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1.1. Introduction

Considerable interest has been shown in the research and development of silicon nanowires
(SiNWs) for various applications in the fields of nanoscale electronics,[1-3] thermoelectric,[4]
photovoltaics,[5-8] battery electrodes,[9] electronic biosensors,[10] and field-effect
transistors.[11-13] Silicon-based materials are strongly favored due to their material abundance
and nontoxicity leading to low production/processing cost and high production yield.[14,15] In
recent years, many synthesis techniques for SINWs have been developed. The synthesis of
SiNWs can be achieved using metal-catalyzed growth, known as vapor-liquid-solid growth,[16]
chemical vapor deposition or physical vapor deposition method,[17] or electron beam
evaporation.[18-21] These methods are quite accessible and well controlled. However, these
techniques often require hazardous silicon precursors, high temperature, complex equipment,
and other vigorous conditions. In addition, the growth of SiNWs is very slow and the cost is
high.

Recently, metal-assisted chemical etching (MACE) has been widely used for the synthesis of
SiNWs, because this technique has advantages such as simplicity, low operating temperature,
and low cost.[22,23] Pt, Au, Pd, Cu, and Ni depositions on silicon wafers in HF solution have
been extensively studied.[24-26] MACE is a localized microelectrochemical redox reaction
process in which both anodic and cathodic processes occur simultaneously on the silicon
surface, involving the spontaneous oxidation of silicon atoms and the reduction of metal ions to
metallic particles in the absence of an external source of electric current. The morphologies of
SiNWs can be affected by many factors such as doping type, doping level, orientation of silicon
wafers, concentration of H,O, in the etchant, and etching temperature.

Porous silicon has been intensively investigated for a variety of applications such as chemical
and biological sensors, drug delivery carriers, and medical diagnostics, since it has a very large
specific surface area in the order of a few hundreds of m*cm’, corresponding to about one

thousand times the surface area of a polished silicon wafer.[27-37] The direction and size of
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pores depend on surface orientation, doping level, doping type, temperature, current density,
and the composition of etching solution.

For an application of battery electrodes, the SINW anode showed larger charge capacity and
longer cycling stability than conventional planar-polished Si wafers.[38,39] Porous SiNWs
would be ideal to further enhance charge capacity and cycling stability, by alleviating volume
change of Li-Si alloy during lithium insertion and extraction. However, to our knowledge, only
one method for the synthesis of porous SiNWs has been presented in literatures, where
hydrogen peroxide concentration in the etching solution is varied to control porosity.[40,41]
Here, we report an efficient synthetic route producing porous SiNWs through the MACE of

porous silicon.
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1.2. Experiments

1.2.1. Materials

HF (48 - 51%, ACS Reagent, J.T. Baker, PA, USA), H,O, (30%, ACS Reagent,
Sigma-Aldrich, St. Louis, MO, USA), HNOs; (70%, ACS Reagent, Sigma-Aldrich),
acetone (99.9%, ACS Reagent, Sigma-Aldrich), ethanol (99.8%, Merck, Darmstadt,
Germany), and AgNO; (>99.995%, Alfa Aesar, Massachusetts, USA), silicon (100)

wafer (Prime grade, Siltronix Inc., Archamps, France) were used as received.

1.2.2. Preparation of porous silicon

Si (100) wafers (p-type, boron-doped, 1 - 10 Q-cm, 500 U m thick) were used to fabricate
porous silicon by anodic electrochemical etching (ECE) in ethanolic HF consisted of a 1:1
volume mixture of aqueous 48% hydrofluoric acid and absolute ethanol. The galvanostatic etch
was carried out in a Teflon cell using a two-electrode configuration with a Pt counter electrode.
Porous silicon samples were prepared at an anodization current of 30 mA/cm? for 3, 5, 10, 20,
and 30 min, respectively. The anodization current was supplied by a Keithley 2420
high-precision constant current source (Keithley Instruments Inc., Cleveland, OH, USA). All
samples were then rinsed several times with ethanol and dried under argon atmosphere prior to

use.

1.2.3. Preparation of porous SINWs

After the electrochemical etching, Ag nanoparticles were spin-coated on the as-prepared
porous silicon, by using the Ag-coating solution containing 4.8 M HF and 0.04 M AgNO;.
After the Ag-nanoparticle coating, the porous silicon was washed with water to remove extra
Ag’ ions and then immersed in the oxidizing HF etching solution composed of 4.8 M HF and
30% H,0, (10:1 v/v) in a reaction vessel. After the etching at room temperature, the porous

SiNWs were washed repeatedly with water and then immersed in dilute HNO; (1:1 v/v) to
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dissolve the Ag catalyst. The porous SiNW samples were rinsed with deionized water and dried
at room temperature; their surfaces were colored deep black and their rear sides were colored
gray. To obtain transmission electron microscopy (TEM) images, the porous SiNWs were
sonicated in ethanol. The TEM specimens were prepared by dipping carbon micro-grids (Ted

Pella Inc., 200 Mesh Copper Grid) into the ethanol solution.

1.2.4. Preparation of SiNWs

The silicon wafers were cut into 10 mm?® pieces and cleaned by rinsing in acetone for 2 min
followed by an ethanol rinse for another 2 min. Native SiO, removal was carried out by brief
dipping in 48% HF solution followed by 2% HF rinsing for 1 min. Finally, the samples were
rinsed in deionized water and blow-dried with nitrogen. This cleaning procedure yields
hydrogen-terminated silicon surfaces (for a limited time of a few minutes), which allowed for
subsequent silver deposition on oxide free silicon wafer surfaces. Then the method described

for the porous SiNWs using the silicon wafers instead of porous silicon was followed.

1.2.5. Instrumentation and data acquisition

Morphologies of porous silicon and porous SiNWs were obtained by a cold field emission
scanning electron microscopy (FE-SEM, S-4800, Hitachi). The high resolution TEM employed
in this work is a Philips TECNAI F20 microscope operating at 200 keV.
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1.3. Results and Discussion

Porous silicon has been intensively investigated for a variety of applications based on
porosity, since it has a very large specific surface area in the order of a few hundreds of
m’/cm’, corresponding to about one thousand times the surface area of a polished silicon wafer.
The electrochemical process generates a uniform layer of porous silicon; the thickness and
porosity of a given layer is controlled by the current density, the etching duration, and the
composition of the etchant solution. The SiNWs as lithium-ion battery anodes showed a larger
charge capacity,[36] However, they still exhibited a volume expansion problem during the
lithium insertion and extraction process. Porous SiNWs, the combination of porous silicon and
SiNW, would be an ideal candidate for lithium-ion battery anodes and were fabricated through
the MACE of porous silicon with silver nanoparticles. In our experiment, an anodic etch of
p-type silicon wafer with resistivities of 1 - 10 Q-cm in ethanolic HF solution generally
produces a porous silicon single layer with a network of micropores, rather than mesopores or
macropores. The average pore size of the p-type porous silicon was about 3 nm. The
as-prepared porous silicon was used to fabricate porous SiNWs through MACE.

Figure 1 shows the schematic diagram for the synthesis of porous SiNWs through the MACE
of porous silicon with silver nanoparticles.

Figure 2 shows the SEM cross-section images of the porous silicon and the SiNWs, with
different etching times. The growth of porous silicon as shown in Figs. 2(a), 2(b), and 2(c) was
obtained with the etching times of 5, 10, and 30 min, respectively. The growth of SiNWs as
shown in Figs. 2(d), 2(e), and 2(f) was obtained with the etching times of 20, 30, and 40 min,
respectively. Finally, the growth of porous SINWs was obtained using the as-grown porous
silicon (20 min) with etching times of 20, 30, and 40 min, respectively.

Figure 3 shows the plot of etching depth vs. etching time to obtain the etching rates of the
porous silicon, SINW, and porous SiNWs, respectively. The etch rates were observed to be
~1.0 U m/min and ~0.42 [ m/min for the porous silicon and the SINWs, respectively. The etch
rate of the porous SINWs was slightly faster than that of SINWs and was about 0.48 |1 m/min.
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Silicon Wafer ECE

Ag NPs deposition

Ag NPs removal sonication
—_—

Silicon Substrate

Fig. 1.1. Schematic diagram of the synthesis of porous SINWs.

Fig. 1.2. Cross-sectional SEM images of (a-c) the porous silicon with the etching times of (a) 5
min; (b) 10 min; (¢) 30 min, and (d-f) the SINWs with the etching times of (d) 20 min;
(e) 30 min; (f) 40 min.
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Peng et al. reported that the formation of vertically aligned NWs in metal-assisted etch is due to
the confined etch near the silver nanoparticles, in which the silver nanoparticles on the silicon
surface catalyze the etching reaction and thus create nanopits.[42] Qu et al. reported that the
highly doped wafers, which have many defective sites, have too high density of nucleated silver
nanoparticles on the surface that are in close proximity to each other, and each nanoparticle
may not be effectively confined in its own pits to ensure vertical etching.[40]

However, the porous silicon has pores as defective sites on the silicon surface, and the initial
nucleation of silver nanoparticles may occur near pore sites where the energy barrier for redox
reaction is lower and each silver nanoparticle may be effectively confined in its own pores to
ensure vertical etching. Then, the pore structure in the porous layer might increase the etching

speed of SINWs compared to crystalline silicon wafers.

35 I
—=&— Porous Si
30 - —* SINW _
—— Porous SiINW
’g 25 —
2
S 20 1
(=9
8 | |
oo 15 + A —
.5 .
)
S 10 Y i,
[ ]
5L _
0 | | | |
0 10 20 30 40 50

Etching Time (min)

Fig. 1.3. Plot of etching depth vs. etching time of the porous silicon, SINW, and porous SiNW.
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The surface and cross-section SEM images of the porous silicon etched for 3 min are shown in
Figs. 4(a) and 4(b). The pore size of the porous silicon is less than 4 nm and the depth is about
4.0 Y m. Surface and cross-section SEM images of the porous SiNWs are shown in Figs. 4(c)
and 4(d), which indicate that the porous SiNWs distribute uniformly on the entire porous
silicon layer and are vertical to the substrate surface. The tips of the porous SINWs congregate
together, and the diameters of the congregated bundles are 2 to 4 | m. The length of the porous
SiNWs is about 4.5 |m which is very close to the depth of the as prepared porous silicon
shown in Fig. 4(b).

Fig. 1.4. Surface and cross-section SEM images of (a-b) the porous silicon and (c-d) the porous

SiNW prepared from the as-prepared porous silicon.
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Figures 5(a) and 5(b) show the cross-section SEM image of the porous SiNWs etched for 30
min with the porous silicon prepared at the anodization current of 30 mA/cm? for 10 min and
its enlarged image, respectively. The depth of the electrochemically etched porous silicon for
10 min is about 11.2 PUm and the length of the electroless etched porous SiNWs from the
as-prepared porous silicon for 30 min is about 11.7 U m. These studies clearly demonstrate that
the enlarged SEM image of the porous SiNW displays entirely porous structures. Qu et al.
reported that the SINWs first become rough on the surface, then start to evolve porous shells
surrounding the solid cores, and eventually form entirely porous NWs with an increase of H,O,
concentration.[40] However, no direct evidence has been found for the entire formation of
porous SiNWs. In our studies, the porous silicon is employed for the generation of SINWs of

which the structures are already porous.

Fig. 1.5. Cross-section SEM images of (a) the porous SiNWs produced by using the porous

silicon etched for 10 min, and (b) its enlarged image.

Figure 6 shows the HR-TEM images of the as-grown SiNW and porous SiNW. The as-grown
SiNWs shown in Fig. 6(a) have a thin rough surface on the solid core, but the porous silicon
NW shown in Fig. 6(c) exhibits an entirely porous structure with the rough surface. The
selected area electron diffraction (SAED, inset) patterns indicate that the SINW and porous

SiNW are single crystalline along their length. The lattice plane image shows typical Si (100),
— 10 —
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and the measured d spacing is 2.86 A for (100). The localized lattice fringe and the single
crystal-like diffraction pattern shown in Fig. 6(b) are observed in the SINWs. Figures 6(c) and
6(d) demonstrate that the porous SINWs retain the single crystalline structure of the starting
silicon wafer with a sponge-like porous structure. The diameters of the lateral pores of the

porous SINWs shown in Fig. 6(c) are less than 5 nm.

Fig. 1.6. HR-TEM images of the SINW (a and b) and the porous SiNW (c and d). the selected
area electron diffraction patterns (insets) confirm the single crystalline nature along their

length.




1.4. Conclusion

We demonstrated that porous SiNWs were successfully synthesized through MACE of porous
silicon with silver nanoparticles. The etching rates of the porous silicon, SINW, and porous
SiINW were obtained with different etching times. The etch rate of the porous SiNWs was
slightly faster than that of the SINWs but slower than that of porous silicon. The surface and
cross-section SEM images of the porous SiNWs indicated that the porous SiNWs distributed
uniformly on the entire porous silicon layer and the tips of the porous SINWs congregated
together. The HR-TEM images indicated that the as-grown SiNWs had a thin rough surface on
the solid core, but the porous SINW exhibited an entirely porous structure with the rough
surface. The porous SiNW retained the single crystalline structure of the starting silicon wafer

with the sponge-like porous structure, and the diameters of lateral pores were less than 5 nm.

_12_
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Part 2

Origin of Luminescence from Oxidized

Silicon Nanowires
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2.1. Introduction

Silicon is the most important semiconducting material for modern industrial applications.
Because bulk crystalline silicon has an indirect band gap, it has serious limitations for
light-emitting and photonics applications due to its poor emitting property. Considerable
interest has been shown in the research and development of nanoscale silicon materials in order
to overcome this limitation. Nanoscale silicon materials are found to be good emitters at visible
wavelengths due to the quantum confinement of Si [1-3]. The nanoscale Si materials with sizes
under 7 - 8 nm, including porous silicon (PSi) [4,5], Si NWs [6-8], and silicon nanocrystals (Si
NCs) [9,10], exhibit an excitonic emission due to quantum confinement. Especially, Si NWs
have revealed particular attention because of their various applications in the fields of
nanoscale electronics [2], thermoelectronics [11], photovoltaics [12-15], battery electrodes [16],
electronic biosensors [17], and field-effect transistors [18-20].

In recent years, many synthesis techniques for Si NWs, such as chemical-vapor deposition
(CVD) [21], and solid-liquid-solid (SLS) [22,23], vapor-solid-solid (VSS) [24], and electron
beam evaporation processes [25], have been developed to grow Si NWs. However, most of
those methods require expensive, high-temperature, complex equipment, the use of potentially
dangerous silicon precursors, and other vigorous conditions. With these techniques, the Si NWs
are mostly crystalline Si and can exhibit luminescence at visible wavelengths when their
diameters are below 10 nm. Recently, The metal-assisted chemical-etching (MACE) technique
has been widely used to prepare ultrathin NWs with no impurities, due to its simplicity, low
operating temperature, and low cost [26]. Pt, Au, Pd, Cu, and Ni depositions on silicon wafers
in HF solutions have been extensively studied [27-29]. MACE is a localized
microelectrochemical redox reaction process in which both anodic and cathodic processes
occur simultaneously on the silicon surface, these processes involve the spontaneous oxidation
of silicon atoms and the reduction of metal ions to metallic particles in the absence of an

external source of electric current. The morphologies of Si NWs can be affected by many
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factors, such as the doping type, doping level, orientation of the silicon wafers, concentration of
H,0; in the etchant, and etching temperature [30].

Recently, Voigt et al. reported that Si NWs prepared by using MACE emit PL at visible
wavelengths [31]. However, the cause of the PL from the prepared Si NWs was not clearly
stated. To determine the origin of the PL from the Si NWs, we fabricated luminescent Si NWs
by using the MACE technique and analyzed the optical emission properties of the Si NWs by

using PL measurements at various temperatures (5 K ~ 300 K).
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2.2. Experiments

The preparation of the luminescent Si NWs was similar those previously reported [32], but
with slight modification. The silicon wafers were cut into 10 mm? pieces and cleaned by rinsing
them in acetone for 2 min, followed by an ethanol rinse for another 2 min. Native SiO, removal
was carried out by briefly dipping in a 48% HF solution, followed by 2% HF rinsing for 1 min.
Finally, the samples were rinsed in deionized water and blow-dried with nitrogen. This
cleaning procedure yields hydrogen-terminated silicon surfaces (for a limited time of a few
minutes), which allows for subsequent silver deposition on oxide-free surfaces of the silicon
wafers.

Ag nanoparticles were spin-coated on to the silicon wafer by using a Ag-coating solution
containing 4.8 M HF and 0.04 M AgNO;. After the Ag-nanoparticle coating, the silicon wafer
was washed with water to remove excess Ag ions and then immersed in an oxidizing HF
etching solution composed of 4.8-M HF and 30% H,0, (9:1 v/v) in a reaction vessel. After the
etching at room temperature, the Si NWs were washed repeatedly with water and then
immersed in dilute HNOs (1:1 v/v) to dissolve the Ag catalyst. The Si NW samples were rinsed
with deionized water and dried at room temperature; their surfaces were colored deep black,
and their rear sides were colored gray. For the Si NWs to be used for luminescence
measurement, the prepared Si NWs was stored at room temperature for 60 h.

Steady-state PL spectra were obtained using an Ocean Optics S2000 spectrometer (Ocean
Optics, Inc., Dunedin, FL, USA) fitted with a fiber optic probe. A tungsten light source and UV
light-emitting diode (LED) (A max = 400 nm) were used to obtain reflectivity and PL spectra,
respectively. The illumination of the surface and the detection of the reflected and transmitted
PL light were recorded with a CCD detector in the wavelength range from 400 to 1200 nm. To
obtain high-resolution transmission electron microscopy (HR-TEM) (a Philips TECNAI F20
microscope) images, sonicated the Si NWs in ethanol. The HR-TEM specimens were prepared
by dipping carbon micro-grids (Ted Pella Inc., 200 Mesh Copper Grid) into the ethanol

solution, and the microscope was operated at 200 keV.
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For temperature-dependent PL measurements, a 50 cm spectrograph taken with a
liquid-nitrogen-cooled charge-coupled device was used to measure the PL emission spectrum.
The spectral resolution of the spectrometer was < 0.1 meV when using a 1200 line/mm grating.
The 442 nm line of a HeCd laser was used as the ultraviolet (UV) excitation source.
Low-temperature PL. measurements were carried out at temperatures between 5 K and 300 K
by using a closed-cycle 4He refrigerator. To analyze the PL spectra, we adopted a multiple

oscillator fitting technique to separate energetically closely located emission peaks.

—0h
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B ——20h

Relative PL Intensity
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Wavelength (nm)

Fig. 2.1. Evolution of the PL from the Si NWs. The insets show photographs of the Si NWs
under white light (left).
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2.3. Results and Discussion

The PL spectra of the Si NWs were measured at room temperature, and the emission spectra
were collected at an excitation wavelength of 400 nm. The luminescent Si NW samples were
prepared by using MACE and placed at room temperature for 60 h. Figure 1 shows the
steady-state PL spectra of Si NWs and indicates that the maximum emission intensity was
centered at 700 nm for an excitation wavelength of 400 nm. The PL intensity for the Si NWS
increased gradually during air exposure and reached maximum in 60 h. An emission at 700 nm
did not shift with increasing exposure time. The photographs of the Si NWs under white light
(left) and under UV light (right), which are shown in the inset, indicate that the PL from the Si
NWs is visible to the naked eye.

The top-view and the cross-sectional morphologies of the Si NWs shown in Fig. 2 were
obtained using scanning electron microscopy (SEM). The top view of the Si NWs shows that
the Si NWs were aggregated in bundles. The cross-sectional image of the Si NWs illustrates
that the lengths of the Si NWs were about 25 pm. The diameters of Si NWs were about a few

hundreds of nanometers.

Fig. 2.2. Surface and cross-sectional SEM images of the Si NWs.

To determine the origin of the PL, we prepared two different samples of Si NWs. One is the Si
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NWs sample right after MACE, which does not luminesce, and the other is the luminescent Si
NWs stored at room temperature for 60 h. To obtain the morphology of a single Si NW, we
ultra-sonicated the samples to detach a single Si NW from the silicon substrate. Figure 3 shows
high-resolution images of two different types of Si NWs. The Si NWs right after MACE shown
in Fig. 3(a) have a thin rough surface on a solid core; however, the luminescent Si NWs shown

in Fig. 3(b) have a few nm-sized particles on the surface of the solid core.

Fig. 2.3. High-resolution SEM images of (a) a non-luminescent Si NW and (b) a luminescent Si

NW.

. ¢ &
20 _nm 5. nm

)

Fig. 2.4. HR-TEM images of a luminescent Si NW. The inset shows the selected area electron

diffraction patterns.
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Figure 4 shows HR-TEM images of a luminescent Si NW; these images indicate that the
surface of the Si NW is very rough and that a few nano-sized silicon particles are attached to
the Si NW, which is different from the results previously reported for porous Si NWs [32]. The
selected area electron diffraction patterns (insets), confirm the single-crystalline nature of the Si
NW. The lattice plane image shows a typical Si (100) structure, and the measured d spacing is
2.86 A for the (100). An enlarged HR-TEM image of the edge surface of the Si NW reveals
that the edge surface has the amorphous structure of silicon oxide due to oxidation of the Si
NW by the oxygen in the ambient air. The circles in HR-TEM image indicate the silicon
nanoparticles.

To investigate the origin of the PL, we obtained measurements at temperatures from 5 K to
room temperature, and the results are shown in Fig. 5. The PL spectra of the Si NWs were
taken in steps 20 K and are shown in Fig. 5(a). In Fig. 5(a), no pattern of PL can be seen;
however Fig. 5(b) and (c) indicate that the PL intensity decreases and that the wavelength of
the PL shifts to shorter wavelength as the temperature is increased. The thermal quenching
behavior of the PL emission intensity for the Si NW sample is due to surface states. During the
oxidation process, the luminescent Si NWs contain appreciable numbers of surface states.
These surface states may form surface excitons. Normally, these surface exciton transitions
quench with increasing temperature [33].

The Raman spectra of the non-luminescent Si NWs and the luminescent Si NWs are shown in
Fig. 6. The Raman peak at 528.9 cm™ with a full width at half maximum (FWHM) of 12.9 cm
can be seen in the Raman spectrum of the non-luminescent Si NWs and can be attributed to
scattering of the first-order optical phonon (TO) of Si NWs. In comparison, the first-order
Raman peak of the luminescent Si NWs is at 523.1 cm™ with an FWHM of 21.6 cm™ (a
downshift by 5.8 cm™). Its linewidth is broadened and the line shape becomes increasingly
asymmetric with an extended tail at low frequencies (Fig. 6 inset). Qualitatively, when the
crystalline size decreases, momentum conservation will be relaxed (q+0) and Raman-active

modes will not be limited to being at the center of the Brillouin zone (G point). The smaller the
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crystalline grain, the larger is the frequency shift and the more asymmetric and broader the
peak becomes, which is due to quantum confinement phenomena [34]. This quantum
confinement has been proven by experiments on nanocrystalline silicon [35] and porous silicon

[36] and an Si NWs fabricated by using thermal evaporation [37].

(C) ] — 100K
—200K
—300K

Relative PL Intensity
Relative PL Intensity
Nomalized PL Intensity

, \ , , . , L , L \ , I , \ L \
600 700 800 900 1000 1100 600 640 680 720 760 800 840 880 920 600 640 680 720 760 800 840 880 920
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Fig. 2.5. Temperature dependence of the PL spectra from Si NWs.
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Fig. 2.6. Raman spectra of non-luminescent and luminescent Si NWs. The inset shows that the

first-order Raman peak of the luminescent Si NWs is downshifted by 5.8 cm'.
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2.4. Conclusion

The origin of the PL from the Si NWs was investigated, and their optical properties were
characterized by using PL and Raman measurements. The PL intensity decreases in the
temperature-dependent PL spectroscopy and that the wavelength of the PL shifts to shorter
wavelength as the temperature is increased. This result is due to the oxidation process of the Si
NWs. The Raman spectra of non-luminescent Si NWs and luminescent Si NWs were
investigated and the line width were found to be broadened and the line shapes to become
asymmetric with an extended tail at low frequencies for the luminescent Si NWs, which is due
to quantum confinement phenomena. HR-TEM images of the luminescent Si NW show that a
few nano-sized silicon particles, which may be caused luminescence property are attached to

the Si NW.
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