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’ INTRODUCTION

In recent years, metal nanoparticles have attracted much
attention due to their uses in a wide range of applications such
as in catalysts,1 surface-enhanced Raman scattering (SERS),2 and
biological applications (sensor, biological imaging, cancer ther-
apy, etc).3,4 In the past few years, many fabrication strategies such
as colloidal chemistry and electrodeposition methods have been
used to prepare metal nanoparticles such as Ag, Cu, Pt, Pd, and
Au.5,6 Recently, we reported the redox surface chemistry of Si
nanowires (SiNWs) in connection with the fabrication of
metallic nanostructures using a nanostructure template by study-
ing the reaction of SiNWs with a number of metal ions such as
Ag, Cu, Pd, Rh, Au, etc., in solution.7�10 We found that the HF-
etched SiNW surface is hydrogen-passivated and can readily
reduce metal ions to metal nanostructures at room temperature,
becoming reoxidized in the process, via the galvanic displace-
ment reaction. These nanosystems generally exhibit electronic
properties different from those of the bulk materials. By reduc-
tively depositing metal nanoparticles on the surfaces of SiNWs in
solution at room temperature, we assembled these metal nano-
particles, whichmay be considered as zero-dimensional nanodots
on one-dimensional nanowires.11 It is believed that the fabrica-
tion of such metallic nanodots on semiconductor nanowires will
eventually lead to new and novel composite materials of im-
portance in nanotechnology, for example, as high-efficiency
catalysts12 and SERS substrates.13�18 Compared with Si, Ge

has gained renewed interest as a material of choice for future
electronics and high-performance devices.19 Because of their
smaller effective mass, electrons and holes exhibit higher mobility
in Ge than in Si, making Ge a better choice for high-performance
logic computing. In addition, the larger exciton Bohr radius of Ge
(24.3 nm) compared to that of Si (4.9 nm) allows for quantum
confinement to be observed in relatively larger structures,20,21

potentially useful for extremely low-power, high-speed quantum
computing. Also, Ge nanowires offer the advantage of lower
growth temperature compared to that of Si nanowires, making
their direct integration into nanochip fabrication much easier.22

While several successful synthetic strategies have been studied to
prepare high-quality germanium nanowires, such as laser abla-
tion,23 vapor transport,24,25 chemical vapor deposition (CVD),26

and supercritical fluid-liquid�solid (SFLS),27 information on the
surface properties of GeNWs is relatively lacking,28�30 especially
surface chemical reactivity properties.

In this article, we studied the chemical reactivity of GeNWs
through the redox reaction process on GeNW surface in aqueous
solution using Ag ions as a sample. The oxide outer layer of the
as-prepared GeNWs can be easily removed by a HF treatment.
Ag nanoparticles have been self-assembled on the surface of

Received: January 19, 2011
Revised: May 13, 2011

ABSTRACT: Silver nanoparticles (AgNPs) have been reductively
fabricated on the hydrogen-terminated surface of germanium nanowires
(GeNWs), which exhibited moderate reactivity toward the direct
reduction of Ag (I) ion to metal nanoparticles in aqueous solution at
room temperature. The electronic properties of the AgNPs/GeNWs
system have been studied by X-ray photoelectron spectroscopy. The Ag
nanoparticle-embedded germanium nanowires have been used as a
unique surface-enhanced Raman scattering substrate, which could
achieve the single molecule detection. The observed enhancement factor
of the fabricated AgNPs/GeNWs substrate was estimated to be 107.
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HF-etched GeNWs at room temperature. Although the redox
process of GeNWs is similar to that of SiNWs, the difference in
morphology and structure of the formed products between
GeNWs and SiNWs was observed due to the higher surface
reactivity of Ge and much lower stability of Ge oxide in aqueous
solution than those of Si. The electronic properties of AgNPs and
GeNWs have been studied by X-ray photoelectron spectroscopy
(XPS). The as-prepared AgNPs/GeNWs can be applicable as an
ultrasensitive SERS substrate.

’EXPERIMENTAL SECTION

GeNWs used in this work were prepared by the thermal evaporation
method under the vapor�liquid�solid (VLS) mechanism as described
previously.25 In brief, GeNWs have been synthesized by the thermal
evaporation of Ge powder at 950 �C and then deposited onto the Si
wafer substrate at∼600 �C using Au nanoparticles as catalysts. Figure 1
(a) shows the scanning electron microscopy (SEM) image of as-prepared
GeNWs of several micrometers in length with high density. Under
transmission electron microscopy (TEM) imaging (see Figure S1a in
the Supporting Information), the as-prepared GeNWs have a crystalline
core of ∼50 nm on average, which is coated by a thin layer germanium
oxide (the thickness is about 5 nm). The oxide layer was removed by
immersing the as-prepared GeNWs into a 5% HF aqueous solution for
2 min (Figure S1b, Supporting Information). The HF-etched GeNWs
were rinsed with deionized water and then immediately immersed in
silver(I) nitrate aqueous solutions with different concentrations (10�3 M,
10�4 M, and 10�5 M) for one minute. After the reaction, the treated
GeNWs were rinsed in deionized water and dried immediately by N2

blow and transferred into a vacuum chamber for further measurements.
The morphology and structure of the products were first character-

ized by SEM (FEI Quanta FRG 200F) and high-resolution TEM
(HRTEM) (FEI Tecnai G2 F20 S-TIWN). The surface state of the
as-synthesized products was obtained by XPS measurement (Kratos
AXIS UltraDLD ultrahigh vacuum (UHV) surface analysis system), using
Al KR radiation (1486 eV) as a probe. An electron flood gunwas used for
all measurements to compensate charging, and final spectra were

calibrated to the adventitious carbon C 1s peak at 284.6 eV. Survey
and high-resolution spectra were recorded at 80 and 20 eV pass energies,
respectively, with an energy resolution of 0.5 at 20 eV pass energy. A Lab
RAM HR 800 Raman microscope was used to carry out the SERS
measurements, and the as-prepared AgNPs/GeNWs were used as SERS
substrates. R6G was chosen as a model analyte to investigate the
performance of the AgNPs-coated GeNWs as a substrate for SERS
detection because R6G is extensively studied and well characterized by
SERS.31,32 The SERSmeasurements were performed by dropping 10 μL of
R6G methanol solution of different concentrations (from 10�2 M to
10�16M) onto the substrates. An argon ion laser of 514.5 nm at a spectral
resolution of 1 cm�1 and a spot size of 1 μm was used for excitation. The
laser power on the specimens was measured at 4 mW. The recorded
spectra were raw data without any background subtraction or processing.
The mapping function was applied to measure the SERS signal when the
concentration of R6G is below 10�13 M. The mapping size used in the
experiment is 100 � 80 μm2, and the scan rate is set at 1 s/spectrum.

’RESULTS AND DISCUSSION

It is well known that the as-prepared GeNWs have an oxide
outer-layer due to oxidation of the GeNWs during or after growth.
The oxide layer can be removed by a dilute HF aqueous solution.
The HF-etched GeNWs were passivated by hydrogen, forming
GeHxon the surface ofGeNWs.30The hydrogen-terminatedGeNW
(H-GeNW) is a modest reducing agent in aqueous solution. The
H-GeNWs can readily reduce metal ions to nanoparticles on the
surface ofGeNWs at room temperature, serving both as a reducing
agent and a nanotemplate substrate. In this process, theHF-etched
GeNW surface is reoxidized to formGeOx, but GeOx can dissolve
in the water to formGe(OH)4, whichmay facilitate the total redox
reaction. Although a plausible reactionmechanism can be deduced
from the reaction products, the reaction between H-GeNWs and
metal ions in solution is a complex surface electrochemistry
process. We propose the oxidation�reduction half reactions in
the Ag-GeNWs system shown in Scheme 1.

Figure 1. SEM images of (a) as-prepared GeNWs and (b�d) Ag nanoparticles on GeNWs, formed in 10�3 M, 10�4 M, and 10�5 M Ag (I) solution,
respectively. (e�g) TEM images of AgNPs on GeNW formed in 10�3 M, 10�4 M, and 10�5 M Ag (I) solution, respectively.
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Since the surface GeHx (x = 1�3) species is consumed quickly
following the half reaction (eq 1), we believe that the Ge is the
main reducing source for metal nanoparticle formation (half
reaction eq 2). The standard potential of half reaction 2 is 0.15 V,
and after considering the reaction happens in neutral medium
with pH = 7, the potential of half reaction 2 changes to�0.26 V
according to the Nernst equation. The potentials of half reaction
3 are 0.62, 0.56, and 0.50 V for Ag+ concentrations of 10�3, 10�4,
and 10�5 M, respectively. The lower the potential, the easier it is
for the reactant to lose electrons and be oxidized. Compared to
the potential of the half reaction of Si to SiO2, 0.44 V at pH 7,
GeNWs have a lower potential to reduce metal ions, such as Ag+,
Cu2+, Au3+, etc., ions to metal. The SEM images with EDS results
of 10�3 M HAuCl4 and Cu(NO3)2 aqueous solution treated
GeNWs are shown Figure S2 in the Supporting Information.

The products from the reaction of HF-etched GeNWs and
silver(I) nitrate of different concentrations are shown in Figure 1.
It is observed that for all three Ag+ concentrations, high-density
Ag nanoparticles were formed on the surface of GeNWs. The
density of AgNPs increased with increasing Ag+ concentration,
while the particle size decreased with decreasing Ag+ concentra-
tion. The coverage percentages of AgNPs from 10�3 M, 10�4 M,
and 10�5MAgNO3 on theGeNWs surface are estimated to 70%,
30% and 8%, respectively, by using contrasted image treatments
followed by statistical measurements. The average sizes of
AgNPs are 5, 10, and 15 nm for 10�5 M, 10�4 M, and 10�3 M
Ag+ concentration, respectively. The detailed structures of the
AgNPs/GeNWwere imaged byHRTEM as depicted in Figure 2,
which shows the typical structure of the AgNPs/GeNW treated
by 10�4 M Ag+ solution. The HRTEM images of 10�3 M and
10�5 M Ag+ solution treated GeNW are shown in Figure S3
(Supporting Information). These nanoparticles have a lattice

spacing of 0.24 nm indicating that the particles are crystalline Ag
with a face-centered cubic (fcc) structure, and the GeNWs have a
0.33 nm spacing of Ge (111) planes. Compared to the AgNP/
SiNW system,7 the AgNP/GeNW shows two distinct features.
First, the metal nanoparticles are directly attached to the GeNW
surface with no interfacial oxide, while in AgNPs/SiNWs, Ag nano-
particles were attached to or embedded in Si oxide. Second, the
density of metal nanoparticles on GeNWs is much larger than that
on SiNWs. These differences are attributed to the differences in
surface reactivity of Ge and Si and stability of their oxide in water.

Detailed information about the surface electronic structure of
the obtained AgNPs/GeNWs was provided by the XPS analysis.
Figure 3a shows the XPS spectra of Ag 3d of the AgNPs, from the
different concentrations (10�3, 10�4, and 10�5 M). For GeNWs
treated in different concentrations, the XPS spectra are similar,
except that the signal-to-noise ratio decreases slightly with
decreasing concentration of the metal ion solutions, due to the
formation of smaller amount of nanoparticles (low density and
small size of AgNPs) in the lower concentration solution. The
binding energies of Ag 3d5/2 and Ag 3d3/2 are detected at 368.1
and 374.1 eV, respectively, which are well consistent with those of
Agmetal, confirming that they areAg nanoparticles on the surface of
GeNWs. Figure 3b records the evolution of theGe 3d electronic state
versus Ag ion solutions. In the Ge 3d region of the as-prepared
GeNWs, there is an intense peak (33.2 eV) at∼3.6 eV above the

Figure 3. XPS spectra of (a) Ag 3d XPS spectra of GeNWs treated in
different concentrations (10�3, 10�4, and 10�5 M) of silver nitrate, (b)
Ge 3d XPS of the as-prepared and HF-etched GeNWs, and GeNWs
treated in different concentrations (10�3 M, 10�4 M, and 10�5 M) of
silver nitrate.

Scheme 1. Oxidation�Reduction Half Reactions in a
Ag-GeNW System

Figure 2. HR-TEM image of GeNWs treated by a 10�4 M silver(I)
nitrate solution.
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binding energy of the Ge 3d (a broad peak centered at 29.6 eV).
It has been established that surface Ge can be readily oxidized by
electronegative elements through several oxidation states (1�4),
and the binding energy increase associated with an unit increase
in oxidation state (i.e., per Ge�O bond) is ∼0.85 eV.33 The
intense peak is thus attributed to GeO2 on the outer layer of the
GeNWs. In addition, there is a broad peak centered at 24 eV,
which is the O 2s peak of oxygen in GeO2. After HF etching, the
oxide peaks disappear, and the Ge 3d peak exhibits a 3d3/2 and
3d5/2 spin�orbit splitting of 0.58 eV. This further confirms that
the GeO2 outer layer was clearly removed by HF etching. After
immersing into silver nitrate solutions, a broad suboxide peak
centered at 32.2 eV appears at slightly lower binding energy than
GeO2, representing Ge3+ with little Ge2+ and Ge+ oxidation
states. It was found that the surface of GeNWs can only be
oxidized to Ge3+ under atmospheric conditions and could be
oxidized to Ge4+ under UV irradiation.34 As Ag+ concentration
increases, the intensity of the oxide peak slightly increases, but
unlike the case of AgNPs/SiNWs, where the Si oxide peak
exhibited a significant increase with increasing Ag+ concentra-
tion. We suppose that surface Ge atoms and Ge-hydrogen bonds
in the etched GeNWs were oxidized by the silver ion in the
solution; thus, the Ge surface was oxidized again, and oxidation
would be more extensive with increasing Ag+ concentration.
Since Ge oxide is water-soluble and can dissolve in the solution
immediately after formation, consequently little surface oxide
was left and detected by XPS, and no apparent oxide was
observed in HRTEM image.

AgNPs have been widely used as the SERS source due to their
strong SERS activity.35�37 SERS has become a powerful tech-
nique to detect chemical and biological molecules toward single-
molecule detection sensitivity. There are some reports about
silver nanoparticles coated on SiNWs surface as the SERS
substrate.13,14,35�37 Here, GeNWs coated with Ag nanoparticles
were used as SERS substrates to detect Rhodamine 6G (R6G), a
typical model analyte for SERS performance evaluation, and
shown to be ultrasensitive SERS substrates. There is no enhance-
ment effect on the GeNWs without Ag nanoparticles. The
GeNW substrate displays very weak Raman signals for a 10�3 M
R6G aqueous solution, with a detection limit of only ∼10�4 M.
According to the electromagnetic theory of SERS, the size,
shape, and proximity of nanostructures all affect the frequency
andmagnitude of the localized surface plasmons, i.e., the degree
of Raman enhancement.38 The characteristics of Ag nanopar-
ticles, i.e., size, separation, and high density, coated on GeNWs
may provide an optimum environment for the enhancement in
Raman signals. The three different AgNP/GeNW substrates
from three concentrations of Ag+ solution (10�3, 10�4 ,and
10�5 M) treated GeNWs were applied in the SERS test using
10μL 10�8MR6Gas the probe. The results are shown in Figure 4a.
Prominent Raman bands of R6G at 1650, 1572, 1505, 1361,
1306, and 1180 cm�1 are observed in Figure 4a. The peak at
1180 cm�1 is associated with C�C in-plane bend modes, and the
signals between 1306 and 1650 cm�1 are due to aromatic C�C
stretching vibrations.39 We found that 10�3 M Ag+ treated
GeNWs exhibit the best performance in the SERS tests probably
due to the optimized size, separation, and density of AgNPs on
GeNWs. The 10�3 M Ag+ treated GeNWs have high density
AgNPswith 70% coverage onGeNWs, and the diameter of AgNPs
is around 15 nm, which is the optimum size for SERS.38,40

Figure 4b shows the corresponding SERS spectra on the 10�3 M
AgNP/GeNW substrates for R6G of different concentrations.

When the amount of R6G on the AgNP/GeNW substrate
(5 mm2 in area) was reduced to 10�16M (10 μL solution contains
about 602 molecules), there are about 8 R6G molecules in the
mapping size (100� 80 μm2). The peak of R6G molecules were
still observed as shown in curve c, which contains the same
characteristic Raman peaks of R6G in common with curves a
and b. This indicates that the AgNPs/GeNWs substrate is
promising for probing single molecules due to its high surface
enhancement efficiency.

Localized surface plasmon resonance (LSPR) makes a major
contribution to the electromagnetic field enhancement and
therefore SERS. The LSPR strength and frequency are influenced
by the incident laser wavelength, the morphology of the substrate,
and the surrounding medium.41�43 In order to investigate the
LSPR effect in AgNPs/GeNWs substrate, the extinction spec-
trum of AgNPs (10�3 M) /GeNWs was recorded by UV�vis
spectroscopy, as shown in Figure S6 (Supporting Information).
Generally, the AgNPs dispersed in solution or formed in 2-D
films have one isolated plasmon peak in their extinction spectra,
and the peak position and shape are dependent on the size, shape,
arrangement (e.g., density and interparticle spacing), and the
surrounding dielectric constant of AgNPs.44�46 In our case, the
AgNPs are distributed on a 3-D GeNW network with high

Figure 4. (a) SERS spectra of 10 μL 10�8 M R6G on (a) 10�3 M, (b)
10�4 M, and (c) 10�5 M AgNO3 treated GeNWs substrates. (b) SERS
spectra obtained from AgNPs-coated GeNWs treated with 10 μL of
R6G solution of different concentrations. (a) 10�13 M R6G, (b) 10�15

M R6G, and (c) 10�16 M R6G.
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density and reduced interparticle spacing, and the dipoles
induced by plasmon resonance would couple and transmit on
the whole surface. Consequently, the plasmon resonance absorp-
tion of our substrate is broad and strong, which is an evidence for
the high enhancement effect of the AgNPs/GeNWs substrate.

Significantly, the SERS result on AgNPs/GeNWs is better
than that on AgNP/SiNW substrate whose detection limit is
1500 molecules.13 It may be due to the absence of oxide between
AgNPs and GeNWs or that on AgNPs because oxide may
adversely affect surface plasmon resonance. In addition to
electromagnetic enhancement, the chemical enhancement invol-
ving an enhanced scattering process associated with chemical
interaction between the molecule and the SERS surface may
contribute to the total enhancement. AgNPs were directly
deposited on crystalline Ge nanowires, and the surfaces of
AgNPs are completely free of organic contaminations and
oxidation. The clean surface of AgNPs would expose more active
centers for interactions with dye molecules, thus additionally
increasing the chemical enhancement effect. The detailed me-
chanism needs to be further investigated.

Raman enhancement factor (EF) can be estimated from the
experiments as follows:47,48

EF ¼ ISERS=NSurf

IRS=NVol

where ISERS and IRS are the Raman intensity of the same Raman
band under SERS and normal Raman conditions, respectively.
NSurf and NVol are the number of molecules on the SERS
substrate and that in bulk illuminated by the laser focus spot,
respectively. Here, the two strongest Raman bands at 1650 cm�1

and 1361 cm�1 are selected to calculate the EF.49 During the
experiment, the Raman measurement parameters including the
laser power were kept constant. The IRS was obtained from 10�3

M R6G solution on a GeNWs sample. The ISERS could be
obtained from 10�9 M R6G on the AgNP/GeNW sample. NVol

values were estimated by considering the laser spot scattering
volume to be 2.1� 106 molecules, and NSurf values are primarily
determined by the number of R6G on the surface of AgNPs in the
scattering volume. NSurf = 0.74 molecule was determined.
Detailed calculations can be found in the Supporting Informa-
tion. Note that this value, which is lower than onemolecule in the
confocal volume, is still sufficient to record a Raman signal. This
can be explained by the molecular migration during acquisition
due to Brownian motion and/or the adsorption of R6G mol-
ecules on the AgNPs.50,51 On the basis of calculations, the EF
value of the AgNP/GeNW substrate is 3.8� 107 and 4.3� 107,
respectively, depending on the choice of the Raman peaks. The
EF of the AgNP/GeNW substrate estimated to be 107 and 10�9

M R6G is already in the single molecule detection range.52

’CONCLUSIONS

Silver nanoparticles with a small diameter and high density
have been self-assembled on the hydrogen-terminated surfaces of
GeNWs, which play a key role in the reduction of Ag (I) ion to
metal nanoparticles in aqueous solution at room temperature.
The AgNPs are well-defined single crystals and directly attached
to the surface of GeNWs due to the dissolution of formed Ge
oxide in water. The GeNW surface shows a much higher
reactivity than the SiNW surface in the redox process. The Ag
nanoparticle-embedded GeNWs have been used as unique SERS
substrates, which can detect 10�16MR6G inmethanol solutions.

The enhancement factor of the AgNP/GeNW substrate was
estimated to be 107.
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