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Porous semiconductors structured top-down by electrochemical means,
and from bottom-up growth of arrays and arrangements of nanoscale
structures, are shown to be amenable to a range of useful thermal,
optical, electrical and electrochemical properties. This paper
summarises recent investigations of the electrochemical, electrical,
optical, thermal and structural properties of porous semiconductors such
as Si, In203, SnO2 and ITO, and dispersions, arrays and arrangements of
nanoscale structures of each of these materials. We summarize the
property-inspired  application of such structurally engineered
arrangements and morphologies of these materials for antireflection
coatings, broadband absorbers, transparent contacts to LEDs that
improve transmission, electrical contact and external quantum
efficiency. Additionally the possibility of thermoelectric performance
through structure-mediated variation in thermal resistance and phonon
scattering without a p-n junction is shown through phonon engineering
in roughened nanowires. Lastly, we show that bulk crystals and
nanowires of p- and n-type doped Si are promising for use as anodes in
Li-ion batteries.

Introduction

Porous semiconductors continue to receive considerable attention because of
functionality afforded by random or ordered structuring on the nano or mesoscale. For
instance, a wide range of mono- and compound semiconductors can be rendered
porous through electroless or electrochemical etching (1-26), and such top down
approaches allow a high degree of control over porosity formation. Additionally, the
resulting skeleton formed through these means allows the possibility for arrays or
arrangements of nanostructured materials such as nanowires (NWs), mesoporous
materials, nanorods, photonic crystals and many other structural forms. When the



sizes of the remaining semiconductors is reduced, photonic and phononic
confinements effects can allow for rich optical and thermal effects not possible in the
bulk materials. Additionally, porous materials can often alleviate structural changes
when applied as electrodes in Li-ion batteries and other phase change or structure
converting processes. Silicon has maintained a strong fundamental and applied
research value, and recently has become one of the most significant materials, when
structured on the nanoscale, for Li-ion battery anodes (27-29) and in thermoelectric
materials evaluation (30-32).

Transparent conducting oxides are also of prime importance for electronic and
photonic devices. Their major limitation is the trade-off between their conductivity
and transparency (33), which can be overcome to some extent through controlled top-
down or bottom up porosity formation, or effective porosity formation through
nanostructured growth methods. In developing techniques to fabricate homogeneous
one-dimensional (1D) nanostructures, researchers have sought to control shape, aspect
ratio and crystalline arrangement (34-35), and recent improvements in synthetic
methods (36-38) have led to the direct integration of functional nanostructures into
nanoscale devices. Indium tin oxide (ITO) (39,40) is the most important transparent
conducting oxide and is therefore used in a wide range of applications. However, to
date it has enjoyed only limited success as an ohmic contact for light-emitting devices
(LEDs) due to high resistivities and an unacceptable trade-off between electrical and
optical characteristics. Moreover, the limited availability of materials with suitable
refractive indices has prevented the implementation of optical components with high
performance. Hence, the possibility of forming complex, multilevel branched
structures (41) with optimized optical properties in a single-step, bottom-up growth
regime would be a significant advance given their compatibility with optoelectronic
device architectures. The development of high mobility oxides, or dispersion of
metallic NWs that offer percolating conductivity and porosity to mimic a transparent
conductive thin film, are important for charge storage devices such as batteries and
pseudocapacitors, planar and flexible electronic and photonic devices.

Rechargeable batteries have been critical for enabling portable consumer
electronics and are beginning to be used in electric vehicles. They are also becoming
an attractive option for large-scale stationary energy storage (42-47). For mobile
applications, high energy (per weight and volume) is the most important parameter
since it determines the usage time per charge. For stationary applications, cost is the
most important design parameter, and high energy batteries could help reduce the cost
per unit of stored energy (48,49).

The continued development of porous structures for these reasons also has
translational application to thermoelectrics and paradigms for energy harvesting from
waste heat on the nanoscale in electronic devices, particularly LEDs and other high
power devices, and the structuring of the porous semiconductors can tunable alter the
thermal resistance of materials, allowing thermoelectric voltage generation without
requiring a p-n junction. These types of materials and strategies to induced controlled
porosity for a variety of functions are summarized for a series of common electronic
and transparent oxide-type semiconductors.



Experimental

Molecular beam epitaxial growth of In203, SnO2 and ITO nanodots and NWs

All surfaces were cleaned using a standard RCA process where the sample was
immersed in a H202:NH4OH:H20 (1:1:1) solution at 80°C for 30 min. After rinsing in
deionised water, a second treatment was performed in a H2O2:HCI:H20 (1:1:5)
solution with subsequent rinsing in deionized water. Through this process metallic
and organic contamination is removed. In the latter step, the surface is oxidized so
that a thin (~7 nm) and clean SiO:2 layer forms at the surface. Dipping the sample in
HF shortly before introducing it into the evaporator removes the oxide layer and
passivates the surface with hydrogen. For evaporation of the In and Sn sources, a
home-built MBE high vacuum chamber with two distinct effusion cells for In and Sn
together with an electron-beam evaporator, was designed in cooperation with MBE-
Komponenten GmbH, Germany, with calibrated growth rates. During NW growth the
sample surface was annealed at temperatures in the range 300°-650 °C. The In:Sn
(90:10) was evaporated at growth rates in the range 0.02-0.2 nm s up to maximum
temperature for In and Sn of 7w = 835 °C, Tsn = 1000 °C, respectively.

For In203 and SnO2 nanodot dispersions, uniform layers of In and Sn metal
were grown on respective substrates by depositing at a rate of 0.1 A s! at a substrate
temperature of 400 °C, with precise control over the nominal thickness, which was
separately calibrated using a quartz crystal monitor. The nanodots then results from
dewetting and oxidative crystallization.

Growth of Si/SiGe multi-quantum well devices

The n-i-p” Si/SiGe multi quantum well (MQW) structures were grown by molecular
beam epitaxy (MBE). On an 80 nm undoped Si buffer grown at 700 °C on Si(001), a
15-period Si/Si0.77Geo.23 (4.1 nm/3.9 nm) quantum well structure was deposited at 625
°C. The entire structure was capped with 42 nm B-doped (5 x 10'® cm™) Si to saturate
SiGe dangling bonds. After an additional 10 nm Si top layer grown at 625 °C, a
capping layer of 30 nm p*-Si (p-doped) was grown at 700 °C. The back contact was a
Ti (50 nm diffusion barrier)/Pt (50 nm)/Au (100 nm) multilayer ohmic contact.
Several structures were top-contacted with a Ni/Cr bilayer deposited by sputtering.

Metal-assisted electroless etching of Si NW layers

Layers of p-type and n-type Si NWs, were fabricated by metal-assisted chemical
(MAC) etching of 200 mm diameter lightly p-doped silicon (100) wafers (680 um
thickness) and highly doped n-type wafers, both with a native oxide layer (~2-5 nm
thick). Substrates were immersed for two hours in a heated solution of 10% HF
containing 0.04 M AgNOs and maintained at 50 °C using a thermostated water bath.
Upon removal from the etching bath, samples were washed copiously with deionised
water and then treated with concentrated nitric acid to remove unwanted silver
deposition. The length of the NWs was controlled by the etching time and etchant
concentration leaving a uniform, effective porous silicon layer. The remaining
skeleton formed a vertical array of NWs ranging from 80 — 200 nm in diameter.

Onptical, PL/EL and Raman spectroscopy measurements

Optical excitation came from a 6 W Argon ion (Ar") laser (Spectra Physics Stabilite
2017) operating at 514.5 nm. Luminescence was collected through a SPEX 1680
double monochromator into a cooled North Coast EO-817L Ge detector. For



photoluminescence (PL) and electroluminescence (EL) measurements, a pulsed
excitation optical signal with a fixed frequency of 590 Hz and an electrical signal
pulsed at 570 Hz, respectively, were used and modulated by a mechanical chopper.
The output from the chopper was fed through a lock-in amplifier measuring the output
signal of the Ge detector sensitive in a spectral range 0.8-1.7 um. Reflectance
measurements were carried out in a Bruker FT-IR spectrometer IFS66/V. Different
configurations of beam splitters, detectors and sources were used to cover the spectral
range from a far infrared (10 cm™) to near infrared and visible ranges. For angular
resolved measurements, a NIR512 Ocean Optics spectrometer was used as a detector
in a home-built reflectance/transmittance setup.

Comparative photo- and electroluminescence (PL/EL) measurements were
performed on Si/SiGe MQW LEDs grown by MBE. To compare the optical
transmission, an [TO NW layer and a 30 nm NiCr metal contact were deposited on
two separate samples on the same substrate. As a reference, the photoluminescence
spectrum of an uncoated MQW structure was recorded under identical conditions.

Raman spectroscopy was conducted using a Dilor XY Labram spectrometer
equipped with an Olympus BX40 confocal microscope and Renishaw InVia Raman
spectrometer using a RenCam CCD camera. Excitation was provided by 514 nm
ArHe 10 mW green laser with a maximum of 0.512 mW incident power. The spectra
were collected with a Peltier cooled CCD detector. The incident power of the laser
was adjusted using calibrated filters.

Structural, compositional and morphological characterization

All materials and samples were analysed using scanning and transmission electron
microscopy (SEM/TEM). SEM was performed using both Hitachi S4800 and SU70
instruments equipped with an Oxford-50 mm? X-Max detector for energy dispersive
X-ray analysis. TEM analysis was conducted with a JEOL JEM-2100F field emission
microscope operating at 200 kV, equipped with a Gatan Ultrascan CCD camera and
EDAX Genesis EDS detector for atomic resolution crystal structure and composition
examination. For ultra-high resolution morphology, STEM and high angle annular
dark field (HAADF) couple with electron diffraction was performed. X-ray diffraction
(XRD) spectra were made using Cu Ka radiation with a Philips PanAlytical
diffractometer in Bragg-Bretano geometry.

X-ray photoelectron spectroscopy was acquired using a Kratos Axis 165
monochromatized X-ray photoelectron spectrometer equipped with a dual anode
(Mg/Al) source. Survey spectra were captured at as pass energy of 100 eV, step size
of 1 eV, and dwell time of 50 ms. The core level spectra were an average of 10 scans
captured at a PE of 25 eV, step size of 0.05 eV, and dwell time of 100 ms. The spectra
were corrected for charge shift to the C 1s line at a binding energy of 284.9 eV. A
Shirley background correction was employed, and the peaks were fitted to Voigt
profiles.

Electrochemical analysis in Li-ion battery cells

Cyclic voltammetry and galvanostatic measurements were carried out using either 3-
electrode cells or 2-electrode coin cells using a Multi Autolab 101 potentiostat and a
BioLogic VSP potentio/galvanostat. All potentials, unless otherwise stated, are
relative to Li"/Li. Custom built Swagelok-type cells, split coin cells were used with
counter and active material electrodes separated by a polypropylene or glass wool
separators soaked in 1 mol dm™ solution of LiPFs in EC:DMC at a 50:50 v/v ratio.



The electrodes were cycled at a scan rate of 0.5 mV/s in cyclic voltammetric
measurements. Afterwards, electrodes were carefully washed in acetonitrile and a 10
mol dm™ solution of acetic acid to remove the electrolyte residue.

Results and Discussion

Antireflective transparent coatings, and tunable or broadband absorption layers

Transparent conducting oxide NWs were grown using a unique self-seeding process
during MBE deposition that results in defect-free branched NW layers whose
composition can be tuned as well as the graded porosity and thus refractive index. For
a given angle, the internal optical scattering (a balance of Rayleigh scattering,
material absorption and effective medium graded index effects) allows a tunable
absorption depending on the NW size, distribution, branching and overall photonic
morphology. An example of the NW layer is shown below in Fig. 1a.
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Figure 1. (a) A typical ITO NW layer grown on Si(100). The layer comprises a high
density of branched NWs, which grow from a near compact contact layer to Si,
followed by increased porosity from lower density growth away from the substrate.
(b) Reflectance spectra for (——) a thin ITO antireflection coating, (——) a porous
ITO layer, (-:-----) an ITO NW layer (all on silicon) and (——) a thin ITO film on glass.
Plan view SEM images of each layer are also shown.

In terms of evaluating the improvement afforded by such NW layers as
advanced electro-optical device top contacts, the calculated reflectivity at near-normal
incidence (10°) as a function of wavelength was determined and is shown in Fig. 1b
for the ITO NW layer, a porous ITO layer, a thin ITO film and a standard
antireflection layer of ITO on glass. ITO NW layers on silicon exhibited much lower
reflectivity than either dense ITO on silicon or porous ITO layers in the wavelength
region of interest. Only antireflection ITO coatings on glass showed similar
transmission between 850-975 nm, and a usefully low sheet resistivity of ~15 Q sq’.
Fresnel reflection associated with higher refractive index ITO thin films is virtually
eliminated (50) due to reduction in the refractive index from the substrate to the NW
layer/ambient interface, where the refractive index was measured to vary from 2.19
(close to the substrate) to 1.04 (at the air interface). The low refractive index NW



layer is optically specular and exhibits a ‘dark’ surface, confirming the absence of
Fresnel reflection over a broad spectral width. This is particularly important for LED
applications because of the isotropic emission from the active region and the fact that
reflection phenomena can limit the light-extraction efficiency.

Typically, ITO and other transparent conducting oxides fail to transmit light in
the near infrared region above ~1.1 um, thus preventing their employment as
electrodes for LEDs operating in the second (1.3 pm) and third (1.55 pum) optical
communications energy windows. This is due to the onset of a metal-like behaviour at
low photon energies, where quanta of incident electromagnetic radiation can couple to
plasma oscillations. The surface plasmon resonance (SPR) of ITO (determined using
the Drude free-electron model and three-phase Fresnel equations of reflection) is
observed at a much lower energy than for metals (where it generally falls into the
visible range). In Fig. 1b, the surface plasmon resonance of the ITO NW layer (6895
cm!) compared to a thin ITO film (10204 cm™) is red-shifted by ~480 nm, pushing
the onset of reflectance further towards the near to mid-IR. The minimum in
reflectivity is routinely observed in the crucial 1.2-1.6 pm range at near-normal
incidence (0-10°). Angle-resolved reflectance measurements (50) conclusively show
that the position of the surface plasmon resonance blue-shifts with increasing angle;
the window for maximum transmission over the widest wavelength range is observed
near-normal to the surface. Thus, the optical benefits of porosity afforded by the NW
growth offsets the standard trade-off between high transparency and low conductivity
(and vice versa) by extending conductive transparency into the infra-red, while
allowing tunability in the absorption and angle dependent antireflection through
structure.

Deposition Rate

A
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Figure 2. Cross-sectional SEM images of ITO NW layers deposited on silicon as a
function of deposition rate and substrate temperature. For all structures, the In:Sn ratio
(90:10) was evaporated at a temperature for In and Sn of 7in = 835°C, T'sn = 1000°C,
respectively in an oxygen pressure of 2.1 x 10" mbar. NWs range between 8-50 nm
and are monocrystalline. Scale bars =200 nm.

The growth rate and temperature are key parameters in the eventual
morphology of the ITO NW layers, and these effects on morphology for a defined



composition are summarised in Fig. 2, where consistently finer NWs are found at the
higher growth rates and temperatures for a given composition, giving a gamut of
similar structures with various porosities that allow tunable absorption or reflection
across the visible range.

Indium oxide (In203) and SnO:2 were also grown as a range of nanodot
dispersions. These dispersions have their effective optical constants altered by their
effective porosity, characterized by their modal size distributions details of which be
found elsewhere (51). An example of In203 and SnOz dispersions are shown in Fig. 3
below alongside ITO nanodots which were possible by halting the intial stages of NW
seed formation.

In203, as a wide bandgap semiconductor (Eg® ~ 3.6 eV; E¢ ~ 2.6 eV), has a
transparency that is fundamentally interlinked with it conductivity; the transition
occurs on or around its plasma frequency related to the electron density according to
the Drude model by wp® = ng’/m*eo, where m* and g are the effective mass and charge
of an electron, and &o the high-frequency permittivity of free-space. For the single-
sided In203 nanodot dispersion, the transmission is limited by Fresnel reflection due
to the step discontinuity in refractive index at the rear flat surface (52,53).

ITO (right) nanodot dispersions. In203 are always faceted resulting from post-growth
oxidative crystallization of hot substrate dewetted In metal liquid film grown by
MBE. The ITO dots form in an oxygen atmosphere from co-deposition of In and Sn.

The In203 dots, unlike ITO and SnO:2 dots, have large crystals that have a size
distribution covering the visible wavelength range, thus causing a transition to Mie
scattering which results in the white or grey appearance, rather than a defined colour
which varies with angle noted for other dots of smaller sizes and distribution of those
sizes. Details on the size and modal distribution can be found elsewhere (51). These
layers offer excellent visible to infra-red transmission, and also antireflection
properties, as seen in the optical images in Fig. 4a.

Figure 4b shows the integrated total reflectance from a SnO2 and In203
nanodots dispersion in the visible and infra-red regions, together with a reference ITO
film on glass which exhibits significant increase in transparency as expected in the
infra-red. The red-shifting of the entire angle-resolved spectrum for the In2O3 nanodot
dispersions is also seen in Fig. 4c, where at visible wavelengths the transmission
varies from 55% at near incidence, and importantly, remains 87% transparent at
wavelengths up to 4 um compared to the standard transmission of an ITO film on
glass.
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Figure 4. (a) Optical images of the angle-dependent antireflection properties of In203
nanodot dispersions on a glass cover slip. (b) Integrated total reflectance of ITO, SnO2
and In203 nanodot dispersions in the infra-red region and (c) optical transmission
characteristics of the In2O3 nanodots, all compared to a thin ITO film on glass.

Figure 5. (a) (Inset) Schematic of the electroless metal deposition process. Cross-
sectional SEM image of the Si NW at low magnification showing the uniformity of
the etching depth and NW length. (b) Cross sectional SEM image of several NWs
with inset photographs showing pristine Si(100) wafer and wafer with etched NWs.
(c) Plan view SEM image of the NW layer. (d) TEM images of individual NWs
showing the characteristic rough morphology of MAC etched NWs.



Silicon NW layers that offer good broadband absorption, and a near blackbody
response at certain angles to white light, are possible by electrolessly etching single
crystal silicon until a disordered array of rough NWs with a wide diameter distribution
are formed. Figure 5 shows the resulting SINW layers that are formed using the metal-
assisted chemical (MAC) etching approach described above, and summarized
schematically in Fig. 5a. Vertical arrays of NWs are formed across the entire surface
of the wafer, as shown in the cross-sectional SEM image in Fig. 5a. High resolution
SEM examination reveals that the NWs have an average length of 115 pm.
Examination of the top surface of the Si NW layers shows that the wires appear in
non-uniform distributions characterized by clumped regions of high density NWs and
correspondingly, regions of locally less density (Fig. 5¢). Further examination shows
that the less dense regions are not devoid of NWs, rather the NWs are bent towards
each other forming the high density regions. This stems from a combination of high
length-to-width aspect ratio and capillary forces related to the post-etch cleaning
procedure. NWs were measured to have an average width of 80 nm, shown in Fig. 5b.
TEM analysis in Fig. 5d also confirmed that individual Si NWs are single crystal and
electron diffraction measurements also confirm their (100) orientation, consistent with
etching from bulk Si(100). The NWs have a characteristic rough morphology
consistent with MAC etched NWs in previous reports. Figure 5b shows typical SEM
and optical images (inset) of the pre and post-etched Si, where at angles between 45
and 55° a completely black, strongly absorbing layer is visible. Such layers are being
sought for silicon based photovoltaics, and their broadband absorption characteristics
are typical of marginally controlled etching characteristics (facilitated by the
reduction potential of Ag ions in HF solutions), giving a highly disorder array on
several lengths scales (porosity of the semiconductor crystal, roughness on the walls
of the wires, bent and clumped NWs randomly distributed throughout the vertical
array etc., that facilitate a very high degree of optical scattering effects.

Bottom-up growth of fully transparent contact layers of indium tin oxide NWs for
LEDs

One particular application of ITO that employs its conductive and transmissive
properties, is that of an ohmic contact for LEDs, but has until now, only had limited
success due to high resistivities and an unacceptable trade-off between its electrical
and optical characteristics. The limited availability of materials with desired refractive
indices, however, has prevented the implementation of optical components with very
high performance. The possibility of forming controlled complex, multi-level
branched structures with optimized optical properties in a single-step, bottom-up
growth regime, is a real advance considering their compatibility with optoelectronic
device architectures.

We have developed a controllable molecular beam epitaxial growth system for
obtaining high quality, uniphasic, branched ITO NWs on silicon and oxidised silicon
surfaces using In and Sn precursors in an oxygen atmosphere. The NW layer
morphology and transparency can be tailored through rational control of the
evaporation-condensation parameters, and will be shown to result in bottom-up grown
layers of self-catalysed and seeded NWs with excellent electrical, optical and
homogeneous structural properties, that can even be grown as large area (several cm?)
contacts. The graded porosity NW layers are grown as an alternative option for the
standard NiCr top contact on a Si/SiGe multi-quantum well (MQW) LED, exhibiting
a transparency of >80 % in the visible and >90% in the 1.2—1.6 um range.



Figure 6. (a) FESEM image of the interior of a typical ITO NW array grown at Tsub =
500 °C at nominal In:Sn (90:10) growth rates of 0.1 nm s highlighting the mutually
orthogonal [100] branching from the principal ITO NW backbone in three
dimensions. Scale bar = 50 nm. (b) Higher magnification images of homogenous
branching events. The scale bars = 25 nm. (¢c) HRTEM image of an individual NW
highlighting interplanar spacings and the [100] growth direction. (d) The higher
magnification HRTEM image and associated SAED pattern identify monocrystalline
(In1.875Sn0.125)O3 with (002) and (020) interplanar spacings of 0.506 nm.

Various morphologies for graded refractive index coatings are possible by
choosing any of the NW morphologies or nanodot dispersions according to deposition
rate and substrate temperatures. For NWs, a distinct growth mode modification from
compact (but rough and partially porous) layers to dendritic NW growth during
deposition is achievable at specific growth rates and substrate temperatures. Locally
increased porosity is the main defect found in graded index porous layer growth by
oblique angle deposition techniques; such problems are not encountered for dense,
highly branched NW layers as outlined below in Fig. 6. No heterogeneous catalysts
are required and we still observe extremely high quality, defect-free NWs comprising
the layers.

After the growth was optimized on both quartz and silicon substrates, the
growth method was applied to corresponding n—i—p" Si/SiGe MQW device structures,
which in the device employed in this work consisted of an active region with a 15
period Si/Si0.77Geo.23/S1 MQW layer. An example of an ITO NW layer grown on the
Si/SiGe MQW structure is shown in the SEM image in Fig. 7a with a corresponding
device schematic shown in Fig. 7b.
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Figure 7. (a) Cross-sectional SEM images of the NW layer on a SiGe MQW. The
NW layer shown was grown at a substrate temperature of Tsub = 575 °C at a growth
rate of 0.2 nm s and an invariant oxygen partial pressure of 2.1 x 10 mbar. (b)
Schematic representation of the ITO NW contacted SiGe MWQ LED. The active
region consists of a 15 period Si/Sio.77Geo23/Si multiple quantum well layer. The
bottom contact is a Ti/Pt/Au trilayer. The NWs were grown directly onto the p*-Si.

To assess this influence on the optical transmission, ITO layers of varied
thickness and morphology were grown on quartz substrates. Figure 8a shows their
transmission spectra in the wavelength range 400-1600 nm. The inset shows a typical
ITO NW layer deposited on a glass cover slip. The transparency in the visible range
improves to ~90% with increasing growth rate up to 0.2nms’'. Spectroscopic
ellipsometric measurements show effective refractive indices of the NW layer-air
interface to be between 1.04—1.12 for all samples investigated, directly due to the
varied porosity of the nanostructured layers, calculated using the Bruggemann
effective medium approximation. This is very advantageous as previous efforts to
couple high transmission and low resistivity resorted to ITO/Ag/ITO multilayer
sandwiches to combine the improved conductivity of Ag and the high refractive index
of the ITO (7 = 2.19) to boost transmittance of the metal interlayer (54,55). The
measured absorption edge for the nanostructured ITO films is ~380 nm, a value lower
than that for ITO on glass and comparable to ITO/YSZ lattice matched thin films and
NWs (56).

Their suitability to silicon-based LEDs, is demonstrated by investigation of the
room temperature electroluminescence (EL) emission from the NW contacted SiGe
MQW LED, shown in Fig. 8a, showing unambiguously that the Si and SiGe emission
lines are fully resolved through the NW layer contact in ambient laboratory
conditions. The corresponding comparative spectra of both the uncoated MQW and
nanostructured ITO-contacted MQW are shown in Fig. 9a, where a marked
improvement in transmission compared to the NiCr contacted MQW is observed for
electroluminescence emission. The highest attenuation was noted for the SifP
emission, although 20% of the uncoated MQW signal for this line was still
transmitted, as opposed to negligible transmission through the NiCr contact. The Size
T0 emission was attenuated by ~50% but of utmost interest are the SiGe emission
lines, which were transmitted with negligible absorption. It is clear that the full
spectrum (all important transitions) of a SiGe MQW LED can be resolved through the
ITO NW top contact.
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Figure 8. (a) Transmission measurements of an ITO NW layer deposited at a
substrate temperatures of Tsub = 575 °C (——) and Tsub = 450 °C (—— ) at a nominal
growth rate of 0.05 nm s™! and an invariant oxygen partial pressure of 2.1 x 10" mbar.
The inset shows an ITO NW layer deposited on a glass cover slip. (b) Room
temperature (295 K) electroluminescence (EL) spectrum from an ITO NW-contacted
Si/SiGe MQW structure acquired at an injection current of 575 mA. The SiGe™ (no
phonon) and Si’%s.p (band-to-band transverse optical phonon) emission were
extracted with a multiple Gaussian fit.

The geometry of the NW layer maximizes transmission through a single-step,
practical approach of randomizing scattering photons. In addition, the emission is
maximised by the angular dependence of the plasma frequency, where the
transmission is both maximized and limited to near-normal output. The optical and
electrical properties as a whole are unprecedented for any conductive, transparent
oxide and have the added benefit of being experimentally much simpler than more
complex, multi-step deposition of several defect-free layers of reducing refractive
index (exhibiting poor conductivities) and highly conducting thin films (exhibiting
poor transmission in the visible region).
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Figure 9. Comparison of the low temperature (45 K) photoluminescence spectra of
(a) a non-contacted SiGe MQW (——) and a NiCr contacted SiGe MQW (——) (b) a
non-contacted SiGe MQW (——) and an ITO NW-contacted SiGe MQW (——). The
two high intensity peaks observed at 1125 and 1150 nm correspond to the silicon
transverse optical phonon-assisted bound exciton recombination (Sizz 7°) and the
silicon electron-hole droplet emission (Sif*P), respectively.



Phonon engineering in Si nanostructures for thermoelectrics

It has been shown that when crystalline solids are confined to the nanometer range,
electron and phonon transport can be significantly altered due to three discrete effects
(57) such as increased boundary scattering, changes in phonon dispersion, and
quantization of phonon transport. Similarly, theoretical and experimental work (58)
has shown that the electrical and thermal conductivities from NWs differ from those
for bulk Si (59). Furthermore, transport properties are very sensitive to the crystalline
lattice characteristics of individual NWs. Consequently, systematic structural
characterization is necessary to distinguish these characteristics.

Silicon has not been considered a viable thermoelectric energy converter due
to its exceptionally high thermal conductivity. Heat carried by phonons in Si have
large mean-free-path lengths >200-300 nm (60). Reducing the dimensionality of all or
part of a crystal has been shown to be an effective method for increasing thermal
resistivity (61-65). For Si at room temperature, useful thermoelectric figures of merit
need a lattice thermal conductivity of ~1W/m-K. Thermal conduction limited by grain
boundary scattering processes predict that small feature sizes (~2 nm) can make Si a
viable thermoelectric (66,67), and methods to engineer such sizes are a focus of
research interest.

Using MAC etched Si NWs described in Fig. 5, nanostructuring of Si NWs on
more than one length scale allows for a significant increase in thermal resistance,
beyond Umklapp process and boundary scattering. By etching Si with a defined
resistivity, the resulting NWs can exhibit a high degree of roughness defined by small
crystallites of silicon that are not simple edges of rough features delineated by the
anisotropic electroless etching process (68-70). Lightly doped p-type Si results in
rough NWs coated with a high density of crystallites that are oriented in a range of
zone axes different to that of the NW itself, as shown in the bright field and high
angle annular dark field image of a rough Si NW in Fig. 10a and b. These structures
are effective phonon confining crystallites that also increase the boundary scattering
for phonons, thereby increasing the thermal resistance.

\Figure 10. (a) Bright field and (b) high angle annular dark eld TEM image of a
rough p-type Si NW.

For horizontally oriented Si NWs, a deconvoluted contribution to the
asymmetry in the TO phonon peak is found at 506 cm™ (Figure 11a). This
deconvoluted band at 506 cm™' is not expected for nanosized diamond cubic Si. It has
been shown that this band is due to the presence of hexagonal Si structure. This agrees
well with the Raman measurements made on hexagonal diamond Si obtained by



nanoindentation (71). The results are also comparable to the measurements realized in
microcrystalline samples with a mixture of cubic and hexagonal diamond Si phases in
agreement with semi empirical models. In our case, contributions at these frequencies
due to oxide presence cannot explain the observation of the convoluted band at
elevated temperature, despite evidence that a non-uniform oxide is present along the
length of all wires investigated.
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Figure 11. (a) Raman scattering of the TO phonon from (a) v-SiNWs and (b) h-
SiNWs as a function of temperature. Spectra were acquired at 5, 10 and 100% of
incident laser power.

In Fig. 12, the TO mode is shown for four of the spectra, as marked in Fig.
12a. We observe the characteristic small redshift from 521 to ~519 cm™! which reverts
to 521 cm’! when the spectrum is again taken from the vertically oriented Si NWs.
This confirms the contribution from confining crystallites along the outer surface of
the NWs; their contribution is seen when their inelastic scattering cross section is
increased during probing of the sides of the NWs.

Future work is ongoing to define the thermal resistance changes in Si NWs
with increased surface roughness that enhances the red-shifting and asymmetric
broadening of their Raman spectra. SiOx contributions were not evident and specific
substrate Raman modes were suppressed for horizontal NWs. The correlation length L
estimated by this model is related to the average grain size in nanocrystalline
materials or to the average distance between defects in crystals but alone does not
give a satisfactory description of the Raman band-shape modification for the data.
However, the ability to strongly affect phonon transport results in inelastic scattering
characteristics that are directly related to a significant lowering of the thermal
conductance augers well for optimization of simple and quick electrochemical
processes for engineering of phonon transport in Si nanostructures for thermoelectrics.
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Figure 12. (a) Raman scattering spectra acquired by crossing from regions of v-
SiNWs to h-SiNWs and then to v-SiNWs. (/nsef) Optical image taken from the
spectrometer showing the h-SiNWs (light region) and vertical NWs (dark flanking
regions) and points of Raman measurements. (b) Variation in TO phonon scattering
frequency as a function of position shown in the optical image in (a).

Si, In203 and SnO2 nanostructures as anode materials for Li-ion batteries

To increase the energy content of lithium-ion batteries, significant research has been
devoted to finding higher capacity electrode materials. On the cathode side, sulphur
and oxygen-based positive electrodes have recently been intensely researched (72-74).
On the anode side, alloy anodes have shown significant promise. An ideal anode
material should possess high gravimetric and volumetric capacity, a low potential
against cathode materials, long cycle life, light weight, environmental compatibility,
low toxicity, and low cost (75). Silicon has performance that make it a very attractive
choice as an anode material, given its ability to mitigate volumetric expansion
pulverization that can result in electrical disconnect and disintegration during
operation over many cycles, and the fact that it has the highest theoretical specific
capacity for Li" intercalation.

We have studied Si NW layers by comparison to associated bulk Si(100)
samples to deduce the direct effect of nanostructuring on identically doped Si where
all NWs formally have the same crystal orientation. In addition, the ability of porous
and graded index transparent conducting oxides such as In2O3 and SnO2 similar to
those shown in Fig. 3, which are excellent alloy materials, represent some of the most
promising anode reactions for safe high capacity Li-ion batteries. These dispersions
also allow for the possibility of optical probing of intercalation and related
electrochemical processes. Both transparent oxide materials allow rechargeable
alloying with Li, resulting in stable and efficient reversible charge storage. For both



materials, the dispersion of sizes is critical in their evaluation and analysis towards
future development.

Figure 13 shows the first five voltammetric cycles of an SnO: nanodot
electrode, and we note that the reduction of SnO2 to Sn’, allows an alloy reaction with
Li. The cyclic voltammograms of SnO2 show that the cathodic process involved the
insertion of Li into Sn203 to form a Li—Sn alloy (charging) and the anodic process
follows Li extraction or dealloying (discharging). Details of the In203 electrode can be
found elsewhere (76). The first cycle for each of the dispersions confirms SEI layer
formation at the higher cathodic potentials. For both materials, the Li insertion
potentials remain quite low. A related process is known to occur for Li alloying with
Sn (77).
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Figure 13. SEM image of epitaxial non-faceted SnO2 nanodots on Si(100) with
corresponding cyclic voltammograms.

Here, the dispersion of the nanodots, while permitting transparency and
conductivity into the IR region, also allows lithium insertion into the current collector,
and remains structurally stable due to strong epitaxial adhesion and lithium co-
insertion buffering by the silicon current collector. The partial porosity of the variable
size nanodot distribution prevents stress build-up in the In® and Sn° (when reduced
from In203 and SnO2) and promotes optical transparency. The removal of the smallest
nanodots by volume expansion of the underlying silicon does not greatly affect the
gravimetric energy density, and it serves to buffer polarization of the LixIn and LixSn
by reversibly inserting Li".

Si NWs also offer the possibility of reversible Li insertion, even when etched
from Si wafers. Figure 14 shows cyclic voltammograms of a Si(100) electrode and a
Si NW electrode etched from the same structure, also shown in Fig. 14. Si NWs on a
silicon current collector exhibit reversible lithium insertion potentials, identical to
those from the bulk Si(100) substrate. The Si(100) undergoes some surface
morphological changes, where cracking of the surface occurs, freeing up fresh Si for
intercalation, resulting in self-similar cyclic voltammetric response with a good
coulometric efficiency. For lower doped Si(100), however, we note that cracking is
much less evident, due to a reduced Li" uptake by a lower carrier (electron) density in
the p-type materials compared to n-type. For the NWs, considerable space charge
capacitance contributed to the measured charge, and further work is underway to
define the transition from intercalation to pseudocapacitance for these materials.
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Figure 14. (a) Cyclic voltammograms of p-type Si(100) in a 1 mol dm™ electrolyte
containing LiPFs in EC:DMC (50:50 v/v) at a scan rate of 1 mV s\, (b) SEM image of
the p-type (top) and n-type (bottom) surfaces following 30 potentiodynamic cycles.
(c) Cyclic voltammograms of the p-type Si NWs, and (d) SEM image of the p-type Si
NWs.

Conclusions

The fabrication of high aspect ratio monocrystalline and highly transparent doped
metal-oxide NW layers and electroless etching of silicon into vertical NW layers with
unprecedented simplicity in morphological control and phase homogeneity was
presented. The NWs prove to be excellent materials for broadband absorption, tunable
reflection characteristics useful for optoelectronic and related devices, but also have
useful structural and electrochemical properties that allow reversible charge storage as
Li-ion battery anodes. The roughness of Si NWs also has a marked effect on phonon
transport, allowing for lower thermal conductance and the possibility for junctionless
power from temperature differences. Structuring semiconductors through top down
electrochemical means or through grading porosity through bottom up growth
methods, allows for a variety of useful electrochemical electrical, optical and
structural effects that are amenable for further consideration in energy related
materials research.
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