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transform IR (FTIR) spectroscopy (Biorad FTS6000) by the disap-
pearance of the C—H stretching vibration peak at 2840-2970 cm™.

X-ray diffraction (XRD) patterns were taken on a RINT-2100 (Ri-
gaku) diffractometer using Cu Ka radiation. In-plane XRD measure-
ments were performed on an ATX-G (Rigaku) diffractometer using
CuKa radiation.
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Toward the Ultimate Tribological
Interface: Surface Chemistry and
Nanotribology of Ultrananocrystalline
Diamond**

By Anirudha V. Sumant, David S. Grierson,
Jennifer E. Gerbi, James Birrell, Uday D. Lanke,
Orlando Auciello, John A. Carlisle, and

Robert W. Carpick*

Innovations in materials synthesis and design are leading to
the rapid development of micro- and nanosystems, in which
structure and function are controlled down to the atomic
scale.!! In particular, micro- and nanoelectromechanical sys-
tems (MEMS/NEMS) such as optical switches, pressure sen-
sors, and radio-frequency (rf) electromechanical resonators,
hold tremendous potential. However, serious tribological is-
sues can prevent any device that involves contacting and/or
sliding interfaces from being reliable, because tribological
phenomena (adhesion, friction, and wear) become critical lim-
iting factors due to the high surface- and interface-to-volume
ratios at small scales.”) This is particularly problematic be-
cause of the lack of fundamental scientific understanding of
tribology. Indeed, currently there are no commercially viable
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MEMS/NEMS devices that involve sliding interfaces. Tribolo-
gical effects are particularly challenging at the nanometer
scale, where newly discovered paradigms govern interactions
during contact and sliding.>*

Consequently, there is a quest for MEMS/NEMS-compati-
ble materials with excellent mechanical and tribological prop-
erties. Silicon has not yet been shown to meet the latter crite-
ria, primarily due to its hydrophilicity, high friction, and poor
wear properties. Organic coatings have been developed which
alleviate the problem of adhesion,”” but they do not yet pro-
vide reliable, long-lasting protection in sliding or impacting
contacts. Diamond, in contrast, exhibits unrivalled stiffness
and hardness, excellent macroscale tribological performance,
highly tailorable and stable surface chemistry, excellent ther-
mal properties, high acoustic velocity, and biocompatibility.

Surface-micromachined MEMS require the structural mate-
rials to be deposited as thin films. Diamond thin-film growth
techniques and microfabrication processes are reaching a high
level of maturity.® Although fabrication of diamond thin
films that retain the properties of single-crystal diamond is
challenging and not yet economically or technologically vi-
able, several vigorous efforts using polycrystalline diamond in
MEMS fabrication have demonstrated improvement over sili-
con and other conventional materials, particularly with respect
to stiffness, hardness, and fracture resistance.>”* Surprisingly
little attention has been devoted to either characterizing or
tailoring the actual tribological interface in any contacting,
sliding, diamond MEMS device. Yet, to successfully imple-
ment diamond-based MEMS/NEMS, the fundamental nano-
meter-scale surface properties of diamond thin films must be
quantitatively determined. We stress the importance of char-
acterizing the underside of a thin film, that is, the surface that
becomes exposed after etching away a sacrificial underlying
layer. It is this surface which would come into contact with
an exposed lower layer, forming a tribological pair in a device
with planar sliding.[w] Here we describe the first nanometer-
scale tribological measurements of ultrananocrystalline dia-
mond (UNCD), a diamond-based thin film that is a candidate
material for MEMS/NEMS. Using tungsten carbide atomic
force microscopy (AFM) tips, we show that UNCD surfaces
exhibit much lower nanometer-scale adhesion and friction
than ambient-exposed silicon. The surface can be further tai-
lored via hydrogen termination to reduce adhesion to the van
der Waals’ limit, rendering it indistinguishable both chemically
and adhesively from hydrogen-terminated single-crystal dia-
mond as verified by surface-sensitive spectroscopy techniques.
Nanometer-scale friction is also strongly reduced to the same
level as single-crystal diamond. This fundamental quantita-
tive study establishes tremendous potential for UNCD-based
MEMS and NEMS.

UNCD, deposited by microwave-plasma-enhanced chemical
vapor deposition (MPCVD) with a unique Ar-rich growth
chemistry, is distinctive because of its nanostructure. UNCD
consists of 3-5 nm sp>-bonded diamond grains separated by
narrow grain boundaries that consist of a mixture of sp> and sp*
bonding."!! Detailed studies of UNCD’s microstructural, bond-
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ing, electronic, electrochemical, mechanical, and macroscopic
tribological properties have been reported elsewhere.>1>718]
Notably, the Young’s modulus and hardness of UNCD are vir-
tually equal to those of single-crystal diamond, and a friction
coefficient of 0.03 has been measured in air,[w] which is also
comparable to single-crystal diamond. MEMS applications un-
der investigation include rf MEMS resonators, bio-MEMS
for chemically specific sensing,[5 21 and hermetic packages for a
prototype retinal prosthesis.[zu Compared with conventional
polycrystalline diamond, UNCD is much stiffer, harder, tough-
er, and smoother, and can be grown at significantly lower tem-
peratures. Compared with silicon, UNCD further offers the
potential for extremely low friction and adhesion, without re-
quiring hermetic packaging or elaborate molecular coatings.

UNCD films (~2 um thick) were grown on Si substrates that
were precoated with 1 pm of thermal oxide. Freestanding films
were formed by etching away the substrates, and were subse-
quently flipped over to examine the newly exposed undersides.
Some of these “bottom-side up” membranes were then treated
with a hydrogen plasma. Details are provided in the Experi-
mental section. In previous work, it was shown that this pro-
cedure preferentially etches graphitic (sp>-bonded) carbon as
well as oxygen and hydrocarbon contaminants with negligible
diamond etching, leaving the surface clean and terminated
with C-H bonds.”! These “bottom-side up” membranes, along
with the as-grown (“top-side up”) films, were studied using
scanning electron microscopy (SEM), AFM, X-ray photoelec-
tron spectroscopy (XPS), Auger electron spectroscopy (AES),
and near-edge X-ray absorption fine structure (NEXAFS)
spectroscopy, to determine their surface morphology, interfa-
cial adhesion and friction, surface chemistry, and carbon-bond-
ing configuration.

Figures 1la,b are topographic AFM images of the as-depos-
ited UNCD topside and as-etched underside, respectively, prior
to H-plasma treatment. There are substantial differences in the
morphology of these surfaces. First, there is a large difference in
the root-mean-square (rms) roughness (topside: 11.1 nm; un-
derside: 2.3 nm; measured over a 10 um x 10 um region). The
topside exhibits the random nanometer-scale roughness charac-
teristic of UNCD,' while the underside exhibits extremely
smooth regions, 100-300 nm across, separated by narrow cre-
vices. The smooth regions are collections of UNCD grains,
hereafter referred to as “colonies”, in which each appears to
have grown outward from a single nucleation site. They are re-
markably smooth, with an rms roughness of only approximately
0.9 nm. The surfaces of these colonies are slightly concave,
which is due to time-varying thermal etching of the oxide sub-
strate during growth, to be discussed separately (there is no
concavity when UNCD is grown on silicon, indicating that the
concavity results from etching of the silicon oxide). These colo-
nies appear to form non-wetted shapes (flat on the bottom,
rounded on the sides), meeting and merging on their sides as
they grow and thus pinching off the regions now seen as crevices
when viewed from the underside. The topography resembles a
two-dimensional analogy of grain growth in crystals, but we em-
phasize here that the entities (colonies) are not single grains,
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Figure 1. T umx1 um AFM topographic images of UNCD. a) Topside,
as grown. b) Underside, after etching away the substrate and before H

termination. c) Underside, after H termination.

but grain clusters. Once these colonies coalesce, the remaining
UNCD film grows continuously and pinhole-free, as revealed
by cross-sectional TEM>?!l and chemical-etching tests. The
low intrinsic roughness of the surfaces of the colonies indicates
that eliminating the crevices by achieving a higher nucleation
density will produce films with an extremely low underside
roughness. Recent work on enhancing the nucleation density by
using a carbide-forming metallic layer appears promising and
will be discussed in a future publication.

The chemistry of the topside and underside was studied
using XPS. Survey spectra (not shown) taken before exposure
to the hydrogen plasma revealed oxygen on both sides, with a
slightly higher concentration on the underside (~12-15 at.-%
vs. ~8-10 at.-% on the topside). Higher-resolution carbon-1 s
spectra (Fig. 2a) confirm that some of this oxygen was chemi-
cally bonded to the carbon, as seen by a chemically shifted
peak due to C-O bonds at 286.4 eV. This oxygen arises from
either ambient exposure or the residual partial pressure of
oxygen in the UNCD growth chamber. The oxygen concentra-
tion on the underside may also have been affected by the
seeding process, the silicon oxide substrate, or the HF/HNOj;
etchant used.
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Figure 2. XPS C 1s spectra of the UNCD underside a) before and b) after
H termination, for the samples shown in Figures 1b,c, respectively.

Additional surface chemical information and the carbon
bonding configuration were studied using total electron yield
(TEY) NEXAFS spectroscopy.”?! NEXAFS is particularly
useful for probing the bonding configuration in nanostruc-
tured carbon materials.”’! Unlike Raman spectroscopy, it is
equally sensitive to sp>- and sp>- bonded carbon, as well as
other bonding forms. TEY NEXAFS probes the core-hole
perturbed local density of unoccupied states in the first
~15 nm of the sample. Spectra obtained from single-crystal
diamond and highly oriented pyrolitic graphite (HOPG) re-
flect the very different electronic structures in these materials
(Figs. 3a,b). The HOPG (SPI Supplies, West Chester, PA) was
prepared by removing the top layer with adhesive tape. The
diamond single crystal (courtesy of Diamond Innovations,
Worthington, OH) was a synthetically grown type IIB crystal
with a (111) orientation. Carbon exhibits distinct spectral fea-
tures associated with sp® bonding (C 1s — o* transitions start-
ing at 289.5 eV) and sp” bonding (C 1s—m* resonance at
285 eV). Like single-crystal diamond, high quality diamond
thin films exhibit a sharp absorption edge at 289.5 eV. In addi-
tion, a narrow core exciton peak at 289.15 eV is observed in
experiments with sufficient energy resolution.?*?"%l For dia-
mond, features above the C 1s— o* transition at 289.5 eV
represent the unoccupied states, including the second bandgap
that produces a pronounced dip at ~302 eV.

Figure 3c shows the C 1s TEY NEXAFS spectrum for the
UNCD topside. This sample had been treated with the H plas-
ma, but no difference was seen between the as-grown and H-
plasma-treated topside (not shown). The spectrum clearly re-
solves the sharp absorption edge at 289.5 eV and all expected
features above it. The diamond exciton peak at 289.15 eV is
known to be slightly broader than that for single-crystal dia-
mond,?”! and appears here as a sharp corner because of our
resolution limit. Separate measurements carried out using a
different beam line with greater surface sensitivity and higher
energy resolution (0.2-0.4 eV) clearly resolved the exciton
peak, consistent with previous results.?!! The small peak due
to the C 1s — t* resonance at 285 eV is due to a small amount
of sp>-bonded carbon. This is consistent with the observation
of ~5 % sp” content identified in previous NEXAFS studies!*”
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Figure 3. NEXAFS total-electron-yield spectra of a) single-crystal dia-
mond (111) reference sample, b) HOPG reference sample, and c—e) the
three UNCD samples shown in Figures Ta—c, respectively. The underside
originally shows significant m-bonded carbon, which is reduced to the
same level as the topside after exposure to the H plasma.

and due to the grain boundaries. This unambiguously demon-
strates sp>-bonded carbon as the dominant phase in the near-
surface region of the topside.
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The TEY NEXAFS spectrum from the as-etched underside
of UNCD before exposure to H plasma (Fig. 3d) shows a sig-
nificantly more intense C 1s — it* resonance peak and a less
distinct diamond exciton feature, demonstrating a significant
presence of graphitic or amorphous carbon. This is supported
by AES studies on the same samples (not shown) and is sug-
gested by previous cross-sectional TEM studies on a different
set of UNCD films.”>?*l The manner in which this interfacial
graphitic/amorphous carbon is formed is the focus of a sepa-
rate study, but is possibly due to graphitization of carbon
growth species in the voids between the colonies entrapped at
the UNCD/substrate interface during growth.

To investigate the nanotribology of UNCD, we used AFM
to study interfacial adhesion and friction between AFM tips
and UNCD in ambient air, before and after H-plasma treat-
ment. AFM can determine the true work of adhesion between
two surfaces by using elastic, adhesive, single-asperity contact
mechanics.’”) Two sets of measurements using partially oxi-
dized tungsten carbide tips (MikroMasch, Portland, OR) were
obtained. These measurements, using two separate tip/cantile-
ver assemblies to test for reproducibility, were found to agree.
It would be preferable to use a UNCD tip. Unfortunately,
such tips are not currently available, but recent progress in
our lab fabricating such tips will be discussed in a future publi-
cation. Nevertheless, tungsten carbide represents a relatively
hard and stable carbide counterface. The details of these
quantitative, calibrated measurements are discussed in the
Experimental section and in the Supporting Information.

The work of adhesion between the tip and various samples
is plotted in Figure 4a. Results for a single-crystal silicon
(111) wafer with a native oxide (stored in the laboratory am-
bient, rinsed with acetone, methanol, and ethanol, and then
stored in dry nitrogen until the measurements were per-
formed) and for the diamond (111) single crystal are included
for comparison. Si shows the highest work of adhesion. Al-
though the clean native oxide of Si has a hydrophilic character
and a high surface energy, samples which have been exposed
to air, like the one used here, have a substantially reduced sur-
face energy and even become hydrophobic, remaining so after
solvent cleaning.”!! The UNCD underside before H exposure
exhibited a substantially lower work of adhesion than this
“passivated” form of silicon (~59 mJm™ vs. 115 mJm™),
comparable to that of the untreated (111) diamond surface.
We also measured friction between the tungsten carbide tip
and both UNCD and diamond (111). The results are plotted
in Figure 4b. Friction was measured at a zero externally ap-
plied load (i.e., only adhesion held the tip onto the surface).
The measured friction force for the as-etched underside is
comparable to that of the untreated diamond (111) surface
within the statistical error. The significant statistical errors in
both the adhesion and friction data are not surprising since
the actual contact area was only a few square nanometers, so
small variations in sample morphology and surface chemistry
could have altered individual measurements. Friction mea-
surements on Si were avoided because sliding-induced con-
tamination of tips rendered the measurements irreproducible.

Adv. Mater. 2005, 17, No. 8, April 18
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Figure 4. Graphs comparing AFM single-asperity measurements of
a) the work of adhesion and b) the friction force (at zero externally ap-
plied load) of the UNCD underside and single-crystal diamond (111) be-
fore and after H termination, measured with a tungsten carbide AFM tip;
measurement of the work of adhesion of solvent-cleaned single-crystal
silicon is also included in (a).

The excellent properties of UNCD, including the low nano-
meter-scale adhesion and friction, all indicate that the un-
derside of UNCD could significantly outperform silicon in
MEMS/NEMS applications. Yet, the underside possesses
somewhat more sp? character, more oxygen content, and less
hydrogen termination than the topside. These factors may
each have detrimental effects on friction, adhesion, and wear
at MEMS/NEMS length scales. Molecular dynamics simula-
tions by Harrison and co-workers®?! showed that sp>-bonded
atoms on an amorphous carbon surface lead to tribochemical
reactions with a diamond tip, namely, the formation of interfa-
cial C-C bonds, resulting in higher friction and surface dam-
age. The loosely bonded nature of graphitic species could also
lead to debris formation during sliding. In addition, oxygen in-
creases friction with carbon-based films,*®! and thus could also
contribute unfavorably. Finally, dangling bonds on diamond
surfaces lead to high friction and adhesion, but these can be
substantially reduced by hydrogen termination.[*

An optimized diamond MEMS/NEMS interface should be
composed purely of hydrogen-terminated sp*-bonded carbon.
Several methods can remove oxygenated species and graphitic
carbon to achieve this chemical optimization. For this study,
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we applied a simple post-growth H-plasma treatment to the
exposed underside, since this preferentially etches oxides
and graphitically bonded carbon, and leaves diamond fully H
terminated.?>¥] Figures 1c,2b,3e, respectively, show AFM,
XPS, and TEY NEXAFS results for the underside taken after
the H-plasma treatment. The AFM image, Figure 1c, reveals
interesting morphological changes, where the crevices be-
tween the clusters of grains have become wider and deeper.
Since the plasma aggressively etches graphitic carbon, this
suggests that the crevices were predominantly populated by
such species, as mentioned earlier. The post-treatment XPS C
1s scan, Figure 2b, shows a single peak at 285.5 eV. This repre-
sents the pure C 1s peak for the C-C bond, with no indication
of a C-O bond, but shifted upward by 0.9 eV from the ex-
pected 284.6 eV due to charging on the insulating H-plasma-
treated UNCD underside. A small (4 at.-%) amount of
physisorbed oxygen was seen in the XPS survey scan (not
shown). Similar quantities of oxygen are observed on H-ter-
minated diamond single crystals as a result of exposure to
air, and NEXAFS studies show that this can be completely
removed by annealing to ~200°C in vacuum. The TEY
NEXAFS spectrum, Figure 3e, shows a large reduction in the
C 1s —» o* peak at 285.0 eV and an increase in the sharpness
of the exciton feature and the absorption edge at 289.5 eV,
demonstrating a reduction of graphitic carbon and an increase
in local ordering of the near-surface region. These results
demonstrate that the UNCD underside is significantly modi-
fied by the H-plasma treatment, leading to a nanocrystalline
diamond surface with a small fraction of sp’>-bonded carbon
that is entirely attributable to the grain boundaries. These
data indicate that the plasma-treated underside becomes
nearly chemically identical to that of the topside (both before
and after the plasma treatment). An alternative process to be
discussed separately, which may be more amenable to MEMS
processing, is to introduce a low percentage of H, in situ dur-
ing the initial growth stages of the UNCD film, to suppress
the formation of sp’-bonded carbon and achieve a more
H-terminated underside.

The H-plasma treatment of the underside reduced the work
of adhesion significantly, making it equivalent to that of the
H-terminated diamond (111) crystal (Fig. 4a). The work of
adhesion, 32-36 mJ m>, is very low in an absolute sense: it is
comparable to values found for inert, saturated hydrocarbon
interfaces,[38] which are in the range of 25-35 mJ m~2 In these
systems, adhesion is entirely due to van der Waals’ interac-
tions. This indicates that all other adhesion mechanisms across
the interface such as chemical bond interactions, surface
charge and dipole interactions, and meniscus formation, have
been eliminated; we have reduced adhesion to near the van
der Waals’ limit. Enachescu et al.*”) measured a value for the
work of adhesion of ~10 mJ m™ for an oxidized tungsten car-
bide AFM tip on H-terminated single-crystal diamond (111)
in ultrahigh vacuum. However, their cantilever was not ex-
perimentally calibrated, unlike that in the method used here,
and is therefore subject to significant uncertainty. The friction
force measured on UNCD is reduced by approximately a fac-
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tor of two by H termination, and is comparable to that of
H-terminated diamond (111) within the measurement error.
These results indicate that H-terminated UNCD is tribologi-
cally equivalent to H-terminated diamond (111) at the nano-
meter-scale.

In summary, we have studied the surface chemistry and na-
notribology of the underside of UNCD for the first time.
Careful and quantitative investigation of the surface chemis-
try, phase, and bonding at the tribological interface is essen-
tial, since the underside revealed by etching away the sub-
strate was substantially different from the top as-grown
surface of the same film. Compared with silicon, the under-
side of UNCD exhibits adhesion lower by a factor of two. It is
also possible to tailor this surface by using H-plasma treat-
ment. This minimizes adhesion to near the van der Waals’ lim-
it, and reduces friction correspondingly. Once processed in
this manner, UNCD is chemically, adhesively, and tribologi-
cally indistinguishable from single-crystal diamond at the
nanometer scale. A remaining issue is the extent to which
the underside of MEMS/NEMS structures can be treated by a
hydrogen plasma. This will depend upon how the plasma
penetrates into highly confined regions. Other methods to
leave the underside hydrogen-terminated, such as in-situ en-
richment of the plasma with hydrogen for the initial growth
stages, also appear promising.

Our methodology of characterizing the tribologically rele-
vant underside of the film not only applies to UNCD films but
is relevant to any thin-film material, including silicon, silicon
carbide, and others that are being explored as alternatives for
MEMS/NEMS devices. Given the critical role that surface
forces play, our study provides a general methodology for
characterizing and optimizing surfaces of microsystems and
nanosystems.

Experimental

Substrates for UNCD growth were seeded with nanocrystalline dia-
mond powder in an ultrasonic bath. UNCD films were grown in an
IPLAS (Innovative Plasma Systems GmbH, Troisdorf, Germany)
CYRRANUS I large-area reactor. The deposition parameters were
Ar: 49 scem; CHy: 1 scem; microwave power: 800-1200 W; chamber
pressure: 150 torr (1 torr=133 Pa); substrate temperature: ~800°C.
Wafers were then sectioned into ~1 cm? pieces and immersed in a
HF/HNO; (1:3) acid bath, dissolving the substrate to obtain free-
standing UNCD films. When possible, these were further cleaned by
rinsing in acetone, methanol, and ethanol, and retrieved using a clean
Si substrate, ensuring that the newly exposed underside now faced up.
To hold this membrane in place, dots of silver epoxy were applied to
its sides. Some of these “bottom-side up” membranes were subse-
quently treated with a hydrogen plasma in an inductively coupled
13.56 MHz rf reactor for 20 min at 20 torr at 600-700 °C.

NEXAFS measurements were performed at the Synchrotron Radi-
ation Center (University of Wisconsin-Madison). The data shown
were acquired on the 10 m Toroidal Grating Monochromator (TGM)
beam line. Measurements were carried out in a ultrahigh vacuum
(UHV) chamber with base pressure < 6 x 107" torr. The monochro-
mator resolution was ~0.5 eV in the region close to the carbon K edge
with 100 um slits. Spectra were taken in total electron yield (TEY)
mode with the incident photon beam normal to the sample, except for
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the HOPG data which were taken at the “magic” angle of 54.3° to
avoid orientation effects [25]. All spectra were “double normalized”,
first to the simultaneously recorded absorption current of a gold mesh
positioned in the beam line to correct for the transmission structure of
the monochromator and variations in the source light, and then to the
TEY spectrum (also normalized to the mesh current) of a freshly HF-
etched Si sample to correct for the signal from carbon contamination
on the monochromator optics. A separate set of measurements with
higher energy resolution (0.2-0.4 eV) was carried out on the HER-
MON beam line at the SRC on an Elmitec photoemission electron
microscope (PEEM) system in TEY mode.

AFM measurements were acquired using a Digital Instruments
Nanoscope IV Multimode AFM in ambient air (RH ~40 %) using in-
termittent-contact mode for imaging and contact mode for adhesion
and friction measurements. Normal forces were calibrated in situ by
the resonance-damping method [40]. Lateral forces were calibrated
using the “wedge” method [41] for three other cantilevers from the
same batch using the same AFM, and deducing their average calibra-
tion factor.

The details of the analysis procedure for the adhesion measure-
ments are presented in the Supporting Information.
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Boring Deep Cylindrical Nanoholes in
Silicon Using Silver Nanoparticles as a
Catalyst

By Kazuya Tsujino and Michio Matsumura*

Silicon shows unique electrochemical properties in solu-
tions containing hydrofluoric acid."™ Cylindrical holes elec-
trochemically formed in silicon in these solutions have
recently attracted much attention due to their possible appli-
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MATERIALS

cations in photonic crystals,[S] micromachining,[ﬁ] etc. These
nanoholes are generated in the <100> direction at those posi-
tions where small pits were preformed by photolithogra-
phy."® Here we report that, without using an electrochemical
method, cylindrical nanoholes can be generated by immersing
silicon wafers loaded with Ag nanoparticles in a solution con-
taining hydrofluoric acid and hydrogen peroxide.

We have been studying the chemical etching of silicon for
making an antireflective surface structure (textured structure)
in order to increase the efficiency of multi-crystalline Si solar
cells."”) In the course of this study, we found that the use of Ag
nanoparticles as a catalyst is especially effective for making
the textured structure. We also found that the catalysis by Ag
nanoparticles results in the formation of cylindrical nanoholes
in single-crystalline Si wafers when the treatment is continued
for a longer time. During the process, the Ag particles gradu-
ally sink into the silicon, forming nanoholes as deep as
500 wm and with diameters of about 50 nm.

Figure 1 shows a scanning electron microscope (SEM) im-
age of Ag particles deposited on the surface of a p-type
Si(100) wafer by electroless plating (see Experimental).!'”
The sizes of the particles are mostly between 30 nm and
100 nm. There was no significant difference between the
p-type and n-type wafers in densities and size distributions of
the deposited Ag particles. In addition, the (100) and (111) or-
ientations did not affect the Ag deposition. Other metal parti-
cles were also deposited on Si wafers from solutions contain-
ing metal ions, such as Pt, Pd, and Cu.
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Figure 1. Scanning electron microscopy (SEM) image of Ag particles de-
posited on a p-type Si(100) wafer by electroless plating.

After the deposition of these metal particles, the Si wafers
were etched in a mixed solution of 10 % HF and 30 % H,O,
(10:1 v/v) for 30 min in the dark at room temperature. The
etched surface of the Si wafers was covered with a micropo-
rous Si layer. The microporous Si layer became as thick as
3 um when Pt particles were used as the catalyst, and showed
orange photoluminescence under UV irradiation at 265 nm.
Since Pt has a strong catalytic activity in the reduction of hy-
drogen peroxide,""! it is assumed that valence-band electrons
in Si are drawn through the Si/metal interface as hydrogen
peroxide is reduced. As a result, positively charged holes are
generated in the Si, leading to the formation of a microporous
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