 18.7 nm, and 22.6
nm after annealing for 15 min, 45 min, and 75 min, respective-
ly. This increase can be explained by the Ostwald’s ripening
effect and surface migration of Au species, which resulted in
growth of larger nanoparticle at the expense of smaller ones.*
However, when the annealing beyond 75 min, a sudden de-
crease in nanoparticle diameter (~15 nm) is observed. It has
been reported for annealing of Au/Si thin film structure, the
silicide formation takes place at much lower temperatures
than that used for the annealing.4s It is proposed that the pos-
sibility of Au diffusing towards Si or vice versa can lead to con-
sumption of Au and result in shrinking of nanoparticle as ob-
served in case of 120 min annealing. This further corroborates
with the TEM observations that shows complete phase trans-
formation of Au nanoparticles to gold silicide nanoparticles
beyond 75 min of annealing. In regard to inter-particle spacing
on Si nanowires, the as-produced heterostructures exhibited
inter-particle spacing of ~¥6.2 nm, which was increased to ~10.1
nm after annealing of 15 min and remained nearly the same
beyond this duration. This is an interesting observation as it
suggests that surface migration of Au nanoparticles at the an-
nealing conditions used was restricted and the process allowed
for the formation of thermally-stable or sinter-resistant nano-
particle dispersion on Si nanowires. Similar observation have
been reported for other one-dimensional heterostructures
based on oxide nanowire-nanoparticle or carbon nanotube-
nanoparticle systems.‘m'48

The microscopic observations were further utilized to develop
contour maps correlating annealing duration and nanowire
diameter with the nanoparticle diameter and spatial density
(Fig. 4) and K). This uniquely shows that Si nanowires with
large diameter favored the growth of nanoparticles, resulting
in largest nanoparticles dispersed on the heterostructures. On
the other hand, nanowires with small diameter allowed for
greater nucleation of nanoparticles and thus, resulted in high-
est spatial density of the coated nanoparticles. Fig. 4) shows
that annealing of 45 min resulted in largest nanoparticle diam-
eters between ~45-50 nm coated on surface of Si nanowires
with largest diameters between ~250-275 nm. This also sug-

This journal is © The Royal Society of Chemistry 20xx
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gests that higher the radius of curvature of nanowires, faster
the surface migration of nanoparticles with enhanced Ost-
wald’s ripening effect.*®>?
radius of curvature present higher surface energy,38 resulting

Meanwhile, Si nanowires with small

in restricted surface migration and enhanced heterogeneous
nucleation for the Au nanoparticles. Thus, the highest nano-
particle spatial density (9-11 x 10" per cmz) region observed
at the intersection of 75 min annealing duration and 50-100

nm diameter for Si nanowires (Fig. 4K).
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Fig. 4 TEM images and lattice structure of the Si nanowire-Au nanopar-
ticle heterostructures after annealing for (A, E) 15 min, (B, F) 45 min,
(C, G) 75 min, and (D, H) 120 min. (I) Average diameter and inter-
particle spacing of Au nanoparticles on Si nanowires after annealing
for different durations. Contour graphs showing the distribution of Au
nanoparticle (J) diameter and (K) spatial density as a function of the Si
nanowire diameter and the annealing duration. Note: Baseline anneal-
ing conditions were 625 °C in Ar environment.

The influence of annealing temperature on the morphology of
Si nanowire-Au nanoparticle heterostructures was shown in
Fig. 5A-D. Fig. 5E-H further show the corresponding HRTEM
images. Annealing at 300 °C only resulted in slight morphology
change (Fig. 5A) of the heterostructures as compared to the
as-produced. Meanwhile, no obvious formation of gold/gold
silicide core/shell nanoparticles was observed on this sample
and the nanoparticle lattice spacing (~0.23 nm) was similar to
that of pristine Au nanoparticles (Fig. 5E). However, significant-
ly improved Au nanoparticle uniformity was observed on the
heterostructures annealed at 500 °C. The core/shell structure
for the nanoparticles was also observed with the lattice spac-
ing increased from ~0.23 nm of the core to ~0.25 nm of the
shell (Fig. 5F). When the annealing temperature increased to
700 °C and 800 °C, the nanoparticles on the heterostructures
show constant lattice spacing of ~0.25 nm (Fig. 5G and H), in-
dicating the phase transformation or gold diffusion process
becomes more pronounced at high temperatures and the Au
nanoparticles were completely converted to gold silicide. In
addition, it needs to mention that annealing at 1000 °C led to

This journal is © The Royal Society of Chemistry 20xx
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the partially fusion of Si nanowires and severe destruction of
the heterostructures was observed (Fig. S2, ESIt).

Fig. 51 further summarized the variation of size and inter-
particle spacing of Au nanoparticles on the heterostructures
after annealing at various temperatures (also see Table S2,
ESIT). Annealing at 300 "C showed obvious influence on the
distribution of Au nanoparticle size (even not much on the
morphology as shown in Fig. 5A), which was increased from
~10.4 nm of the as-nucleated (Fig. 3B) to ~16.8 nm (Fig. 5A).
Further increase the annealing temperature (from 500 °C to
800 °C) resulted in continuous increase of particle size. This is
understandable since the diffusion efficiency of gold is in-
creased at higher temperature, which is prone to the migra-
tion and merging of Au nanoparticles. The inter-particle spac-
ing of Au nanoparticles increased from ~6.19 nm (Fig. 3B) to
~7.55 nm when annealed at 300 °C (Fig. 5A) and to ~9.66 nm
when annealed at 500 °C (Fig. 5B). Further increasing the tem-
perature showed little effect on the inter-particle spacing,
which kept a constant value of ~10 nm (Fig. 5C and D). Fig. 5J
and K show the correlation of particle size and spatial density
with the annealing temperature and the diameter of Si nan-
owires. The largest Au nanoparticles were mainly distributed
on the heterostructures with largest Si nanowire diameter and
that treated at high temperature. This is due to the increase of
gold migration rate on the low curvature nanowires (same as
described above) and at high temperature.48 With this regard,
one can understand that the highest spatial density of Au na-
noparticles was mainly observed on the small-diameter nan-

owires and the heterostructures annealed in low temperatures
(Fig. 5K).
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Fig. 5 TEM images and lattice structure of the Si nanowire-Au nanopar-
ticle heterostructures after annealing at (A, E) 300 °C, (B, F) 500 °C, (C,
G) 700 °C, and (D, H) 800 °C. (I) Average diameter and inter-particle
spacing of Au nanoparticles on Si nanowires after annealing for differ-
ent temperatures. Contour graphs showing the distribution of Au na-
noparticle (J) diameter and (K) spatial density as a function of Si nan-
owire diameter and the annealing temperature. Note: Baseline anneal-
ing conditions were 45 min duration and in Ar environment.
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TEM images of the Si nanowire-Au nanoparticle heterostruc-
tures annealed in various environments were shown in Fig. 6A-
H. The aforementioned core/shell nanoparticles can be ob-
served on the heterostructures that annealed in 5%0,/Ar and
N, environments (Fig. 6E and G). Meanwhile, the lattice spac-
ing of nanoparticles on the heterostructures annealed in
10%H,/Ar and vacuum environment was increased from ~0.23
nm of the pristine to ~0.24 nm - ~0.25 nm due to the for-
mation of gold silicide. Fig. 61 further summarized the variation
of particle diameter and inter-particle spacing of the hetero-
structures (see Table S2, ESIT). The heterostructures annealed
in 5%0,/Ar environment show smaller average nanoparticle
diameter (~16.3 nm) as compared with that annealed in pure
Ar (~18.5 nm). This is because the outer layer of Si nanowires
and Au nanoparticles was partially oxidized in the presence of
0,. The oxide layers mitigated the direct diffusion of gold into
Si nanowires as well as the surface migration of Au nanoparti-
cles, leading to less changes in nanoparticle size during the
annealing.‘r’z’53 The average diameter of nanoparticles after
annealing in 5%H,/Ar was ~16.8 nm (Fig. 6B and 1). This rela-
tively smaller size is due to the presence of hydrogen, which
removed the pristine surface oxide layer on the Si nanowires
and facilitated the diffusion of Au nanoparticles into Si nan-
owires.”® As a result, the surface migration and aggregation of
Au nanoparticles was not significant. Moreover, annealing in
vacuum also resulted in a less increased nanoparticle diameter
(~16.2 nm, Fig. 6D and 1), which is probably due to the high
diffusion rate of gold in silicon at low pressure.‘r’4 Heterostruc-
tures annealed in N, environment (Fig. 6C and 1) showed no
significant difference on particle size and inter-particle spacing
with that annealed in Ar.>®> Contour images in Fig. 6J-K show
the distribution of particle size and spatial density according to
various environments and nanowire diameter. Similar with
that observed in previous duration and temperature study,
nanoparticles with the largest diameter were observed on
large Si nanowires while the region with highest spatial density
were observed on small nanowires. In addition, the region
with highest spatial density was observed on heterostructures
treated in the H,/Ar environment owning to the mitigation of
surface migration and merging of Au nanoparticles in the pres-
ence of hydrogen.
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Fig. 6 TEM images and lattice structure of the Si nanowire-Au nanopar-
ticle heterostructures after annealing in various environments includ-
ing (A, E) 5%0,/Ar, (B, F) 10%H,/Ar, (C, G) N,, and (D, H) vacuum. (I)
Average diameter and inter-particle spacing of Au nanoparticles on Si
nanowires after annealing for different environments. Contour graphs
showing the distribution of Au nanoparticle (J) diameter and (K) spatial
density as a function of Si nanowire diameter and the annealing envi-
ronment. Note: Baseline annealing conditions were 45 min duration
and in Ar environment.

Histograms in Fig. S3 (ESIt) summarized the size distribution
and inter-particle spacing distribution of Au nanoparticles on
the heterostructures before and after annealing at various
conditions. Composition analysis for the heterostructures be-
fore and after annealing (at 500 °C, 45 min and Ar environ-
ment) was conducted using STEM-mode EDS line profile. STEM
images in Fig. S4A and B (ESIT) show different contrast of gold
and silicon in the heterostructures, which were further identi-
fied by the EDS spectra in Fig. S4C and D (corresponding to
spot “1” and “2” in Fig. S4B, see ESIT). Representative EDS line
profiles of the nanowire heterostructures before and after
annealing process is shown in Fig. S4E and F (ESIt). These line
profiles clearly show the elements present and their maps as a
function of location on the nanowire.

XPS study for the formation of gold silicide

TEM images (Fig. 4-6) clearly demonstrate a lattice spacing
shift for nanoparticles on the heterostructures from ~0.23 nm
to ~0.25 nm before and after annealing. This has been at-
tributed to the formation of gold silicide according to the pre-
vious literatures.”>® In order to make further quantitative
conclusions, XPS was utilized to study the variation of chemical
composition for the heterostructures annealed at various an-
nealing conditions and further understand the surface migra-
tion/diffusion kinetics of Au nanoparticles on the Si nanowires.
Wide-range XPS spectra and further deconvoluted Au 4f spec-
tra were shown in Fig. S5-S7 (ESIT). Different elements such as
Si, Au, O, C, and Na were observed for all the tested samples
(Fig. S5A, S6A, and S7A, see ESIT). The existence of Na is due to
NaBH, used in the Au nanoparticle nucleation process.56 How-
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ever, this peak was only observed on the as-produced nan-
owire heterostructures and was almost negligible after anneal-
ing. In addition, C and O are common contaminants resulting
from the oxidized silicon substrate.

The peaks observed at ~83.86 eV and ~87.50 eV were assigned
to Au 4f;/; and Au 4fs), of metallic Au nanoparticles that nucle-
ated on the Si nanowires (Fig. 7A).63 The further deconvolution
fitting of this Au 4f spectrum shows nearly 100% pure metallic
gold. This indicates that no gold oxide or AU remaining on the
heterostructures after Au nanoparticle nucleation. At the same
time, the gold and silicon phases are chemically intact, which is
consistent with the TEM images in Fig. 3A-C and EDS line pro-
file in Fig. S4E (ESIT). The Au 4f spectrum for the heterostruc-
tures annealed for 15 min (corresponding to sample #1 in Ta-
ble S1, see ESIt) was shown in Fig. 7B. The deconvolution re-
sulted in two additional peaks in high binding energy region
(~84.43 eV and ~88.55 eV) and the peak area of metallic gold
(at ~86.65 eV and ~87.68 eV) became relatively small. The
emergence of these two peaks was also observed and at-
tributed to the chemical reaction of gold and silicon atoms
owning to the formation of gold silicide.®”° This observation is
consistent with the core/shell nanoparticles observed in the
TEM image (Fig. 4E) and confirms gold silicide formation. The
same phenomenon was observed on the spectrum obtained
on the heterostructures annealed for 45 min (Fig. 7C, corre-
sponding to sample #2 in Table S1, see ESIt). Further de-
creased peak area for metallic gold (at ~83.53 eV and ~87.68
eV) was observed on this sample. After annealing the hetero-
structure for 75 min (Fig. S5E, sample #3) and 120 min (Fig.
S5F, sample #4), no peaks for the metallic gold was observed in
the deconvoluted spectra. This further confirmed the lattice
variation observed in Fig. 4G and H since no metallic gold core
was observed on these heterostructures (Sample #3 and #4 in
Table S1, see ESIT).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 (A-C) Deconoluted XPS spectra (Au 4f) of the Si nanowire-Au
nanoparticle heterostructures (A) before and after annealing for (B) 15
min and (C) 45 min. (D) Schematic showing the formation of gold Sili-
cide (AuSix) shell on Au nanoparticles and the geometrical model for
the XPS analysis. (E) Variation of AuSix shell thickness as a function of
annealing duration at different temperature. (E) Linear plot showing
the relationship between the diffusion coefficient and temperature for
the AuSix formation activation energy calculation.

Since XPS is a surface characterization technique with the de-
tection depth of ~8 nm,63 and meanwhile the diameter of Au
nanoparticles on the annealed heterostructures was varying
from ~15 nm to ~20 nm (see Table S3, ESIt), the metallic gold
detected by the photoelectrons will be only from part of the
nanoparticles. Thus, it is necessary to establish a theoretical
model to calculate the accurate molar fraction of metallic gold
and thickness of the gold silicide shell. This will also lead to
further understanding on the kinetics of the gold silicide for-
mation process. The model was schematically shown in Fig.
7D. Here we assume the nanoparticles on Si nanowires are
spherical and composed of a concentric gold core and gold
silicide shell. The incident X-ray is from the top of the
core/shell structure with a penetrating depth of 8 nm. Accord-
ingly, one can realize that the molar fraction (F,,) directly cal-
culated by the area ratio from the XPS spectra is only for the
spherical cap in Fig. 7D (photoelectron region). The volume of
this spherical cap (V) being detected by XPS was given by

V = nRH? — %nH3, (1)

where R is the outside radius of the core/shell structure, H is
the photoelectron emission depth and was assumed to be 8
nm. Thus, according to Fig. 7D, Fa, calculated from the area

ratio of XPS spectra can be written as
F, = (r—=R+H)?:(2r+R—H)
Au = HZ-(3R—H)

(2)
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where r represents the radius of the metallic gold core. It
needs to mention here that Eq. (2) is only suitable for the
core/shell nanoparticles with R —r > H (these show metallic
gold peaks in XPS spectra). Furthermore, knowing Fp, from the
XPS spectra, the real molar fraction (Fayrea) Of the core/shell
nanoparticles can be calculated by

FAu,real = (T/R)3 (3)

The obtained molar fraction values were summarized in Table
S3 (see ESIT). It has been reported that diffusion of silicon at-
oms in the gold at the elevated temperature is a thermody-
namically feasible process due to its high solubility in gold and
the low eutectic temperature of gold and silicon (~363 °C).39 It
can be observed that annealing the heterostructures at 625 °C
for 15 min resulted in a metallic gold content of 19.23% (Sam-
ple #1, Table S3, see ESIT). When the annealing was conducted
for 45 min, the remaining metallic gold is 4.10%.

XPS spectra of Au 4f for the nanowire heterostructures an-
nealed at various temperatures and environments (sample #5-
#13) were also deconvoluted and shown in Fig. S6 and S7 (see
ESIT). The peak locations were further summarized in Table S3
(ESIT). For all these annealed samples, two addition gold sili-
cide peaks were observed in the positive direction (with a
binding energy shift of ~¥1 eV compared to the metallic gold).
Metallic gold peaks were only observed on heterostructures
annealed at 300 °C and 500 °C, but not on these annealed at
700 °C, 800 °C and 1000 °C. This is because the diffusion rate of
silicon in gold is much higher at high temperature, resulting
complete phase transformation from gold to gold silicide. In
the environment set, we observed the metallic gold peaks on
the heterostructures annealed in Ar, N,, and 5% O,/Ar but not
on the samples annealed in 5%H,/Ar and vacuum environ-
ments. This is consistent with the TEM observations in Fig. 6
and further confirmed above reasoning that the presence of
hydrogen or low pressure facilitated the diffusion and alloying
of silicon and gold.

Kinetics for the formation of gold silicide

Considering that the formation of gold/gold silicide core/shell
nanoparticles on the heterostructures during the annealing
fundamentally involves the diffusion of Si atoms in Au nano-
particles, one can apply the Fick’s second law (Eq. (4)) to this
process and further study the formation kinetics of gold sili-

cide.
ac d%c
o= Dow )

where c is the concentration of Si in Au nanoparticles, t is the
time and D is the chemical interdiffusion coefficiency and only
depends on temperature. Solving Eq. (4) with the following
boundary conditions: c = ¢y at t = 0 and ¢ = ¢; at x = 0, we can
get:

c(x,t)—co _ _ x
cs—co 1 erf(Z\/ﬁ)' (5)

where x can be considered as the thickness of gold silicide
shell, (x = R — r, the values for various samples were shown
in Table S3, see ESIT), erf is the Gauss error function and can
be express as erf(x) = %f;e_tzdt. Further consider c(x,t) =
¢, the following equation can be obtained,

x = 2+/Dt (6)

8| J. Name., 2012, 00, 1-3

Accordingly, we were able to calculate D at various tempera-
tures according to the slopes of x ~ 42 plots (Fig. 7E). 6061 The-
se linear plots further indicate that the formation of AusSi, is
controlled by the Si diffusion process and thus the following
Arrhenius equation can be used to describe the activation en-
ergy (E,) of this diffusion process.62

D(T) = Doexp(—2) (7)

where T is the temperature, D, is pre-exponential factor and k
is the Boltzmann’s constant. The plot of InD(T) ~ 1/T was fur-
ther shown in Fig. 7F and the calculated activation energy is
1.23 eV. This value is slightly lower than the previously calcu-
lated activation energy for the formation of platinum silicide,n'
73 which can be explained by the high solubility of silicon atoms
in gold.

Surface-enhanced Raman scattering (SERS) effect

Controlled annealing of the heterostructures resulted in uni-
form dispersion of Au nanoparticles on the Si nanowires with
specific size, inter-particle spacing and density, which further
opens a great opportunity for reproductive and sensitive or-
ganic detection based on the Surface-enhanced Raman scat-
tering (SERS). Various heterostructure samples as shown in
Table S1 (ESIT) were dispersed on the oxidized silicon sub-
strate. This was followed by anchoring R6G molecules on the
heterostructures as Raman probe. As shown in Fig. 8A, Raman
tests were conducted at various locations along the hetero-
structures to evaluate their reproducibility and sensitivity. Fig.
8B further shows the representative optical image of the het-
erostructures dispersed on the oxidized silicon substrate. The
colored spots marked on the nanowire heterostructure repre-
sents various locations for Raman test. The resulting Raman
signal intensity (estimated for Raman peak of R6G at ~1360
cm'l) for the as-produced Si nanowires, Si nanowire-Au nano-
particle heterostructures before and after annealing at differ-
ent duration were shown in Fig. 8C. The columns with different
colors for each sample are corresponding to the spots marked
in Fig. 8B. The same test were conducted on ten nanowires for
each sample to evaluate the Raman detection sensitivity. The
average intensity values for all the tested spots on these nan-
owires/heterostructures were summarized in Fig. 8D.

Representative Raman spectra of R6G for various samples
were further shown in Fig. 8E. No signal of R6G was observed
on the blank substrate (without any nanowire heterostruc-
ture), indicating the substrate is nearly insensitive for this Ra-
man probe molecules. The as-produced Si nanowires show
weak signals for R6G while the signals on the as-produced Si
nanowire-Au nanoparticle heterostructures were significantly
increased. As described above, such Raman enhancement has
been attributed to the presence of localized surface plasmon
resonance (LSPR) on Au nanopar’ticles.3'6 The heterostructures
annealed at 625 °C for 15 min (sample #1) and 45 min (sample
#2) show further enhanced Raman signal of R6G due to the
reconfiguration (size, inter-particle spacing, and density, see
Fig. 4) of surface nanoparticles. However, the Raman signals
on the heterostructures annealed for 75 min (sample #3) and
120 min (sample #4) were decreased as compared with that

This journal is © The Royal Society of Chemistry 20xx
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for 45 min. This can be attributed to the increase of inter-
particle spacing (Fig. 41) and decrease of particle density (Fig.
4K) on the Si nanowires. Another possible reason is that after
annealing for a long duration (>45 min), most of these Au na-
noparticles have been converted to gold silicide and the Au
core was nearly disappeared. This may lead to the insensitivity
for R6G due to the weakening of the LSPR on the surface of
gold silicide nanoparticles.

The same Raman tests were also conducted on the Si nan-
owire-Au nanoparticle heterostructures annealed at various
temperatures and environments (sample #5-#13, Table S2,
ESIt). The heterostructures (sample #5) annealed at 300 °C
show no obvious enhancement of Raman signal since the size
and inter-particle spacing of this sample (Fig. 5A and I) was not
significantly changed as compared with the as-produced het-
erostructures. The highest Raman enhancement was observed
on the heterostructures annealed at 500 °C. This is consistent
with that observed in Fig. 5K, where the highest particle densi-
ty was observed on the sample annealed at this temperature.
These closely located nanoparticles have high possibility to
overlap their surface electrical field, which will significantly
enhance the Raman spectra of the anchored molecules.®® The
heterostructures annealed at 700 °C and 800 °C show weak-
ened Raman signals than these annealed at 500 °C and 625 °C.
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This is because the diffusion of silicon in gold nanoparticles
was facilitated at high annealing temperature (>700 °C) and
most of the particles have converted to silicide.

The heterostructures annealed in the oxygen and hydrogen
environments show weak enhancement on the Raman signal
while these annealed in inert environments (Ar, N,, and vacu-
um) show significant signal improvement (Fig. 8l). These ob-
servations can be explained by the particle configuration (size,
inter-particle spacing, and density) showing in Fig. 6. The het-
erostructures annealed in oxygen environment resulted in
formation of surface SiO, and this might shadow the surface
plasmon resonance effect of Au nanoparticles.64 For the heter-
ostructures annealed in the hydrogen environment, the exist-
ence of H, facilitated the diffusion between gold and silicon,
resulting Au nanoparticles partially diffused into the Si nan-
owires. As a result, the particle size becomes small and the
Raman enhancement was not significant. The heterostructures
annealed in N, environment show similar enhancement with
that annealed in the Ar environment. Further improved Raman
enhancement was observed on these heterostructures an-
nealed in the vacuum environment. This can be attributed to
the relatively small inter-particle spacing of surface nanoparti-
cles that formed during the annealing at low pressure.
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Fig. 8 (A) Schematic showing the collection of Raman signal along the Si nanowire-Au nanoparticle heterostructures. (B) Optical images of the
heterostructures and corresponding spots for the Raman measurement. (C) Intensity of Raman signal for R6G at various spots along the Si nan-
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owires or Si nanowire-Au nanoparticle heterostructures. (D) Average Raman intensity for various samples corresponding to (C). (E) Representa-
tive Raman spectra of R6G collected on samples corresponding to (C). The same Raman test was conducted on samples in the temperature and
environment study and the results were shown in (F-H, temperature set) and (I-K, environment set). Note: The Raman intensity was evaluated
using the peak located at ~1360 cm™. The average intensity in D, G and J was calculated by collecting Raman signal from ten heterostructures.

Conclusions

In this paper, we report a facile approach for the fabrication of
Si nanowire-Au nanoparticle heterostructures using a wet-
chemical nucleation — annealing approach. The surface migra-
tion behaviors (including variation of chemical composition
and phase transformation kinetics) of Au nanoparticles on the
Si nanowire during annealing were further studied in detail.
The results indicate that the surface dispersion (size, inter-
particle spacing and spatial density) of Au nanoparticles has a
significant dependence on the annealing conditions including
duration, temperature and environment. TEM and XPS study
further show that such high temperature annealing led to sig-
nificant migration/diffusion of Au nanoparticles and further
resulted in the formation of gold silicide in the nanoparticles.
Kinetics analysis indicates that this silicide formation process
was controlled by the diffusion of silicon atoms in Au nanopar-
ticles. The activation energy for this process is ~1.23 eV. For
the SERS-based organic detection, Raman enhancement
showed a significant dependence on the distribution and
chemical state of Au nanoparticles on the heterostructures.
Highest Raman enhancement was observed on the hetero-
structures annealed at 500 °C in Ar for 45 min. This study pro-
vides fundamental knowledge on the surface migration and
diffusion behavior of Au nanoparticles on Si nanowire at high
temperature process and leads to reliable guidance for future
development of SERS-based chemical sensors.
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