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SUMMARY

This thesis describes the fabrication and modification of porous silicon and titania
structures for the purposes of energy storage and conversion. The first chapter provides
the reader with background information on porous silicon, batteries, and photocatalysis.
The second chapter describes porous silicon fabrication methods and the equipment used
in these studies. The third and fourth chapters are journal articles which describe the
results of efforts to produce a porous silicon electrode for lithium ion batteries. The fifth
chapter is a journal article detailing the fabrication of a thin, free-standing porous silicon
film which can be activated for possible photovoltaic and microreactor applications. The
last chapter describes the formation of novel silver/silver oxide seed structures for titania
photocatalyst nanostructures to be prepared for deposition on a porous silicon support
interface.
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CHAPTER 1
INTRODUCTION

This chapter is intended to provide the reader with a basic understanding of the
subjects to be discussed within this thesis. Various forms of porous silicon are described
in the first section, along with the current state of production methods and applications. In
the second section, battery operation and the accompanying terminology are briefly
described, with a particular focus on lithium ion batteries. The motivation behind the
improvement of energy storage is then provided, along with a brief comparison of
batteries to alternative energy storage media. Finally, the third section gives a brief
introduction to photocatalysis and describes the action of titania-based photacalysts.

1.1 Porous Silicon
Porous silicon (PS) is the product of electrochemically etching silicon to produce
a porous surface, thus dramatically increasing its surface area. A large surface area
interface composed of a variety of pores can make PS potentially useful for a number of
applications including power generation and storage through formation of battery[1, 2],
photodiode[3, 4], betadiode[5, 6], and fuel cell[7-9] configurations; chemical detection
through the development of sensors[10-14]; photonics through the development of welldefined pore arrays[15-19]; and catalysis through the seeding of the PS surface with
chemically active nanostructures[20-22]. In addition, the morphology, chemistry, and
electronic properties of the surface can be fine-tuned to fit the intended application.
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1.1.1 Pore Structures
An important benefit of PS is the broad range of achievable surface morphologies
that can be obtained with suitable modifications of preparation conditions[23-40].
Attainable adjustments to the conditions and constituents of electrochemical etching
allow fine control of the diameter, depth, shape, and spacing of the pore structure. Pore
diameters can range from less than 10nm[28] to tens of microns[40]. Similar variations
are possible in pore depth and pore wall thickness. The forms of PS discussed in this
thesis are to be produced by variations of the etching process: the silicon wafer is
subjected to anodic etching in some form of hydrofluoric acid under constant current
conditions. The resulting pore structure is controlled by varying etch conditions in this
constant current mode.
Though they come in a variety of shapes and orientations, pores are often
characterized only by their size and spacing. Pores can be made to grow only in specific
directions relative to the surface which is to be etched, usually with a constant crosssection. Average diameter can therefore be measured by sighting straight down the pores
from above. This average diameter is used to classify the pores as nanoporous (1-10nm
diameter), mesoporous (10-100nm diameter), and microporous (greater than 100nm
diameter). Here the nano-, meso-, and micro- prefixes refer to the length scales involved.
An alternate classification scheme instead refers to the pores as micro-, meso-, and
macropores, respectively. This alternate nomenclature refers to the relative size of the
pores, with micropores being the smallest observed and macropores the largest. For
simplicity this thesis will use only the first (nano-, meso-, micro-) nomenclature.
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Though the large surface area of the PS structure is its most important feature,
maximizing surface area does not always present the ideal situation. The largest
achievable surface area would be that of a nanoporous structure with close-packed pores.
However, the walls of these pores are found to be extremely thin, making them fragile
and poor conductors of electricity. The narrow pore channels can also restrict matter
transport down the length of the pores, reducing their effectiveness in a number of
applications. For many applications, it is sufficient to simply raise the surface-area-tovolume ratio, which can be achieved with mesopores or micropores. In each case a
balance must be found between the desired properties and the limitations of each
morphology.
The pores in all three size regimes are randomly nucleated, though average
spacing is typically on the order of the pore diameter. The pores generally can be made to
etch in straight lines from the surface; however, in some cases, they can be made to
branch off[26]. The direction of the main pore shaft and branches, if any, depends on the
lattice orientation of the silicon surface. Other pore characteristics (diameter, spacing,
depth, shape, etc.) depend on combinations of solvent, HF concentration, current density,
duration of etch, and wafer doping and resistivity.
The etch solution is one of the most important factors in determining pore
structure. The solutions typically fall into one of two categories: aqueous and organic.
Aqueous solutions have water or ethanol as the primary solvent, and they may also
contain wetting agents such as acetic acid[41] or Triton® X-100[42, 43] to prevent
bubble formation on the etched surface. Organic solutions can have any number of
organic solvents, the most common being acetonitrile[36, 44, 45], dimethylformamide
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(DMF)[36, 40], and dimethyl sulfoxide (DMSO)[35, 46]. These solutions are also
commonly referred to as anhydrous or non-aqueous, though the solution often contains
some water. The HF is usually dissolved in water, typically at 49% by weight, since pure
HF boils at approximately 20°C; however, some work has been done using anhydrous HF
in organic solvents[44]. Volumetric HF concentration in both aqueous and organic
solutions can vary from less than 1% to nearly 50%.
The majority of the research done on porous silicon has involved etches
performed with n-type silicon, usually doped with phosphorous, arsenic, or antimony.
This appears to be due primarily to the fact that the majority of pore structures were first
demonstrated on n-type silicon. The full range of pore sizes is possible with n-type
etching. Nanopores can be produced using low resistivity wafers (~0.1Ωcm) with a 1:1
solution of ethanol and 49% HF[33]. Mesopores can be produced under similar
conditions with higher-resistivity wafers (~1Ωcm) and higher current densities[33].
Unfortunately, it is considerably more difficult to obtain large (~1 µm diameter)
micropores with n-type silicon. The wafer surface must first be prepared with suitablyplaced indentations, thus, at first, replacing the normal pore nucleation process[29]. This
is required since allowing the pores to nucleate on an unprepared surface will lead
primarily to mesopore formation.
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Figure 1.1 Cross-section schematic of a simple electrochemical cell for etching n-type silicon. The silicon
wafer acts as a positive electrode (anode) in the cell, with a negative electrode (cathode), usually platinum
or gold, immersed in the same solution. This example uses back-side illumination of the wafer with
ultraviolet light to increase the charge carrier density. Illumination is not necessary for etching p-type
wafers or for some n-type configurations.

Some n-type etch configurations require illumination with ultraviolet light (see
Figure 1.1). The purpose of the illumination is to excite electrons in the silicon to the
conduction band, creating electron-hole pairs. The holes participate in the etching
process, so the illumination helps to provide some control over the etch rate. More
sophisticated experimental setups include feedback systems, allowing etches to be
performed at constant voltages while current density is controlled entirely by varying the
illumination intensity and, therefore, charge carrier density[26]. Failure to illuminate the
wafer during microporous etches will lead instead to “breakthrough” mesopores, usually
on the order of 50 nm in diameter[28].
5

Etching p-type silicon (usually boron-doped) is often significantly easier than
etching n-type silicon. All three pore size ranges are possible in p-type silicon with
considerably less wafer preparation and no necessity for UV illumination. Just as with ntype silicon, etching p-type silicon in 1:1 solutions of 49% HF in ethanol will produce
nanopores and mesopores in moderate (~0.1 Ωcm) and low (~1 Ωcm) resistivity wafers,
respectively[28]. Macropores can be produced by etching ~10 Ωcm wafers prepared in
organic etch solutions using much lower (10:1) concentrations of HF[40].
Combinations of nano- and microporous silicon are possible with what is known
as a hybrid etch, so called because the PS structure has micropores with nanoporous
walls. Hybrid etches can be performed on p-type silicon of 1-20 Ωcm resistivity using
acetonitrile as a solvent with tetra-n-butylammonium perchlorate (TBAP) or a similar
wetting agent[44]. This type of etch is most interesting because it combines the benefits
of larger pores with nanoporous surface chemistry (see the Surface Chemistry section
below for a more detailed explanation).
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Figure 1.2 SEM micrographs of microporous silicon. Etching occurs at the pointed pore tips (top). The
roughly square shape of the pores (bottom) shows the orientation of the pyramidal faces of the pore tips.

The etch process for both p-type and n-type wafers requires a strong electric field
within the silicon. For this reason, rapid etching occurs only at the bottom of the pore
indentations. This is also the reason the tips (bottoms) of the pores are always pyramidal
(see Figure 1.2). The pore nucleation process is simply a slow roughening of the surface
until appropriately spaced indentations allow the rapid etching process to begin. The pore
structures discussed above, with the exception of n-type micropores, consist of randomly
placed pores, though the spacing of the pores may conform to controllable statistical
7

distributions. The spacing distribution can be controlled by varying the resistivity of the
etch solution or the wafer, or any other factor that affects electric field strength, thus
controlling the transition from nucleation to rapid etching.

Figure 1.3 Photolithography process used to produce an etch-resistant mask on a silicon wafer. The surface
under the remaining photoresist is protected, allowing only the exposed area to be etched[47]. Copyright
Stephen Lewis. Reproduced with permission.

More regular arrays of pores are possible if the surface is prepared in such a way
that rapid etching can begin without nucleation. This can be done, for example, with the
aid of photolithography (Figure 1.3). Photolithography relies on a light-sensitive coating,
known as a photoresist, which resists etching. A mask allows selective exposure of the
photoresist to UV illumination. The exposed areas are washed away to leave bare silicon
that can be etched normally[47].
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Figure 1.4 SEM micrographs (cross-section) of random (top) and ordered (bottom) micropore arrays. The
pyramidal shape of the pore openings in the ordered array is due to the KOH etching performed after
photolithography and prior to electrochemical etching.

Once the surface has been prepared with photolithography, it is exposed to heated
potassium hydroxide. Potassium hydroxide etches crystalline silicon anisotropically
(Figure 1.4). In heated, concentrated KOH solutions, the etch rate in the (100) direction
can by several hundred times that in the (111) direction. Because the KOH cannot react
with the silicon protected by the hardened photoresist, the layers stripped away will leave
angled faces at the edge of exposed regions With a properly patterned photoresist on a
(100)-oriented surface, this will produce pyramidal indentations. The bottoms of these
indentations provide a region for rapid etching without additional random nucleation[40].
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Though this photolithography process gives nearly perfect control over pore size
and placement, it adds considerable expense and difficulty to the etch process. Special
equipment is necessary to deposit and develop the photoresist so as to form the necessary
initial patterns. The photolithography process and potassium hydroxide etching also add a
significant length of time to the etching process, more than doubling it in most cases. But
most importantly, the mask for such a process would be very expensive on large scales.
Most research done on such ordered pores is restricted to small areas, typically much less
than 1 cm2. However, in cases where such control over pore structure is required, as is the
case with photonics applications, there is no viable alternative to photolithography.
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Figure 1.5 SEM micrographs (cross-section) of two stages of a lift-off etch on a silicon wafer. The bottoms
of the pores widen when etch current density is increased (top) until they overlap and allow the porous
layer to separate from the wafer (bottom).

The pore structures discussed to this point, both random and ordered, are all
porous layers on silicon wafers. It is sometimes possible strip the porous layer from the
wafer by breaking through the pore walls at their base. This is known as a lift-off etch.
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For instance, branching nano- or mesopores emanating from the lower part of the
mesopore walls can overlap and disintegrate the walls, freeing the top layer of pores. This
can be done, for example, by allowing the HF concentration in the etching solution to
reach a critical low value. Since all etching occurs at the bottom of the pores, the
branching can be suppressed until the pore reaches the desired depth. The liftoff can also
be accomplished by widening the bottoms of the pores until the open regions overlap
(Figure 1.5). This is typically done by increasing the current density in steps once the
pores have reached the desired depth. Although most known liftoff procedures of this
type require multiple steps, it may be possible to perform the liftoff in a single-step
procedure by forcing a critical point in the etch conditions (see the following lift-off
chapter).
These lift-off processes make it possible to discard the undesired bulk silicon.
They can also improve process efficiency by allowing the increased use of the wafer.
Multiple porous layers can be stripped from a single wafer, reducing material costs and
processing time.
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Figure 1.6 Cross section SEM images of a microporous silicon surface before (top) and after ultrasonic
cleaning. The cleaning shatters the thin pore walls (bottom), leaving only the thickest parts standing.

Porous silicon can also provide an intermediate structure for the production of
additional structures. For example, the ultrasonic cleaning of porous silicon with thin (on
the order of 100 nm) pore walls can destroy the pore walls. However, the thickest regions
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of the walls can remain standing, forming needle-like pillars formed without the need for
photolithography or laser ablation (Figure 1.6).

1.1.2 Surface Chemistry
The surface chemistry of the porous silicon structure is affected by the etch
process and, subsequently, is a primary determinant of the created interface’s application.
The surface chemistry can also be adjusted with a diversity of etch solutions and
processes. Several cleaning and chemical treatment processes are known. For example,
the surface of the silicon can be stripped clean of certain contaminants, or it can be
peppered with metal or metal oxide nanostructures. Coating and chemical modification of
the silicon are also possible.
Key factors in the attention given to porous silicon research are the observed
photoluminescence—inherent to the etch process of several combinations of etch
solutions—and the electroluminescence properties of the PS surface. When prepared with
select etch solutions and subsequently illuminated with ultraviolet light, porous silicon
will visibly glow, emitting a broad spectrum which appears to the eye as an orange-red
luminescence[48]. Other forms of porous silicon may glow when a sufficiently high
voltage is applied[49]. Both of these effects have drawn considerable interest for
applications in photonics. Much of this work has recently been abandoned, however, due
to the limited efficiency of both processes, but they are still of interest for alternate
reasons. However, both photoluminescence and electroluminescence involve the
excitation of silicon to metastable electronic states, which may make them useful for
controlling reactions at the PS interface.
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Photoluminescence in porous silicon results from the formation of particular
silicon oxyhydride fluorophors bound to the porous silicon surface. Nanoporous and
hybrid (combination nanoporous/microporous) etches produce a partially oxidized
surface. When the silicon oxyhydride-based surface structures are illuminated with
ultraviolet light, these fluorophors are electronically excited and slowly (over several µs)
emit visible light as they undergo transitions to lower-energy states and the ground
electronic states of these surface-bound functional groups.
The rest of the PS surface—the portion that is not oxidized—will be hydrogenterminated due to HF exposure[50]. The Si—H bond is non-polar, making the surface at
least partially hydrophobic. The oxidized portion of the surface is usually hydroxylgroup-terminated, making the surface hydrophilic. Cleaning treatments can enhance the
desired surface properties to varying degrees. For example, treatment with hydrochloric
acid solutions can enhance and stabilize the photoluminescence[51]. Heating under air
will speed the oxidation process, making the entire surface hydrophilic. This will quench
the intense red-orange photoluminesce, which relies on certain partially oxidized
oxyhydride species, leaving only the violet photoluminescence of SiO2. Treatment with
HF will strip all oxides from the surface, leaving only hydrogen-terminated silicon. This
treatment will also quench the photoluminescence. The hydrogen passivation layer left by
the HF treatment will protect the surface for a short time, but it will begin to form the
oxyhydride and eventually oxidize completely as it is exposed to air or water.
Porous silicon gas sensor technology relies on the ability to modify the PS surface
chemistry. The PS surface is inherently sensitive to a number of gases[12]. Treating the
pore surface with certain metals and metal oxides primarily as nanostructures can
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enhance the sensitivity to certain gases. Because many of the potential metal and metal
oxide structures must be introduced in aqueous solutions, it is necessary that the surface
be at least partially oxidized—and thus hydrophilic—to allow wetting. Battery
applications, on the other hand, typically do not involve aqueous solutions, so the
creation of a hydrophobic surface is not a hindrance to the functioning of these systems.
An oxidized surface, however, can act as an insulator and reduce performance. An HF
treatment applied to these surfaces removes unwanted impurities and provides temporary
protection of the surface.

1.1.3 Surface Coatings
Though sensor and battery applications rely mainly on the increased surface area
of porous silicon, it is often useful to partially or completely coat the surface with another
substance. Surfaces partially coated with a metal, preferably as a nanostructure, can
increase the conductance of the sample while leaving a large silicon surface area still
exposed. Completely coated surfaces, on the other hand, can serve one of two purposes:
the silicon can act as a platform for the coating material, providing a large surface area by
extension, or it can act in concert with the coating for several electronic functions,
primarily by providing low-resistance contacts.
Partial coatings can be useful for both battery and gas sensor technologies. The
same metal solutions used to control gas sensor sensitivity can be used to coat correctly
prepared surfaces with that metal. These solutions are “electroless.” That is, they allow
metal plating without an electrochemical process. Most work by keeping metal ions in an
unstable equilibrium with a strong base. For example, a common electroless copper
solution contains copper sulfate and sodium hydroxide. The reaction to produce copper
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and sodium sulfate is prevented by refrigerating the solution. Under proper conditions,
reduced metallic copper can be produced at a controlled rate. Similar electroless solutions
can be made to deposit gold, nickel, platinum, tin, and several other metals. By taking
advantage of the enhanced activity of a photoluminescing PS surface to produce a
reduced gold or copper coating on the surface, extremely low-resistance contacts to the
surface are possible, often orders of magnitude lower than sputtered contacts. The excited
surface-bound fluorophors can provide the energy necessary to overcome the kinetic
barrier to reduction of copper or gold ions in the solution, causing photoluminescent
regions to be preferentially coated[52]. This can allow ideal electrical contacts to the
surface in gas sensor applications, where higher contact resistances can significantly raise
power consumption. If necessary, these contacts can also be used as a current collector in
battery applications. The silicon used to create the desirable porous structures is often of
a high resistivity, so that a current collector could greatly reduce resistive losses in larger
scale batteries.
The most common alternative to these electroless coatings is sputter coating.
Though it may work very well in some situations, sputter coating is not appropriate for
most porous silicon applications. Most metals will not adhere well to the silicon surface.
A base coat of something like titanium can be used to improve the adhesion, but titanium
is very reactive and prone to corrosion. Even with an intact titanium layer, the sputtered
metal does not adhere as well as that produced from chemically deposited layers. But,
more importantly, sputtering is unable to coat pore walls. Since the pore walls are often
parallel to the path of the sputtered materials, most will not adhere to the pore walls,
instead coating only the tops and bottoms of the pores.
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Figure 1.7 Schematic of a porous silicon photodiode. Absorbed photons excite electrons in the n-type
silicon, generating a voltage difference between the two layers.

Porous silicon power generation applications also rely on the efficient generation
of select surface coatings. Photo- and betavoltaics both require a layer of an n-type
semiconductor on top of a p-type semiconductor to form a p-n junction diode.
Photovoltaic cells generate power using the photo-excitation of the n-type layer.
Electrons cannot flow directly to the p-type layer, so a voltage build-up occurs. Porous
silicon provides an improvement in efficiency for this process by reducing reflection
losses. Photons that enter the pores can be reflected multiple times, providing multiple
chances for absorption and conversion (Figure 1.7)[53].
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Figure 1.8 Schematic of a betavoltaic cell. The beta particles emitted by decaying tritium atoms are
absorbed when they strike the n-type silicon, generating a voltage difference between the two layers.

Betavoltaics operate on a similar principle. The surface has an identical
configuration, but the voltage comes from captured beta particles from, for example,
tritium. Storing the tritium in the pores exposes it to a large surface in most directions,
greatly increasing the chances that emitted particles will strike a useful surface (Figure
1.8)[6].
The ability to coat the porous silicon surface also makes it of interest for
photocatalytic applications. Titania nanoparticles, for example, are known to have a very
strong photocatalytic efficiency[54]. Illuminating them with sufficiently high-energy
photons allows them to produce strong oxidizing agents that decompose organic
compounds. Coating the porous silicon surface with these particles can greatly improve
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photocatalytic efficiency by allowing absorption of reflected photons, much like the
effect seen in porous photodiodes.

1.1.4 Modifying chemical composition
In some cases the chemical composition of the silicon itself can be modified.
Though production of desired pore structures will generally require particular wafer
specifications, those specifications can often be changed after the etch is completed.
Diffusion-controlled processes make it possible to change the charge carrier type,
switching the silicon from p-type to n-type or vice versa, by replacing the silicon
dopant[55]. These processes can also be used to change dopant density, raising or
lowering the resistivity. It is even possible to convert the pure silicon to a silicon alloy
using kinetically controlled vapor deposition[56].
Modifying only the surface composition is possible by infusing the surface in a
method similar to case hardening. Case hardening is the process of hardening the outer
surface of a steel object by packing it and carbon and heating it. The carbon diffuses into
the steel, giving an outer layer of high-carbon steel with an inner core of low-carbon
steel. P-n junctions like those used in beta- and photovoltaics can be achieved by this
method. Exposing an n-type (phosphorous-, antimony-, or arsenic-doped) surface to
molten borosilicate glass will allow boron to diffuse into the surface. This will create a
boron-doped (p-type) layer on top of the n-type bulk, and the glass can then be
removed[55].
Modification of the entire silicon crystal structure is also possible. It is most easily
accomplished using elements with high diffusion coefficients in the silicon lattice. For
example, alloys of silicon with light metals such as lithium or magnesium can be made by
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exposing a temperature-controlled silicon wafer to vapors of these metals[56]. The atoms
will diffuse into the lattice, binding to the silicon as they cool. Though the process will
create a concentration gradient at the surface, heating the sample can allow the atoms to
diffuse more uniformly. Lithium, for example, has a diffusion constant in silicon of ~7.2
* 10-5 cm2/s at 415°C[57]. This process is potentially of interest for lithium battery
applications.

1.2 Batteries
A battery is defined as one or more cells used to convert stored chemical energy
to an electromotive force. Terms commonly used to describe the components and
characteristics of batteries are detailed here for clarity. The basic principles of operation
are also explained.

1.2.1 Battery Operation
A battery cell consists of two half-cells, each of which consists of an electrode
and a medium undergoing a chemical reaction. An example is shown in Figure 1.9. One
of the chemical reactions must produce free electrons, while the other must consume
them. In the zinc-copper battery, the release of zinc ions into solution produces free
electrons, which combine with copper ions in the solution to deposit metallic copper on
the copper electrode. The electrodes can be metals that participate in the reaction or inert
substrates.

21

Figure 1.9 Diagram of a simple zinc-copper battery. Because zinc sulfate is more energetically favorable
than copper sulfate, zinc reacts with copper sulfate to yield zinc sulfate and copper. The battery controls the
reaction so that the reaction energy can be converted to electrical energy.

The charge differential between the two half-cells produces a voltage difference
that depends entirely on the relative free energies of the reactions. For the zinc-copper
cell, the copper reaction has an electric potential of 0.34V (relative to the standard
hydrogen potential), and the zinc reaction has an electric potential of 0.76V, giving a cell
voltage of 1.1V[58]. Higher voltages are the result of cells connected in series. For
example, common 9V batteries consist of 6 1.5V cells, typically small cylinders in a
rectangular case.
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Battery capacity refers to the amount of charge transferred by completely
discharging a battery. For common commercial batteries it is measured in milliamp hours
(mAh). Specific capacity is capacity per unit mass, typically mAh/g. The stored energy of
an ideal battery can be calculated by multiplying this capacity by the cell voltage. For
example, AA alkaline batteries have capacities of roughly 2000 mAh (specific capacity
roughly 90 mAh/g) and cell voltages of 1.5V, giving an energy capacity of 10.8 kJ.
For real batteries, however, energy capacity calculations are not realistic.
Accumulating reaction products can lead to increasing internal resistance, which will
lower cell voltage under load. Battery chemistry is diffusion-driven, so high discharge
rates can produce large ion concentration gradients, which lead to significant resistive
losses. Most batteries also have some finite self discharge in which the battery reactants
are consumed even when the batter is not in use. Capacity measurements must therefore
be viewed as upper limits.

1.2.2 Motivation
There is a near limitless demand for energy storage devices. Alternative energy
sources such as solar and wind power cannot easily match peak production times to peak
demand, so they require substantial energy storage. The storage medium must be both
cheap and efficient to make alternative energy sources competitive with more traditional
sources.
The greatest commercial motivation, however, is portable electronics. Laptops,
cell phones, electronic organizers, cameras, and portable music and video game devices
are very popular. To remain competitive, these devices must grow increasingly powerful.
Computer processor speed has increased exponentially for the last 15 years, with a
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corresponding increase in power consumption, roughly doubling every 3 years[59]. Other
portable electronics have seen similar increases. This drastic increase in power
consumption has been accompanied by increasing battery life requirements and
decreasing size and weight.
Fuel cells are one heavily-researched possibility. Fuel cells are similar to
batteries, except they are not self-contained. Reactants are supplied to the cell and
consumed, and reaction products are released. Typical fuel cells use hydrogen or a
hydrocarbon and atmospheric oxygen as reactants. They can have very high energy
capacities, limited only by fuel storage volume. However, many fuel cells require
operating temperatures of several hundred degrees Celsius to deliver peak power and
efficiency, which is obviously not suitable for portable electronics. These cells require the
production of fuel, which is typically flammable and toxic, and specific capacity
decreases as the fuel supply gets smaller, since the cell itself must be a certain size to
meet power requirements.
Supercapacitors are another alternative. A supercapacitor is an electrolytic
capacitor with micro- or nano-structured electrodes that provide an extremely high
capacitance. They are energy efficient and much more stable than batteries, but they have
much lower energy density. They are promising for large scale energy storage but
completely unsuited to portable electronics.
The most commonly used energy storage medium for portable electronics is the
rechargeable battery. Battery technology has not changed significantly in more than 200
years. Even the lead-acid battery—the first rechargeable battery, invented more than 150
years ago—is used in its original form in car batteries. But despite the maturity of this
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technology, batteries are the most convenient and efficient means of energy storage for a
number of applications. Improvements in electrode chemistry and structure provide
performance increases.

1.2.3 Lithium Ion Batteries
Lithium ion batteries are the most promising of the currently available
rechargeable battery technologies. They are superior to other rechargeable batteries in
almost every quantifiable respect. Commercially available lithium ion batteries have up
to three times the energy density of the nearest competitor, nickel metal hydride (NiMH)
batteries. They have significantly lower self-discharge (loss of stored energy when the
battery is not under load) than other rechargeable batteries, and their power density rivals
that of supercapacitors. For these reasons they are commonly used for all portable
electronic devices.
Recently, however, lithium ion batteries have drawn a great deal of negative
media attention due to their most significant weakness. The thin film nature of the
batteries imposes a restriction on energy and power densities: if one is raised, it must be
at the expense of the other. Placing large power requirements on high capacity batteries
(as with newer laptop computers) can lead to extreme overheating. Some poorly designed
batteries have even been known to burst into flame. To overcome this considerable
drawback, the composition and structure of the batteries must be carefully selected.
A standard lithium ion battery is configured as shown in Figure 1.10. The anode
and cathode materials determine the process by which energy is stored. The electrodes
can participate in chemical reactions with the lithium ions, or they can act as intercalation
media, with lithium ions inserted into interstitial sites. The electrodes are separated by an
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insertion compound, usually a lithium salt in an organic solvent. The insertion compound
allows diffusion of lithium ions, but not electrons, between the electrodes. When a
current is allowed to flow from the cathode to the anode, a corresponding lithium ion
current will flow through the insertion compound from the anode to the cathode. This is
the discharge cycle of the battery[60].

Figure 1.10 A traditional lithium ion battery.

The power/capacity limitation in the batteries is due to the electrodes. The battery
capacity depends on the volume of the electrodes, which is directly related to the number
of available lithium ions. However, while the lithium ions move freely through the
insertion compound, their diffusion in the electrodes is more limited. They will
experience resistive losses as they diffuse through the electrode material and collide with
atoms in the lattice. In high capacity batteries with thick electrodes, this long path for
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lithium diffusion can represent a significant resistance within the battery, making it
susceptible to internal Joule heating.
A simple workaround for this problem would be to make wide batteries with thin
electrodes. Unfortunately, this method is impractical for several reasons. Fabrication and
handling of these thin electrodes would make battery production more difficult and
expensive. The large area of the battery would also raise the fraction of the battery
represented by the current collector (conductive coating on the back of the electrodes),
the separator (a porous insulating material, filled with the insertion compound, that
physically separates the electrodes), and the battery casing, which would lower the
energy density of the battery.
Because of these problems, more recent lithium ion batteries are made with 3dimensional electrodes. The surface-area-to-volume ratio of the electrode is increased by
simply raising the surface roughness, allowing the lithium ions to diffuse most of the way
through the insertion compound instead of the cathode material (see Figure 1.11).

Figure 1.11 A traditional lithium ion battery with a porous anode.
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Most commercially available lithium ion batteries use a metal oxide cathode and a
carbon anode. The carbon anode acts as an intercalation medium for the lithium. It has a
reasonably high specific capacity (up to nearly 400 mAh/g)[61]. It also expands very
little during the alloying process, which reduces physical deformation of the anode and
subsequent loss of capacity during cycling. The carbon, in the form of small graphite
particles, is bonded to a current collector, usually aluminum. Unfortunately, the
manufacture of these electrodes is a difficult process, raising the price of an already
expensive battery. In addition, modern batteries have nearly reached the theoretical
capacity of the carbon anodes, which means further capacity increases will not be
possible.
Silicon, however, does not suffer from this specific capacity limitation. High
density lithium-silicon alloys, such as Li22Si5, give the silicon anode a theoretical specific
capacity of more than 4000 mAh/g, nearly as high as pure lithium. Lithium diffuses
easily through the silicon lattice, even at room temperature, so resistive losses in the
electrode will be minimized. With a properly structured anode, such a battery would have
an energy density an order of magnitude higher than any available alternative, in addition
to an arbitrarily high power density.
The fabrication of silicon anodes is also a much simpler process than that of
carbon anodes. Porous silicon can be produced in a simple electrochemical etch process.
The silicon used is cheap and readily available, as it is similar to that used in
semiconductor electronics. This technology reduces the importance of the current
collector, because the silicon used has a reasonably high conductivity

28

The only drawback to a silicon anode is the mechanical instability of the system.
The silicon can expand by as much as 100% during the alloying process. The mechanical
stress of this expansion and contraction can damage the electrode over the course of
several charge/discharge cycles, drastically reducing capacity. Previous attempts to
combine lithium with silicon have involved small silicon structures on a current collector
or pillars of silicon on a silicon substrate. The electrode structure must therefore balance
cycling stability with battery capacity and power density.

1.3 Photocatalysts
A photocatalyst is a substance, usually a semiconductor, in which catalytic
activity is greatly enhanced by illumination with light above a certain threshold energy.
Photons with energy above the band gap of the semiconductor excite electrons to the
conduction band, creating electron-hole pairs. These electron-hole pairs have
exceptionally high oxidative potential, facilitating the production of free radicals from
substances (e.g. water) exposed to the surface. These free radicals, in turn, oxidize other
substances[62].
Because the production of free radicals requires proximity to the holes, it occurs
only when the holes are near the surface. The electron-hole pairs will naturally recombine
in a short time if they do not participate in an oxidation reaction. This lifetime is
dramatically shortened by the presence of recombination sites in the lattice. Any
photocatalyst material at a distance from the surface will provide recombination sites and
decrease the amount of time the pairs spend in the reactive region. Efficient
photocatalysis therefore requires nanostructures or thin films to maximize surface-area-

29

to-volume ratios, which maximizes the chance that the holes will react before
recombining.

1.3.1 Titania Photocatlysts
The most well-known photocatalyst is titanium dioxide, or titania. Its
photocatalytic activity has been know since the 1920s. Some other photocatalysts are
similarly useful, but titania is cheap, biologically inactive (rutile, one form of titania, is
the white pigment used in paint, tattoo ink, and toothpaste), insoluble in water, corrosion
resistant, and effective.
Titania occurs in 3 forms under standard conditions: brookite (which has an
orthorhombic lattice structure), rutile, and anatase (both of which have tetragonal lattice
structures). Most naturally occurring titania is rutile, and both anatase and brookite will
convert to rutile when heated above 400°C. The earliest work on titania photocatalysis
involved rutile, since it was the most common and stable form. Rutile has a band gap of
3.0 eV (which corresponds to a wavelength of 413 nm), compared to 3.2 eV (388 nm) for
anatase[63]. This means that rutile photocatalysis is more efficiently activated by broad
spectrum light sources. Unfortunately, the rutile lattice has more recombination sites than
that of anatase, so the electron-hole pairs have significantly shorter lifetimes[64]. The
reduced efficiency due to the frequent recombination greatly outweighs the benefit of the
lower activation energy. For this reason anatase photocatalysis is more commonly
researched.
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1.3.2 Applications
Photocatalysts already have a number of common applications, and their usage
will increase as they become more efficient. Self-cleaning surface coatings, as well as air
and water decontamination systems, are commercially available. Industrial chemical
production and decontamination on a grander scale are promising, and they will become
practical with photocatalytic performance improvements.
Self-cleaning and anti-fogging surface coatings both rely on the increased
hydrophilic nature of activated titania. Illuminating a thin film coating of anatase with
UV light enables perfect wetting of the surface, which prevents beading or fogging. The
water coating also acts as a protective barrier, preventing anything else from bonding to
the surface. This allows most contaminants to be easily rinsed away. Contaminants that
are not rinsed away will be exposed to oxide, superoxide, and hydroxyl radicals,
eventually breaking them down to their simplest components.
The latter quality of these coatings is used in products that decontaminate air and
water. The free radicals can break down hazardous chemicals such as organic solvents,
and they easily destroy most microorganisms. This essentially provides a filtration system
that does not need to be cleaned, as the main products of these reactions, carbon dioxide
and water, will simply evaporate.
This process could potentially be used on industrial scales with very attractive
results. Because the coatings are simple and cheap, portable, solar-powered waste water
treatment systems could be made readily available in undeveloped countries. The
coatings also show great promise for reducing air pollution. Smog is produced when UV
in sunlight interacts with water vapor and oxides of nitrogen (NO and NO2). It has been
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proposed that anatase coatings on sidewalks and walls could remove the nitrogen oxides
from the air by converting them to nitric or nitrous acids. The acids react with calcium
carbonate in concrete to form calcium nitrate, a harmless compound used as a fertilizer,
which would wash away in the rain. The coatings would also eliminate hydrocarbons
released from vehicle exhaust. Though the coatings would necessarily cover a very large
surface area, the materials necessary are inexpensive, and the savings in health costs due
to reduced levels of ozone and hydrocarbons would be significant.
Photocatalysis is also of interest in facilitating the switch from fossil fuels to a
hydrogen economy. Hydrogen has been proposed as an energy storage medium for
alternative fuel sources such as solar and wind power. Unfortunately, hydrogen
production by electrolysis is an inefficient process, typically yielding less than 50%.
Titania-photocatalyzed water splitting has been heavily researched since the 1970s for its
potential to cheaply and efficiently produce hydrogen gas[65-67].

32

REFERENCES

1.

Jiang, T., et al., Preparation and characterization of silicon-based threedimensional cellular anode for lithium ion battery. Electrochemistry
Communications, 2007. 9(5): p. 930-934.

2.

Shin, H.C., et al., Porous silicon negative electrodes for rechargeable lithium
batteries. Journal of Power Sources, 2005. 139(1-2): p. 314-320.

3.

Balagurov, L.A., et al., Highly sensitive porous silicon based photodiode
structures. Journal of Applied Physics, 1997. 82(9): p. 4647-4650.

4.

Kruger, M., et al., Color-sensitive Si-photodiode using porous silicon interference
filters. Japanese Journal of Applied Physics Part 2-Letters, 1997. 36(1AB): p.
L24-L26.

5.

Clarkson, J.P., et al., Betavoltaic and photovoltaic energy conversion in threedimensional macroporous silicon diodes. Physica Status Solidi a-Applications
and Materials Science, 2007. 204(5): p. 1536-1540.

6.

Sun, W., et al., A three-dimensional porous silicon p-n diode for betavoltaics and
photovoltaics. Advanced Materials, 2005. 17(10): p. 1230-+.

7.

Aravamudhan, S., A.R.A. Rahman, and S. Bhansali, Porous silicon based
orientation independent, self-priming micro direct ethanol fuel cell. Sensors and
Actuators a-Physical, 2005. 123-24: p. 497-504.

8.

Presting, H., et al., Porous silicon for micro-sized fuel cell reformer units.
Materials Science and Engineering B-Solid State Materials for Advanced
Technology, 2004. 108(1-2): p. 162-165.

9.

Zheng, D., et al., Controlled preparation of porous silicon as diffusion layer for
miniature fuel cell. Journal of Inorganic Materials, 2006. 21(6): p. 1367-1372.

10.

Foucaran, A., et al., Porous silicon layers used for gas sensor applications. Thin
Solid Films, 1997. 297(1-2): p. 317-320.

11.

Lewis, S.E., J.R. DeBoer, and J.L. Gole, A pulsed system frequency analysis for
device characterization and experimental design: Application to porous silicon
sensors and extension. Sensors and Actuators B-Chemical, 2007. 122(1): p. 2029.

12.

Lewis, S.E., et al., Sensitive, selective, and analytical improvements to a porous
silicon gas sensor. Sensors and Actuators B-Chemical, 2005. 110(1): p. 54-65.

33

13.

Seals, L., et al., Rapid, reversible, sensitive porous silicon gas sensor. Journal of
Applied Physics, 2002. 91(4): p. 2519-2523.

14.

Taliercio, T., et al., Realization of Porous Silicon Membranes for Gas Sensor
Applications. Thin Solid Films, 1995. 255(1-2): p. 310-312.

15.

Bettotti, P., et al., P-type macroporous silicon for two-dimensional photonic
crystals. Journal of Applied Physics, 2002. 92(12): p. 6966-6972.

16.

Schilling, J., et al., Three-dimensional photonic crystals based on macroporous
silicon with modulated pore diameter. Applied Physics Letters, 2001. 78(9): p.
1180-1182.

17.

Rowson, S., A. Chelnokov, and J.M. Lourtioz, Two-dimensional photonic crystals
in macroporous silicon: From mid-infrared (10 mu m) to telecommunication
wavelengths (1.3-1.5 mu m). Journal of Lightwave Technology, 1999. 17(11): p.
1989-1995.

18.

Leonard, S.W., et al., Attenuation of optical transmission within the band gap of
thin two-dimensional macroporous silicon photonic crystals. Applied Physics
Letters, 1999. 75(20): p. 3063-3065.

19.

Gruning, U. and V. Lehmann, Two-dimensional infrared photonic crystal based
on macroporous silicon. Thin Solid Films, 1996. 276(1-2): p. 151-154.

20.

Vogt, U.F., et al., Macroporous silicon carbide foams for porous burner
applications and catalyst supports. Journal of Physics and Chemistry of Solids,
2007. 68(5-6): p. 1234-1238.

21.

Xia, Y.D. and R. Mokaya, Highly ordered mesoporous silicon oxynitride
materials as base catalysts. Angewandte Chemie-International Edition, 2003.
42(23): p. 2639-2644.

22.

Kaskel, S. and K. Schlichte, Porous silicon nitride as a superbase catalyst.
Journal of Catalysis, 2001. 201(2): p. 270-274.

23.

Bardyshev, N.I., et al., Nanopores in macroporous silicon. Inorganic Materials,
2004. 40(11): p. 1127-1132.

24.

Carstensen, J., et al., Parameter dependence of pore formation in silicon within a
model of local current bursts. Physica Status Solidi a-Applied Research, 2000.
182(1): p. 63-69.

25.

Christophersen, M., J. Carstensen, and H. Foll, Crystal orientation dependence of
macropore formation in n-type silicon using organic electrolytes. Physica Status
Solidi a-Applied Research, 2000. 182(2): p. 601-606.

34

26.

Christophersen, M., et al., Crystal orientation dependence and anisotropic
properties of macropore formation of p- and n-type silicon. Journal of the
Electrochemical Society, 2001. 148(6): p. E267-E275.

27.

Christophersen, M., J. Cartensen, and H. Foll, Macropore formation on highly
doped n-type silicon. Physica Status Solidi a-Applied Research, 2000. 182(1): p.
45-50.

28.

Foll, H., et al., Formation and application of porous silicon. Materials Science &
Engineering R-Reports, 2002. 39(4): p. 93-141.

29.

Lehmann, V., The Physics of Macropore Formation in Low Doped N-Type
Silicon. Journal of the Electrochemical Society, 1993. 140(10): p. 2836-2843.

30.

Lehmann, V., The electrochemistry of silicon : instrumentation, science, materials
and applications. 2002, Weinheim: Wiley-VCH. xi, 277 p.

31.

Lehmann, V., Trends in fabrication and applications of macroporous silicon.
Physica Status Solidi a-Applied Research, 2003. 197(1): p. 13-15.

32.

Lehmann, V. and S. Ronnebeck, The physics of macropore formation in lowdoped p-type silicon. Journal of the Electrochemical Society, 1999. 146(8): p.
2968-2975.

33.

Lehmann, V., R. Stengl, and A. Luigart, On the morphology and the
electrochemical formation mechanism of mesoporous silicon. Materials Science
and Engineering B-Solid State Materials for Advanced Technology, 2000. 69: p.
11-22.

34.

Levy-Clement, C., et al., Macropore formation on p-type multicrystalline silicon
and solar cells. Physica Status Solidi a-Applied Research, 2003. 197(1): p. 27-33.

35.

Lust, S. and C. Levy-Clement, Macropore formation on medium doped p-type
silicon. Physica Status Solidi a-Applied Research, 2000. 182(1): p. 17-21.

36.

Ponomarev, E.A. and C. Levy-Clement, Macropore formation on p-type Si in
fluoride containing organic electrolytes. Electrochemical and Solid State Letters,
1998. 1(1): p. 42-45.

37.

Ponomarev, E.A. and C. Levy-Clement, Macropore formation on p-type silicon.
Journal of Porous Materials, 2000. 7(1-3): p. 51-56.

38.

Ronnebeck, S., et al., Crystal orientation dependence of macropore growth in ntype silicon. Electrochemical and Solid State Letters, 1999. 2(3): p. 126-128.

39.

Starkov, V.V., Ordered macropore formation in silicon. Physica Status Solidi aApplied Research, 2003. 197(1): p. 22-26.

35

40.

Vyatkin, A., et al., Random and ordered macropore formation in p-type silicon.
Journal of the Electrochemical Society, 2002. 149(1): p. G70-G76.

41.

Matic, Z., R.R. Bilyalov, and J. Poortmans, Firing through porous silicon
antireflection coating for silicon solar cells. Physica Status Solidi a-Applied
Research, 2000. 182(1): p. 457-460.

42.

Ashruf, C.M.A., et al., Galvanic porous silicon formation without external
contacts. Sensors and Actuators a-Physical, 1999. 74(1-3): p. 118-122.

43.

Lau, H.W., G.J. Parker, and R. Greef, High aspect ratio silicon pillars fabricated
by electrochemical etching and oxidation of macroporous silicon. Thin Solid
Films, 1996. 276(1-2): p. 29-31.

44.

Propst, E.K. and P.A. Kohl, The Electrochemical Oxidation of Silicon and
Formation of Porous Silicon in Acetonitrile. Journal of the Electrochemical
Society, 1994. 141(4): p. 1006-1013.

45.

Rieger, M.M. and P.A. Kohl, Mechanism of (111)Silicon Etching in HfAcetonitrile. Journal of the Electrochemical Society, 1995. 142(5): p. 1490-1495.

46.

Song, J.H. and M.J. Sailor, Dimethyl sulfoxide as a mild oxidizing agent for
porous silicon and its effect on photoluminescence. Inorganic Chemistry, 1998.
37(13): p. 3355-3360.

47.

Lewis, S., THE CREATION OF A VIABLE POROUS SILICON GAS SENSOR.
2006, Georgia Institute of Technology: Atlanta.

48.

Gole, J.L., et al., Origin of porous silicon photoluminescence: Evidence for a
surface bound oxyhydride-like emitter. Physical Review B, 1997. 56(4): p. 21372153.

49.

Koshida, N. and H. Koyama, Visible Electroluminescence from Porous Silicon.
Applied Physics Letters, 1992. 60(3): p. 347-349.

50.

Thornton, J.M.C. and R.H. Williams, An S/Xps Study of Hydrogen Terminated,
Ordered Silicon (100) and (111) Surfaces Prepared by Chemical Etching. Physica
Scripta, 1990. 41(6): p. 1047-1052.

51.

Gole, J.L., et al., Chloride salt enhancement and stabilization of the
photoluminescence from a porous silicon surface. Physical Review B, 2000.
61(8): p. 5615-5631.

52.

Gole, J.L., L.T. Seals, and P.T. Lillehei, Patterned metallization of porous silicon
from electroless solution for direct electrical contact. Journal of the
Electrochemical Society, 2000. 147(10): p. 3785-3789.

36

53.

Strehlke, S., S. Bastide, and C. Levy-Clement, Optimization of porous silicon
reflectance for silicon photovoltaic cells. Solar Energy Materials and Solar Cells,
1999. 58(4): p. 399-409.

54.

Gravelle, P.C., et al., Surface Reactivity of Reduced Titanium-Dioxide.
Discussions of the Faraday Society, 1971(52): p. 140-&.

55.

Rankel, L.A., Silicon Semiconductor Device Processing, USPTO, Editor. 1973,
Bell Telephone Laboratories, Inc.: US.

56.

Dudel, F.P., et al., Kinetically controlled lithiation: A variant of physical vapour
deposition with application to lightweight alloys and lithium batteries.
Philosophical Magazine B-Physics of Condensed Matter Statistical Mechanics
Electronic Optical and Magnetic Properties, 1997. 75(5): p. 733-755.

57.

Wen, C.J. and R.A. Huggins, Chemical Diffusion in Intermediate Phases in the
Lithium-Silicon System. Journal of Solid State Chemistry, 1981. 37(3): p. 271278.

58.

Milazzo, G., S. Caroli, and V.K. Sharma, Tables of standard electrode potentials.
1978, New York: Wiley. xvi, 421 p.

59.

Gunther, S., et al., Managing the Impact of Increasing Microprocessor Power
Consumption. Intel Technology Journal, 2001. Q1 2001.

60.

Linden, D. and T.B. Reddy, Handbook of batteries. 3rd ed. 2002, New York:
McGraw-Hill. 1 v. (various pagings).

61.

Wakihara, M., Recent developments in lithium ion batteries. Materials Science &
Engineering R-Reports, 2001. 33(4): p. 109-134.

62.

Hashimoto, K., T. Kawai, and T. Sakata, Photocatalytic Reactions of
Hydrocarbons and Fossil-Fuels with Water - Hydrogen-Production and
Oxidation. Journal of Physical Chemistry, 1984. 88(18): p. 4083-4088.

63.

Pak, V.N. and N.G. Ventov, Electron Spectrum of Tetravalent Titanium Oxides.
Zhurnal Fizicheskoi Khimii, 1975. 49(10): p. 2535-2537.

64.

Brown, J.D., D.L. Williamson, and A.J. Nozik, Mossbauer Study of the Kinetics
of Fe-3+ Photoreduction on Tio2 Semiconductor Powders. Journal of Physical
Chemistry, 1985. 89(14): p. 3076-3080.

65.

Schrauzer, G.N. and T.D. Guth, Photolysis of Water and Photoreduction of
Nitrogen on Titanium-Dioxide. Journal of the American Chemical Society, 1977.
99(22): p. 7189-7193.

37

66.

Irick, G., Determination of Photocatalytic Activities of Titanium Dioxides and
Other White Pigments. Journal of Applied Polymer Science, 1972. 16(9): p. 2387&.

67.

Fujishim.A and K. Honda, Electrochemical Photolysis of Water at a
Semiconductor Electrode. Nature, 1972. 238(5358): p. 37-&.

38

CHAPTER 2
ELECTRODE FABRICATION

The most significant obstacle to the use of silicon as a lithium ion battery anode
has been the dramatic expansion (more than 100%) of the silicon during lithium-silicon
alloy formation. 3-dimensional electrode structures are commonly used to maximize
electrode surface area and, consequently, battery capacity. Graphite and carbon-based
polymers have negligible volume increases during the alloying process, and they can
therefore be used to form electrodes simply by attaching nanostructures to a current
collector. The expansion of silicon nanostructures prevents the use of this sort of
electrode. The structures will detach from the current collector[1] and fuse together[2],
irreversibly destroying the electrode in the course of a few charge/discharge cycles.
To overcome this limitation, silicon alloys or composites are often used in place
of pure silicon as the anode material. The most common addition by far is carbon[3-6],
though other materials, such as magnesium, have been applied as well. However, these
methods have their own drawbacks. Composites and alloys always have reduced specific
capacity, since silicon’s specific capacity as nearly as high as is possible, approaching
that of pure lithium. They also introduce added levels of complexity and expense to the
fabrication process.
An alternative is microstructured silicon. Though pure silicon is not a conductor,
dopants can be introduced to give reasonably low resistivities (on the order of 10 Ωcm).
Provided that the dopants do not interact with the lithium and the substrate is thin, the
silicon can be used as its own current collector with negligible increases in series
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resistance within the battery. Though the surface structures may be deformed or even
separated by cycling, they will fuse back together upon dealloying. This has shown
promising results in tests with silicon pillars on a silicon substrate[7]. Capacity
measurements have shown high repeatability over the course of dozens of cycles.

2.1 Pore Structure Control
Pillar structures require extensive sample preparation and often involve complex
fabrication steps. The work of Green et al, for example, involves the use of reactive ion
etching (RIE) and uses random cesium chloride island formation for masking. This
severely limits structure control. Porous silicon has no such limitation. The pore structure
can be accurately controlled by simple modifications to the electrochemical etch process.
By fine-tuning the pore structure, a balance between cycling stability and capacity can be
found.

2.1.1 Etch Cell
The first variable in the etching process is the container in which the etch is
performed, known as the etch cell. Though there are a large number of configurations
used for porous silicon research, all have several features in common. For example, all
etch cells are constructed of Teflon or a similar hard plastic, and all use cathodes made
from a noble metal, such as platinum or gold. This is because the cell components must
withstand prolonged exposure to hydrofluoric acid and organic solvents. Many other
design constraints demonstrate considerable flexibility. Electrode size and placement can
have a considerable effect on pore structure in some situations. The flow of the etch

40

solution is also important. The complete cell design, encompassing these parameters and
many others, must be carefully considered to consistently provide the desired results.
The porous silicon samples used here for battery testing were produced in
standard electrochemical etch cells. The cells are carved from a block of high density
polyethylene, which is not susceptible to the solvents used in the etch process. A Viton
gasket forms a seal between the wafer and the cell, and it defines the area to be etched. In
the smaller cell used in these studies, the etched area is roughly 1cm2. A larger cell area
can vary from ~4-7cm2. Viton or some similar type of rubber should be used for its
resistance to the etch solvent. Low grade Viton is sufficient for hybrid etches or short
DMF etches. Sustained exposure to DMF (greater than 40 minutes) will cause low grade
Viton to swell and deform, which can cause the wafer to fracture. Since the opening in
the gasket defines the etched region, gasket deformation will also cause variations in etch
area and, therefore, current density.
The cells all use blocks of steel wrapped in aluminum foil as current collectors.
The steel block allows the wafers to be firmly secured in place with a c-clamp,
additionally compressing the gasket to form a tight seal. The aluminum foil is used for
convenience. Because these plates are used as current collectors, it is necessary that they
be kept clean and free of oxidation. However, they are inevitably exposed to the etch
solution, which accelerates corrosion. Instead of polishing or replacing the plates, the
aluminum wrapping is easily replaced when necessary.
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Figure 2.1 Cross section diagram of the etch cell described by Stephen Lewis[8]. The arm of the electrode
parallel to the wafer surface is roughly the size of the horizontal channel.
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Figure 2.2 Front view of the Lewis etch cell[8]. The large electrode face allows etch solution flow only
around its edges.

Though most etches were performed in the etch cell described by Steven Lewis
(Figure 2.1), it has since been discerned that the cell had numerous design flaws that
affected performance and cost. The Lewis cell used a platinum electrode bent to hold a
broad, flat electrode surface parallel to the wafer at a distance of approximately 3mm.
This large electrode was intended to provide a uniform electric field and current density
by ensuring that the entire etch region was equidistant from the electrode. Unfortunately,
this design obstructed the flow of etch solution at the surface of the wafer, because the
electrode face blocked most of the cell opening, leaving only a few millimeters around its
edges through which the solution could flow. Free movement of the solution is necessary
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to maintain steady concentrations in the etching region and to remove the by-products of
the etch reaction (hydrogen gas and silicon tetrafluoride). The short distance between the
electrode and wafer also presented difficulties. The electrode face was not perfectly flat,
and the cell configuration made it very difficult to ensure that the face was parallel to the
wafer. These small variations in shape or placement were comparable to the spacing
distance, so some regions of the wafer were closer to the electrode and received a higher
current density than others. Because of this current density gradient, the previous
configuration makes it difficult to guarantee uniform etch conditions.

Figure 2.3 Cross section diagram of the modified etch cell, shown connected to the computer-controlled
power supply.
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Figure 2.4 Front view of the modified etch cell. The platinum electrode has been reduced in size and
placed more than a centimeter away from the etching surface to allow improved etch solution flow.

Commercially available etch cells have a drastically different configuration, much
closer to the current design of our etch cell. Most configurations involve a platinum wire
instead of a broad, flat electrode. It is also common to include a reference electrode. Our
etch cell could not be readily reconfigured for these components without major structural
modifications, because it would require drilling small holes for the counter electrode and
reference electrode, and both would require careful placement. A potentiostat would also
be required to maintain the reference electrode voltage. However, the bent platinum
electrode was easily replaced with a well-anchored and centered platinum strip less than
1 cm wide without any changes to the cell (Figures 2.3 and 2.4). The new electrode sits
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approximately 1cm from the wafer. It was fixed in place with Torr Seal, a low vapor
pressure epoxy, both above and below the opening to prevent movement during etching,
and it was carefully centered and held parallel to the wafer while the Torr Seal set. This
new configuration leaves significantly more room for the etch solution to circulate near
the etching surface, and therefore the current density appears to be more uniform.
This etch cell also has a recess in the bottom of the etch solution channel to allow
placement of a magnetic stir bar. The stir bar allows greatly increased etch solution flow
at the etching surface to carry away gaseous reaction products. Without this flow the
gases can form bubbles on the etching wafer surface, preventing etching in the regions
where they are attached. When the bubbles grow large enough to float away, they
accumulate at the top of the etching region and obstruct a growing section of the upper
wafer surface region during the etch, thus decreasing the etch area and increasing current
density. The stirring is also used to help maintain a more uniform fluoride ion
concentration, which is known to affect pore structure (see liftoff chapter).
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Figure 2.5 Cross section diagram of the smaller electrochemical etch cell. Unlike the larger cell, the
platinum electrode is placed away from the wafer so that it does not obstruct the horizontal channel.

A small number of samples were produced in an alternate, smaller cell (Figure
2.5). This cell has an etch solution capacity of approximately 4mL, significantly less than
that of the regular etch cell (20 mL). It also has a smaller front opening (roughly 1cm2)
and does not provide for a magnetic stir bar. This cell is ideal for etching high resistivity
samples which can overtax the power supply. However, the etching conditions do not
scale from the small cell to the large cell. The variations in their designs can cause
significant differences in pore structure even under identical etching conditions. The
horizontal channel leading to the wafer in the small cell can be almost completely
obstructed by the platinum electrode. For that reason, the electrode is placed on the
opposite side of the cell, away from the wafer. Thus even though the cell itself is much
smaller, the electrode is nearly twice as far away from the wafer as in the larger cell.
Furthermore, the narrow channel further restricts solution flow. These differences,
however, can produce some interesting results (see Liftoff etching).
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Figure 2.6 An electrochemical etch cell constructed to allow illumination of the silicon wafer with
ultraviolet light during etching. The configuration shown is for back-side illumination.

These etch cells are not appropriate for all types of etches. The HF etching
process requires the presence of a sufficient density of electron-hole pairs. The holes
accumulate at the etched pore tips (bottoms) and serve as oxidizing agents in the siliconfluorine reaction. N-type wafers typically do not have sufficient hole densities at room
temperature, and so additional holes must be created. This is done through UV
illumination of the wafer (Figure 2.6), which produces holes in the valence band by
exciting valence electrons to the conduction band. Either the front (etched) or back side
of the wafer is illuminated, depending on conditions and desired structures.
No illumination is required when etching p-type wafers, as the dopant atoms shift
the Fermi level of the silicon such that holes are present in significant numbers even at
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room temperature. Because the etch cells described here were designed to etch p-type
wafers, it was not necessary to make allowances in the cell design so as to expose the
wafer to illumination. An additional etch cell was designed for this purpose. This cell
exposes both the front and back of the wafer to allow illumination of either side during
etching.

2.1.2 Wafer Selection
The type of wafer used in the etch process is the most important single factor in
controlling pore structure. The wafer doping and lattice orientation determine which
ranges of pore structure are possible. For example, to obtain random micropores (as
opposed to ordered micropores), it is necessary to use p-type silicon with a low dopant
concentration. N-type micropores require sample preparation in the form of pre-formed
indentations, replacing the normal random pore nucleation process, which dictates that
only ordered micropores are possible. The lattice orientation typically determines the
shape and etching direction of the pores. The <100> face of the silicon lattice is the
weakest, so that most etching will proceed in that direction regardless of the surface
orientation (Figure 2.7). If pores perpendicular to the surface are required, then the
surface should have a <100> orientation. Off-axis face orientations (other than <100>)
can also cause branching pore structures, with smaller pores emanating from the main
pore shafts.

49

Figure 2.7 SEM micrographs of pores etched in wafers with [100] (top) and [322] face orientation. The
(100) face of the silicon lattice is the least stable, causing pores to etch preferentially in that direction. The
smaller pores seen growing form the main shafts are common in wafers with face orientations other than
(100).

All silicon wafers used for testing were single-side-polished, boron-doped, p-type
silicon with <100> face orientations. The wafers were all 275±25 μm thick, with
resistivities ranging from 1 to 1000 Ωcm. The earliest samples produced for battery
testing came from wafer batches listed as falling within the range of 1-20 Ωcm by the
manufacturer. Sample resistivity was not measured for individual wafers, because the

50

relationship between pore structure and resistivity was unknown to us at that time.
However, it was noted that wafers within a certain range of resistivities—approximately
7-9 Ωcm—were more likely to produce effective gas sensors. Because of this, wafers
identified by the manufacturer as 7-9 Ωcm were often purchased. The 1-20 Ωcm batches
often tended towards the low end of the range (1-4 Ωcm), so the 7-9 Ωcm wafers
typically yielded better pore structures (with deeper pores and thicker walls).
Unfortunately, tight control of wafer resistivities was prohibitively expensive, at least for
the purposes of this research project. Limitations of the Czochralski crystal growth
method (the most commonly used method to produce commercially available silicon
wafers) also makes higher-resistivity wafers much more expensive. For this reason, even
after the link between resistivity and pore structure was well known to this group, testing
was limited to wafers available in stock from wafer manufacturers. The most recently
used wafers were listed as 14-22Ωcm by their manufacturer, which was the highest range
commonly available.

2.1.3 Etch Solution
After wafer type, the next most important factor in pore structure determination is
the etch solution. The solvent, HF concentration, and any additives must be properly
selected to provide for the best possible control of the etch process. Aqueous (waterand/or ethanol-based) etch solutions used with p-type wafers will often give nano- or
mesoporous pore structures. The HF concentration is usually close to saturation for these
etches, and a wetting agent is often used. Micropores are most easily obtained using
organic etch solutions (e.g., DMF- or acetonitrile-based solutions). These non-aqueous
solutions typically have much lower HF concentrations than aqueous etch solutions.
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All experiments to produce battery electrode samples were performed with one of
two etch solutions. The first is a 20:1 solution of acetonitrile and 49% HF with ~0.2M
tetra-n-butylammonium perchlorate (TBAP). The TBAP serves multiple purposes, the
most important of which is raising the conductivity of the etch solution. Without the
TBAP, the electric field within the solution would drive fluoride ions towards the silicon,
rather than allowing them to diffuse naturally. It also acts as a wetting agent, preventing
bubbles from adhering to the etched surface, which would prevent further etching. This
solution is referred to as a hybrid etch solution. Etching a high-resistivity (greater than
1Ωcm), p-type wafer with this solution will produce a microporous structure with
nanoporous pore walls. This is the same etch process used to produce PS gas sensors.
However, it is less than ideal for lithium ion battery applications. The resulting pores tend
to be much too tightly packed (see Ideal Electrode Structure, below).
The second solution is a 10:1 solution of dimethyl formamide (DMF) and
49%HF. No wetting agent is necessary for this solution. The higher dielectric constant
and oxidizing potential of the DMF (compared to acetonitrile) allow much finer control
over the pore structure. Under otherwise identical etching conditions, the DMF solution
will give larger, deeper, more widely-spaced pores than does the hybrid etch. The DMF
etches also produce more uniform etches across the entire etched area, and they are more
tolerant of small variations in the etch conditions.

2.1.4 Etch Current Control
Porous silicon etches are almost always performed under constant current
conditions. This is because the current is directly related to the rate of removal of silicon
atoms. Fluctuations in the current during etching will cause fluctuations in the etching
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rate, which will in turn cause the pore diameter to vary (Figure 2.8). The current selected
can determine the size and spacing of the pores. Improperly selected current densities can
cause the surface to be electropolished (uniformly etched) rather than allowing the
desired pore formation. The duration of the etch determines the pore depth.

Figure 2.8 SEM image (cross-section) of a porous silicon sample with inconstant pore diameter.
Fluctuations in current density during the etching process cause fluctuations in pore diameter.

The etch current for most etches was supplied by an Agilent 66348 System DC
Power Supply. The power supply is controlled by a LabView program written by Steven
Lewis. The program has only two input parameters: current and duration. This represents
a significant improvement over a previous etching system, in which current was supplied
by an analog DC power supply[9]. Here, the current was set manually at the beginning of
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the etch, and each etch was carefully timed for repeatability. The LabView program now
controls the current and records voltage and current as a function of time, and it displays
the series resistance (the voltage difference between the two electrodes divided by the
current supplied) of the etch cell. The use of this system allows one to identify problems
at the beginning of the etch. For example, exceptionally high resistance readings can
indicate that the etch cell was improperly assembled.

2.1.5 Etch Process
The first step in the etch process is to prepare the wafer. It must be thoroughly
cleaned to remove any contaminants that could interfere with etching. Wiping both sides
of the wafer with a tissue (Kimwipe) soaked in acetone or trichloroethylene will remove
any plastic or oil residues. If a more thorough cleaning is necessary, a Piranha cleaning
solution (3:1 solution of sulfuric acid and 30% hydrogen peroxide at 70°C) can remove
all organics. The wafer should then be rinsed on both sides with hydrofluoric acid. The
acid should be mildly diluted in methanol to allow complete wetting of the surface (a 5:1
solution of methanol and 49% HF was most commonly used).
The voltage of the Agilent power supply is limited to 99V (though high voltage
power supplies are commercially available). For this reason it is difficult to obtain a full
range of current density for all samples. Therefore, it is necessary to reduce all possible
sources of series resistance in the cell. The aluminum foil on the back plate will rapidly
oxidize as it is used as a positive electrode, and the subsequent oxide layer can be a
significant source of resistance. The foil should therefore be replaced whenever oxidation
(a dull, white, powdery coating) is observed. It is also useful to place conductive coatings
on the back of the wafer. Copper tape can reduce the contact resistance, but conductive
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paints are more successful. MG Chemicals’ Super Shield (nickel flakes in acryilic paint)
can be sprayed on to the back of the wafer after it has been cleaned with HF. A sputtered
aluminum backside coating is also very effective at reducing contact resistance.
However, it is more difficult to remove the aluminum coating than the paint or tape.
Once the wafer and cell have been prepared, the cell can be assembled. The etch
cells are assembled in nearly identical processes. The cell is first placed on its back, with
the mouth of the horizontal channel facing up, and the gasket is centered on the channel
opening. The wafer is then placed on top of the gasket. It is important that the wafer
cover the entire gasket opening with 2 or 3 millimeters to spare at each edge, in order to
allow for some distortion of the gasket. When the wafer is properly placed, the
aluminum-wrapped back plate is placed on top of it. The cell is then placed in a c-clamp,
which holds everything together. The c-clamp is usually held in a vice for this process to
allow careful alignment. The clamp should be centered over the gasket opening to allow
an even distribution of pressure. Failure to evenly distribute pressure can cause the silicon
wafer to crack. The wafer can also be cracked by over-tightening the clamp. It may crack
right away, or it may crack during the etch process as the gasket swells. To prevent both
of these from happening, the c-clamp should be just tight enough to compress the gasket
slightly, providing a good seal.
The cell should then be turned upright to be filled with the etch solution. For
hybrid etches, the TBAP should be added first. The solvent can then be added, followed
by HF. If the stir bar is to be used, the cell is placed on a magnetic stirring plate. The stir
bar should be dropped into the etch solution before the electrical leads are attached to the
electrodes. The platinum electrode is connected to the negative terminal lead of the power
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supply. The aluminum foil on the back side is connected to the positive terminal. The
appropriate current can then be applied.
Once the etch is completed, the etch solution should be removed from the cell.
The cell can then be disassembled. The wafer and the empty cell should be rinsed with
methanol to remove any remaining traces of HF. The gasket can be rinsed with water.
After DMF etching, the gasket should be allowed to dry for several hours before it is
again used.
The wafer should then be recleaned, beginning with the removal of the conductive
coating. Methanol will weaken the copper tape adhesive, making it very easy to remove
with a razor blade. The conductive paint can often be removed simply by dampening the
paint with methanol. The paint will swell as it absorbs methanol, causing it to peel away
from the surface. Any paint that does not peel away can be removed with a razor blade or
wiped away with acetone.
For some applications, the HF cleaning should also be repeated. The hybrid etch
can leave a partially oxidized surface, whereas the DMF etch leaves an unknown
contaminant, possibly a nitride. Both interfere with battery performance, and both can be
removed with HF. Soaking for 10 minutes in a 5:1 solution of methanol and 49% HF will
leave a clean, hydrogen-terminated surface. This treatment can be repeated to remove
oxides that form as the wafer is exposed to air. While the hydrogen termination provides
some temporary protection, exposure to air for more than a few hours will lead to
significant oxidation. When the HF clean is completed, the wafer should be thoroughly
rinsed in methanol. All traces of HF must be removed, as it will interfere with lithium ion
battery operation.
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2.2 Ideal Electrode Structure
Electrodes for lithium ion batteries must be designed to maximize both capacity
and stability. The pore structure must expose as much silicon to the surface as possible,
while at the same time maintaining structural integrity during battery cycling. In addition,
the pores must be compatible with the other battery components. For example, though
narrower pores might give an increased surface area, the viscous battery electrolyte may
not penetrate their full length, preventing the electrode from being used efficiently.
To determine the ideal pore structure, it is necessary to produce and test a wide
variety of these structures. More specifically, it is necessary to control the structure such
that only one variable—pore diameter, spacing, or depth—changes at a time. Difficulty is
encountered because those controlling factors, such as wafer resistivity and etch current
density, control more than one variable. For example, increasing wafer resistivity is the
simplest way to increase pore diameter, but it will also lead to an increase in pore spacing
and etch rate. Current density can affect both the spacing and etch rate, but not the pore
diameter. These complex interactions can make electrode production a trial and error
process; however, the known effects of an individual control factor can provide a starting
point.
Pore depth is the most complex structural variable. In general, straight-sided pores
etch at a uniform rate for the duration of the etching process. The rate is controlled
primarily by wafer resistivity, current density, and HF concentration. However, pore
depth is not directly proportional to etching time. Etching time is divided between a pore
nucleation phase and a subsequent rapid etching phase. Pore depth is directly
proportional to and determined by the rapid etching phase. The nucleation time
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introduces a random offset in this process that varies from less than a minute up to 5
minutes. This random offset becomes less important for longer etches, but it can make it
very difficult to reliably reproduce shallow pore structures in short etch procedures.
The pore depth is strongly tied to pore spacing, both of which are strongly related
to etch current density. Current density does not, however, affect pore diameter, at least
initially. Vyatkin et al.[10] demonstrated that current density is directly proportional to
the rate of silicon removal. Therefore, the current density is directly proportional to the
product of the etch rate (depth/time) and porosity (percentage of the surface area covered
by pores). Unfortunately, pore spacing and depth are both dependent on the other
controlling factors, making it difficult to define a direct relationship to current density.
Pore spacing is the only variable that is strongly dependent on HF concentration.
Reducing the HF concentration can increase the pore spacing without significantly
affecting pore diameter and etch rate. However, there is a limited range of concentrations
that will produce acceptable, straight-sided pores. For excessively high concentrations,
the pore walls may be very thin, or the wafer may simply be electropolished. As
demonstrated by Solanki et al.[11, 12], sufficiently low concentrations will cause the
pores to be destroyed at some critical depth. Though this may prove useful for some
applications, it is not desirable when comparing pore structures in a battery configuration.
Pore diameter is the most difficult variable to control. It is only controlled by
wafer resistivity. For DMF and hybrid etches, pore diameter has a roughly logarithmic
dependence on wafer resistivity. However, performing a hybrid etch on wafers with
resistivities above 20 Ωcm can cause electropolishing instead of pore formation. Larger
pores therefore require DMF etching. The wafer resistivity is controlled by dopant
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concentration. Though silicon wafers with tightly controlled resistivities are
commercially available, they are very expensive. Wafers are more commonly purchased
in lots with acceptable ranges of resistivities, such as 1-20 Ωcm or 70-130 Ωcm. Wafers
among an individual lot are typically of similar resistivities within the specified range.
However, for the sake of repeatability, most wafers were cut into smaller pieces, each of
which was etched individually (Figure 2.9). Though resistivity could vary dramatically
from wafer to wafer, it varied very little within each wafer. Each piece of a single wafer
was therefore known to be nearly identical in resistivity to the other pieces.

Figure 2.9 Each 2 inch silicon wafer was split into 2, 3, or 4 pieces, each of which was etched (dark gray
regions) individually. Half-wafer pieces were etched in the large etch well with 4 cm2 gaskets (left).
Quarter-wafer pieces were etched in the small cell with 1 cm2 gaskets (right).
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2.3 Chemical Structure Modifications
The porous silicon can be modified in a variety of ways in an attempt to improve
battery performance. Initial attempts to create an ideal lithium-ion battery anode with
porous silicon involved direct creation of a silicon-lithium alloy. It was hypothesized that
incorporation of lithium into the silicon structure would reduce stress on the electrode
during the initial cycling of the battery. To this end, several lithium-silicon alloys were
produced. Other alloys were created with varying levels of success.
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Figure 2.10 Schematic diagram of the lithium/magnesium vapor deposition oven.

Kinetically controlled vapor deposition (KCVD) of lithium and magnesium was
done in a small, two-level oven system (see Figure 2.10) under medium vacuum (10-6
torr). The lowest level of the oven was a crucible wrapped in thermocoax. The
thermocoax was wrapped in a thin sheet of tantalum held in place by tantalum wire. A
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thermocouple temperature gauge was inserted into the space between the tantalum and
the thermocoax. Above the crucible was vertical tube containing a heating element of
coiled thermocoax. The tube had a hole at the same level as the heating element to allow
a thermocouple to be inserted. At the top of the oven was a recess the size of a standard
wafer (a 2” diameter circle 250μm deep). This allowed the wafer to be held firmly
against the detachable, water-cooled oven lid. The upper section of the oven also held a
thin sheet of tantalum curled into a cylinder and used to line the walls. This removable
lining was used to allow a thorough cleaning of the upper section, which was typically
coated in metallic lithium and magnesium after the vapor deposition process.
The lithium-silicon alloy was formed by placing approximately 1 g of metallic
lithium in the crucible. The crucible was heated to 800°C at the rate of 100°C per hour.
The upper heating element was not used. An etched silicon wafer was placed at the top of
the oven with tap water flowing through the cooling lines. This held the wafer at the
temperature of the tap water even as the rest of the oven reached several hundred degrees
Celsius. The hot lithium vapor permeated the room-temperature silicon and condensed
there, leaving a silicon-lithium alloy and a surface coating of lithium. The crucible
temperature and the duration of the exposure to lithium vapor determined how much
lithium was deposited.
Silicon-magnesium alloys are of interest for their high specific capacity
(approximately 1800 mAh/g) and low potential vs. Li/Li+ (0.06 V). They are also known
to be operable at temperatures as high as 400°C[13, 14]. It is not possible to create a pure
magnesium-silicon alloy in the same way as one can create a lithium-silicon alloy. The
vapor pressure of the magnesium was too low at temperatures suitable for this oven
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system. The lithium, however, vapor can form a eutectic alloy combination on the surface
of the magnesium disk, significantly increasing the magnesium vapor pressure. For this
reason, the lithium-magnesium alloy deposition process was very similar to the lithium
deposition process. The only difference is that a 6g cylinder of magnesium was strapped
to the upper heating element with tantalum wire. The magnesium was heated by the
upper heating element at the same rate as the lithium. The lithium vapor rising from the
crucible below eroded the magnesium, creating a lithium-magnesium vapor that
permeated the silicon in the same manner as the pure lithium vapor.
Both processes described above created a silicon alloy. The lithium diffused
easily through the silicon lattice. It is unknown whether the magnesium passed into the
silicon in the same way. However, because the electrode is active only near the surface
(due to the limited ability of lithium to diffuse through the lattice at room temperature), it
is only necessary that the magnesium alloy penetrate a short distance into the surface. It
was clear that the magnesium evaporated in considerable quantities, as the disk placed in
the middle oven section was often completely depleted. Since magnesium is known to
alloy with silicon, it is likely that at least the surface layer formed a silicon-magnesium
alloy. After the heating process, the porous silicon and the lining of the upper oven
section are typically coated in a film of magnesium and/or lithium.
Unfortunately, at high concentrations of lithium in the alloy, the silicon becomes
extremely weak and brittle. Handling and processing such a sample was found to be
impractical, since it falls apart under its own weight upon removal from the oven. In
addition, it is now clear that only a thin layer of the silicon surface is active in the stable
cycling operation of the lithium ion battery. Therefore, attempts to use this initialization
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process for the electrodes must necessarily involve very short exposure times the use of
small quantities of lithium. The latter is much more practical, as a short exposure time
would require fast cooling of the lithium region of the oven.

2.4 Summary
The methods described in this chapter provide a broad range of possible pore
structures with excellent reproducibility, both of which are necessary to develop
potentially highly efficient lithium-based battery configurations, and thus for the
thorough exploration of the lithium ion battery performance. Pore diameters ranging
from 0.75 to 4 µm were developed with variations in wafer resistivity. Porosities ranging
from approximately 10 to 90% could be selected through manipulation of wafer
resistivity, etch current density, and etch solution composition. Relevant pore depths
from 3 to 100 µm were then controlled simply by varying the total etching time. While
kinetically controlled vapor deposition makes it possible to prepare the wafer by direct
introduction of lithium and other metals, this mode of preparation may not be the most
practical method of producing silicon alloys for battery anodes. It appears that such a
preparation can be accomplished electrochemically within the battery.
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CHAPTER 3
POROUS SILICON NEGATIVE ELECTRODES FOR RECHARGEABLE
LITHIUM BATTERIES

The research presented in this study depicts the initial work done on porous
silicon anodes for lithium ion batteries. The samples used in these experiments were all
produced using a hybrid electrochemical etch (see page 49). The results were extremely
encouraging and provided considerable useful information to suggest the requirements
for an ideal pore structure, this despite the fact that this etching method can severely limit
the available range of pore structures.
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3.1 Abstract
Porous silicon (PS) negative electrodes with one-dimensional (1-D) channels have
been successfully fabricated using an electrochemical etching process. The peak current
and the amount of charge transferred during cyclic voltammetry (CV) increase with the
channel depth of the PS, indicating that the channel wall of the PS participates in the
lithiation/delithiation process. The channel structure of the PS electrodes remains
essentially the same after 35 CV cycles in spite of the severe deformation of the channel
wall during the repetitive lithium alloying/dealloying process. The specific capacity of
the PS depends critically on the degree of activation of the PS before the galvanostatic
charge/discharge experiment. For an exemplary PS electrode pre-activated by 20 CV
cycles, the reversible specific capacity of the PS reached 43 μAhcm-2. After a subsequent
activation by 10 CV cycles, the capacity increased by 40% (60 μAhcm-2). 1-D porous
silicon appears to be a promising negative electrode for rechargeable micro-batteries.
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3.2 Introduction
Conventional micro-batteries have a two-dimensional (2-D) architecture with a
parallel arrangement of a planar thin-film cathode and anode separated by a solid
electrolyte. Unfortunately, the energy density and power density of 2-D batteries are
mutually exclusive: with a decreasing thickness of the electrode, the power density is
increased since the actual diffusion length of lithium through the thin-film electrode is
reduced. However, the energy density is reduced because the fraction of the
accompanying battery components such as the current collector, separator, and electrolyte
is increased.
There has been widespread interest in three-dimensional (3-D) electrodes for the
next generation design of a lithium micro-battery because of their great potential to
achieve an improvement in both energy density and power density[1-3]. 3-D electrodes in
lithium batteries typically have active surfaces exposed to the electrolyte in three
dimensions. Thus, the available volume of the active material can be much more
effectively utilized, as compared to planar thin-film electrodes. More importantly, within
the constraints of how uniformly the 3-D structure is created, the thicker the electrode,
the larger will be the energy density (e.g., area specific capacity) without sacrificing
power density.
Silicon can alloy with lithium electrochemically with up to 4.4 Li per Si, yielding
an extremely large theoretical specific capacity of 4200 mAhg-1[4, 5]. Moreover,
elemental Si shows a low voltage of <0.3 V vs. Li/Li+[6], and high lithium ion diffusion
coefficient (~ 7.2 x 10-5 cm2s-1 at 415oC)[7]. Therefore, it is not surprising that there is
considerable recent interest in Si-based electrode materials[8-13]. Recently, we have
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explored the possibility of using porous silicon (PS) as the negative electrode in
rechargeable lithium batteries and have reported that the PS has a high reactivity with
lithium at room temperature[14]. Nevertheless, the detailed characterization of the PS,
including basic redox reactions, voltage profiles, and cycling stability has been lacking.
In this work, we report the lithium storage characteristics of a variety of PS electrodes.
Moreover, the critical factors affecting battery performance (e.g., specific capacity) will
be discussed.

3.3 Experimental
For the majority of the experiments reported here, porous silicon (PS) was
prepared using an acetronitrile (18 mL), TBAP (tetra-n-butylammoniumperchlorate, 1.2
g), and 49% HF (900 μL) solution placed in an electrochemical cell as described
previously[15]. Silicon wafers (p-type; 1-20 Ωcm; 250-300 μm thick; (100) face
orientation) were etched in a 5 cm2 cell at a current of 20 mA. Platinum and an aluminum
backing for the wafer were used as the counter electrode and current collector,
respectively. After etching, the wafer was rinsed with methanol, dilute HF, dilute NaOH,
and methylene chloride. It was then soaked for approximately 3 hours in a 3M HClmethanol solution and rinsed with methanol again.
A two-electrode electrochemical cell (Hohsen test cell, Hohsen Corp. Japan) was
employed for all electrochemical measurements. We used lithium foils as the counter
electrode. The working electrode was as-prepared PS. Copper foil was mechanically
bonded, as a current collector, to the backside of the PS. A Celgard 2400 separator,
wetted with a 1M solution of LiPF6 in a 1:1 mixture of ethylene carbonate (EC) and
diethyl carbonate (DEC), was sandwiched between the working electrode and counter
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electrode. The PS electrodes were cycled between 0.0 and 2.0 V vs. Li/Li+, using cyclic
voltammetry. To evaluate the long-term cycleability of PS, the cells were
galvanostatically charged and discharged in the voltage range of 0.1 - 2.0 V vs. Li/Li+
with a current density of 50 μAcm-2. All the electrochemical experiments were performed
using a Solartron 1285 potentiostat. All cells were assembled and tested in a glove box
(VAC, USA) filled with purified argon gas.

3.4 Results and Discussion
Shown in Figure 3-1 are surface views of the PS samples, created by an
electrochemical etching process under different etching conditions. Apart from the
electro-polished Si samples (Figures 3-1(a) and (b)), the non-interconnected Si pores,
formed perpendicular to the PS surface, were of order 1 to 1.5 µm in diameter. We
anticipate that these channels will allow the penetration of liquid electrolyte and,
therefore, that electrodes of this microstructure can facilitate a process producing high
energy and power density.
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Figure 3-1 Top (left) and cross-sectional view (right) of porous silicon (PS) electrodes with different
channel depths, created by an electrochemical etching process. (a,b) was etched for 50 minutes; (c,d) and
(e,f) are 2 separate regions of the same wafer etched for 40 minutes under the general conditions indicated
in the experimental section.
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Shown in Figure 3-2(a) are the cyclic voltammograms of the PS electrode
pictured in top and side view in Figures 3-1(c) and (d). It is noted that the current density
and hence the charge transferred during the redox reactions increased (i.e., the electrode
was activated) with cycling up to the 35th cycle. Following the 35th cycle, the current
density decreased. The shape of the cyclic voltammograms and the activation process
with cycling are consistent with a previous report on the cycling behavior of a structured
silicon electrode formed as pillar arrays[16]. Considering

that

the

lithium

alloying/dealloying process results in significant internal structural changes (disorders)
for the Si electrodes[9], the observed activation phenomenon is attributed to the
reconstruction of crystal structure near the Si surface. Since it is expected that the rate of
the reconstruction process is governed by the transport rate of lithium into crystalline
silicon or the rate of amorphous Si-Li alloy formation, this kinetic bottleneck is likely to
lead to the gradual activation of the PS electrodes at each CV cycle. On the other hand,
the decrease in current density after approximately 35 cycles implies that the activation
process competes with a simultaneous degradation process throughout the entire cycling
process. After ~35 cycles the activation process is overwhelmed by the degradation
process. Possible degradation mechanisms are (1) the mechanical disintegration of the Si
during a significant volume change and, (2) the irreversible capture of lithium ions by a
significant number of insertion-generated defects inside the Si lattice[9].
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Figure 3-2 (a) Typical cyclic voltammograms (CV) of the PS electrodes and (b) variation of the CV with
the channel depth of the PS.

Shown in Figure 3-2(b) are the cyclic voltammograms of PS electrodes with
different channel depths. It is noted that the peak current density increases with the PS
channel depth, indicating that the channel wall of the PS participates in the
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lithiation/delithaition process. However, the peak current as well as the amount of charge
transferred was not linearly proportional to the channel depth of the PS. In other words,
the amount of charge transferred during the lithium alloying process with deep-channeled
PS (aspect ratio = pore depth/diameter =5) is just slightly higher than the amount of
charge transferred by shallow-channeled PS (aspect ratio=1). This indicates that, at this
point, only part of the deep-channeled PS takes part in the lithium alloying/dealloying
process. This postulation is supported by the microscopic images obtained for post-cycled
PS, as shown in Figure 3-3. Whereas the entire pore structure of the shallow-channeled
PS has undergone a severe structural deformation during the repetitive lithium
alloying/dealloying process only the top region (i.e., near the orifice) of the deepchanneled PS was found to be morphologically deformed, leaving the morphology of the
deep region unchanged. One possible reason for the low utilization of the available active
surface for the deep-channeled PS is the limited penetration of a viscous organic
electrolyte into the porous structure, due to a strong capillary effect. From the SEM
images, it is also noted that the porous structure of the PS electrodes remains essentially
the same after 35 CV cycles (Figures 3-3(c) and (d)) in spite of the severe deformation of
the channel wall. For those samples of electro-polished Si, CV cycling produces a
significant number of cracks in the surface (Figures 3-3(a) and (b)).
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Figure 3-3 The morphological change of the PS electrodes, pictured in Figure 3-1, after 35 CV cycles.

Galvanostatic charge/discharge experiments were performed on the PS electrodes
with two different electrochemical pre-treatments, 3 pre-CV cycles (sample A) and 20
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pre-CV cycles (sample B). In order to avoid the catastrophic degradation of the PS
electrodes accompanying the deep charging process (or lithium alloying), the lower cutoff voltages were carefully selected: Deep charging experiments have indicated that there
is a very wide potential plateau below 0.1 V vs. Li/Li+ after the second inflection point on
the voltage profile (data are not shown here). Therefore, we limited the lower cut-off for
the potential to that point where the second inflection point on the voltage profile begins
to appear (typically around 0.1 V vs. Li/Li+), as shown in Figure 3-4(b). It is noted that
the cathodic charge transferred during the charging process to the selected lower cut-off
voltage coincides well with the cathodic charge transferred at the local maximum (or
inflection point) of the cathodic branches of the CV, designated as solid circles in Figure
3-4(a) and its insert. The initial specific charging capacities of the two samples A and B
were 15 and 53 μAhcm-2, respectively.
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Figure 3-4 (a) Cumulative charge density vs. applied voltage plots of the PS electrode (Figures 3-1(c) and
(d)), reproduced from the 3rd and 20th CVs (insert) and (b) voltage profiles of the PS samples after 3 and
20 CV cycles.

78

The cycling stability of samples A and B is shown in Figure 3-5. Apart from the
irreversible capacity fade during the first cycle, there is a relatively small capacity fade
during subsequent charge/discharge cycles (0.5 ~ 1.0 % / cycle). It is noted that the reactivation of sample B by 10 CV cycles (from 0.0 to 2.0 V vs. Li/Li+) increases the
specific capacity by 40 % (60 μAhcm-2). This result strongly indicates that a lithium
alloying reaction, occurring below ~ 0.1 V vs. Li/Li+, is responsible for the reconstruction
(activation) of the PS electrodes for lithium storage. Nevertheless, the re-activation
process appears detrimental to cycleability because the capacity fade becomes somewhat
more severe after re-activation. On the other hand, the reversible capacity of the PS
electrode is much higher than that of the electro-polished Si electrode (solid and open
diamonds in Figure 3-5), consistent with the CV results of Figure 3-2(b).
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Figure 3-5 Dependence of the specific capacity on the number of cycles at a current density of 50 µAhcm, obtained from select PS electrode (Figures 3-1(c) and (d)).

2

It is not easy to compare the specific capacity of our PS electrode with those in
the literature (e.g., structured silicon formed as a pillar array[16]) because the size
distribution, numerous coalescences of the pores, and the non-uniform thickness of the
channel wall make a reasonable quantitative analysis (e.g., gravimetric capacity) for the
PS electrodes quite difficult. Moreover, the strong dependence of the capacity on the
electrochemical pre-treatment history complicates the situation. Nevertheless, in addition
to its cost-effectiveness and the ease of formation of active sites, our electrochemical
etching technique has the potential to create a variety of morphologies with different rate
capabilities and specific capacities. Using the current etching process, not only the pore
depth (Figure 3-1) but also the density of pores can be tunable. Shown in Figure 3-6 are
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examples of PS electrodes with different pore densities, created under different etching
conditions. The investigation of the effect of pore density on the electrochemical
properties will be reported in subsequent communications.
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Figure 3-6 Top (left) and cross-sectional view (right) of the PS electrodes with different pore densities,
created by an electrochemical etching process. (a,b) was etched in HF (200 μl), TBAP (0.17g) MeCN (4.5
ml) at a current density of 20 mAcm-2 for 20 minutes and cleaned in dilute HF, ethanol, and doubly
deionized water; (c,d) was etched in HF (200 μl), TBAP (6.66g), and MeCN (5.5 ml) at a current density of
8 mAcm-2 for 60 minutes and then cleaned in dilute HF and hydrazine. (e,f) was etched for 40 minutes
under the general conditions outlined in the experimental section.
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One drawback of the present PS electrodes could be their low utilization of the
deep-channel PS surface most likely resulting from penetrability of the electrolyte
through the PS structure. The fabrication of a more desirable structure using a
combination of chemical and/or electrochemical post-treatment of the PS samples (e.g.,
PS with a graded pore size and open orifice) for facile electrolyte penetration/ion
transport is in progress.

3.5 Conclusion
Porous silicon (PS) created using an electrochemical etching process has been
successfully used for the negative electrode in rechargeable lithium batteries. The
capability for lithium storage improved with the increasing channel depth of the PS.
Moreover, the porous structure remained essentially the same after charge/discharge
cycling in spite of a severe volume change. The specific capacity (μAhcm-2) of the PS
electrodes increases with the degree of pre-activation at the expense of cycling stability,
indicating that there is a trade-off between specific capacity and cycling stability. Thus
PS, created by a relatively simple electrochemical etching process (vs., for example, pillar
formation), presents a new possibility for constructing a three-dimensional negative
electrode that has significant potential for a high performance lithium micro-battery.

3.6 Summary
Though silicon has long been known to theoretically possess a very high capacity
as a lithium ion battery anode, the structural stability of those anodes has prevented their
use. This work presents a viable solution to this limitation. Porous silicon electrodes are
shown to have good capacity retention over the course of dozens of charge/discharge
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cycles. In addition, capacity losses have been offset by a simple cycling method (slow
voltage cycling similar to that used for cyclic voltammetry). However, this work was
limited to porous silicon samples with thin (~100 nm) pore walls, which have been
shown to lose integrity and become amorphous near the pore entrance. Later work, as
described in Chapter 4, uses more robust samples to compensate for this problem.
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CHAPTER 4
MICROSTRUCTURED NANOPORE-WALLED POROUS SILICON
AS AN ANODE MATERIAL FOR RECHARGEABLE LITHIUM BATTERIES

The research presented in this study describes the latest work done on porous
silicon anodes for lithium ion batteries. Unlike the previous work, all samples tested here
were produced using a DMF etch (see page 49). The wide range of pore structures
achievable with this method made it possible to more thoroughly explore the effects of
the anode structure on battery performance. In addition, the high reproducibility of the
samples allowed the effects of nanometer-scale surface texturing to be observed and
compared between similarly microstructured anodes.
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4.1 Abstract
Porous silicon (PS) with a micro-nano hybrid structure has been successfully
fabricated with an electrochemical etching process. The micropores consist of onedimensional tunnels which vary from ca. 1 to 1.5 μm in pore diameter and extend up to
15 μm in depth. The walls of these micropores are covered with a nanoporous structure
that consists of small spherical particles, the feature size of which is of the order of tens
of nanometers or smaller. The as-prepared PS structures show cathodic/anodic peaks for
lithiation/delithiation during cyclic voltammetry with minimal destruction of either the
micropore or nanopore of its wall even after 50 cycles. Furthermore, the peak current, the
cumulative charge increase, and the electrochemical impedance for electrode reactions
consistently decreases with the surface area of the tunnel wall, indicating that processes at
the tunnel wall govern the overall lithiation/delithiation reactions. A hybrid porous
structure consisting of micro-tunnels with nanostructured surface layer appears to provide
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a viable and practical way to utilize silicon for anode materials in rechargeable microbatteries.

4.2 Introduction
One of the largest obstacles to the breakthrough of the high-capacity lithium ion
batteries is the limited reversible capacity of the anode material, i.e. graphite, which is
used commercially in most of the rechargeable lithium batteries. Much effort has recently
been made to find a reasonable substitute to meet the rapid advancement of
telecommunication devices towards digital multifunction systems[1-3].
Silicon has been widely studied as a promising candidate for the next-generation
anode material, due to its high theoretical specific capacity (4200 mAhg-1) and its
applicability for an on-chip micro-battery[4, 5]. A variety of structures and Si-based
composites have been examined in order to reduce the lithiation-induced stress and
suppress the structural destruction of silicon, which is believed to be the main cause for
the loss of sustainability and the lack of capacity retention during charge/discharge
cycling[6-12]. Nevertheless, finding an optimal structure/composition of silicon and/or
silicon-based materials is still a great challenge to most of the researchers in this field.
In a previous communication[13], we have reported preliminary results on the use of
porous silicon (PS) with a one-dimensional micro-tunnel structure as the anode material
for rechargeable micro-batteries. The results showed that the lithiation/delithiation
reactions readily take place in PS with minimal structural change. Nevertheless, PS has
many scientific and practical issues still unexplored for battery applications. These
include the effect of the area/structure of the tunnel wall on electrochemical activity,
difference in the activity between the surface and the tunnel wall in the PS structure and
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sustainability of the charge/discharge reactions. Here we report recent results on PS with
a hybrid micro-nanoporous structure, prepared by a select electrochemical etching
process. In particular, the structural change of the PS after cycling will be discussed, as
well as the effect of the surface area/structure of the tunnel walls on the electrochemical
impedance of the electrode reactions.

4.3 Experimental Procedure
The silicon wafers used in these experiments were prime grade, single-side polished
wafers purchased from Siltronix. The silicon was Cz-grown and boron-doped (p-type).
All wafers were 275 ± 25 µm thick and had resistivities between 14 and 22 ohm·cm, with
(100) face orientation.
The etching of the wafers was performed in a standard electrochemical cell carved
from a block of high density polyethylene (HDPE). A Viton™ gasket was used to seal
the cell opening to the wafer, thus defining the region to be etched. The wafer was
pressed against the gasket with an aluminum plate (also used to connect the positive
terminal of the power supply) held in place with a c-clamp. A strip of platinum was used
as the counter electrode (negative).
All etching was performed under constant current conditions, with the current
provided by an Agilent 66348 System DC Power Supply. The power supply was
controlled with a LabView program which allowed the etch current and its duration to be
precisely defined while monitoring voltage. Before etching, each wafer was soaked for
several minutes in a 4:1 solution of methanol and 49% hydrofluoric acid (HF) to remove
any surface oxidation. The unpolished side of the wafer was then coated with conductive
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spray paint (nickel flakes in acrylic) to reduce the contact resistance to the aluminum
back plate.
All etches were performed using a 10:1 solution of dimethyl formamide (DMF) and
49% HF. This choice was made after extensive studies of several potential etch solutions
to establish the pore characteristics they produced. Though previous studies focused on
an acetonitrile etching solution[14], the porous structures produced using this solution for
pore generation were fragile, non-uniform, and not easily reproducible. The etch with a
DMF solution provides a much more controllable result, which would be necessary for
commercial implementation of the PS anode.
The control of pore structure parameters (pore diameter, depth, and spacing) was
achieved entirely through the variation of etch conditions (specifically, current density,
etch duration, and wafer resistivity). The controls imposed must be carefully
implemented. Each etch condition affects each structural parameter separately. Therefore,
strict control of each condition is necessary. However, controlling wafer resistivity to
within an acceptable tolerance can be cost prohibitive on a small scale. In addition, the
perfect control of pore depth is not practical because of the random nature of the pore
nucleation process. It is considerably more important to achieve a flexible nanoporous
structure on the generated microporous framework with minimum contamination.
A precise definition of pore structure can be accomplished using photolithography.
Photolithography can provide an ordered set of indentations that will eliminate the
naturally random nucleation process. It can also virtually eliminate variations in pore
diameter and spacing. Nevertheless, photolithography introduces at least 7 additional
steps to the sample preparation process including baking, requires the use of additional
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potential chemical contaminants, and increases processing time by several hours. In
addition, the photolithography process is not easily scaled to large areas. The production
of several square centimeter masks for each pore structure to be tested is cost prohibitive.
However, the method we have used involves only one etching step and minimizes the
chemical constituents used, some of which might be deleterious to the activity of the pore
surface. Sample preparation time is typically on the order of one hour.
Once the reliability of the DMF etch was established, more than 100 porous silicon
samples were produced using a variety of etch conditions. The samples selected, thus far,
for electrochemical testing were etched for 60 minutes at 2 mA/cm2 (h-PS1 hereafter) or
for 30 minutes at 5 mA/cm2 (h-PS2 hereafter).
After etching, the wafers were rinsed with methanol to wash away the etching
solution and byproducts. The conductive coating was carefully wiped away using a
Kimwipe soaked in acetone. The wafers were then soaked in a 4:1 solution of methanol
and 49% HF for 20 minutes to remove contamination from the etching process and
surface oxidation. After the HF treatment, the wafers were rinsed with methanol to
remove any remaining traces of HF. This HF treatment must be performed immediately
before transferring the wafers to the testing environment to prevent surface oxidation that
may interfere with battery performance.
A two-electrode stainless steel cell (Hohsen Corp. Japan) was adopted for all the
electrochemical measurements. The as-prepared PS (h-PS1 and h-PS2) and lithium foil
were used as the working and the counter electrode, respectively. The back side of the PS
was in mechanical contact with copper foil as a current collector. A separator (Celgard
2400), wetted with a 1 M LiPF6 in a 50/50 (v/v) mixture of ethylene carbonate (EC) and
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diethyl carbonate (DEC), was sandwiched between the PS working electrode and the
lithium counter electrode. The h-PS1 sample was cycled between 0.0 and 2.5 V vs. Li/Li+
using cyclic voltammetry. To investigate the effect of surface structure on the
electrochemical activity, the voltammetric experiments for both the h-PS1 and h-PS2
samples were interrupted at 0.2 V vs. Li/Li+ at every 10th cycle during the anodic scan.
The samples were then maintained at the electrode potential of 0.2 V vs. Li/Li+ for 2
hours in order to equilibrate them. Subsequently, the electrochemical impedance was
measured in the frequency range from 50 mHz to 100 kHz using a Solartron 1287
electrochemical interface coupled with a Solartron 1455A frequency response analyzer.
All cells were assembled and tested in a glove box (M.Braun Inertgas-Systeme GmbH,
Germany) filled with purified argon gas.

4.4 Results and Discussion
Shown in Figures 4.1(a) and (b) are top and cross-sectional views of as-prepared
porous silicon (h-PS1) sample. The micropore perpendicular to the surface was ca. 1 µm
in diameter and 10 µm in depth. This sample is similar to that of the micro-porous silicon
discussed in the previous communication (hereafter m-PS)[13]. However, the magnified
images of the cross-section manifest the difference in the structure of the tunnel wall
between m-PS and h-PS1. As shown in Figures 4.1(d) and (f), the wall structure of h-PS1
is characterized by spherical particles throughout the wall with feature sizes of the order
of tens of nanometers, whereas the surface of the silicon appears relatively smooth
(Figures 4.1(c) and (e)).
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Figure 4.1 Top (a,c,e) and cross-sectional views (b,d,f) of as-prepared porous silicon sample (h-PS1) at
different magnifications.

It is anticipated that a micro-nano hybrid porous structure can be quite effective in
maintaining a sustained lithiation/delithiation and in the creation of high energy/power
density. Micropores with a one-dimensional tunnel structure facilitate the transport of

94

lithium ions through the structure while the nano-porous structure of the wall surface (i.e.
nano-sized particles) might successfully relieve the lithiation/delithiation-induced stress
which is the critical shortcoming in the application of silicon to battery electrodes.
Furthermore,

the

one-dimensional

micropore

significantly

amplifies

the

electrochemically-active surface area to greatly enhance the power performance and at
the same time to increase the energy density of the porous silicon. This will be further
considered in our discussion of Figures 4.3 and 4.5. From a microscopic observation, the
superficial surface area of the tunnel wall of h-PS1 per unit projected surface area of the
silicon was estimated to be 6.5 m2/m2.
Shown in Figure 4.2(a) are the cyclic voltammograms of the h-PS1 electrode. It is
noted that in spite of the similarity of the activation behavior (i.e. increase in the peak
current or charge transferred during redox reaction) with cycling, the overall shape of the
voltammogram for h-PS1 is a bit different from those for the m-PS electrode considered
in our previous work[13] and in similar previous studies of silicon negative electrodes[15,
16]. The most notable difference is the presence of the clear oxidation peak around 1.0 V
vs. Li/Li+, as denoted by O2 in Figure 4.2(b). It seems that the corresponding reduction
peak overlaps with other reduction peaks below 0.3 V vs. Li/Li+, yielding a much larger
reduction peak for h-PS1 (R in Figure 4.2(b)) than that for m-PS.
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Figure 4.2 (a) Typical cyclic voltammograms (CVs) of the h-PS1 electrode and (b) comparison of CVs
between h-PS1 (solid line) and porous silicon in the previous work (m-PS, dotted line). The results for mPS have been reproduced to have comparable flux values to those for h-PS1.
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Considering that the O2 oxidation peak deviates significantly from the typical
lithium dissolution potential, it is unlikely that the peak O2 is caused by lithium
dissolution on the surface. Although exact origin of the additional redox reaction is yet to
be determined, it is noteworthy that the additional O2 oxidation peak increased with
voltammetric cycling, similar to the typical oxidation peak O1 around 0.5 V vs. Li/Li+
(see Figure 4.2(a)). This indicates that the peak O2 might correspond to one of the
possible phase transitions of a Si-Li alloy[4, 10, 17]. It is additionally noted that the peak
O2 was suppressed much later than the peak O1, implying that the peak O2 could closely
relate to the reaction of nano-sized particles which are capable of stress relief during
cycling.
Shown in Figure 4.3 are top and cross-sectional views of the post-cycled h-PS1
sample. For this SEM observation, the cyclic voltammetric experiment was interrupted
right after the completion of the 50th cathodic scan for lithiation. Surprisingly, the entire
micro-porous tunnel structure has survived after severe structural deformation during the
repetitive lithiation/delithiation process (Figures 4.3(a) and (b)). The only observable
change in the micro-porous structure was a decrease in its pore size (Figures 4.3(a) and
(c)), resulting from the volume expansion of the nano-particles on the surface of the
tunnel wall (Figures 4.3(d) and (f)). That is, most of the lithium alloying/dealloying
reaction is restricted to a thin layer of silicon, near the surface, as unreacted bulk silicon,
inside, plays a structural support role in the framework. This implies that practically the
entire overall shape of the micro-porous tunnel structure can remain virtually unchanged
during repetitive battery cycling as long as the degree of the alloying/dealloying reaction
is carefully limited. Because the redox reaction is limited to a thin layer of the tunnel
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surface, the energy density can be roughly proportional to the surface area in spite of the
decrease in the volume of the porous silicon.

Figure 4.3 Top (a,c,e) and cross-sectional views (b,d,f) of h-PS1 at different magnifications after 50
voltammetric cycles.
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On the other hand, the structural deformation of the silicon surface (Figure 4.3(e))
is much less severe than the deformation of the tunnel wall (Figure 4.3(f)), due, most
likely, to the more severe spatial constriction of the smooth silicon surface during volume
expansion as compared with the nano-porous tunnel wall. This indicates that the reaction
on the tunnel wall governs the overall lithiation/delithiation reaction.
In order to further explore the effect of the tunnel wall on the electrochemical
reaction, a micro/nano hybrid porous silicon structure, h-PS2, with a different surface
area versus that of the tunnel wall from h-PS1 has been fabricated (Figure 4.4). The
micropore perpendicular to the surface was ca. 1.2 µm in diameter and 14 µm in depth.
From a microscopic observation, the superficial surface area of the tunnel wall of h-PS2
per unit projected surface area of the silicon was estimated to be 8.4 m2/m2. This value is
about 1.3 times larger than that of h-PS1. The magnified image of Figure 4.4(f)
demonstrates that the spherical nano-particles in the wall surface of the h-PS2 sample are
less well-defined than those of h-PS1. Nevertheless, the structure of the wall surface
appears to be composed of much finer spherical particles than h-PS1 although the
structure is quite different from the smooth surface structure of silicon (Figure 4.4(e)).
This demonstrates that the nano-structure formed on the tunnel wall is critically
dependent on the etching conditions.
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Figure 4.4 Top (a,c,e) and cross-sectional views (b,d,f) of as prepared h-PS2 at different magnifications.

Shown in Figures 4.5(a) and (b) are, respectively, the cyclic voltammograms for
both h-PS1 (solid lines) and h-PS2 (dotted lines) and the cumulative charge vs. potential
plot, reproduced from Figure 4.5(a). It must be emphasized that the experimental
procedure to obtain the voltammograms of Figure 4.5(a) was different from that of Figure
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4.2(a) (please see the experimental procedure for details), resulting in a difference in the
dependency on the number of cycles. It is particularly noted that the amount of
cumulative charge increases with wall surface area. This means that the reaction on the
tunnel wall governs the overall lithiation/delithiation reaction, consistent with
microscopic observation (Figure 4.3). Furthermore, the rate of increase in the cumulative
charge of the h-PS2 sample with voltammetric cycling was much (about ten times) larger
than that rate for h-PS1. This is probably due to the superior electrochemical reactivity of
the much finer particles on the tunnel wall in h-PS2 vs. h-PS1. However, the wall
structures of both h-PS1 and h-PS2 are sufficient to activate the wall surface for the
lithiation/delithiation reaction.
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Figure 4.5 (a) Cyclic voltammograms of the h-PS1 (solid line) and h-PS2 (dotted line) and (b) the
corresponding cumulative charge vs. applied potential plots. The experimental procedure to obtain the
voltammograms of Figure 4.5(a) was different from that of Figure 4.2(a) (please see the experimental
procedure for details).
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Shown in Figure 4.6 are Nyquist plots obtained for the h-PS1 (open circle) and hPS2 (closed circle) samples at an applied potential of 0.2 V vs. Li/Li+ as a function of the
number of voltammetric cycles. It is noted that the cell impedance decreases with the
number of cycles in both h-PS1 and h-PS2. This is consistent with the result that the Si
electrode is activated for the redox reaction in the course of voltammetric cycling. In
addition, the cell impedance of h-PS1 was about two times larger than that of h-PS2
throughout the 40 voltammetric cycles, indicating that a larger area of the surface wall
can yield a higher power density by lowering the over-voltage during the cell operation.

Figure 4.6 Nyquist plots obtained for the h-PS1 (open circle) and h-PS2 (closed circle) at an applied
potential of 0.2 V vs. Li/Li+ as a function of the number of voltammetric cycles. Solid lines were
determined from the non-linear least squares fitting of the impedance spectra to the simplified equivalent
circuit (the inset), where CPE and ZW are the constant phase element and Warburg impedance, respectively.
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Both the increased rate in the cumulative charge of h-PS2 with cycling (Figure
4.5(b)) and the lowered cell impedance of h-PS2 (Figure 4.6) well exceeded our
expectations based on the comparison of the surface area of the h-PS1 and h-PS2 tunnel
walls. This strongly indicates that the surface structure of the tunnel wall plays a crucial
role in the lithiation/delithiation kinetics of porous silicon. In this respect, the low
utilization of the porous silicon with a large aspect ratio in the previous work[13], the
reason for which was conjectured to be the low penetrability of the electrolyte through
the porous silicon structure, needs to be critically re-considered in terms of the structure
of the tunnel wall surface. The effect of the structure of the wall surface in the
electrochemical lithiation/delithiation process needs to be further elucidated.

4.5 Conclusion
Porous silicon with one-dimensional micro-channels whose walls are covered
with a nanoporous structure has been successfully created as the anode electrode in
rechargeable lithium micro-batteries. The peak current and the cumulative charge during
voltammetric lithiation/delithiation processes increase with the surface area of channel
wall and the electrochemical impedance for electrode reactions consistently decreases.
Moreover, the as-prepared porous silicon structure undergoes minimal structural
destruction of either the micropore or the nanopore of its wall even after 50 voltammetric
cycles. The wall structure of the channel appears to play a critical role in the
electrochemical activity of porous silicon. This needs to be further investigated to control
the power density of the porous silicon. A micro-nano hybrid porous structure appears to
provide a viable and practical way to utilize silicon for anode materials in rechargeable
micro-batteries.
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4.6 Summary
This chapter describes significant improvements over the results of chapter 3.
The cycling losses seen with thin (~100 nm) pore walls have been virtually eliminated in
samples with pore walls on the order of 1 µm thick. In addition, a strong correlation
between surface area and capacity has been demonstrated. The effects of surface nanotexturing were also demonstrated, indicating that surfaces coated with nanostructures of
decreasing size and flexibility give improved capacities.
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CHAPTER 5
DEVELOPMENT OF POROUS-SILICON-BASED ACTIVE MICROFILTERS

Porous films have been widely studied for a number of research applications,
most notably as particle filters, as support structures for microreactors, and as lowreflectivity surfaces for photovoltaics and photocatalysis. Very thin (~10 µm) porous
films produced for these applications are typically made of either polymers or alumina.
Unfortunately, both suffer from serious limitations. Polymer films have a wide range of
available pore sizes, but they have a limited range of operating temperatures (most
degrade above 200°C). Porous alumina is useful at much higher temperatures, but it has a
limited range of available pore sizes (30-300 nm). This limitation has not been overcome
despite nearly 40 years of research. In addition, porous alumina films require the
deposition of a thin aluminum film on a removable substrate; the porous film thickness is
determined entirely by the thickness of the original film. Some work has been done with
porous silicon, but it has been limited to even smaller pores than porous alumina (~10
nm). The work presented in this chapter represents significant progress in the production
of thin porous films with considerably larger pore sizes. The films described are produced
in a single step with pore diameters significantly larger (~1 µm) than those available
using conventional methods and materials.
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5.1 Abstract
With a goal of preparing silicon-based interactive filters in the micropore range,
we have developed the first single step etch-liftoff procedure (one step separation, or
OSS) based on the formation and removal of macroporous silicon (PS) layers. With
silicon wafers whose resistivities are in the range from 14 to 22 ohm-cm, we are able to
create, in a surprisingly controlled manner, films whose pore diameters range from one to
two microns and whose thickness ranges from 3 to 70 micrometers. These silicon-based
films (filters), which carry a polarizing negative charge, represent an alternative to porous
alumina (films) filters (pore diameter not yet in the one to two micron range) both in
terms of their size range and their potential interaction-reaction at elevated temperature.
Preliminary experiments demonstrate that platinum can be introduced to these filters
using electroless solutions with a goal to creating an effective reductive surface. Using
these and alternate material combinations, interactive-reactive filters in the one micron
size range which operate at temperatures well in excess of porous polymer films can be
realized.
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5.2 Introduction
Porous silicon (PS) films which find application in today’s technology[1, 2], in
the fields of sensors[3-5], microreactors[6, 7], opto-[2, 8] and quantum electronics[9],
and photovoltaics[10-15] have been conceived or envisioned. With the development of
procedures whereby the PS layer can be removed in a controlled manner from an etched
silicon surface, porous silicon-based films of distinct pore size can be designed in a
manner complimentary to that previously conceived and applied to the anodization and
removal of alumina films[16-18]. Lift-off procedures to produce a range of pore sizes and
film thicknesses can be demonstrated in a one (OSS) or two (TSS) step separation
process, the former being preferable.
With a dependence on the chemical nature of the electrolyte, etch current, and
silicon doping level, anodized porous silicon films, at present, promise a broader range of
0.5 μm or larger pore sizes than do alumina films, so as to provide elevated-temperatureoperable filtration devices which can be used at temperatures where polymers rapidly
degrade[19]. Further, the chemical and electrical activities and applications of alumina
and porous silicon films will differ greatly.
Crystallographic structure is found to play an important role in the fabrication of
PS structures and a variety of pore sizes at room temperature as the rate of growth of the
oxides and the porosity of the structure are also functions of solvent composition[8, 2031]. Solanki et al.[32, 33] have applied both one (OSS) and two (TSS) step separation
procedures to demonstrate that high porosity PS films with thicknesses ranging from one
to tens of microns can be lifted from the surface of an etched silicon wafer. However, the
pore diameters are small and typically in the range up to 10 nm. While these systems
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might be conceived of as filters which can operate at elevated temperatures (vs.
polymers) for ultrafiltration, their minimum thickness may pose a problem[16]. It is
desirable to expand the pore diameter over a broad range. We have used an alternate
aqueous HF-C3H7NO (DMF=dimethylformamide) electrolyte-based mixture to produce
arrays of 1-2 µm pore decorated PS films[34]. With the ability to create, in a controlled
manner, films whose thicknesses are in the range 3 – 70 μm and whose pore diameters
range from one to two microns, the potential for the ready creation of interactive-reactive
filters which operate at temperatures well in excess of polymer films can be realized.
Here we demonstrate the formation and metallization[35-38] of these PS-based devices.

5.3 Experimental
Porous silicon films were produced using monocrystalline silicon wafers, borondoped (p-type), with resistivities ranging from 14-22 Ωcm. The wafers were Cz-grown
with (100) face orientation. Prior to etching, the wafers were rinsed with HF to remove
surface oxidation, rinsed with methanol to wash away remaining HF, and also rinsed with
trichloroethylene to remove organics. The back (unetched) side of the wafer was then
coated with Allied Chemicals MG25 SuperShield (conductive spray paint) to reduce
contact resistance.
The anodic etching of a wafer was performed in one of two electrochemical cells,
both of which are carved from a single block of high-density polyethylene (HDPE). Each
cell uses a strip of platinum approximately 1cm wide as a cathode. The larger cell (Figure
5.1) has a front opening of 4 cm2. The electrode can be placed 1.25 cm (shown) or 3.25
cm from the etching surface. This cell also is provided with a recess for a magnetic
stirring bar used to help maintain constant HF concentrations near the etching surface.
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The smaller of the two cells (Figure 5.2) has a front opening of 1 cm2, and the
platinum electrode is placed 2 cm from the etching surface. Because of the small size of
the horizontal channel in this cell, it is not possible to move the electrode to the forward
position without completely obstructing the channel.

Figure 5.1 Cross section diagram of the larger electrochemical etch cell, shown with the electrode in the
closer position (see text). Alternatively, the electrode can be removed and re-attached on the far side of the
cell.

The etching solutions consisted of 49% aqueous HF in DMF, with volumetric HF
concentrations ranging from 1.5 to 4.5%[34]. Etches were performed under constant
current conditions using an Agilent 6634B System DC Power Supply. Current densities
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between 6 and 10 mA/cm2 were applied for up to an hour with current and voltage
recorded using a LabView program.
Filter separation was achieved by varying both electrode spacing and HF
concentration. In general, separation was facilitated by lower HF concentrations and
larger electrode spacings. Where possible, individual wafers were cut into several pieces
to allow multiple tests with minimum variation in resistivity. Though voltage was
monitored throughout the entire etching process, no obvious indications of separation
were observed, and the etches were carried out for extended periods of time.
Measurements of average pore diameter, porosity, and thickness of the resulting
films were made using images taken with a Hitachi S-800 scanning electron microscope
(SEM). Pore diameter was measured using overhead images of the filter, and pore density
measurements were made using images of the back side of the film. Film thickness
measurements were performed on cross-sections of the substrate wafer in regions to
which the edge of the filter was still attached. EDS (energy dispersive X-ray
spectroscopy) measurements to examine the filter constituents were taken by breaking the
filters open and examining pore walls directly.
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Figure 5.2 Cross section diagram of the smaller electrochemical etch cell (see text for discussion).

5.3.1 Metallization for Filter Activation
We have demonstrated electroless platinum and copper plating of the porous
silicon micro-structured films. Platinum plating was performed using the method
described by Ohno[37] with the description given by Rhoda and Vines[39]. The
treatment used a solution consisting of disodium hexahydroxyplatinate (10 g/L), sodium
hydroxide (5 g/L), ethylene diamine (10 g/L), and hydrazine monohydrate (1 g/L). The
disodium hexahydroxyplatinate and the sodium hydroxide were dissolved in the ethylene
diamine while being stirred and heated to 35°C. Immediately before plating, the
hydrazine was added as the reducing agent. Since the PS pieces were immersed in the
bath for short times (25-300 seconds) the hydrazine was not added dropwise but entirely,
immediately before placing the PS film in the bath. The filters were submerged in the
platinum solution for periods of 25 seconds to 5 minutes to establish the feasibility of
creating a reductive surface. They were then thoroughly rinsed using deionized water.
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Copper plating was performed using the method described by dos Santos et
al[38]. The solution consisted of 40 mg of copper sulfate pentahydrate and 1.5 mL of
49% HF in 100 mL of deionized water. The filters were submerged in the solution for
less than 30 seconds before they were removed and rinsed with deionized water.

5.4 Results
When etching silicon with HF/DMF solutions, pore diameter and porosity are
controlled almost entirely by current density and wafer resistivity[34]. For wafers of 1422 Ωcm resistivity, the initial pore diameter is always roughly 1µm regardless of the etch
current density. Raising the current density after a pore structure is established can
increase the porosity; however, the resultant highly porous films are extremely weak and
often disintegrate when handled. HF concentration also affects pore density, but only at
much higher concentrations (greater than 10% HF). All films that were successfully
separated from the silicon substrate had nearly identical film-front pore structures, with
~1µm-diameter pores and a total film porosity of ~30% (Figures 5.3 and 5.4). Film
thickness, however, can be varied considerably (Figure 5.5) with changes in etching
conditions.
One-step separation of a PS film was first obtained using the smaller etch cell
(1cm2 etch area, 2 cm electrode spacing) with 3% HF at 6 mA/cm2. Films were separated
from the substrate through the formation of a thick, white foam (see following).
However, the etching of a piece of the same wafer in the large cell (4 cm2 etch area, 1.25
cm electrode spacing) with the same HF concentration and current density did not
produce a separation of the film from the substrate. Achieving separation with this
configuration required decreasing the HF concentration to 1.5%. However, by moving the
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electrode to the 3.25 cm position, separation was achieved with HF concentrations as
high as 4.5% at 10 mA/cm2. The lifted-off film areas approached 1cm2 for most
successful experiments and ranged from ~0.5 cm2 to nearly 4 cm2 (in the large cell). We
have generated a series of films which have sufficient structural integrity so that they can
be considered for the filtration of particles at the micron scale.
The mechanism for lift-off and its dependence on electrode separation appears to
differ significantly from that described by Solanki et al.[32, 33], who proposed that the
lift-off resulted from HF depletion near the pore tips, causing the pores to branch out
horizontally until they overlapped. SEM images of partially separated filters generated in
this study instead show a widening of the pores themselves (Figures 5.3 and 5.4). The
pore tips are roughly pyramidal (inferred from the roughly square shape of the pores and
the pointed tips seen in cross section; see Figure 5.4), with faces in the [110], [101], [110], and [10-1] directions. The pores initially etch in the [100] direction, maintaining the
shape of the tip. However, when the process leading to separation begins, it appears that
etching instead progresses in the face directions of the pyramid, opening the pore tips
until they overlap (Figures 5.3 and 5.4).
The filters produced varied significantly in thickness. The thinnest filters
generated were less than 3µm thick, whereas the thickest were nearly 70µm thick (Figure
5.5). The filter thickness is found to depend strongly on etching conditions (e.g. HF
concentration and electrode spacing). However, a specific relationship can only be
determined with more stringent control of the wafer resistivity over the smallest possible
range. This required tighter range considerably increases wafer expense.
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Figure 5.3 Schematic representation of the filter separation process. During the initial phase of etching (1),
the pore etches straight down in the [100] direction. When the process leading to lift-off begins (2), etching
instead proceeds into the pyramidal faces of the pore tip, causing the pore tip to expand (3) until
neighboring pores begin to overlap.

117

Figure 5.4 SEM micrographs of a porous silicon filter. In the top images, the tips of the pores can be seen
before (left) and after (right) they begin to spread out in their face directions. The bottom images show the
front (left) and back (right) of a filter. Note that pore spreading is significant in the filter back.
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Figure 5.5 Collage of SEM micrographs of filters demonstrating the observed range of filter thicknesses.

As voltage measurements acquired during etching give no indication of lift-off
and filter separation, the measurement of the degree of separation as a function of time
was not possible. The separation appears to result from a gradual process, where some
regions of the etching area separate before others. This process is apparently aided by the
formation of a silicon oxyfluoride-based polymer which forms in the region between the
lift-off film and the remaining partially etched silicon surface. Though some filters
simply separate from the substrate (Figure 5.6) when the wafer is rinsed in methanol after
etching, many must be removed by inserting a razor blade under a fully separated but
partly etched region (Figure 5.7) where the silicon oxyfluoride polymer can be located.
The nature of this polymer can be garnered from the EDS scan in Figure 5.8 which
demonstrates silicon, oxygen, and fluorine peaks. It is typical (Figures 5.1 and 5.2) for
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the vertically lowermost section of the films exposed to the etching solution to separate
before the upper section. Once removed from the porous silicon interface, these filters are
found to possess a slight negative charge. They, therefore, can bind—through weak
polarization forces—to the insulating containers in which they are placed.
The pore structure is clearly visible in Figures 5.4-6. By comparison, Figure 5.9
demonstrates the results obtained using a Solanki et al.[32, 33] etch. Here double 10
micron layers are separating from the PS surface. Striations, which are likely associated
with the sub-10 nm pore structure, are clearly visible in Figure 5.9.
We have metallized the one-micron-pored structures with an electroless platinum
solution containing kinetically stabilized platinum ions. The results of these efforts for
one of several initial coating runs (~ 5 minutes) are indicated by the EDS spectrum in
Figure 5.10 which suggests the incorporation of a significant amount of platinum. EDS
measurements of samples exposed to the platinum solution for only 25 seconds show
little or no measurable trace of platinum. This indicates that the platinum detected is not
merely a contamination from the platinum compound but displays a clear dependence on
deposition time. These deposits are not, however, visible in SEM images. We suggest
that the slight negative charge on the film surface may aid the deposition process.
The copper coating results are more definitive. Copper deposits obtained in the
first 10 seconds are sufficient to give the filter a coating visible to the naked eye. EDS
measurements of the pore walls indicate copper in excess of 20% by weight. The copper
deposits are clearly discernable in SEM images (Figure 5.11).
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The ability to coat the films (filters) with platinum and copper suggests that they
might be used for interactive-reactive filters at elevated temperatures where polymer
filters will fail.

Figure 5.6 Direct lift-off of PS-based film- filter (~ 20 microns) from the surface of
an etched PS film. Pore diameter is approximately one micron.
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Figure 5.7 Mechanical Lift-off of PS filter using the ability to readily
remove the silicon oxyfluoride polymer that forms on the PS surface.

Figure 5.8 EDS spectrum of silicon oxyfluoride polymer formed on the etched
PS surface. The large central peak is due to the aluminum sample mount.
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Figure 5.9 SEM micrograph of porous films etched using Solanki technique. Two stacked porous layers
are shown above the silicon substrate. Striations are believed to correspond to a 10nm or smaller pore
structure. See text for comments.

Figure 5.10 EDS spectrum of platinum-treated PS filter. The large
carbon peak is due the carbon tape used to secure the sample.
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Figure 5.11 SEM micrographs of a copper coated filter (left) and an untreated filter (right).

5.5 Discussion
It should be noted that the regularity of the pore structure in Figures 5.4-6 can be
notably improved if the surface is prepared in such a way that rapid etching can begin
without

nucleation[34].

By

introducing

photolithography,

a

photoresist-mask

combination can allow the creation of selective silicon island exposures. These regions,
exposed to KOH result in an anisotropic crystalline etch in which the etch rate in the
[100] direction can be several hundred times that in the [111] direction[40]. A properly
patterned photoresist on a [100]-oriented surface can be used to produce pyramidal
indentations whose pointed tips can provide a region for rapid etching without additional
random nucleation. The photolithography process can provide nearly perfect control over
pore size and placement, albeit at a considerable increase in the time for filter preparation
and the expense of the process, especially for the large scale masks that would be
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required. It is, however, important to emphasize that a considerable increase in the
control over the much simpler process reported here and a notable increase in periodic
definition is possible, if needed.
Unfortunately, an equation for filter thickness like that proposed by Solanki et
al.[32, 33] cannot be determined without a much sharper grid of wafer resistivities. There
is a clear connection between the etch conditions and the ability to perform an OSS
procedure. At higher HF concentration and lower electrode spacings, separation does not
occur. However, the morphology and etching rates of pores produced with DMF etching
solutions are known to depend strongly on wafer resistivity[34]. The wafers used here
had resistivities which varied from 14-22Ωcm, with some variation even among different
regions of the same wafer. To obtain a meaningful equation for film thickness, it will be
necessary to use higher quality wafers with much more tightly controlled resistivities.
It is clear that such an equation including those parameters that govern wafer
thickness must be more elaborate than that proposed by Solanki et al.[32, 33], as it must
include at least two additional parameters: wafer resistivity and electrode spacing.
Because the pores produced in these experiments are so much larger (nearly two orders of
magnitude), it is possible to directly observe the physical mechanism by which separation
occurs. Further study is necessary to compare the results of these two very different
etching procedures. It seems likely that the process is in some way related to field
strength in the etching region, as this could explain the dependence on both HF
concentration (electrolyte conductivity) and electrode spacing. In addition, it may be
possible to apply the methods which we have outlined to etching procedures which
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generate pores intermediate to those of Solanki et al.[32, 33] and the present study. These
studies could potentially provide significant insight into the pore formation mechanism.

5.6 Summary
Thin porous silicon films were produced by using simple methods to control
hydrofluoric acid concentrations in the etching region. The separation process, unlike the
limited alternative methods, is spontaneous, requiring only a single step. Low initial
concentrations and electrically-induced concentration gradients allow good control of
film thickness. Pore diameters seen in these films are at least an order of magnitude larger
than those achievable in any medium other than polymers. These micropores are much
less restrictive of fluid flow than nanopores and are, therefore, of significant interest for
high volume catalytic processes.
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CHAPTER 6
TITANIA AND SILVER NANOSTRUCTURE FORMATION

Porous silicon plays an active role in the battery configurations we have
considered. However, its use does not have to be limited to lithium-based chemical
interactions. Its large surface area and nano-textured surface can be utilized as a support
structure for other chemicals so as to facilitate additional processes. In this way, the
porous silicon can be converted to a very efficient micro-reactor.
For example, nanostructures of the anatase form of titania are known to be an
effective photocatalyst. In combination with other materials, the photocatalysis can be
fine-tuned to improve efficiency and target specific compounds. Silver and silver oxide
have both been studied in combination with anatase nanospheres for their enhancement of
photocatalytic effects[1-4]. However, the efficient use of these structures is limited by the
inability to properly distribute them. Porous silicon provides the scaffolding for an ideal
distribution, allowing particles to be properly illuminated and exposed to reactants to
optimize efficiency, provided they can be formed directly on the surface. The results
described in this chapter demonstrate a method to accomplish this goal.

6.1 Nanocolloid Preparation
The titania nanocolloid was prepared according to the method described by Gole
et al.[5], in a 1L Erlenmeyer flask with a dropping addition funnel. The flask was filled
with 250 mL of doubly distilled deionized water and 80 mL of acetic acid. This solution
was kept at 0°C in an ice bath and vigorously stirred with a Teflon-coated magnetic
stirring rod. The flask was fitted with the addition funnel and kept under a dry nitrogen
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atmosphere. The funnel was filled with 10 mL of 2-propanol and 37 mL of titanium(IV)
isopropoxide, which was then added drop-wise to the acetic acid solution in the flask.
The solution was stirred continuously and maintained at 0°C during the addition of the
titanium solution and for another 24 hours thereafter, yielding a clear colloid with anatase
particles on the order of 20 nm or smaller in diameter.
Care must be taken during this process to avoid exposing the titanium
isopropoxide to moisture. At room temperature it will react rapidly with water to produce
titania. If this occurs, the normally clear liquid colloid solutions become cloudy and
contaminated with large titania particles as a result exposure to humid air. For this reason,
the titanium isopropoxide bottle should be stoppered with a rubber septum. The septum
will allow transfers using a syringe without introducing additional moisture.
The finished colloid can be maintained indefinitely if refrigerated. At room
temperature, the colloid will congeal over the course of several days to form an opaque,
white gel. This congealing process can be enhanced significantly by heating the colloid,
though this may negatively effect nanostructure formation. At 70°C the colloid can be
made to congeal within as little as 15 minutes.

6.2 Nanostructure Preparation
Silver nanostructures and nanostructured arrays which interacted with the titania
nanocolloid were prepared by adding silver nitrate to the refrigerated colloid. Here silver
nitrate was placed in a 2 mL glass vial, which was then filled with the colloid. The
quantity of the silver nitrate added was varied from 50 mg (0.15 M) to 1.2 g (3.5 M), the
latter of which gives a saturated solution at room temperature. After the addition, the vial
was shaken by hand and was allowed to warm to room temperature. It was then stored in
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the dark at room temperature until the colloid congealed. The silver nitrate concentration
directly affected congealing times, suggesting at least an interaction involving the silver
nitrate and the nanocolloid. The solutions consisting of the lowest concentration of the
nitrate often congealed in as little as one day, whereas saturated solutions typically
required more than one week.

Table 6-1 Properties of solvents used for structure formation[6]. All values are at 20°C. The diffusion
coefficient is for a sphere 20 nm in diameter.
solvent
protic

dipolar
aprotic

non-polar
aprotic

water
methanol
ethanol
acetone
DMF
acetonitrile
butanone
benzene
diethyl ether
methylene chloride

density
(g/cm3)
1.00
0.79
0.79
0.79
0.94
0.79
0.81
0.88
0.71
1.32

viscosity
(cP)
1.01
0.59
1.20
0.32
0.92
0.35
0.43
0.65
0.22
0.44

vapor pressure
(torr)
17.6
100
50
185
2.7
70
70
81
440
357

diffusion coeff.
( 10-11m2s-1)
2.14
3.61
1.79
6.70
2.33
6.21
4.98
3.29
9.57
4.87

The titania solution, which eventually gels and is almost entirely water, loses well
over 90% of its volume when dried. Nevertheless, it is not possible to deposit the gel
directly onto a TEM (transmission electron microscope) sample grid for observation, as
the gel is corrosive to the copper grid, causing it to oxidize and disintegrate within hours.
Direct deposition also produces deposits too thick to be penetrated by an electron beam.
Therefore, it must be heavily diluted to observe the details of nanostructure formation.
This was accomplished by placing a small quantity (on the order of 20 µL) of the gel in
another 2 mL vial filled with a solvent. The gel was transferred by dipping a long, thin
object into the gel vial. The object, now coated in the gel, was then dipped in the solvent
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vial and agitated to shake the gel loose. Objects used to transfer the gel included small
rods of wood or plastic, small transfer pipettes, paper clips, and wires of zinc or other
metals.

Figure 6-1 TEM image of a clump of titania nanospheres seeded with silver, formed in water with
exposure to zinc. These clumps were common to many samples for a variety of solvents and silver nitrate
concentrations.

The only features consistently present among all samples were titania and silver
spheres roughly 10-20 nm in diameter (Figure 6-1), the latter of which could be formed in
a number of ways. The titania spheres have been identified as the anatase form using
Raman spectroscopy. The titania spheres tended to clump together on the carbon strands
of the TEM grids or into nondescript structures regardless of the silver nitrate
concentration, solvent, or transfer method used, though the largest clumps occurred for
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those gels dissolved in water. For other solvents, primarily acetone, unique structural
patterns could be introduced as a result of the direct contact of the titania
nanocolloid/silver nitrate solution with a zinc catalyzing agent.

Figure 6-2 SEM micrograph of titania/silver nitrate/zinc needle structures on an aluminum surface. The
structures are often found in clusters like this. The resolution of the SEM is not sufficient to resolve
individual nanostructures within the bounds of the needles.
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Figure 6-3 TEM micrograph of titania/silver nitrate/zinc fractal structures in thin films. The inset shows a
close-up of the black clumps of titania nanospheres and silver from which the fractals grow.

The presence of the additional more structured features were dependant on
experimental conditions. The two most prevalent structures corresponded to groupings of
needle-like objects (Figure 6-2) and films displaying fractal structures (Figure 6-3). Both
of these structures formed only when the gel was brought into contact with a zinc-coated
object, such as a paper clip or a length of zinc wire, just before it was added to the solvent
vial. When dipped in the gel, the zinc immediately reacts with the silver nitrate to
produce zinc nitrate and silver, turning the object black.
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6.3 Needle Structures
The needle structures were most readily formed using gels with low silver nitrate
concentrations (0.1 g in 2 mL of solution, or 0.3 M). Further, although a variety of
solvents were used in the nanocolloid/silver nitrate/zinc-exposed dilutions, the structures
only formed in acetone and 2-butanone solutions. Once the solvent was added to the vial,
it was vigorously shaken for 20 seconds and then could be heated to temperatures just
over 38°C and agitated for 10-15 minutes. The initial mixing action lead to densely
packed needle-like structures, and the latter heat treatment caused the swelling of those
structures. The effect of the heating step (38°C instead of room temperature) is a
significant increase in structure size—both thickness and length—and quantity (Figure 64). Once the solution was prepared, a TEM grid was dipped directly into the solution and
then allowed to air dry.
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Figure 6-4 TEM images of needle structures formed with (a,b) and without (c,d) the 38°C heating step.
The heated samples are significantly longer and thicker than the unheated samples.

The needle-like structures were first observed in pure acetone. Acetone
(Alfa Aesar 99.5%) and 2-butanone (Aldrich 99.5%) are the only pure solvents in which
the structures were observed. In addition, we attempted to characterize the behavior of
the systems with those solvents which are typically used in a variety of experiments with
porous silicon. The other solvents tested were doubly deionized water, methanol (FisherOptima), ethanol (both pure (Acros 99.5%) and denatured with methyl butyl ketone (Alfa
Aesar 94-96%)), benzene (Alfar Aesar 99.8%), dimethyl formamide (Alfa Aesar 99.8%),
diethyl ether (Fisher 99+%), methylene chloride (Alfa Aesar 99+%), and acetonitrile
(Alfa Aesar 99.7%). When each of these solvents was found to be ineffective, each was
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tested in solution with acetone (all are miscible with acetone). With few exceptions, these
mixed solutions failed to produce any of the needle-like structures. Benzene and diethyl
ether were the only exceptions. Solutions consisting of benzene or diethyl ether and as
little as 20% acetone by volume consistently produced structures, some of which were
more than twice the length and thickness of typical structures produced in pure acetone.
Further decreasing the acetone concentration gradually eliminated structure production.
For the other solvents considered, with the exception of water, adding a small quantity to
pure acetone did not affect structure production. The addition of any significant quantity
of water (as little as 5% by volume) eliminated structure production.
The structures appeared densely packed and virtually opaque in TEM images.
They ranged from 40 nm to nearly 1 µm in diameter and from 200 nm to several microns
in length. The structures often seemed to grow from and along the carbon web on the
TEM grids. However, they are most commonly seen in free standing clusters, and they
have also been observed on SEM sample mounts, which are simply polished aluminum
surfaces. This indicates that the structure growth does not require a specific external seed
framework, but results from interactions involving the titania nanocolloid, silver nitrate,
zinc, and the appropriate solvent.
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Figure 6-5 TEM image of overlapping needle structures shown as they formed, before they were heated to
400°C by the focused electron beam.
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Figure 6-6 TEM image of the needle structures after they were heated to 400°C by the condensed electron
beam. The structures are significantly reduced in size, and they have become less opaque, making it
possible to see the titania nanospheres and seeding clumps of silver inside.
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Figure 6-7 Close-up TEM image of a needle structure, first prepared at 38°C (expanded structure of Figure
6-4(b)), after being heated to 400°C by the condensed electron beam. The clumps correspond metallic
silver on titania nanospheres.

When the TEM beam was condensed to obtain a diffraction pattern, the structures
collapsed, leaving a transparent structure of roughly the same dimensions peppered with
titania and silver nanospheres (Figures 6-5, 6-6, and 6-7). EDS (energy dispersive X-ray
spectroscopy) measurements indicate that, before the electron beam heating, the
structures consist primarily of titanium (8%), oxygen (65%), silver (18%), and zinc (8%).
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However, this may be misleading. The amount of oxygen indicated cannot be accounted
for by metal oxides, so the number should be seen as simply an indication of the presence
of these elements in significant quantities. It is also possible that some nitrogen is present
in the form of nitrates, because nitrogen is not easily detected by EDS. Carbon is more
easily detected, and so it is unlikely that any significant quantities of carbon are present.
The titanium is present entirely in the form of TiO2 (anatase). Most of the silver is likely
present in the form of silver oxide. This is confirmed by the structure collapse within the
overall needles structure, as silver oxide decomposes to silver and oxygen at
approximately 200°C. Objects under tightly focused TEM beams are known to reach
temperatures of approximately 400°C. The structures are also unlikely to contain
significant quantities of zinc nitrate, which melts at approximately 38°C. This
temperature is easily reached by the loosely focused beam used to acquire images.

6.4 Needle Structure Formation
The production of the silver and silver oxides is most likely due to the combined
catalytic properties of the titania nanospheres and the introduced small quantity of zinc. It
must be noted that the heating and agitation of the solution was always performed in clear
glass vials under fluorescent lighting, which would provide sufficient ultraviolet photons
to induce photocatalysis. Sample mounts were allowed to dry under similar conditions
The hydroxyl groups formed by cleaving water molecules can quickly react with silver
ions to produce silver hydroxide, an unstable intermediate that decomposes to silver
oxide and hydrogen gas.
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Figure 6-8 The bipyramidal structure of the anatase crystal. The faces of the intact octahedron (left) are all
(101) faces. Truncating the edges of the structure (center) exposes the (100) faces, shown in red. Truncating
the tips (right) exposes the (001) faces, shown in blue.

The one-dimensional nature of the needle structures indicates a simple crystal
growth system. Anatase nanospheres are known to form primarily as truncated
bipyramidal structures[7]. The (101) faces are the most stable, giving elongated, sharply
pointed structures due to the tetragonal structure of the titania. Metallic silver clusters
have been shown to grow preferentially on these faces[8, 9]. However, the (101) faces
cannot be part of the crystal growth because there are 4 pairs of parallel faces. The linear
nature of the structures indicates symmetrical growth on and incorporation of the
nanospheres. The other two possibilities are the (100) faces and the (001) faces, which
are seen as truncations of the edges and tips of the octahedra, respectively. Because the
(100) faces are 4-fold symmetric, the growth must be due to the (001) faces (see Figure
6-8).
The high aspect ratio (length divided by width) of the structures is more difficult
to explain. Growth originating from the ends of the nanospheres should not preclude
lateral growth. It may be due to the metallic silver produced by the reaction of the silver
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nitrate with zinc. As mentioned above, metallic silver deposits grow preferentially on the
(101) faces[7-9]. These deposits could block photocatalytic activity away from the tips
(the (001) faces), preventing perpendicular growth and channeling the crystals in one
dimension.

Figure 6-9 The crystal structures of anatase (a) and rutile (b) titania. Though both have a tetragonal lattice
structure, the anatase crystals are more open[10].

An equally important aspect of the channeled growth of the needle-like structure
can be seen by considering a schematic of the rutile and anatase crystal structures of TiO2
depicted in Figure 6-9. Here, the difference in the two crystal forms is apparent as the
rutile structure consists of side-on octahedra whereas the anatase structure consists of tip
on octahedra. The near equal free energies of the rutile and anatase forms results from a
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much higher negative enthalpy of formation for the rutile structure and a much higher
entropy for the considerably more open anatase structure[10]. For both the anatase and
rutile phase, however, it is clear that silver oxide or silver cluster growth on the (101) or
truncated (100) faces of the titania octahedra should readily intersect that of neighboring
octahedra. The growth from the truncated (001) face should produce a distinctly different
elongating effect versus the intersection of growth from the (101) and (100) faces. This
should contribute to the formation of needle-like structures.

Figure 6-10 TEM image of needle structures formed in pure acetone after heating to 38°C. These structures
have been heated by the electron beam, leaving only the clumps of silver and titania.
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The effects of the solvents are more easily explained as they enhance or hinder the
growth process. The only pure solvents in which structures were observed are acetone
and butanone. Both are dipolar aprotic solvents with similar chemical structures.
However, the two solvents produced very different needle structures. The acetone
structures were well-formed and very straight with high aspect ratios. The butanone
structures were less well-formed and much smaller than the acetone structures. This can
be explained by butanone’s higher viscosity (0.43 cP for butanone vs. 0.32 cP for acetone
at 20°C – Table 6-1). The viscosity affects the ability of the nanospheres and Ag/AgOx
reactants to move through the solvent according to the Stokes-Einstein Relation,

D=

k T
b
6πη r

where η is the viscosity of the fluid and r is the radius of the objects diffusing in the fluid.
The higher viscosity of butanone gives a lower diffusion coefficient for the nanospheres,
slowing down the rate at which they collide with forming structures. In addition, the
compounds formed by the reaction of silver ions with each of the solvents (silver acetate
with acetone and silver propionate with butanone) may play a significant role. Silver
acetate is known to form when silver nitrate reacts with acetic acid, which is present in
the nanocolloid. The compound is soluble in both acetone and butanone, though it
expected to diffuse much more readily in acetone. More importantly, both compounds
(silver acetate and silver propionate) are known to crystallize in needle-like
structures[11]. Both compounds also contain a silver oxide (AgO-) group, which can
serve as a convenient precursor to silver oxide (Ag2O) structure growth.
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The other dipolar aprotic solvents used, dimethylformamide (DMF) and
acetonitrile, were both unsuccessful at forming the needle structures, both alone and in
high-concentration acetone solutions. The acetone-butanone results suggest why the
DMF fails. DMF is significantly more viscous (0.92 cP) than both acetone and butanone.
The low diffusion constant of the titania nanospheres, silver, and silver oxides in this
solution make it impossible for needle-like structures of any significant size to form.
Acetonitrile seems like a more likely candidate for structure formation. It has
roughly the same viscosity as acetone and roughly the same vapor pressure as butanone.
However, the potential chemical activity of acetonitrile (MeCN) with silver must be
considered. The cyanide complex bonds strongly with elemental silver to form the
transparent and virtually insoluble silver cyanide, removing it from the solution before it
can be oxidized.
The protic solvents (water, methanol, and ethanol) all prevented structure
formation when present in high concentrations, and water prevented formation at the
lowest tested concentration (about 5% by volume). Aside from their protic nature and
possible detrimental reactions with the chemicals involved, all three of the protic solvents
have notably higher viscosity than acetone (Table 6-1). This would greatly limit the
diffusion of the interacting solution constituents.
The non-polar aprotic solvents (benzene, diethyl ether, and methylene chloride)
are more interesting. The silver-nitrate-treated titania gel was completely insoluble in all
three. Because the necessary titania nanospheres and silver compounds were unable to
diffuse through these solvents, no structures could be formed in any of them by
themselves. Methylene chloride also failed to produce the structures in solution with
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acetone. This, however, is to be expected, as silver reacts with chlorine to produce the
transparent silver chloride, which is insoluble.

Figure 6-11 TEM image of needle structures grown in a 1:1 solution of acetone and diethyl ether.

Benzene and ether, however, both showed structure formation even for low
concentrations (20% by volume) of acetone. The ether-acetone structures (Figure 6-11)
were numerous for moderate concentrations (30-50% acetone by volume), though they
quickly tapered off for lower concentrations. At 20% acetone, the structures were poorly
formed, with low aspect ratios. At first glance, this appears to contradict the diffusion
constant data given in Table 6-1. While diethyl ether has a viscosity of 0.22 cP, 30%
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lower than that of acetone, which should increase the size of the ether-acetone structures,
the extremely high vapor pressure of the ether must be considered. It is nearly 3 times
that of acetone. The high rate of evaporation does not give the structures sufficient time
to form before the solvent is completely gone. The evaporation cools the solution
significantly, which must affect both reaction rates and reactant diffusion.. The diffusion
constant in the Stokes-Einstein relation is proportional to temperature, and the viscosities
of both solvents are strongly dependent on temperature. Combining these detrimental
effects, the high ether vapor pressure can easily outweigh those other factors relevant to
structure growth.

Figure 6-12 SEM image of needle structures formed in a 1:1 solution of benzene and acetone. The
structures are significantly larger than those formed in pure acetone solutions.

The most extensive and well-formed structures were produced in benzene-acetone
solutions. At 1:1 by volume, the benzene-acetone solution yielded structures tens or even
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hundreds of microns long, most perfectly straight for their entire length (see Figure 6-12).
The structures were present at acetone concentrations as low as 20%, though they were
much larger and more plentiful at higher concentrations. The viscosity of pure benzene is
0.65 cP, giving a viscosity for the 1:1 benzene-acetone solution of about 0.43 cP, roughly
the same as pure butanone. This suggests that the benzene-acetone structures should be
smaller than the pure acetone structures. However, benzene may react with the acetone
and silver to produce silver benzoate (AgOCOC6H6), which would be a convenient
precursor to silver oxide. Like silver acetate, silver benzoate contains a silver oxide
(AgO-) group and is known to crystallize in needle-like structures[12]. This precursor
compound could also act as a binder and speed the growth process, while the lower vapor
pressure of benzene relative to acetone gives the structures more time to form before the
solvent evaporates completely.

6.5 Fractal Structures
Fractal structures formation (Figures 6-13 and 6-14) was observed only when the
titania

nanocolloids

were

combined

with

high

silver

nitrate

concentrations

(approximately 0.5 g in 2 mL of colloid, or 1.5 M) in deionized water or acetone.
Attempts with other solvents were completely unsuccessful. The sample preparation did
not involve heating. The gel was transferred with a paperclip to a 2 mL vial, which was
filled with the solvent and agitated by hand for several seconds. The sample grid was then
immediately dipped into the solution and allowed to air dry. Like the needle structures,
the fractals did not form in solution, but rather while the solution was drying on the TEM
sample grid. They formed in thin films that spanned openings in the carbon web on the
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grid. Clumps of silver/silver-oxide-coated titania nanospheres were seen along the web at
random, with fractal structures growing out of these clumps within the films.
The TEM used here did not have an EDS detector installed, so it was not possible
to determine the composition of the films or the structures. It was also not possible to
obtain a diffraction pattern, because the films peeled away and curled up when heated by
the condensed beam. However, several significant details can be inferred about the
structures. The films cannot be composed mainly of silver oxide, which has been seen to
collapse completely under the focused beam. It may comprise a small fraction of the
films, which would explain the slight reduction in size of the films upon heating. The
films, but not the fractal structures, were also common among a wide variety of
experimental conditions, including lower concentrations of silver nitrate and several
different solvents. This was also true of the nanospheres clusters. It is only these fractal
structures that were sensitive to conditions.
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Figure 6-13 TEM image of titania/silver nitrate/zinc fractal structures formed in water. The structures grow
in thin films that span the openings of the carbon web on a TEM grid.
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Figure 6-14 TEM image of titania/silver nitrate/zinc fractal structures formed in acetone. The structures are
much thicker and less well-defined than those produced in water, though they can be seen to taper to
similar structures at their ends.

6.6 Fractal Structure Formation
The fractal structures appear to grow in a diffusion-limited aggregation (DLA)
process. It is not possible to describe the process in detail without first determining the
composition, but the roughly uniform thickness of the lines, along with the growth from
the nanospheres clusters, makes it seem likely that the structures result primarily from
silver-seeded nanospheres. In addition, the line thickness of the water-based fractals is
approximately 10 to 20 nm, which is the same as the sphere diameters.
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DLA problems are commonly studied with a Monte Carlo model developed by
Witten and Sander[13]. The model tracks particles near a seed point as they proceed
through a random walk. When a particle strikes the seed structure, it sticks at the point of
impact. As more particles adhere and the structure grows, new particles are more likely to
strike regions that protrude away from the main structure. This causes the tips of
branches to grow faster than the bases, giving rise to the fractal structures. Variations of
this model often involve modifying the way particles behave as they adhere to the main
structure. The simulations shown here were produced using DLA-nd, written by Mark
Stock[14].
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Figure 6-15 Computer-simulated fractal with perfect stickiness and grip. Particles striking the main
structure adhere immediately and do not move. The structure closely resembles those formed in water.
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Figure 6-16 Computer-simulated image of a fractal structure with perfect stickiness and imperfect grip.
Particles striking the main structure adhere immediately, but they may move by some fraction of the
particle size. The structure most closely resembles those formed in acetone.

The difference between the water-based and acetone-based fractals is clear to the
naked eye. The water-based structures are thinner and more clearly defined, while the
acetone-based structures appear broad. This effect can be reproduced by introducing slip
events to the simulation. During such a slip event, a particle adhering to the main
structure can move towards the particle to which it attached by some fraction of its own
effective radius. The slip causes particle overlap (in two dimensions) and branch
thickening. The images shown here (Figures 6-15 and 6-16) demonstrate the significant
structure variation caused by the slip factor. Figure 6-15 shows a structure with no
slippage, which strongly resembles the water-based fractal in Figure 6-14. Figure 6-16
shows a structure with a high slip factor (90% of the radius of the particle), which more
closely resembles the acetone structure in Figure 6-14. Image analysis confirms that the
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simulated structures match their experimental counterparts in fractal dimension (box
counting method)[15].
The dramatic differences in structure here can once again be explained by
viscosity and vapor pressure. The high viscosity of water (1 cP, vs. 0.32 cP for acetone
(Table 6-1)) damps particle movement and prevents slip events. The rapid acetone
evaporation should counteract this somewhat by lowering the temperature, but the
temperature difference is offset by the rapid increase in concentration. The higher
concentration accelerates the structure growth and increases the rate of simultaneous
collisions, which increases the rate of slip events. The concentration-slip rate correlation
is supported by the tips of the acetone fractals. As the reactants are depleted by the
structure growth, the apparent rate of slip events decreases, so that the structures begin to
approach the shape of the water fractals at the tips.

6.7 Summary
A variety of photocatalytic structures consisting of titania and silver/silver oxide
can be produced for use on a porous silicon surface. Needle-like structures of silver
oxide laced with titania nanospheres are produced by exposing a silver-nitrate-doped
titania nanocolloid to a metallic zinc catalyst and dissolving it in acetone or acetone
solutions. This silver oxide structures can be reduced to silver-coated titania nanospheres
through a simple heating process. Both silver and silver oxide are known to moderate
titania photocatalysis. Silver-based fractal structures are produced using a similar process
with higher silver nitrate concentrations. Control of composition and structure can be
achieved with an understanding of the diffusion-controlled processes that drive the
formation of the photocatalyst. Needle-like structures are shown to form due to the
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presence of silver acetate and silver benzoate, and the viscosity and evaporation rate of
the solvent used to create these structures strongly influence their size. The fractal
structures, whose growth can be modeled by a diffusion-limited aggregation process, are
similarly influenced by solvent properties.
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APPENDIX
LITHIUM ION CAPACITY LIMITATIONS OF POROUS SILICON

A theoretical maximum capacity for a given porous silicon structure in a lithium
ion battery configuration can be calculated by considering ideal conditions. Four distinct
silicon-lithium alloys are known: Li12Si7, Li14Si6, Li13Si4, and Li22Si5. These alloys have a
volume per silicon atom of 2.9, 2.6, 3.4, and 4.1 times that of pure silicon,
respectively[1]. For example, 1 cm3 of pure silicon, when alloyed completely with
lithium to form Li22Si5, will expand to a volume of 4.1 cm3. It is the expansion of these
alloys that places the upper limit on capacity.
The Li-Si alloy will form first at the surface of the silicon exposed to the lithiumbased electrolyte. Additional silicon below the surface will undergo the alloying process
as lithium diffuses through the silicon lattice. The expansion of the alloying silicon is
constrained by the surrounding unalloyed silicon, which acts as a support structure. This
support structure will permit expansion only in the direction normal to the surface. For
the silicon of the pore walls, that direction is radially inward, which could completely
choke off the pore opening with sufficient expansion. This can be considered the limiting
condition, as it determines the volume of available silicon within the pores.
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Figure A.1 Cross section (left) and overhead (right) illustrations of the useful volume of silicon, shown in
red, of a pore of radius R1. Once the Li-Si alloying process has reached a critical depth t=R2-R1, the
expansion of the red region will fill the pore.

The critical alloy depth for a pore depends on the pore diameter and the alloy
involved. Assuming cylindrical pores and ignoring the tops and bottoms of the pores, the
pore is completely choked off when the pore radius R1 (Figure A.1) goes to zero, which
means the alloyed region (shown in red) has expanded to fill the opening. Because the
pure silicon (shown in gray) is not compressible, the alloying silicon (shown in red) is
forced to expand inward. For this system, the critical thickness is t=R2 – R1. In the
overhead view, assuming limited expansion in the axial direction, this becomes a 2dimensional problem. The silicon that will participate in the alloying process initially
occupies an area of
2

2

A i = πR 2 − πR 1 .

After alloying, the silicon will expand to occupy an area
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A f = xA i ,
where x is the expansion factor of the given alloy (e.g., x=1 for pure silicon, and x=4.1
for Li22Si5). The critical depth t is calculated by taking the limit that R1 goes to zero, at
which point the pore has been completely filled by the alloy and can no longer participate
in the alloying process. For a given pore radius R1 and expansion factor x, t is given by
⎞
⎛
x
t = R 1 ⎜⎜
− 1⎟⎟ .
⎝ x −1 ⎠

For a 1 µm diameter pore, assuming the highest alloy state (Li22Si5) is achieved
throughout the sample, the pore would completely close off after the lithium penetrates
75 nm into the pore wall. However, it is not clear that the Li22Si5 forms in this system.
Cyclic voltammograms show at least 3 distinct peaks, indicating only that at least the first
3 alloys form. Fortunately, the formation of the highest alloy would not significantly
affect capacity in this model. The increased lithium storage ratio (4.4 Li atoms per Si
atom, vs. 3.25 for Li13Si4) would be offset by the decreased penetration depth (75 nm vs.
96 nm in for the parameters described above). A proportionately lower volume of silicon
is available to the higher alloy, yielding similar capacity results for both Li22Si5 and
Li13Si4.
Given these assumptions, the maximum capacity can be estimated for a given
porous structure using the Li13Si4 alloy, which is known to form in this system. For
example, pores 1 µm in diameter have a useful volume of silicon of approximately 0.33d
µm3, where d is the depth of the pore in microns (calculated using equations A.3 and A.1,
assuming uniform, 2-dimensional expansion throughout the pores as described above). If
the pores are arranged on a square grid such that the thinnest pore wall is 200 nm thick
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(this is as close as the pores can be packed without overlapping alloying regions), the
pore density is approximately 7*107 cm-2. For pores 15 µm deep, this gives 3.5*10-4 cm3
of useful silicon for every square centimeter of wafer, for a lithium capacity of 5.7*1019
Li atoms per cm2, or approximately 2.5 mAh/cm2 (calculated by assuming 3.25 Li atoms
for each Si atom in the useful volume).

Figure A.2 Illustration of pores arranged such that alloying regions (shown in red) do not overlap. A
significant volume of silicon at the pore wall intersections (shown in gray) is excluded from the reaction.

In this example the specific capacity of the silicon anode is approximately 45
mAh/g, which is drastically lower than the 3000 mAh/g maximum for the Li13Si4 alloy.
Most of this inefficiency is due to the huge amount of wasted silicon in the substrate. The
wafers used were approximately 250 µm thick. If deeper pores are used, the capacity
becomes much more reasonable. Because the pore wall contribution to the surface area is
much greater than that of the tops and bottoms of the pores, especially for deeper than 10
µm, this capacity is roughly proportional to the pore depth. For pores 150 µm deep, the
theoretical capacity is more than 600 mAh/g. For pores 250 µm deep, the capacity is
more than 1000 mAh/g. For further improvements, the pore diameter and spacing must
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be fine-tuned. For example, setting the pore spacing such that alloyed regions cannot
overlap wastes a significant volume of silicon at the pore wall intersections (Figure A.2).
Unfortunately, these calculations are not entirely reasonable upper limits. It is
unlikely that the pore could close completely due to alloying, as the narrowing pores
would limit lithium ion diffusion down their length. In addition, as the openings of the
pores have been seen to participate more readily in the battery function, the bottoms may
be separated from the electrolyte before alloying is complete. Yet considering these
limitations, the capacity seen experimentally has been high. For pores approximately 1
µm deep, a capacity of just under 100 µAh/cm2 was observed (Figure 3.5), which is
approximately an order of magnitude lower than the calculated capacity for 15 µm pores.
Newer samples (see chapter 4) that were properly cleaned show better results, even
though pore spacing was not optimized. This indicates that the model is not entirely
inaccurate and that significant capacity gains may still be possible.
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