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ating of isoprene-passivated
germanium nanowires via Stöber method
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and Hsing-Yu Tuan*

Encapsulation of an amorphous silica shell can significantly enhance the thermal and chemical stability of core

materials. Traditional silica coating methods on semiconductors such as silicon (Si) and germanium (Ge) mostly

involve various high-temperature oxidation processes. This paper describes a solution-based Stöber method

for the coating of Ge nanowires (NWs) with a uniform shell of amorphous silica. Ge–silica core–shell NWs

were prepared by mixing isoprene-protected Ge NWs with tetraethyl orthosilicate (TEOS) and ammonia

solution. The SiO2 species migrated around the surface of the Ge NWs and were incorporated onto the

nanowire through hydrolysis and condensation of TEOS in ammonia solution. Without isoprene passivation, Ge

NWs easily oxidize upon exposure to ambient conditions to form a GeO2�x shell, which renders them water-

soluble and makes the NWs inapplicable. We also show that the thickness of the silica shell can be tuned with

different reaction times. Finally, fluorescein isothiocyanate (FITC) incorporated on the Ge–silica core–shell

structure was demonstrated.
Introduction

Germanium (Ge) is a candidate material for semiconductor
devices that has lower resistivity and higher charge carrier mobility
than silicon (Si).1,2 One dimensional Ge has attracted much
attention because of its important properties for numerous
applications such as eld-effect transistors (FETs) and lithium ion
batteries.3 Synthetic routes to produce Ge NWs include sol-
vothermal, laser ablation, metal-seeded vapor–liquid–solid (VLS),
supercritical-uid–liquid–solid (SFLS) and solution–liquid–solid
(SLS).4–7 Typically, the yield of Ge NWs in SFLS growth is higher
than that of Ge NWs prepared by conventional methods (60–80%
for SFLS growth and 20–30% for VLS growth).7 In addition, the
liquid organometallic precursor (diphenylgermane, DPG, in our
case) is safer and less harmful in comparison with gaseous
precursor used for VLS growth. Ge surface easily forms the
low quality water-soluble germanium oxide (GeO2�x).8 Slight
surface oxidation signicantly degrades nanowire performance in
the case of electronic nanowire devices. As a result, silicon turns
out to become the main stream material in semiconductor
manufacturing instead of Ge.

Recently, many studies have been reported on the surface
passivation of nanomaterials. Organic passivation of nanowires
raises many benecial properties such as better oxidation
resistance, enhanced corrosion resistance, and improved dis-
persibility.9 A variety of organic ligands, such as alkylthios,10
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aromatic thiols11 and alkylamines,12 have also achieved the
passivation function in nanomaterial-based applications.13

Several reports have also shown that with organic passivation,
the semiconductor NWs eld effect transistor (FET) perfor-
mance wouldn't be inuenced by water or gas molecules in
ambient atmosphere,14 and possibly further improve the
performance.15 Korgel et al. reported that Ge NWs passivated by
an organic layer exhibited two orders of magnitude slower
current relaxation and a smaller decrease in current compared
to non-passivated one with oxidized surfaces.16,17

Silica is considered as a protective layer which mainly lies in
its anomalously high stability in the wide range of solvent from
polar to apolar, especially in aqueous media. Furthermore,
functionalized silica is an excellent host material for uorescent
organic dyes which suited for applications in the sensor, biology
and beyond.18,19 Traditional silica coating process is carried out
by carbothermal reduction of SiO2 nanomaterials with active
carbon at temperatures higher than 1250 �C in owing nitrogen
atmosphere.20–25 Afzaal et al. provided a route to prepare PbS/
SiO2 coaxial structure by chemical vapor deposition (CVD)
method on silicon substrate at temperature between 650 and
700 �C.26 Zhang et al.27 and Shi et al.28 have employed a laser
ablation method to synthesize the coaxial nanostructure con-
taining a silica inter-layer and carbon outer-shell. For fabri-
cating Ge–SiO2 core–shell nanostructure, Huang et al. reported
a conventional furnace system to prepare Ge–SiO2 nanotubes.29

Ge–SiO2 nanocables have been fabricated by complicated two-
step process which combined thermal evaporation of SiO
powders and laser ablation of a Ge target.30
This journal is © The Royal Society of Chemistry 2014
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Numerous studies have been conducted on silica coating of
colloidal nanocrystals by aqueous methods. Stöber method is a
common method to coat nanomaterials with silica shell. In
1968, Stöber et al. presented a water–alcohol–ammonia–tet-
raalkoxysilane system to prepare uniform size spherical silica
particles by means of hydrolysis of alkyl silicates in alcoholic
solutions.31 In a typical process, hydrolysis and condensation of
tetraethyl orthosilicate (TEOS) are performed in an ethanol–
ammonia mixture, in which the homogeneous silica shells of
variable thickness were coated onto the core material.32,33 The
Stöber method has been used to encapsulate quantum dots,
polymer, metal and semiconductor nanomaterials, and metal
oxide nanoparticles with silica layers.34–43 In the past decade, the
Stöber method was applied to more one-dimensional nano-
structure, such as gold nanorods and nanowires.44,45 However,
to the best of our knowledge, the Stöber method has not applied
to coat Ge NWs with silica.

Here, we develop an easier method to prepare Ge–silica
coaxial nanowires with well-controlled shell thickness by the
Stöber method. The procedure of silica coating involves the
stability of core materials and chemical affinity to core materials
and silica,36 so the chemical surface modication process is
necessary. The silica coating was carried out by reacting
isoprene-passivated Ge NWs in the presence of ammonia solu-
tion, TEOS, cyclohexane and polyoxyethylene (5)-nonylphenyl
ether (Igepal CO-520). In the reaction, ammonia served as a
catalyst and Igepal CO-520 had proven as a good surfactant to
control the size of the droplets in the silica coating procedure.18

W/O microemulsions (water droplets dispersed in bulk oil)
mechanism was used to explain the silica coating process.
The isoprene passivated Ge NWs were transferred into W/O
microemulsions prepared by mixing cyclohexane, ammonia
solution and surfactant. At the same time, the hydrolysis and
condensation of TEOS take place and form a uniform silica
layer.18,46 Precise control of the silica thickness with nanometer
precision was achieved by tuning the length of reaction time.
Furthermore, the Ge–silica core shell can serve as vehicles
for introducing the organic dyes as uorescent imaging agents.
3-aminopropyltriethoxysilane (APTES) was used to functionalize
the silica shell followed by the uorescein isothiocyanate (FITC)
dye coating. The FITC-coated Ge–SiO2 composite nanowires
were investigated by uorescence microscope.
Experimental section
Chemicals

All reagents were used as received. Diphenylgermane (DPG,
C12H10Ge, 95%) was from Geleste. Isoprene (CH2]CHC(CH3)]
CH2,S99%), hexane (C6H14, anhydrous, 95%), ethanol (C2H5OH,
S99.8%), polyoxyethylene (5)-nonylphenyl ether (Igepal CO-520,
(C2H4O)n$C15H24O, n � 5, average Mn: 441), cyclohexane (C6H12,
S99%), ammonium hydroxide solution (NH4OH solution, ACS
reagent), tetraethyl orthosilicate (TEOS, Si(OC2H5)4, 98%), (3-ami-
nopropyl)triethoxysilane (APTES, H2N(CH2)3Si(OC2H5)3, S98%),
uorescein isothiocyanate (FITC, C21H11NO5S, S90%) were from
Sigma-Aldrich.
This journal is © The Royal Society of Chemistry 2014
Synthesis of Ge nanowires

Ge NWs were synthesized via a slightly modied recipe of our
previous work by the supercritical SFLS approach.9 In the begin-
ning, the titanium reactor was heated to 420 �C and increased the
pressure to 600 psi by ushing hexane into the reactor. The 10 mL
reactant solution was prepared by mixing diphenylgermane (DPG)
with anhydrous hexane in the concentration of 500 mM followed
by addition of dodecanethiol-coated Au nanocrystals. The Au : Ge
mole ratio is 1 : 500 in this reaction. The Ge precursor was loaded
into the injection loop and fed into the reactor at a ow rate of
0.5 mL min�1 to 1000 psi for 30 min. Before removing the NWs
from the reactor, the Ge NWs were passivated with a monolayer of
isoprene. The reactor was then cooled to 220 �C and was ushed
with excess anhydrous supercritical hexane to remove by-products
and unreacted reactants. The pressure was maintained at 500 psi
and 10 mL of isoprene–hexane mixture with the volume ratio of
1 : 4 were added at a ow rate of 4 mL min�1 to 2500 psi and then
reacted for 2 h. Aer the reaction, the reactor was cooled to room
temperature and the Ge NWs were removed from the reactor. The
nanowire product was puried by centrifugation with 30 mL of
hexane–ethanol mixture with the volume ratio of 1 : 2 for three
times.
Synthesis of core–shell Ge–SiO2 NWs

5 mL of Igepal CO-520 was added to 85 mL of cyclohexane in a
250 mL Erlenmeyer ask and stirred at room temperature for
3 min. 5 mL of cyclohexane dispersion of Ge NWs (0.2 mgmL�1)
was added to the 85 mL cyclohexane solution and stirred for
5 min. 650 mL of aqueous NH4OH solution (30% by volume) was
added dropwise to the NWs dispersion, followed by the drop-
wise addition of 10 mL of TEOS. The mixture was sonicated for
30 min and stirred for 6, 12 and 18 h. The SiO2-coated NWs were
then puried by centrifuging for 10 min at 12000 rpm and the
supernatant was discarded. The silica-coated NWs were stored
as a concentrated dispersion for further characterization in
ethanol.
Synthesis and functionalization of Ge–silica core–shell coaxial
NWs by FITC dye

40 mL of 3-aminopropyltriethoxysilane (APTES) was added to the
Ge–silica dispersed in 10 mL anhydrous ethanol, followed by
the addition of 1 mL of ammonia. The resulting solution was
stirred in the dark for 14 h. The product was centrifuged to
remove the excess APTES and further washed with ethanol for
three times, and dissolved in 10 mL ethanol. Aer wash, 10 mg
of FITC was added to the Ge–silica–APTES NWs ethanol solu-
tion. This solution was stirred with the NWs at room tempera-
ture for 24 h in the dark. Finally, the product was collected using
centrifugation at 8000 rpm for 10 min and the supernatant was
discarded.
Characterization

The products were characterized by scanning electron micros-
copy (SEM), transmission electron microscopy (TEM), energy
dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD),
RSC Adv., 2014, 4, 40146–40151 | 40147
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Fig. 2 The FTIR spectra of Ge NWs without isoprene (black line) and
with isoprene (red line) modification.
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attenuated total reectance Fourier transform infrared (ATR-
FTIR). SEM images were obtained using a HITACHI-S4700
eld-emission SEM, operated with 5–15 kV accelerating
voltage with working distances ranging between 10 to 20 mm.
For TEM imaging, the nanowires dispersed in anhydrous
ethanol were drop-cast onto a 200 mesh lacey carbon-coated
copper grid (Electron Microscope Sciences). HRTEM and EDS
were performed on a JEOL, JEM 2100F using 200 accelerating
voltage equipped with an Oxford INCA EDX. XRD patterns were
recorded by a Rigaku, Ultima IV X-ray diffractometer using Cu-
Ka radiation source (l ¼ 1.54 Å) operated at 40 kV and 20 mA.
UV-Vis absorption spectra were obtained using a Hitachi U-4100
spectrophotometer with the nanowires dispersed in DI water
and photoluminescence (PL) spectra were taken using a Spex
Fluorolog-3 Spectrophotometer.
Results and discussion

The schematic of experimental design for the growth of the
core–shell nanowires is illustrated in Scheme 1.

The Ge NWs were prepared by decomposing DPG in the
presence of Au nanocrystals in hexane at 420 �C and 1000 psi
through SFLS method. From SEM images (Fig. 1), the diameter
of Ge NWs is in the range of 40–60 nm, and the length is 20–60
mm, respectively. The chemical surface modication process
was carried out by adding isoprene into the reaction. The
isoprene-passivated Ge NWs showed more chemical stability
than the untreated one.16 In order to conrm the passivation
condition on the Ge surface, FTIR measurement was applied to
detect the functional group (Fig. 2). For disordered liquid-like
alkane chains, the symmetric and asymmetric CH2 stretches
occur at 2855 and 2924 cm�1. Isoprene chains with ordered
packing lead to signals at lower vibrational frequency.17 Without
the isoprene passivation, there is no obvious peak in this range.
Scheme 1 Schematic illustration for the fabrication of Ge–silica core–shell
structure and the decoration FITC.

Fig. 1 SEM image of high-quality Ge NWs prepared by the SFLS method.

40148 | RSC Adv., 2014, 4, 40146–40151
Isoprene as a good passivation reagent for Ge NW has been
proven before.47,48 This passivation layer enhances the carrier
mobility and prevent oxidation of Ge surface.16 It is found that
hydrolyzed TEOS has a high affinity for the Ge NW surface and
easily form the silica layer onto it. Without the help of the
isoprene layer, Ge NWs were oxidized and etched during the
TEOS hydrolysis reaction.

Coating of these Ge NWs with amorphous silica was achieved
using the Stöbermethod.31 Ammonia is the widely-used catalyst for
silica formation.49 This process has been extensively exploited to
form uniform coatings on nanoparticles since the growth occurs
on a molecular scale.32 Li et al. noted that the ammonia-catalyzed
process follows the LaMer model in which accumulation of
monomer reach the critical concentration for nucleation with a
swi burst of nuclei and followed by the uniform shell growth
without further nucleation.41,50

Further, the Ge NWs can indeed be transferred into water
phase with the silica coating. The silica coated Ge NWs much
improve the stability in DI water. Fig. 3a shows the results of the
isoprene passivated Ge NWs dispersed in hexane (le), Ge NWs
dispersed in DI water (middle) and Ge–silica core–shell NWs
dispersed in DI water (right). The isoprene passivated Ge NWs
can't be dispersed in DI water due to the hydrophobic property,
which limit the applications in many elds. The Ge–silica core–
shell NWs can be well-dispersed in DI water for more than 30
min, however, the isoprene passivated Ge NWs can't be well
dispersed in hexane for a long time.

We also tried to apply the process directly on the bare Ge NWs
without surface passivation. However, there appears serious
surface etching compared to the one with isoprene passivation.
The TEM images illustrated in Fig. 4 reveal the generalmorphology
Fig. 3 (a) The photograph of Ge–isopreneNWs dispersed in hexane (left),
Ge–isoprene NWs dispersed in DI water (middle), and Ge–silica core–
shell nanowires dispersed in DI water. (b) The photograph of Ge–silica
core–shell nanowires (left) and Ge–isoprene NWs (right) dispersed in the
DI water and hexane mixture and stand for 30 min.

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 TEM image of the Ge–silica core–shell NWs. (a) Ge NWs were
not passivated with isoprene before the silica coating procedure. After
silica coating, the Ge NWs were etched. (b) Ge NWs were passivated
with isoprene before the silica coating procedure. After silica coating,
Ge NWs were coated with a uniform layer of silica. Fig. 6 Ge–silica core–shell structure line scan and EDS-mapping.
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of the Ge–SiO2 core–shell NWs with and without surface passiv-
ation. Without isoprene passivation, a layer of GeO2�x formed and
the nanowires were etched during reactions, resulting in non-
smooth interface.

Fig. 5a shows typical SEM image of the silica-coated Ge NWs
prepared using the Stöber method. The result demonstrated
that the silica can be coated onto the isoprene-passivated Ge
nanowire with high stability. Silica could be coated onto the
surface of Ge NWs, however, by-products in the form of aggre-
gated silica were also present in the sample. The XRD patterns
of the as-prepared Ge NWs and Ge–SiO2 core–shell NWs are
shown in Fig. 5b. The amorphous nature of the silica layer was
shown by the absence of XRD pattern, and no impurity peaks
could be observed. From the TEM image, the product was
primarily composed of Ge NWs with a uniform silica shell with
diameter of 7.5 nm. High-resolution TEM (Fig. 5d) shows both
single-crystal Ge NWs and amorphous silica shell with the
interplanar spacing of 0.33 nm, corresponding to <111> growth
direction.

To further verify the core–shell structure, STEM-EDS line
scan and mapping were carried out. The line scan spectra in
Fig. 6a shows clear germanium, silicon and oxygen signals.
Fig. 5 Characterization of Ge–silica core–shell structure. (a) SEM
image. (b) XRD pattern of as-prepared Ge NWs (black line) and
Ge–silica core–shell (red line) (c) TEM image and (d) HRTEM
image.

This journal is © The Royal Society of Chemistry 2014
From the spectra, we can speculate that silicon is uniformly
coated on the Ge surface. STEM-EDS mapping of core–shell
NWs also conrms that Si and O are equally distributed around
Ge NWs.

It has been proven that the thickness of silica layer could be
controlled by changing the parameters (e.g. the concentration of
the precursor solution and/or the reaction time).51 We illus-
trated that this procedure can be extended to coat Ge NWs with
controllable silica shell thickness. The shell thickness was
directly proportional to the reaction time. We were able to vary
the shell thickness in the range of 5–20 nm. Fig. 7 shows the
TEM images of Ge NWs with different thickness of amorphous
silica shells.

In Ge–silica core–shell hybrid structure, silica layer provides
a chemically and mechanically stable medium, which can
protect the encapsulated Ge NWs from external disturbance and
perturbations and use as a platform for further functionaliza-
tion. Functionalized silica is a common solid host for embed-
ding uorescent dyes which have good stability and
biocompatibility in biological applications.52 Furthermore, the
silica solid host can take advantage of preventing the self-
quenching of dye molecular decreasing the unwanted energy
transfer.53
Fig. 7 TEM image of Ge–silica core–shell structure with different
reaction time: (a) 6 h, (b) 12 h and (c) 18 h. And the analysis of the silica
shell thickness vs. reaction time.

RSC Adv., 2014, 4, 40146–40151 | 40149
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Fig. 8 (a) UV-Vis absorbance spectra and (b) PL spectra of FITC doped
Ge–silica core–shell NWs. The inset of (b) is the sample illuminated by
UV light. (c) Optical microscope image and fluorescence microscope
image of FITC doped Ge–silica core–shell NWs.
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We demonstrated that FITC could be incorporated onto
silica shell. APTES is one of the most frequently used organo-
silane coupling agents for conjugation with FITC. APTES was
attached onto the Ge–silica surface followed by FITC incorpo-
ration. Aer overnight stirring, FITC was conjugated on the
functionalized Ge–silica core–shell structure. The product was
characterized by UV, PL and uorescencemicroscope. When the
sample was illuminated by UV light at the wavelength of 380
nm, it emitted green light. From UV-Vis spectra, the presence of
strong peaks around 490 and 512 nm are typical FITC absorp-
tion position. Fluorescence excitation and emission spectra for
Ge–silica–FITC shows an obvious peak at around 530 nm. Using
a uorescence microscope setup, it's approved that the FITC
was successfully incorporated onto the Ge–silica NWs structure,
as shown in Fig. 8.
Conclusions

In summary, we applied the Stöber approach to prepare Ge–silica
NWs core–shell nanowires. Isoprene-protected Ge NWs were
mixed with TEOS and ammonia solution to form a uniform layer
of SiO2. With the monolayer organic passivation, the surface
etching of Ge NWs in the aqueous solution can be avoided. The
thickness of the silica shell can be varied from 6–20 nm with
various reaction time. The silica not only increases the stability,
but also allows the Ge NWs incorporated with FITC on the surface.
This study gives precise control of the interfaces in 1D hetero-
structures, which is crucial in the assembly of electronic, biological
and optoelectronic devices.
40150 | RSC Adv., 2014, 4, 40146–40151
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