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ABSTRACT: We present a synthetic strategy that takes advantage of the inherent
asymmetry exhibited by semiconductor nanowires prepared by Au-catalyzed chemical
vapor deposition (CVD). The metal—semiconductor junction is used for activating
etch, deposition, and modification steps localized to the tip area using a wet-chemistry
approach. The hybrid nanostructures obtained for the coinage metals Cu, Ag, and Au
resemble the morphology of grass flowers, termed here Nanofloret hybrid
nanostructures consisting of a high aspect ratio SiGe nanowire (NW) with a metallic
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nanoshell cap. The synthetic method is used to prepare hybrid nanostructures in one

step by triggering a programmable cascade of events that is autonomously executed, termed self-processing synthesis. The
synthesis progression was monitored by ex situ transmission electron microscopy (TEM), in situ scanning transmission electron
microscopy (STEM) and inductively coupled plasma mass spectrometry (ICP-MS) analyses to study the mechanistic reaction
details of the various processes taking place during the synthesis. Our results indicate that the synthesis involves distinct
processing steps including localized oxide etch, metal deposition, and process termination. Control over the deposition and
etching processes is demonstrated by several parameters: (i) etchant concentration (water), (i) SiGe alloy composition, (iii)
reducing agent, (iv) metal redox potential, and (v) addition of surfactants for controlling the deposited metal grain size. The NF
structures exhibit broad plasmonic absorption that is utilized for demonstrating surface-enhanced Raman scattering (SERS) of
thiophenol monolayer. The new type of nanostructures feature a metallic nanoshell directly coupled to the crystalline

semiconductor NW showing broad plasmonic absorption.

B INTRODUCTION

Bottom-up and top-down approaches are often used to
construct nanosystems that are comprised of two or more
components with distinct chemical compositions, structural
domains and physical properties, which are commonly referred
to as hybrid nanostructures (HNS).'~” Overall, HNS are
central for designing novel materials with desired optical,
mechanical, and electronic properties at the nanometer scale by
introducing architectures with programmed compositions and
heterogeneous shapes. It is important to combine several
materials and morphologies within the same nanostructure to
attain new and synergistic functionalities because properties at
the nanoscale depend on the composition, size, and
dimensionality of the nanostructures.” For example, the
combination of semiconducting (SC) nanorods with metallic
nanoparticles (NPs) improved light harvesting because of the
enhanced absorbance and charge separation properties of the
combined nanosystem relative to the individual components.”
Such structures can be prepared using a large spectrum of
approaches, including template-assisted s;fnthesis, colloid
surface chemistry, and protein assembly.®”'* However, these
approaches often suffer from limited and generally complex
control over the synthesis parameters of the various system
materials; thus, their synthesis development is typically time
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and cost intensive. Here, we demonstrate a novel bottom-up
synthetic approach for preparing semiconductor-metal HNSs
that consist of a high aspect ratio SiGe nanowire (NW) with a
metallic cap (Cu, Ag, and Au) deposited at the NW tip, where
the Au catalyst used for chemical vapor deposition (CVD)
synthesis of the NW is utilized for triggering the synthesis,
which is confined to the NW tip. Such hybrid nanostructures
featuring SC-metal components where the SC is a SiGe alloy
with adjustable composition and electronic properties and the
metallic component is selected from the coinage metals (row
11 of the periodic table) are highly valuable for an array of
applications including sensing, photocatalysis, and optics due to
the unique properties exhibited by these systems. For example,
DNA sensing was demonstrated using Ag-SiC system by
spectroscopic modulation method,"’ hydrogen peroxide
sensing was demonstrated using Ag-nanostrucutred Si wafers
by electrochemical and surface-enhanced Raman scattering
(SERS) methods'* and Au-coated Si NWs were demonstrated
as sensitive FET devices for the detection of sodium ions."’
Furthermore, such structures are highly efficient as SERS
substrates'®'®'” for detection of a large range of organic
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molecules. Au—Si hybrid nanostructures were demonstrated as
powerful platforms for gas sensing applications by utilizing the
sharp nanoscale morgphologies that result in the local electric
fields enhancement.'® The unique electronic structure which is
formed at the metal—semiconductor interface for such systems
was demonstrated for improving the photocatalytic perform-
ance, for example, for the degradation of various dyes 920 and
for the photoconversion of formic acid into hydrogen and
carbon dioxide.'"” In the optics field such structures were
applied for realizing high quality factor waveguides,”' negative
index materials,”> IR modulator,* photoacoustic,24 and
plasmonics™ based devices. The HNS prepared here exhibit
desirable combination of aspect ratios and dimensions with the
metallic tip dimensions in the range of tens to hundreds
nanometers and the SC component with typically several tens
of nanometer in diameter and up to tens of microns in length.

B RESULTS AND DISCUSSION

The metal-SC hybrid morphologies obtained resemble grass
flowers or “florets” as presented in Figure 1 (inspired by the use
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Figure 1. Transmission electron microscopy (TEM) of Nanofloret
(NF) structures (a) obtained for SiGe NWs reacted with Cu, Ag, and
Au featuring a stem (SiGe NW) and corona (deposited metal) at the
tip region. (b) Typical dimensions for the NF structure, overall length
of 1—-100 um resulting from the SiGe NWs used, deposited metal
region is typically 10—100 nm in diameter and 50—500 nm long.

of water for initiating the synthesis). Therefore, these structures
were termed nanofloret (NF)-like structures. The process was
studied using various water concentrations, different metals
(Cu, Ag and Au), and different SiGe alloy compositions to
deduce the roles of each factor and the respective mechanisms
involved. Overall, ex situ transmission electron microscopy
(TEM), in situ scanning transmission electron microscopy
(STEM) using a novel fluid cell TEM holder and inductively
coupled plasma mass spectrometry (ICP-MS) techniques were
used to study the mechanistic reaction details and progression
of the various processes. Our analyses provided structural and
chemical information regarding the processes that occurred and
explained the underlying mechanisms. The structural evolution
with respect to the process parameters, such as water
concentrations in the deposition solutions and the SiGe alloy
composition, were studied using energy dispersive X-ray
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spectroscopy (EDS). In addition, ICP-MS analyses were
performed on the process solutions to quantify the dissolved
Ge levels as a function of the process parameters. The SC-Au
nanoparticle (NP) junction present at the SiGe NW tip and
originating from the CVD synthesis step set an inherent
asymmetry in the NW electronic structure (see Figure S1 in the
Supporting Information, for calculated Au-SiGe junction band
diagram). The Au-SC junction at the nanowire tip was further
exploited for catalyzing both the SiGe oxide layer etching and
for promoting metal deposition processes triggered by water as
a mild etchant toward the native oxide of the SiGe alloy.

The structural evolution was quantified by measuring the
head diameter (dy, Figure 2b) and the metal deposition length
at the tip area (L, Figure 2c).
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Figure 2. Water assisted growth of Au-NF. (a) Left to right: TEM
images obtained for Au-NF prepared with specified water concen-
trations of 0, 0.28, 0.82, 1.62, and 2.64 M (scale bar is 50 nm).
Quantification of Au cap deposition, (b) Au cap diameter (dH) and
(c) Au cap length (L) as a function of water concentration. (d) Mass
spectrometry (MS) analysis of the dissolved Ge obtained in the
deposition solution containing the specified water concentration with
1 mM AuCly (red W) and without AuCl; (blue @, X10). Additional
representative TEM images and histograms showing low magnification
images, the typical size distribution of cap diameter and length
obtained for each water concentration are presented in detail in
Figures S2—S8 in the Supporting Information section.

Overall, dy; remained constant and was independent of the
water concentration (dy; ~ 65 nm for the SiGe NWs diameter
used). In contrast, the metal deposition length L at the SiGe
NW surface abruptly increased to ~360 nm in water in EtOH
concentrations greater than ~1.0 M (Figure 2c). A further
increase of the water concentration did not result in further
growth beyond 360 nm neck length, indicating a self-limiting
process (Figure 2c). Additional representative TEM images and
histograms showing the typical size distribution of cap diameter
and length obtained for each water concentration are presented
in detail in Figures S2—S7 in the Supporting Information
section. Representative low magnification, large scan area TEM
images of the NF structures are presented in Figure S8.

The structures of the fully evolved Au-NFs were further
characterized by preparing cross-sectional focused ion beam
(FIB) lamellae, which were subsequently analyzed using TEM,
EDS, and scanning electron microscopy (SEM) at different
regions of the structure (Figure S9 in the Supporting
Information). To quantify the dissolved Ge concentration as
it evolves during the deposition process, ICP-MS was used for a
range of water concentrations (Figure 2d). The dissolved Ge
experiments were performed by immersing the SiGe NWs in
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EtOH with 1 mM AuCl; and using water concentrations in the
range of 0.0 (anhydrous) to approximately 3.0 M. This process
was termed a “deposition solution” process, whereas the
repetition of the procedure with identical conditions and
without the metal salt was called the “blank solution” process.
The ICP-MS results indicate an increase in dissolved Ge
concentrations with increased water addition (with saturation at
approximately 8 mmol H,O for both the blank and deposition
solutions). We obtained an increase of approximately 7-fold in
dissolved Ge comparing the deposition solution with blank
solution processes for each water concentration (Figure 2d).
Subsequently, the Au-NF morphology and dissolved Ge
levels were studied for various SiGe NW alloy compositions
(TEM, Figure 3, and ICP-MS, Figure S10 in the Supporting
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Figure 3. Au-NF structures obtained for various SiGe NW
compositions. (a) Left to right: TEM images of the Au-NF obtained
using 14%, 67%, 86% and 95% Ge/Si NWs (scale bars represent SO
nm). (b) Au cap diameter and (c) Au cap length as a function of the
NW composition.

Information). The TEM data showed that the Au cap
deposition at the NW tip (dy;) was constant for the different
SiGe NW compositions (Figure 3b). In contrast, the Au
deposition length sharply increased for the SiGe composition
above approximately 80% Ge (Figure 3c). Notably, the
deposition of the gold shell at the tip region was not complete,
showing limited surface coverage for NW compositions below
approximately 90% Ge, which further support the role of
aurophilic interactions, as further discussed below. The CVD
process parameters and the corresponding SiGe NW
compositions measured for the various NW synthesis processes
are provided in the SI (Table S1 and Figure S11 in the
Supporting Information). The ICP-MS results showed similar
trends with an abrupt increase in the dissolved Ge
concentration for Ge contents of 70% or more for the
deposition and blank solution processes (Figure S10 in the
Supporting Information). Combining the ICP-MS results for
the various NW compositions and water concentrations
showed that the Ge dissolution strongly depends on both the
SiGe composition and the water concentration. Furthermore,
the evolution of the Au cap deposition obtained from TEM
imaging and quantification of the dissolved Ge in solution by
ICP-MS followed a similar trend with respect to water
concentration in the deposition solution. To account for the
dissolved Ge levels and the progression of cap deposition, we
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assumed that an electroless-type metal deposition process
occurred in the presence of noble metal cations (Au**) because
of galvanic displacement and metal assisted chemical etching
(MACE) mechanisms.”*™*" While SiO, is a stable oxide that
requires relatively harsh etch conditions, such as HF for
dissolution, pure GeO, is prone to dissolution in mild
conditions and even in moist environments due to assistance
by the MACE mechanism.”” Therefore, water can be used as a
mild etchant for removing the native oxide of Si—Ge alloys.
Adjusting the SiGe NW composition tuned the overall stability
of the SiGe alloy native oxide toward dissolution in the
presence of water to a level where the native oxide is stable
toward water dissolution as long as it is decoupled from the
metal assisted etch. The removal of the native oxide from the
SiGe nanowire surface results in an exposed surface that is
prone to undergo a galvanic displacement reaction with Au**
metal ions, generating oxidized SC and resulting in additional
Ge dissolution. Generally, MACE promotes SC oxidation near
the SC-noble metal junction, where holes accumulate and the
gold NP used during the CVD synthesis of the NW function as
an electron acceptor, further catalyzing metal deposition at the
Au NP surface at the tip of the NW.* Namely, the metal-
assisted catalytic deposition occurring at the Au catalyst surface
is coupled with the MACE process that occurs at the SC
portion.””** In addition, the EtOH serves not only as a solvent
but also as a reducing agent during the neck deposition step.
This was studied by mixtures of tert-butanol—-EtOH for the
deposition process (Figure S12, Supporting Information). tert-
Butanol was used as the solvent for these studies because a
tertiary alcohol does not take part in the surface redox reactions
therefore it acts as a redox-inert solvent system. NF synthesis in
neat tert-butanol resulted in Au deposition at the np surface and
only sparse metal deposition at the neck up to a well-defined
distance from the SC-Au interface at the NW tip (Figure S12a).
Addition of EtOH to the tert-butanol solution led to deposited
metal tip which evolved gradually with the EtOH fraction
showing increase in the Au clusters density and size. These
results suggest that Au clusters nucleate at the exposed Ge
surface following the MACE removing the native oxide layer at
the neck region by galvanic displacement. The nuclei growth is
then catalyzed by the oxidation of the EtOH over the Au nuclei
surface, where the EtOH function as a reducing agent toward
the metal salt. We further demonstrated the role of EtOH not
only as solvent but also for promoting the redox reactions by
employing several other reducing agents including glucose,
phenol, and ascorbic acid, all resulted in NF structures with
different morphologies while keeping similar overall dH and L
dimensions (Figure S13, Supporting Information). The coinage
metals and Au in particular are well-known for their catalytic
role in promoting the oxidation and dehydrogenation of
alcohols.”>® Therefore, we further studied the NF synthesis for
other metals, including Ag and Cu, which together with Au
constitute the coinage metal elements, all showing NF
structures with different morphologies as detailed in the
sections below (see Figure 7). In contrast, Pd and even Pt
salts did not yield such structures, although Pt provides a high
driving force for the process, further supporting the role of the
coinage metals in surface-catalyzed redox reactions that drive
the NF synthesis process. We suggest that the process which is
carried out under anaerobic conditions is terminated by the
formation of surface-bound species such as Au—H which
prevent further metal deposition.”” >
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Furthermore, we identified a constant ratio of approximately
7 for dissolved Ge for all studied SiGe alloy compositions when
analyzing the resulting solutions for deposition and blank
(without gold) processes (Figure S10, Supporting Information,
R ~ 0.97). The fixed ratio obtained of 7/1 obtained for the
corresponding deposition/blank processes for the various SiGe
ratios suggests that a fixed number of redox events with a well-
defined stoichiometry take place upon dissolution of the oxide
layer and exposure of the pristine SC surface. The surface redox
reactions resulted in the deposition of reduced Au® clusters at
the exposed NW tip region and the oxidation of the SiGe alloy,
which was further dissolved into the deposition solution and
resulted in the increased Ge levels with fixed proportion. To
confirm that the native oxide etch is localized to the NW tip
area, dissolved Ge levels were quantified as a function of NW
length. The ICP-MS analysis gave constant dissolved Ge levels
for all NW growth times, namely, all of the studied NW lengths
(SiGe 1:18, Figure S14, Supporting Information). This result
indicated that dissolved Ge was independent of the NW length
and the total NW surface area, which increase linearly with the
NW length. This finding agrees with the MACE mechanism, in
which the oxide etch is restricted to the metal-SC junction
near the NW tip irrespective of the total native oxide layer
surface (see Figure S1, Supporting Information for the
calculated Au-SiGe junction band diagram).”® Controlling the
SiGe alloy composition extends beyond tuning the SiGe alloy
native oxide stability toward MACE. To form a metal cap with
structural robustness at the exposed NW tip, suitable Au—Au
and Au-SC surface interactions are required. Pure Si surfaces
exhibit poor adhesion of the reduced metal clusters relative to
Ge.”® Furthermore, it was previously reported for Ge surfaces
that Au—Ge covalently binds with a well-defined stoichiom-
etry."® Thus, tuning the SiGe alloy composition also plays a role
in the formation of aurophilic interactions, subsequent
formation of Au—Ge and Au—Au and stabilization of the
reduced metal at the tip region.*’

Overall, the Au-NF synthesis involves a sequence of localized
etching of the SC oxide layer and self-limiting metal deposition
to yield Au® cap deposition with well-defined dimensions at the
NW tip. The cap deposition process involves two metal
deposition mechanisms, direct galvanic displacement at the
exposed SC surface and catalytic metal deposition, metal-
assisted catalytic deposition, at the nanowire tip, resulting in
dissolved Ge in the solution, and self-termination of the process
upon full coverage of the exposed SC region. A summary of the
NF synthesis mechanisms and various processes is presented in
Figure 4.

Additional fine-tuning of the Au-NF structures morphology
was demonstrated for controlling the size of deposited Au
clusters by adding alkylthiols to the Au-NF process solution.
Au-NF prepared using the same procedure while adding S mM
hexanethiol in the deposition solution result in a significantly
smaller average Au cluster size (3 + 0.3 nm) compared with
Au-NFs prepared in the absence of hexanethiol (17 + 3 nm)
(Figure S). The smaller cluster size with hexanethiol molecules
resulted because thiols were bound with the freshly formed Au
clusters and formed a self-assembled monolayer that functions
as a passivation layer on the pristine Au clusters.

The thiol self-assembled monolayer formed in situ during
Au-NF synthesis, blocking electron transfer and halting cluster
growth.4 Furthermore, binding of the hexanethiol molecules at
the freshly formed Au cluster surface diminished the aurophilic
interactions and subsequent Au—Au bond formation.*
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Figure 4. Summary of Au-NF hybrid nanostructure synthesis and the
mechanism for SiGe alloy nanowires (SiGe NWs). (a) Process
initiation by mild etching using water that removes the SiGe alloy
oxide layer at the SC-metal (Au) tip region. (b) Catalytic metal
deposition at the Au catalyst edge. (c) Metal deposition at the exposed
SiGe NW surface tip region. The SiGe alloy native oxide layer is locally
removed in the presence of water by metal-assisted chemical etching
due to the SC-Au junction that is inherently present at the CVD
synthesized NW edge. Galvanic redox reactions at the exposed SC tip
region result in metal cation reduction and nucleation. Metal clusters
grow at the nuclei assisted by the catalytic redox reactions driven by
the reducing agent (R). This process stops when the exposed SC at
the tip region is completely covered with a metal layer, probably
involving surface poisoning with Au—H species at the anaerobic
conditions of the synthesis which results in a self-limiting process.
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Figure 5. Au-NF cluster size and morphology tuning. (a) TEM images
of Au-NF structures obtained without thiol, and (b) with 5§ mM
hexanethiol. Both preparations were with 1 mM AuCl; and 1.62 M
H,0 in EtOH. Scale bars S0 and 20 nm (insets). (c) Grain size
analysis obtained for Au-NF deposition with and without hexanethiol.

The synthesis of Au/SiGe HNS progression was directly
followed by in situ scanning transmission electron microscopy
(STEM) using a novel fluid cell TEM holder. This technique
uses a high angular annular dark field (HAADF) detector to
provide the atomic mass or Z-contrast. Cap formation was
initiated by introducing water to the Au salt solution that was
dissolved in EtOH prior to the injection into the liquid cell
holder (Figure S15 in the Supporting Information) A
continuous increase of intensity could be observed once the
reaction commenced and after 300 s the intensity increased by
a factor of 2 with an increase of the tip diameter from 30 to 45
nm as measures by line profiles across the wire tip (Figure
S15c). Imaging was performed using a low dose of 5 e”/nm*
allowing for a direct observation of the synthesis in solution

DOI: 10.1021/jacs.5b12667
J. Am. Chem. Soc. 2016, 138, 4079—4086


http://pubs.acs.org/doi/suppl/10.1021/jacs.5b12667/suppl_file/ja5b12667_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b12667/suppl_file/ja5b12667_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b12667/suppl_file/ja5b12667_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b12667/suppl_file/ja5b12667_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b12667/suppl_file/ja5b12667_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b12667/suppl_file/ja5b12667_si_001.pdf
http://dx.doi.org/10.1021/jacs.5b12667

Journal of the American Chemical Society

without triggering secondary Au formation due to the electron
beam interaction with the solution as observed, e.g, for plane
wave TEM imaging where electron doses are several orders of
magnitude higher.”> The image intensity reflects the growing
tip thickness since it is related to Rutherford scattering which
scales with the sample thickness. Metal cap deposition was
found to be confined to a length of approximately 350 nm in
line with the post mortem TEM images shown in Figure 2¢ for
this system.

Overall, our results revealed that distinct processing steps can
be identified that are analogous to those of conventional top-
down processing, as depicted in Figure 6. The structures are
formed using a self-propagating sequence that includes etching,
deposition, modification and self-termination of the trans-
formations.

The scope of NF synthesis was further generalized to
depositing Ag and Cu. Together with Au, these metals
constitute the coinage metal group (row 11 of the periodic
table). The silver deposited NF, Ag-NF, had a similar
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Figure 6. Fabrication of SC-metal hybrid nanostructures. Using (a)
self-processing synthesis and (b) conventional top-down processing
sequence.
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morphology to that of the Au-NF with a metal cap deposited
at the NW tip near the SC-Au NP junction region (Figure 7a).
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Figure 7. Synthesis of coinage metal (Cu, Ag, and Au)-NF structures.
(a) TEM images obtained for Ag-NF prepared in anhydrous EtOH/
acetonitrile solution (a-i) and in 1 M of H,O in EtOH/acetonitrile
solution (a-ii). Evolution of the Ag tip as a function of the H,0
concentration, tip diameter (a-iii) and tip length (a-iv). (b) TEM
images obtained for Cu-NF prepared in an anhydrous EtOH/DCM
solution (b-i) and in EtOH/DCM with 2.64 M of H,O (b-ii). The Cu
tip evolved as a function of the H,O concentration, tip diameter (b-iii)
and tip length (b-iv). The scale bar is SO nm for all of the TEM images.
(c) The step by step deposition of bimetallic (Au, Ag)-NF prepared
with 1.62 M of H,0O, (c-i) The STEM image and (c-i) the
corresponding EDS profile measured along the broken line (Ag-red,
Au-black, Ge-blue and Si-green). (d) Step by step deposition of
bimetallic (Au, Cu)-NF prepared with 1.62 M of H,0, (d-i) the STEM
image, and (d-ii) the corresponding EDS profile measured along the
broken line (Cu-red, Au-black, Ge-blue and Si-green).

The diameter of the deposited Ag head (d};) was ~130 nm for
all of the studied water concentrations, except for the
anhydrous solution, in which nearly no such deposition was
observed (Figure 7a-iii). An Ag cap deposition length (L) of
~300 nm was obtained for all of the water concentrations,
except for the anhydrous solution, in which no significant
deposition was observed (Figure 7a-iv). For copper deposited
NF, Cu-NF resulted in a distinct morphology compared with
Au- and Ag-NF. In addition, Cu-NF displayed a spherical
structure and its dy and L increased as water concentration
increased and became saturated at ~110 nm (Figure 7b). This
result could be attributed to the lower standard redox potentials
of Cu?* compared with the other metals studied here
(E°(Cu*/Cu)= +0.340 V, E°(Ag'/Ag) = +0.799 V, and
E°(Au**/Au) = +1.498 V)."> We suggest that the reduction of
Cu®* to Cu’ is restricted to the SC-Au NP surface by metal-
assisted catalytic deposition and occurs at the Au tip of the
SiGe NW. Namely, the SiGe-Au junction catalyzes Cu®*
reduction and deposition by promoting the accumulation of
holes at the SC-noble metal interface and injection of electrons
to the Au catalyst surface. The lower standard redox potential
for Cu only results in deposition via metal-assisted catalytic
deposition because the driving force for the direct galvanic
displacement process is not sufficient. In contrast, for Au- and
Ag-NF, the standard redox potential is sufliciently positive for
activating the direct galvanic displacement at the exposed SC
interface (where the native oxide is removed by MACE) and
the metal-assisted catalytic deposition mechanism at the NW-
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tip. Finally, the formation of bimetallic NF structures was
achieved by stepwise deposition of (Au, Ag)-NF and (Au, Cu)-
NF, as shown in Figures 7c and 7d, respectively. Notably, Ag
and Cu-NF exhibit properties that could be further exploited in
the future.™*~**

The optical absorbency of the NF films was measured on
quartz slides using an integrating sphere showing a broad
plasmonic band (Figure S16). The plasmon resonance of the
metallic NF nanostructures exhibit significant local electro-
magnetic field enhancement which is the origin of the
enhancement in SERS.* Metallic nano structures are well-
known for their utility in probing adsorbed probe molecules
with h_i§h amplification of the Raman signal commonly termed
SERS.”™ We utilize the plasmonic absorption to demonstrate
the application of NF films as SERS substrates using thiophenol
monolayer. Raman spectra measured for thiophenol-function-
alized Au-NF, Ag-NF, and (Au,Ag)-NF are presented in Figure
8. The SERS signals obtained for monolayer of thiophenol were

@) x10* i . (B)eqx10°
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» 31 ©44
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Figure 8. SERS enhancement of thiophenol over NF films. (a) Raman
spectra measured for Au-NF (blue), Ag-NF (red), and (Au,Ag)-NF
(black). The four main peaks of thiophenol are designated by “*” at
1000, 1024, 1072, and 1574 cm™". (b) Corresponding integrated peak
area of the 1072 cm™ peak shown in (a).

detected for Au-, Ag-, and (Au,Ag)-NF with the highest SERS
signal obtained for the bimetallic (Au,Ag)-NF. In contrast, for
NW films treated with the thiophenol molecules no Raman
signals could be detected (Figure S16d). Furthermore, the
SERS intensity obtained for Au-NF was studied for three
excitation wavelengths, 355, 514, and 785 nm. The SERS signal
enhancement was obtained for 785 nm in close relation to the
plasmonic absorption onset at 701 nm shown in Figure S16b.
Excitation at shorter wavelengths, 355 and 514 nm which do
not overlap with the plasmonic band did not result in SERS
signals (Figure S16c). Additional optical absorbency and
Raman measurements of control samples can be found in the
Supporting Information, Figure S16.

B CONCLUSIONS

In summary, we present a synthetic strategy that takes
advantage of the inherent asymmetry of the NW structure
with the SiGe-Au NP seed left from the CVD process and the
vapor—liquid—solid (VLS) synthesis mechanism.”'~>* The
SiGe-Au junction is used for activating etching, deposition,
and modification steps. Control over the deposition and
etching processes has been demonstrated by several parame-
ters: (i) etchant concentration (water), (ii) SiGe alloy
composition, (iii) reducing agents, (iv) metal redox potential,
and (v) addition of surfactants for controlling grain size. Both
the etching and deposition processes were confined to a well-
defined region of the structure with self-limiting reactions.
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These traits allowed for structural control that is typically
associated with top-down fabrication capabilities. We demon-
strated that the bottom-up synthesis involves a sequence of
multiple steps cued by the local etching (MACE) of the SiGe
alloy oxide layer, catalytic deposition of metal cations at the
NW tip by metal-assisted catalytic deposition, and deposition at
the exposed NW tip by galvanic displacement. The method was
demonstrated here to the coinage metals, Cu, Ag, and Au, while
the synthesis with other metals such as Pd and Pt did not result
in NF structures. Introducing surfactants (hexanethiol) allowed
further control over the deposited cluster size and morphology.
Finally, we demonstrated the syntheses of bimetallic NFs when
employing the coinage metals Au, Ag, and Cu. These bimetallic
building blocks are highly attractive for catalysis, optical
applications, SERS, and more. The overall synthesis is termed
self-processing due to the controllable, localized, and self-
limiting sequence of events executed autonomously resulting in
the transformation of the SiGe NW structure into nanoflora-
like hybrid nanostructures. In addition, the self-processing
strategy demonstrated here for NF-HNS architectures enables
interesting possibilities regarding controlled symmetry breaking
at the nanoscale, which is an important feature for attaining
complex nanosystems with intriguing functionalities. Such
HNSs consist of metal and SC with distinct dimensionalities
that encompass significant effects in a wide range of
applications, such as photocatalysis, photovoltaics, sensing,

energy harvesting and storage, and electronic devi-
ces, H46,54=S7

B METHODS

Synthesis of Silicon—Germanium (Si—Ge) Alloy Nanowire
(NW). Glass slides were cleaned using O, plasma (Pico plasma cleaner,
Diener electronic GmbH) at 60 W for 2 min. Next, the slides were
immediately incubated for S min in a poly-L-lysine solution (0.1% in
H,0O, Sigma-Aldrich) before being washed with ultra pure DI water
(>18 MQ, ELGA purification system). Then, Au NPs were deposited
from a citrate-stabilized water suspension (Ted Pella Inc.) and washed
with DI water. The slides were then cleaned using O, plasma to
remove any organic residues and contaminants. The NW synthesis was
conducted using a custom-built CVD system. In addition, SiGe NWs
with various alloy compositions were obtained by varying the
appropriate process flow parameters for GeH, (10% in H,) and
pure SiH, for specified time durations. The specific process parameters
for the various SiGe alloys are provided in Table S1.

SiGe Nanofloret (NF) Synthesis. First, SiGe alloy NWs were
prepared on substrates and stored in an ambient atmosphere for 24 h
to form a native oxide layer. Then, Au-NFs were prepared by reacting
the substrates with NWs in an EtOH solution (99%, ACROS
Organics) containing 1 mM AuCly (99%, ACROS Organics) and a
specified water content for 3 min at room temperature. The treated
substrates were carefully washed with EtOH and TDW to remove
excess salts. Next, Ag-NFs were prepared using the same procedure
with S mM silver acetylacetonate (98%, Aldrich) in EtOH/acetonitrile
1/1 (v/v) (=299.9% Merck). Then, Cu-NFs were prepared using a 10
mM copper acetylacetonate (98%, ACROS Organics) solution with
EtOH/DCM 1/1 (v/v) (299.8%, Sigma-Aldrich) and at the specified
water content. Deposition with different reducing agents was
conducted by using anhydrous tert-butnaol (Aldrich) as solvent for
the above deposition solution with the addition of the specified
amount of anhydrous MeOH, anhydrous EtOH, glucose, phenol, or
ascorbic acid to the deposition solution.

Transmission Electron Microscopy (TEM). First, NW and NF
were synthesized directly on TEM grids with 50 nm silicon nitride
support films (Ted Pella Inc.) following the NF synthesis procedure
described above. Then, TEM and STEM imaging were performed
using an FEI Tecnai F20 G* microscope with EDAX EDS detector.
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Fluid Cell Scanning Transmission Electron Microscopy
(STEM). In situ observations of the Au growth on SiGe nanowires
were performed using a Poseidon 200 fluid cell transmission electron
microscopy holder (Protochips Inc.) in a double Cs-corrected JEOL
2200 FS microscope operated at 200 kV acceleration voltage in
scanning mode using a high-annular angular X-ray detector. The 3C
probe setting and the smallest condenser aperture were used to
optimize the contrast and resolution.

For these studies, two Si chips with a 50 nm thick silicon nitride
membrane each were employed using a spacer thickness of 500 nm
(minimum fluid layer thickness in the beam direction) to separate the
two chips. Before the observations, the SiGe nanowires were deposited
on the lower chip. The experiment was performed using first an
anhydrous EtOH solution, pumped at a rate of 300 xL/h, before the 1
mM Au/EtOH solution was introduced after approximately 30 min
using the same pump rate. Suitable nanowires were selected prior to
the addition of the Au containing solution. After adding the Au/EtOH
solution, the sample was imaged at low magnification (20 k) to
minimize beam-induced reactions. The Au growth related increase of
intensity at the NW tips occurred approximately 15 min after injection
of the Au containing solution corresponding.

Optical absorbency measurements were performed using a
PerkinElmer Lambda 1050 spectrometer with an integrating sphere.

Raman spectroscopy was measured using Renishaw inVia Reflex
Spectrometer using 785 nm diode laser for excitation unless otherwise
specified. Excitation power used was 0.3 yW and spot size of 1.2 pm.
Measurements were performed on NF films prepared on thin
microscope glass slides. Excitation of approximately 10 NF structures
is estimated for this beam spot size based on average film density
evaluated by SEM imaging.
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