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Abstract

Recent advances in the production of Si nanostructures from electroless etching are reviewed, including stain etching, metal-assisted
etching and chemical vapour etching. A brief review of the explosion in applications of porous silicon over the past 18 months is also
given. The stain film that results from the etching of (poly- or single-)crystalline Si is composed of a porous network of nanocrystalline
silicon. Few mechanistic studies of electroless etching have been performed, but the more extensively studied anodic etching of silicon in
fluoride solutions provides many clues as to how porous films are formed. Intriguing recent results have shown that control over the
properties of the film can be obtained by exercising control over the composition of the etchant.
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1. Introduction

One of the great challenges of solid-state physics is to
control the band structure of phonons and electrons to
achieve desired properties: raising the 7T, and critical cur-
rent of superconductors, producing semiconductors with
well-defined band gaps, increasing the efficiency of thermo-
electric cooling, altering the catalytic activity of metals, etc.
Surface science plays a fundamental role in addressing this
challenge both in that it provides a means for understand-
ing the underlying growth and etching phenomena [1] that
affect the desired property and in that it provides a syn-
thetic method for producing the materials that exhibit these
properties. For example, surface texturing is used to align
the grains of yttrium barium copper oxide (YBCO) in sec-
ond-generation superconducting wires. CVD [2-4] and
MBE [5-7] are used to engineer the band gaps of semicon-
ducting multilayer structures [6,8—12] to produce an array
of optoelectronic devices. Dispersing gold in nanoscale
clusters across an oxide surface transforms this most noble
of metals into one of the finest catalyst for CO oxidation
[131.
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In the world of nanotechnology, there are two grand
schemes for making structures and devices: the top-down
and the bottom-up approaches. In a slightly over-general-
ized form, we can define these two approaches thusly:
The top-down approach rules the roost in the production
of integrated circuits. It is the engineering approach that
has led us to the amazingly successful world of $4 billion
fabs. In this world, perfection of individual processing
steps is sought. One tries to keep the individual steps simple
but the combination is very complicated. Hundreds of
steps may be involved. No amount of processing complex-
ity is too great as long as the process can be turned into a
batch job that can be repeated millions of times at low cost.
Making a layer consists of, for instance, taking a perfectly
clean silicon wafer in a clean room environment, spin coat-
ing a polymer resist onto it, bringing an intricately designed
mask into close proximity of the resist, exposing the resist
with a short wavelength photon sources, chemically treated
the exposed resist to remove either exposed or unexposed
regions of resist, applying a material component to the pat-
tern that has been created, removing unwanted material
from regions outside of the pattern, rinse, lather, repeat
for as many processing steps as are required. Even some-
thing as seemingly simple as “‘making a clean silicon sur-
face” may take tens of processing steps.
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In the bottom-up scenario, the processing steps are
essentially infinitely complex but required little interven-
tion on the scientist’s part. The idea is to use chemistry
to perform error checking and correcting processes that
will guide themselves to the end product: the desired struc-
ture. The ideal is inspired by biomimetic processes: self
assembly and self organization — the exploitation of non-
covalent interactions to direct the formation of structures.
It is in this realm that we are trying to create Si nanostruc-
tures by electroless etching. Just how far can we push
chemistry with minimal process intervention to perform
the tasks we want so that the process arrives at arbitrarily
complex structures?

Specific to silicon, turning bulk Si into nanocrystals
[14,15] or nanocrystalline networks [16,17] changes Si into
a brilliant emitter in the visible because of the effects of
quantum confinement. Hence there has been great interest
in controlling and understanding the formation of nano-
crystalline silicon [18]. We can understand how quantum
confinement increases the band gap of a nanocrystalline
semiconductor by analogy to the particle in the box prob-
lem. A smaller box leads to a greater spacing between
energy levels, thus a larger band gap. Porous silicon (por-
Si) is the most intensively studied variant of nanocrystalline
silicon (nc-Si) and several reviews have been published
regarding the formation [19-217, properties [17,22,23], sur-
face chemistry [24], and photoluminescence (PL) [25-297 of
por-Si. Amazing control over pore morphology has been
demonstrated by Gosele and co-workers [3071.

Electrochemical etching differentiates itself from chemi-
cal etching in that charge transfer is involved in the former.
Hydroxide exhibits both chemical and electrochemical
pathways, whereas etching in acidic fluoride is exclusively
electrochemical [1]. Chemical etching of the type exten-
sively studied, for instance, by Chabal and co-workers
can be used to produce nearly perfectly flat and hydro-
gen-terminated Si surfaces [31-371.

There are four electrochemical routes to por-Si all of
which occur in acidic fluoride solutions: anodic etching,
photoelectrochemical etching, laser-assisted etching and
electroless etching. The boundaries are not completely dis-
tinct and combined processes are known. Anodic etching
involves the attachment of Si (the working electrode) and
a counter electrode (usually Pt) to a power supply, which
is used to regulate the voltage on the Si crystal. The electro-
chemistry that occurs is controlled by the voltage and solu-
tion composition. This works fine for p-type Si but for
n-type Si, in addition to connecting the Si and counter elec-
trode to the power supply, free carriers need to be made
available by illumination of the Si electrode, hence the term
photoelectrochemical etching. It is possible to dispense
with the power supply and external counter electrode. By
irradiating a small spot on a Si wafer, free carriers are pro-
duced and band bending is used to separate holes from
electrons. In n-type Si, holes are forced to the surface of
the irradiated area and por-Si forms there. In p-type Si,
holes are forced to the unirradiated area and that is where

por-Si formation occurs [381. Mechanistically, the chemical
transformations that occur in these three types of etching
are very much the same [*39]. In electroless etching, elec-
trochemistry occurs spontaneously without the interven-
tion of a power supply or photon source. Three types of
electroless etching are reviewed here: stain etching, metal-
assisted etching and chemical vapour etching.

Stain etching is the etching that results from a solution
composed of fluoride and an oxidant. In chemical vapour
etching, the vapour of such a solution, rather than the solu-
tion itself is in contact with the Si. In metal-assisted etching
deposited metal particles are also involved. Electroless
etching of Si to form por-Si is a simple process that requires
the attachment of no electrodes and can be performed on
objects of arbitrary shape and size. Nonetheless, the forma-
tion of por-Si via electroless etching has received much less
systematic investigation [17,40]. The preponderance of
work has concentrated on use of HF in combination with
a nitroxy oxidant, typically HNO3z or NaNO,. It will be
shown that this has severely limited the range of films
and their properties and that the use of a wider range of
fluoride carriers and oxidants can lead to greater control
over morphology and properties.

2. Recent advances in porous silicon structures and devices

Within the past year, there has been a great proliferation
of studies involving por-Si in device structures. Many of
these advances are chronicled in the proceedings of the
4th International Conference on Porous Semiconductors
— Science and Technology (PSST-2004), which was pub-
lished in 2005 [41]. Specific areas in which por-Si is being
implemented technologically include optoelectronics, sen-
sors, mass spectrometry, nanocrystal production, drug
delivery, biomaterials, fuel cells and photovoltaics.

Ever since Canham’s observation of visible photolumi-
nescence [16] there has been great interest in the possible
application of por-Si in optoelectronics [42]. The implemen-
tation of por-Si in industrially relevant processes has proven
to be challenging but progress continues towards the imple-
mentation of Si photonics [43] and theoretical understand-
ing of the electronic states in nanocrystalline Si (nc-Si)
continues to advance [44-46]. The proceedings of the 2004
Spring Meeting of the European Materials Research Soci-
ety (E-MRS) titled “Si-based photonics: towards true
monolithic integration” make for fascinating reading into
the advances made in por-Si, nanocrystalline Si and Si mul-
tilayer structures for use in waveguides, photonic crystals,
optical filters, reflectors, photodetectors, light emitting
devices, sensors and even lab-on-chip applications. Tune-
able photonic band gap materials can be made from por-
Si that can be thermally or electrically modulated [47,48].

Linnros and co-workers [49,50] have made great strides
in the fabrication of forests of free-standing Si quantum
dot towers. The have observed [**51] the photolumines-
cence from a single dot and found a linewidth as narrow
as 2meV at 35K, proving the atomic like nature of the
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emission from Si nanocrystals resulting from quantum con-
finement. The study of optical gain and stimulated emis-
sion in nanocrystalline Si continues to attract much
attention [52-55]. Cloutier et al. [*56] have reported thresh-
old behaviour, optical gain, longitudinal cavity modes and
linewidth narrowing, along with a collimated far-field pat-
tern, all of which are indicative of amplification and stim-
ulated emission at 1278 nm from Si patterned with an
ordered array of nanopores. Yamamoto et al. [57] have
reported Si-based all optical switch on the basis of circular
polarization retention. The observation of ballistic electron
transport by Koshida and co-workers [58,59] has led to the
development of a solid-state light emitting device in which
organic dyes are excited by ballistic electrons produced in
por-Si. Doping Er and Yb into por-Si can produce a white
light emitter [60]. By altering the layer structure of por-Si
films, their optical birefringence can be tuned [61,62]. Zener
tunnelling of light has been observed in optical superlat-
tices composed of por-Si [63].

The application of por-Si to sensor technology appears
to be particularly promising. An ammonia sensor based
on por-Si [64] is now commercially available. The versatil-
ity of por-Si based sensors allows for structures to be made
that can exhibit large enhancements in the sensitivity com-
pared to, for example, conventional surface plasmon reso-
nance devices [*65]. Ultrasonic electron emission enables a
three-dimensional (3D) image sensor [66]. A number of
sensor applications have been reported in the past year:
for organic solvents [67], an electrical [68] or interferomet-
ric [69] sensor for detection of DNA hybridization, a
humidity sensor for respiration monitoring [70], a resis-
tance based hydrogen sensor [71], an optical sensor for pes-
ticides in solution [72], a biosensor for oligonucleotides
based on capacitance measurements [73], a conductometric
gas sensor with sub-ppm sensitivities [74], and a chemilumi-
nescence detector for bacteria [75]. A number of different
applications regarding biosensors have been reported [76—
79]. By combining layers with different pore sizes, a device
can be made that both separates biomolecules, e.g. sucrose
and bovine serum albumin, and provides for detection via
interferometric methods [*80].

A recent advance in matrix assisted laser desorption/ioni-
zation (MALDI) is the use of por-Si substrates as the immo-
bilization matrix [81,82]. This variant of MALDI is called
desorption/ionization on porous silicon mass spectrometry
(DIOS-MS) [83]. A dense forest of Si nanowires [84], tips
[85]or a film with a column/void structure [70]may offer some
advantages, particularly with application to proteomics.

Porous Si has also appeared in a number of energy
related technologies. Porous silicon has been of growing
interest to solar technology because of its potential to
increase solar cell efficiency through reduced reflectivity
and recombination losses, and expanded spectral response
[86]. A particularly interesting development in this area is
the construction of 3D p-n junction structure for betavol-
taics and photovoltaics by Fauchet and co-workers [**87].
The 3D structure exhibits an order of magnitude increase

in efficiency compared to a planar structure. The geometry
of these 3D porous diodes should provide significant
enhancement in the performance of photodetectors and
solar cells. Porous Si films have been investigated for anti-
reflection coatings [88,89]. An antireflection coating of sil-
icon nanowires formed by metal-assisted etching exhibits
very low reflectivity but still has a lower efficiency than
an uncoated photovoltaic cell, demonstrating that progress
in improving carrier lifetimes must still be made [*90].
Micropores formed by chlorine plasma etching rather than
electrochemistry can also be used to lower the reflectivity of
Si surfaces [917. A sacrificial por-Si layer has been used to
improve electrical performance in solar cells by gettering
impurities [92-95]. CVD was used to deposit a 20-pum thick
¢-Si layer on top of a free-standing por-Si film to produce a
solar cell with 9.6% efficiency [96]. Another advance has
been announced at IMEC [**97]. A buried stack of alter-
nating high (55%) and low (22.5%) porosity layers is used
as a Bragg reflector to increase absorption in a thin epitax-
ial layer by reflecting light that has been transmitted in a
first pass back into the epitaxial layer.

Nanostructured materials are of great interest for energy
storage and conversion devices [98]. Porous Si has been
investigated by Gole and co-workers [*99] as an electrode
for batteries. The production of miniature fuel cells using a
Si substrate presents the advantages of serial and parallel
integration. Micro-fuel cells have been built with a por-Si
layer supporting an electrode and providing channels for fuel
flow [100], including a direct ethanol fuel cell [101], which is
depicted in Fig. 1. Pichonat and Gauthier—Manuel [*102]
have developed a proton-conducting membrane consisting
of por-Si onto which molecules with acid groups are grafted.
The membranes can be optimized not only by adjusting the
characteristics of the por-Si film (pore size and structure)
but also by changing the nature of the grafted molecules.

Biological applications of porous silicon relate not only
to sensing but also to drug delivery, studies of cell/surface
interactions and biomaterials. Por-Si is particularly inter-
esting in a biological context because it is both biocompat-
ible [103] and bioresorbable [104,105]. The incorporation
of Si into hydroxyapatite has been studied in the context
of developing artificial bone [106] because it enhances its
biocompatibility. Sailor’s group [107] has probed how the
surface chemistry and pore structure can be optimized both
for the uptake and the release of the steroid dexametha-
sone. Salonen and co-workers have investigated carbonized
mesoporous Si particles for oral dosing of drugs [108,1091.
Fonash and co-workers [70] have shown promoted attach-
ment, differentiation, and proliferation of prokaryotic and
eukaryotic cells on por-Si with a column/void structure as
well as preferential adhesion of FL83B hepatocytes to por-
Si relative to borosilicate glass.

3. Stain etching

Robins and Schwartz [110-112] and Turner [*113] were
among the first to study systematically the etching of Si in
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Fig. 1. Cross-sectional view of the porous silicon based micro-direct ethanol fuel cell (DEFC) stack. The macroporous Si layer provides channels for
contact of air and fuel with the electrodes. Reprinted with permission from S. Aravamudhan, A. R. A. Rahman, S. Bhansali, Sens. Actuators A 2005, 123—

124, 497.

fluoride plus oxidant solutions. Robins and Schwartz con-
centrated on the electropolishing regime in which the sili-
con is etched isotropically leaving a more or less smooth
surface and no porous film. Turner was the first to study
stain etching in which a por-Si film is produced. This fol-
lowed the discovery of por-Si formation via an electro-
chemical route by the Uhlirs [114]. Some time elapsed
before it was realized that por-Si films produced either elec-
trochemically [16] or by stain etching [115,116] can produce
luminescent por-Si films as long as crystalline or polycrys-
talline substrates are used. Visible luminescence is not
observed when amorphous Si is stain etched [1171.

Turner [*113] proposed that stain etching is actually
electrochemical in its action, that is, there are anodic and
cathodic sites on the surface of the semiconductor with
local cell currents flowing between them. This assertion is
supported by structural studies, such as those of Beale
et al. [118] and Schoisswohl et al. [119], in which it was
reported that the structure of anodically and stain etched
por-Si is similar and, therefore, their formation mecha-
nisms must share much in common. Si goes into solution
at the anodic sites while the oxidant is reduced at the catho-
dic areas. If the etching process is non-preferential and
material is removed uniformly, any given area on the sur-
face continually alternates between being anodic and
cathodic. When one spot is anodic much more than it is
cathodic an etch pit will form. Conversely, hillocks are
formed on areas that are cathodic more than they are ano-
dic. From such anisotropy, pores develop.

Semiconductor etching occurs by oxidation of the semi-
conductor followed by removal of surface atoms. However,
oxidation is a chemically ambiguous word and this has led
to some mechanistic confusion. Often etching is said to
occur by the formation of an oxide followed by chemical
dissolution of the oxide layer. This is true of Si etching in
the electropolishing regime, (+0.7 V with respect to the
normal hydrogen electrode [120]), where an oxide grows,
it is removed by HF(aq) via chemical etching [121-123]

and no por-Si is formed. But is this true in the por-Si for-
mation regime? Alternatively, for por-Si to form, is the rel-
evant oxidation step the increase in the Si oxidation state to
a more positive value without the formation of an oxide?
It is now known that por-Si formation whether initiated
electrochemically, photoelectrochemically or by laser irra-
diation, is initiated by the formation of valence band holes
at the silicon surface. A number of models have been pro-
posed to explain etching in these regimes including those of
Kooij and Vanmaekelburgh [*124]; Gerischer, and cowork-
ers [¥125,126]; Kang and Jorné [127]; Lehmann and Gosele
[*128]; and Kolasinski [*39]. Turner proposed the follow-
ing reactions for etchants composed of HNO;, HF and
HzO:
Anode : Si+ 2H,0 + mh*

— SiO, +4H" + (4 —m)e” (1)
Si0, + 6HF — H,SiFs + 2H,0 (2)
Cathode : HNO; + 3H*

— NO + 2H,0 + 3h* (3)

Overall : 3Si + 4HNO; + 18HF
— 3H,SiFs + 4NO + 8H,0 + 3(4 — m)h™ + 3(4 — m)e™
(4)
These are composite reactions rather than elementary
steps. What is clear from studies to elucidate the elemen-
tary steps in (photo)electrochemical etching [38,%125,129]
is that the fluoride species which control the kinetics of
etching are HF and HF; .

As Eq. (1) shows, hole production in the valence band is
again a crucial step in the initiation of the etching reaction.
Here, n is the average number of holes required to dissoci-
ate one Si atom. Since Turner’s time this chemical scheme
has been accepted almost without further comment, even
though no clear evidence has been presented that SiO, is
formed as an intermediate [130] and one must ask why
the formation of por-Si from stain etching is so much dif-
ferent from the common mechanism that describes anodic,
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photoelectrochemical and laser-assisted etching in fluoride
solutions. In Turner’s reaction scheme, NO is the only gas
evolved. It has been suggested [131] that NO™ is the active
nitrogen species or that NO, catalyzes the reaction [40].

The role and rate of oxide formation must be crucial to
por-Si formation. SiO, is etched rapidly and isotropically
by acidic fluoride solutions [132-134]. If a uniform film
of SiO, results from the interaction of the oxidant with
the surface, then this film will be removed uniformly by
the action of the fluoride component. Electropolishing
rather than por-Si formation ensues. If SiO, is formed dur-
ing por-Si formation it is crucial, therefore, that the SiO, be
formed heterogeneously on the surface, In effect, it must
only form at the bottom of pits such that these pits develop
into pores. Its formation on sidewalls and hillocks must
somehow be suppressed to avoid the isotropic etching of
pores that would lead to their removal. If SiO, formation
is important in stain etching, then the role of the oxidant
is to somehow facilitate the formation of an inhomoge-
neous oxide layer. One necessary condition for the forma-
tion of this layer is that the rate of oxidation must not
exceed the capacity of the fluoride solution to etch the
oxide; otherwise, the oxide coverage will grow until it cov-
ers the surface and isotropic etching will result.

It seems unlikely that a surface oxide plays a significant
role in por-Si formation and this idea is further bolstered
by examining etching in alkaline solutions [1]. Etching with
hydroxide does not lead to por-Si formation. Porous Si
forms in a fluoride solution because the etching reaction
is self-limiting, whereas etching with OH™ is not similarly
constrained. Consider the models of Lehmann and Gdsele
[*128] and Frohnhoff et al. [135]. Si etching in acidic fluo-
ride solutions is an electrochemical process and responds
to the electronic structure of the Si. Quantum confinement
effects widen the band gap when Si nanostructures drop
below ~5nm in size [136]. The walls of the pores them
become effectively passivated because there is a depletion
of holes within the confined structures and holes are
required to initiate the etching sequence. Holes are instead
directed to the bottoms of pores, which are connected to
unconfined bulk Si and etching proceeds there. Hydroxide
does not experience a similar quantum confinement related
constraint because it can etch via a chemical pathway. Por-
ous Si is not stable in OH (aq) and is quite efficiently
removed by it. In the absence of a self-limiting constraint
on oxide formation and since the chemical dissolution of
oxide by HF(aq) is isotropic, there is no driving force to
instigate the formation of quantum-confined structures as
the result of oxide formation.

Consequently, the way to look at the role of the oxidant
is to think of it purely as an electrochemical oxidant rather
than a producer of silicon oxides. Considering Eq. (3) we
see that the crucial role of the oxidant is to inject holes into
the valence band. In this manner the oxidant, or more pre-
cisely its electrochemical potential, takes on the role of
either the voltage in electrochemical etching or the photon
energy in laser-assisted etching. Therefore, crucial proper-

ties of the oxidant will be its electrochemical potential
and the rate at which it can transfer charge with the Si sur-
face. In order to inject holes into the valence band, an elec-
tron acceptor level of the oxidant must lie at or below the
valence band maximum (VBM), as shown in Fig. 2. Hence,
the electrochemical potential of the oxidant must be suffi-
ciently positive. Furthermore, by identifying the role of
the oxidant in initiating etching and the importance of
quantum confinement to create self-limiting charge injec-
tion, we can now identify the electrochemical potential of
the oxidant as a control parameter that can be used to
influence por-Si formation.

Kolasinski [*39] has shown that the hole is injected into
a bulk band and that hole injection directly into the Si-H
bond is energetically impossible under the conditions of
most electrochemical, photoelectrochemical, laser-assisted
etching or stain etching experiments. Thus models of stain
etching involving hole injection into the Si-H bond [137]
are not feasible. The presence of a valence band hole
changes the effective sticking coefficient of F~(aq) from
<5x 107" to ~1. Hole injection is the switch that turns
on Si etching activity in acidic fluoride solutions whereas
OH"™ is the initiator of reactivity in solutions near and
above neutral pH [*39].

Nahidi and Kolasinski [**138] have used an under-
standing of how stain etching is initiated to control the
photoluminescence spectrum and by implication the nano-
crystallite size distribution. They used oxidants with differ-
ent electrochemical potentials E, (Fe(III), HNO;, MnOi’)
and found that the PL peak wavelength correlates with Ej:
a more positive value of E, leads to bluer PL as shown in
Fig. 3.

Furthermore, consistent with the controlling role of the
oxidant on the basis of its role in hole injection into the
valence band according to (e.g. for Fe(IIl) as oxidant)

Cathode : Fe** — Fe’™ 4+ h* (5)

—_ Rt

—@- At

Valence Oxidant

Band

Fig. 2. Hole injection can occur via an acceptor level such as A™, that lies
below the VBM but not one such as B™ that lies above it.
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NH,HF5: MnQ,~ NH,HF,: Fe®*

NH,HF,: HNO,
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Fig. 3. The PL from films etched with Fe*" (E,=0.47V versus the
standard calomel electrode (SCE)) peaks at 696 nm, compared to 654 nm
for HNOj; (Ey = 0.66 V) and 604 nm for MnO, (E, =1.19 V).

they have shown [**138] that stain etching can proceed
with minimal bubble formation and without the need to in-
voke surface oxide formation.

Anode : Si + 6HF + h™ — H,SiFs +4H" + 3¢~ (6)
Overall : Si + Fe** + 6HF — H,SiF¢ + Fe?" +4H" + 3¢~
(7)

4. Metal-assisted etching

Dimova-Malinovska et al. [139] demonstrated stain
etching in the presence of an evaporated Al layer can pro-
duce Iuminescent por-Si. Kelly and co-workers [140,141]
investigated the electrochemistry of Galvanic cell forma-
tion when a noble metal is short circuited to Si in the pres-
ence of an oxidant and demonstrated that the formation of
microporous Si is possible in acrated HF and that macro-
porous Si can be produced in 5% HF + 1% H,0, in com-
bination with pre-patterning of the surface with inverted
pyramids. Metal-assisted electroless etching to form
por-Si was developed further by Bohn and co-workers
[*142-145] who significantly improved the process by using
thinner films. Au, Pt or Au/Pt films (3 nm < h <20 nm)
were deposited on a Si substrate. Etching was carried out
in an HF/H,0,/CH;0H (or CH3;CH,OH) solution.
Depending on the type of metal deposited and Si doping
type and doping level, por-Si films with different morphol-
ogies and light-emitting properties were produced on the
time scale of seconds in the dark or under ambient lights,
on both p- and n-type Si.

By patterning the Pt deposit, the resulting porous film
can also be patterned. Chattopadhyay and Bohn [145] have
used a Ga™ focused ion beam to dissociate an organometal-
lic precursor and deposit Pt in squares with 1.25-20 pm
edges. The squares are composed of a mixture of C, Si,

O, Pt and Ga. Etching occurs under and close to the depos-
its and results in a highly non-uniform film. Alternatively
[143], the Si substrate can be covered with an octadecyltri-
chlorosilane (OTS) monolayer patterned using micro-con-
tact printing. Pt is deposited in areas not covered with
OTS and por-Si that luminescence around 580 nm upon
UV illumination is formed in the Pt-coated regions.

Thin metal coatings facilitate the etching in HF and
H,0,, and of the metals investigated, Pt yields the fastest
etch rates and produces por-Si with the most intense PL.
Gas evolution from the metal-coated areca was clearly
observed, especially for Pt and Au/Pd. For these metals
no metal dissolution was observed, in contrast to the
behaviour using Al. Li et al. [*142] proposed a reaction
scheme involving local coupling of redox reactions with
the metal to explain the metal-assisted etching process.

Cathode : H,0, + 2H" — 2H,0 + 2h™ (8)
2H*2e” — 2H, | 9)
Reaction : Si+ 4h" + 4HF — SiF, + 4H" (10)
SiF, + 2HF — H,SiF; (11)
Overall : Si + H,0, + 6HF — 2H,0 + H,SiFs + H, 1 (12)

Hole injection in this case is provided by the reaction of
H,0, on the metal particle. The holes are injected into
the Si valence band and then diffuse away from the metal
particle explaining why etching is confined to the near-par-
ticle area. Dissolved O, can also play the role of oxidant
but leads to etching at a very low rate [146].

Gorostiza and co-workers [147-*149] have studied the
deposition of Pt and Ni in fluoride solutions onto Si with
regard to charge exchange and por-Si formation. In the
absence of metal ions, the Fermi level of n-and p-type Si
lies close to E°(H'/H,) at the open circuit potential
(OCP) as depicted in Fig. 4. This steady-state equilibrium
can be described as a dynamic equilibrium between two
opposite reactions: the anodic one being the dissolution
of the substrate and the other being the reduction of pro-
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Fig. 4. Experimental energy diagram of the interface between Si and a
blank fluoride solution (---) at pH 2 and fluoride solution (—) in the
presence of 1 mM Pt**/Pt. Reprinted with permission from P. Gorostiza,
P. Allongue, R. Diaz, J.R. Morante, F. Sanz, J. Phys. Chem. B 2003, 107,
6454.
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tons (H, evolution) and dissolved oxygen. Luminescent
por-Si is formed during Pt deposition. No bubbles are
formed during por-Si formation. They infer that the H,
formed from the etch products’ reaction with water is reox-
idized to protons. The electrons produced have energies
close to the Fermi level of Pt clusters. They may either be
re-emitted from the Pt clusters into the Si or recombine
with holes. The latter process is more likely, with the inter-
face states at the Pt/Si contacts acting as recombination
centres. Ni deposits autocatalytically on Si from fluoride
solutions of pH 8, because the Ni/Ni*" level lies within
the Si band gap. Deposition is accompanied by visible H,
evolution and no por-Si formation. No Ni deposition or
hydrogen evolution is observed at low pH.

A number of studies have appeared in the past
year involving electroless metal-particle-assisted etching
[150,151]. Peng and co-workers (see Fig. 5) have used etch-
ing in HF/AgNOj; solutions to form films composed of
aligned Si nanowires (SINW) [*90,152-**155]. Etching dis-
plays little crystallographic dependence and can be per-
formed on crystalline or polycrystalline substrates.
Etching for 20 min at 50 °C creates a film approximately
10 pm thick. After etching Ag particles remain in the film.
The films exhibit very low reflectivity, which makes them
attractive for solar cell applications [*90]. Ag nanoparticles
deposit out of solution onto the surface of the substrate.
They catalyze the etching reaction, sink below the surface
and leave behind columns of Si nanostructures. If only
AgNOj; is used, then Ag dendrite formation accompanies
SiNW formation. These can be avoided by the replacing
AgNO; after a short period with Fe(NO3);.

HF/H,0, mixtures have been used by Tsujino and Mat-
sumura [156,157] to etch cylindrical and helical pores in c-
Si. Ag, Pt, Pd or Cu particles are deposited by electroless
plating and then exposed to the solution. The top of the
wafer is covered by an up to 3 um thick microporous layer

© Wiley-VCH 2004

Fig. 5. A cross-sectional electron micrograph of a por-Si film composed of
vertical Si nanowires. The film was created by etching in a 4.6 mol dm™>
HF + 0.02 mol dm ™~ AgNOj solution for 60 min at 50 °C. Reprinted with
permission from K. Q. Peng, Z. P. Huang, J. Zhu, Adv. Mater. 2004, 16,
73.

when etched in a 10:1 (v:v) solution of 10% HF and 30%
H,0, and with Pt as the deposited metal. This layer exhib-
its visible PL. The microporous layer is only 300 nm thick
when Ag is used. What most strikingly differentiates Ag
from other Pd and Cu is that straight macropores on
Si(100) or inclined macropores on Si(111) exist below the
microporous region. Sometimes for Pt, cylindrical or heli-
cal pores are found below the microporous region. The
helical macropores are also sometimes observed for Ag.
Switching from cylindrical to helical pores is accomplished
by changing the solution concentrations and the walls of
the macropores are lined with microporous silicon. Ag par-
ticles are found at the bottoms of these macropores, with a
diameter matching that of the pore. If the etching time is
extended to 10 h, pores as deep as 500 um and ~50 nm in
diameter are found.

Cruz et al. [158] have studies HF/H,0,/CH;CH,OH
etching with Au or Pt particles and found that the etch
depth and film morphology respond to doping level but
not doping type. The metal films (I nm < /& < 8§ nm) were
deposited by vacuum sputtering. Pore morphology also
depends on the metal. Au is found to form a more columnar
structure at a higher rate as opposed to a spongy structure
for Pt. They did observe the formation of some straight
macropores but always in the presence of interconnecting
lateral pores. Etch depth was proportional to etch time up
to 3 h at which point it stopped. Increased temperature
(40 °C versus room temperature) increases the etch rate.

5. Chemical vapour etching

An interesting but not well understood variation on
stain etching is that of chemical vapour etching (CVE)
[159-163]. In CVE a solution is made up from concentrated
HF plus concentrated HNO3. However, instead of dipping
the Si substrate in the solution, the substrate is held above
the solution and the temperatures of the solution, the sub-
strate and the time of exposure are controlled. Depending
on these parameters, either a por-Si layer or a layer com-
posed primarily of (NHy4),SiF¢ with a thin por-Si transition
layer is formed. Both layers are photoluminescent. Koker
et al. [164] have demonstrated that the luminescence asso-
ciated with a hexafluorosilicate/por-Si interface is blue-
shifted compared to the PL from the pure por-Si layer. A
similar trend was found by Saadoun et al. [162]. As ammo-
nium hexafluorosilicate is water soluble and por-Si is solu-
ble in alkaline solutions, CVE can be used to form grooves
in Si, which is of interest for the use of por-Si in solar cell
technology [94,95,159,160].

The mechanism of etching in this regime is not well
understood. Infrared spectroscopy reveals a combination
of hydrogen termination and oxidation of the surface
[159,161,162]. When too much condensation occurs and
droplets form on the surface, por-Si formation is sup-
pressed [163]. Capillary condensation in the pores may be
occurring before droplets are observed on the external sur-
face. If Eq. (2) were the only way to remove Si from the
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surface, then there would be no way to etch Si in the
absence of hexafluorosilicate formation. However, the ini-
tial etch product [1,*39] is a volatile compound such as
HSiF; and this primary product hydrolyzes to the hexaflu-
orosilicate. If the hydrolysis reaction is slow, the volatile
primary etch product can be lost to the gas phase before
forming a product that can precipitate on the surface.

6. Conclusions and perspectives

Over the last two years there has been an explosion in
the applications of porous silicon to a variety of technolog-
ical areas including sensors, energy, biomedical technology,
optoelectronics and analytical chemistry. Progress in these
areas appears to be accelerating. Anodic etching of silicon
remains the most intensively studied and most controllable
synthetic method for por-Si production, particularly in that
it can be used to produce multilayer stacks of different
porosity or combined with lithographic positioning of pore
nucleation to create macroporous silicon. Nonetheless,
electroless etching because of its simplicity and ability to
etch arbitrarily shaped objects such as Si pillars [165,166]
offers some advantages. There is still much to learn about
the mechanisms involved in electroless etching, particularly
for metal-assisted etching. Can morphological control be
further enhanced? The films produced by metal-assisted
etching present a much different structure than conven-
tional por-Si. Some of the stain etched films show evidence
for superstructures imposed on combinations of micro- and
macroporous silicon. Greater mechanistic understanding in
the future should lead to greater control over the structure
and properties of the films produced.
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